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conversion over deactivating Mo/H-ZSM-5 catalysts. Reaction conditions: 973 K, ~115
kPa total pressure, total flow of 0.21 — 2.1 cm® s! with composition 90% CH4/10% Ar.
Mo/Al =0.10, geat = 0.75 — 1.20 (0), Mo/Al =0.25, geat =0.10 — 1.20 (m), Mo/Al =0.35,
Zeat = 0.15 = 0.75 () ettt 69

Figure 4.3: Steady-state methane conversion as a function of contact time based on the
total Mo content. Reaction conditions: 973 K, ~115 kPa total pressure, total flow of 0.21 —
2.1 cm® 57! with composition 90% CH4/10% Ar, and 0.10 — 1.20 g Mo/H-ZSM-5. The
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Figure 4.4: Net rate of benzene formation as a function of contact time based on the active
Mo content during deactivation (solid symbols) and the total Mo content at steady state
(empty symbols). Reaction conditions: 973 K, ~115 kPa total pressure, total flow of 0.21
—2.1 cm?® 57! with composition 90% CH4/10% Ar, and 0.10 — 1.20 g Mo/H-ZSM-5....... 75

Figure 4.5: Forward rate of benzene formation as a function of contact time based on the
active Mo content during deactivation (solid symbols) and the total Mo content at steady
state (empty symbols). Reaction conditions: 973 K, ~115 kPa total pressure, total flow of
0.21 — 2.1 cm® s™! with composition 90% CH4/10% Ar, and 0.10 — 1.20 g Mo/H-ZSM-5.
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Figure 4.6: Rate of CH4 formation during ethane hydrogenolysis (0) and active Mo content
(@), determined from Twmo(f), as a function of duration of DHA catalysis. Total Mo content
(i.e. total Mo used during [M0,0s]**/H-ZSM-5 synthesis) (%). DHA reaction conditions:
973 K, ~115 kPa total pressure, total flow of 0.21 cm? s! with composition 90% CHa/10%
Ar. Ethane hydrogenolysis reaction conditions: 750 K, ~120 kPa total pressure, total flow
of 0.49 cm® s with composition 46% C2He/49% Ha/balance Af.............cccoevvuevereennan.n. 81

Figure 4.7: Rate of CH4 formation during ethane hydrogenolysis as a function of active
Mo content, determined from tmo(f) at the time of cessation of DHA. All data reproduced
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Figure 4.8: Left ordinate axis: Bronsted-acid site density from dimethyl ether titration (m)
and active Mo content determined from instantaneous methane conversion (®) and ethane
hydrogenolysis rate (o). Total Mo content (i.e. total Mo used during [M0,0s]*>"/H-ZSM-5
synthesis) (). Right ordinate axis: Mo-to-H" ratio (#), i.e. the ratio of Mo content per
™o(f) (@) and H' content per DME titration (m). Abscissa: duration of DHA catalysis. DHA
reaction conditions: 973 K, ~115 kPa total pressure, total flow of 0.21 cm?® s!' with
composition 90% CH4/10% Ar. Dimethyl ether titration conditions: 423 K, ~120 kPa total
pressure, total flow of 0.50 cm® s! with composition 96% He/4% Ar and 0.25-1.00 cm®
doses of dimethyl €ther. .........ccooiiiiiiiii e e 83

Figure 4.9: Instantaneous methane conversion as a function of contact time based on
Bronsted-acid site content determined from dimethyl ether titration. All data reproduced
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Figure 5.1: (A) Rate of Az formation and fractional coverage of aa pairs (G = r/4k;)
calculated by the Langmuir-Hinshelwood (- - -), 1®-order (— —), and kMC (o) methods
and by closed-form, QE rate expressions per the Langmuir-Hinshelwood (Eq. 5.25) ()
and 1%-order (Eq. 5.27) () formalisms. (B) Fractional coverage of a species, 6,, calculated
by the Langmuir-Hinshelwood (- - -), 1®-order (—), and kMC (©) methods. (C) Mean-field
metric (qq calculated by the Langmuir-Hinshelwood (- - -), 1%-order (—), and kMC (o)
methods. Calculations are of the reaction network in Table 5.1 with rate constants kges =1,
k- = 50. Standard mean error bars for kMC simulation are smaller than corresponding
symbols and are therefore Not SHOWN..........cccueiiiiiiiiiiiece e 104
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Figure 5.2: (A) A reaction order and reversibility of A(g) adsorption (P4, za4s) calculated
by the Langmuir-Hinshelwood (- - -, — —), 1¥-order (—, *-), and kMC (o, ) methods. (B)
Degrees of rate control of adsorption and surface reaction (Xzc aas, Xrc,r) calculated by the
Langmuir-Hinshelwood (- - -, ——), 1%-order (—, --), and kMC (o, m) methods. Calculations
are of the reaction network in Table 5.1 with rate constants kses = 1, k- = 50. kMC error bars
are the standard error of the mean (SEM) and are only shown if larger than the
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Figure 5.3: 1%-order- and kMC-calculated A(g) adsorption reversibility (—, o) for aa (A),
ao and oo (B) site ensembles. kMC-calculated zuds,ja0] and Zads,[00] are within error and are
therefore shown with a single symbol (0). Calculations are of the reaction network in Table
5.1 with rate constants kges = 1, k- = 50. Standard mean error bars for kMC simulation are
smaller than corresponding symbols and are therefore not shown. .........ccccceeveverennennne. 108

Figure 5.4: (A) Rate of Az formation and fractional coverage of aa pairs (G = r/4k;)
calculated by the 1%-order (—) and kMC (©) methods. (B) 4(y) reaction order and mean-
field metric of aa pairs (¥4, uas) calculated by the 1%-order (—, ) and kMC (o, m)
methods. (C) Degrees of rate control of adsorption, surface reaction, and surface diffusion
calculated by the 1%-order (——, —, ) and kMC (<, o, m) methods. Calculations are of the
reaction network in Table 5.3 with rate constants kugs = 1072, kaes = 1, k= 50. kKMC error
bars are the standard error of the mean (SEM) and are only shown if larger than the
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Figure 5.5: Surface diffusion reversibilities for aa, oo, and ao ensembles calculated by the
1*-order (- —, —, ) and kKMC (<, o, m) methods. Calculations are of the reaction network
in Table 5.3 with rate constants kqas = 102, kaes = 1, k= 50. kMC error bars are the standard
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Figure 5.6: (A) Mean-field metrics uy=;+ calculated by the 1%-order model. All py=* = 1
by definition in the Langmuir-Hinshelwood model. (B) Directional elementary step rates
r.1 and > calculated by the Langmuir-Hinshelwood (— —) and 1%-order (—) models. (C)
Degrees of rate control calculated by the Langmuir-Hinshelwood (- —) and 1%-order (—)
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Figure 6.1: (A) Fractional coverage 04+ = Rap(Pgker)' calculated by the Langmuir-
Hinshelwood (—-), first-order (---), and kMC (m) methods. (B) Selectivity to A2 calculated
by model j, SA2,j, calculated by the Langmuir-Hinshelwood (- - -), first-order (—), and
kMC (o) methods. Differences in calculated selectivities S42,LH — SA2, I*-ord. (— —) and
SA2,LH — SA2,kMC (m). (C) Mean-field metric u4+ 4+ calculated by the Langmuir-
Hinshelwood (- - -), first-order (—), and kMC (0) methods. Calculations are of the reaction
network in Table 6.1 with Pp = 1 bar. Standard mean error bars for kMC simulation are
smaller than corresponding symbols and are therefore not shown. .........c.ccceevevveennennne. 144

Figure 6.2: Degrees of selectivity control calculated by (A) the Langmuir-Hinshelwood
formalism and (B) the first-order formalism and kMC method. Calculations are of the
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reaction network in Table 6.1 with Pp= 1 bar. Standard mean error bars for kMC simulation
are smaller than corresponding symbols and are therefore not shown. Xsc are not calculated
by the kMC method for P4 < 107 because 4~ coverages are prohibitively small for
numerical differentiation. ........coouiiiiiiiiiie e 146

Figure 6.3: Ensemble-specific degrees of selectivity control for (A) adsorption of A and
(B) Eley-Rideal reaction. Calculations are of the reaction network in Table 6.1 with Pz =
1 bar. Ensemble-specific k;[; are not definable in the kMC method and, therefore, Xsc,
cannot be calculated. .........ooouiiiiiiiiii e 147

Figure 6.4: Rates of 4B formation calculated by the full first-order microkinetic model
(m) as a function of (A) P4 and (B) PB2” at 300 K using kinetic parameters in Table 6.3.
‘Rate data’ determined by simulation of the full first-order microkinetic model are fit to
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=10%s7!. In actuality, rds = A,des, giving kras = k4 ges = 10> s per Eq. 6.43 and in agreement
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Figure 6.5: Apparent transition-state equilibrium constant, K*, calculated by the full first-
order microkinetic model method (m) as a function of T~! for P4 = 107 bar and PB2 = %
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Figure 6.6: (A) Mean-field metric of A" pairs, a4+ calculated by Langmuir-
Hinshelwood (---) and second-order (---) formalisms and compared to the absolute lower
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Figure 7.1: (A) Left: Rate (r) as a function of overpotential. Tafel slopes indicated in
moderate and high overpotential regimes are respectively described by Eq. 7.9 and Eq.
7.35. Right: Elementary step reversibilities (Zi) as a function of overpotential. (B)
Elementary step degrees of rate control (XRC, i) and surface coverages (6 *) as a function
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regime 1S predicted bY EqQ. 7.37. .ot 193

Figure 7.2: (A) Forward/anodic transfer coefficient (aa), forward/anodic reaction order in
H2 (WH2,fwd = WH2), and surface coverage of H* (6H x) as a function of
overpotential. (B) Degree of rate control of step 1 (XRC, 1) calculated directly (Eq. 7.13)
and predicted by Eq. 7.64 (XRC,1 = 2WH2 + 6H * —aa — %2) color-coded in the legend
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Figure A.1: (a) Hydrogen partial pressure and (b) maximum single-pass (steady-state)
methane conversion along non-dimensional axial coordinate of catalyst bed, x, for an ideal
plug flow reactor with Pe = 100 as predicted by simulation of the kinetic-transport model
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conditions: 973 K, MoCx/H-ZSM-5 = 1.2 g, Zr = 2.4 g, feed flow rate = 0.21 cm? s! (90
VL% CHAY. oo 233

Figure A.2: Surface plot of maximum single-pass B+N yield as a function of Dag and Pe
with downstream Zr bed per simulation of the reaction-transport model. The red curve is
the path parameterized by change of linear velocity, u. The black line is the path
parameterized by change of bed length, L. The projection of the surface plot onto the red
curve is shown as a dashed line in Figure 2.4a of the main text. The projection of the surface
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Figure A.3: Surface plot of maximum single-pass B+N yield as a function of Dag and Pe
without Zr per simulation of the reaction-transport model. The red curve is the path
parameterized by change of linear velocity, u. The black line is the path parameterized by
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Figure B.1: Methane conversion of 0.150 g Mo/H-ZSM-5 catalyst (Mo/Al = 0.25, Si/Al =
11.5) exposed to 0.21 cm® s' 90% CHa, 10% Ar at ~115 kPa total pressure and 973 K.
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Figure B.2: Net benzene synthesis rates and methane and acetylene conversion on 0.15¢g
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Figure B.4: (a) Total approach to equilibrium of global gas-phase DHA reactions, as listed
in Scheme B.1 on a one benzene molecule basis. (b) Approach to equilibrium of rate-
determining elementary steps within each global gas-phase DHA reaction, as listed in
Scheme B.2. Reaction conditions: 973 K, ~115 kPa total pressure, 90% CH4, 10% Ar, 0.21-
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Figure B.5: Degree of rate control (a) and reversibility control (b) of rate-determining
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Figure B.6: Forward rates of benzene synthesis [=] molbenzene (molmo s)! as a function of
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Figure B.8: Steady-state methane conversion as a function of contact-time conversion over
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Dashed black line and solid red line are heuristic fits used together as a continuous,
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Figure B.9: Steady-state methane conversion to benzene and naphthalene per simulation
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Figure C.6: Methane conversion and product selectivities as a function on time on stream
over deactivating Mo/H-ZSM-5 catalysts with Mo/Al = 0.35. Reaction conditions: 973 K,
~115 kPa total pressure, total flow of 0.21 — 2.1 cm® s™! with composition 90% CH4/10%
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Figure C.14: Affinity-averaged stoichiometric number as a function of methane
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Figure C.15: Methane formation rate (®) as a function of duration of ethane
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Figure C.16: Methane conversion as a function of duration DHA catalysis. Reaction
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Figure D.1: (A) Turnover rate of Az formation, (B) fractional coverage of a, 6., (C)
mean-field metric of aa pairs calculated by using the QCA (- - -), 1¥-order method with
kaip=0, aalksT = In(1 + 2ki/kdes) (—), Langmuir-Hinshelwood formalism (- - -), and 1°'-
order method with kur = 0, €aa/ksT = 0 (—). Calculations are of the reaction network in
Table D.7 with rate constants Ages = 1, kr = 50. .cocueiioueiieiieeee e 317

Figure D.2: (A) Reaction order in A and (B) degree of rate control of A adsorption
calculated by using the QCA (- - -), 1%-order method with kaiy = 0, ea/ksT = In(1 +
2ki/kaes) (—), Langmuir-Hinshelwood formalism (- - -), and 1*-order method with kay
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Figure D.3: (A) Turnover rate of Az formation, (B) fractional coverage of a, 6., (C)
mean-field metric of aa pairs calculated by using the 1%-order method with kzip=0 (- - -)
and kayy=1 (—) and the QCA method (- - -). Calculations are of the reaction network in
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Figure D.4: (A) Reaction order in A and (B) degree of rate control of surface reaction
calculated by using the 1%-order method with kuip=0 (- - -) andkayy=1 (—) and the QCA
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Figure D.5: (A) 1%-order-calculated 4 adsorption sensitivity ratio (- - -) and 1%-order-
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error of the mean (SEM) and are only shown if larger than the corresponding symbol.
Calculations are of the reaction network in Table 5.3 with rate constants kses = 1, k- = 50.
Distinct k;[; are not definable in kMC simulations and therefore distinct s;[;; are not
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and ao (—) and their sum (- - -) compared to Xzc.ads calculated by the kMC (o) and 1%-
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1 An introduction to methane dehydroaromatization and the microkinetic
description of heterogeneously-catalyzed reactions

1.1 Thermochemical methane dehydroaromatization catalyzed by metal-modified
zeolite catalysts

Thermochemical valorization of methane is hindered by strong, apolar C-H bonds
which confer onerous kinetic and thermodynamic barriers to selective CH4 conversion.
Oxidative strategies attempt to overcome these challenges by coupling C-H cleavage with
O-H bond formation, but commonly fail to control the fate of intermediate oxygenate
species and, instead, yield large quantities of undesired CO and CO2 (1, 2). Non-oxidative
routes, such as catalytic dehydroaromatization (DHA), eliminate the possibility of C-O
formation and proffer opportunities for direct conversion of methane to high-value
hydrocarbon and dihydrogen products.

Mo-modified MFI zeolites (Mo/H-ZSM-5) catalyze methane dehydroaromatization
with high benzene (~70%) and aromatic selectivity (~95%) at conversions near the
equilibrium limit (~10%) at elevated reaction temperatures (~950 K) and ambient pressure
(Figure 1.1) (/—11). Mo/H-ZSM-5 catalysts are synthesized at catalytic conditions (e.g.
CHa, 973 K) by reduction and carburization of MoOx/H-ZSM-5 “pre-catalysts” which
contain MoOx precursors encapsulated within MFI zeolites by either (i) aqueous
impregnation or (ii) stoichiometric exchange of Mo cations with proximate pairs of zeolitic
Bronsted acid sites. Upon exposure to CHs at 973 K, oxygen from MoOx moieties is
removed in the form of gaseous CO, H>0, and CO», and carbon is abstracted from CH4 to
form 0.6-1.5 nm MoCy aggregates responsible for catalytic activation of methane (/2—18).

Carbidic Mo species required for DHA catalysis co-exist with framework Brensted

acid sites which are native to H-ZSM-5 materials and are regenerated during detachment
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of MoOx from cation exchange sites during the induction period (79, 20). Bronsted acid
sites in H-ZSM-5 are well-known to catalyze olefin oligomerization at DHA-relevant
temperatures (19, 2/-24) and; therefore, prevalent mechanistic postulates propose that
Mo/H-ZSM-5 materials execute DHA through bifunctional reaction pathways in which (i)
MoCx catalyze initial C-C coupling events and (ii) H' sites scavenge CoHy intermediates to
form aromatic products. Direct evidence of coupling between metallic and acidic catalytic
functions, however, is scarce (25, 26).

H-ZSM-5 zeolite framework

£y P rtl'\
g
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vy | \\
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6CH, <> CgHg+ 9H,
High temperatures (~ 950 K); Equilibrium conversion ~10%

H,

Figure 1.1: Methane DHA on Mo-modified H-ZSM-5 zeolite catalysts.

Scrutiny of the catalytic relevance of MoCx and H" functions is complicated, not only
by limited spectroscopic access at elevated reaction temperatures (27), but also by the
highly-reversible nature of endothermic methane dehydroaromatization (e.g. AH? =531
kJ/mol for 6CHs = CeHg + 9H»; Figure 1.1) (/7). Reverse aromatization reactions (e.g.
benzene hydrogenation to methane; Figure 1.1) corrupt kinetic measurements and,
consequently, obfuscate elementary-step details of methane activation, coupling, and

dehydrocyclization. To this end, Chapter 3 of this dissertation is focused on developing a



methodology to quantitatively deconvolute kinetic and thermodynamic contributions to
aromatic synthesis in order to enable judicious assessment of the distinct catalytic roles of
metallic (MoCx) and acidic (H") active sites. The deconvolution of CHs DHA kinetics and
thermodynamics is achieved by application and development of fundamental
thermochemical formalisms which (i) unravel connectivity of the DHA reaction network,
(i1) identify rate- and reversibility-controlling elementary steps, and (iii) calculate the
forward rate of methane aromatization — the kinetic assessor of intrinsic catalyst activity.

The learnings established in Chapter 3 are critically enabling for the systematic
assessment of MoCy and H" catalytic function detailed in Chapter 4. Measurement of DHA
selectivity, reversibility, and rate on Mo/H-ZSM-5 catalysts of systematically-varied Mo-
to-H" ratio demonstrated that (i) product distribution is unaffected by the ratio of metallic
and acidic sites and (i1) forward rates consistently normalize by Mo-content irrespective of
acid site density. The congruence of Mo-normalized forward rate among all Mo/H-ZSM-5
catalysts is corroborated by transient chemical titration and probe reaction experiments
which verify that carbidic Mo moieties are the sole kinetically-relevant active site and that
the only role of Brensted acid sites is to anchor and disperse Mo during synthesis of
MoOx/H-ZSM-5 “pre-catalysts”.

Preceding mechanistic investigations in Chapters 3 and 4, Chapter 2 details
polyfunctional strategies to circumvent equilibrium limits to dehydroaromatization by in
situ scavenging of byproduct H> via formation of bulk metal hydrides stable at reaction
conditions (e.g. ZrH1.75). The described approach is agnostic to identity of DHA catalyst
and, therefore, is conceptually-distinct from the research efforts of Chapters 3 and 4.

Chapter 2 is not focused on scrutiny of Mo/H-ZSM-5 materials or DHA mechanism, but,



rather, on development and validation of reaction-transport formalisms that quantitatively
describe synergy of spatially- and functionally-distinct active centers. Measurement of gas-
phase dihydrogen diffusion coefficients and simulation of reaction-transport models
elucidate the critical role of dispersive Hz transport in determining efficacy of catalyst-
absorbent interaction and prescribe strategies to maximize supra-equilibrium methane
conversion without detriment to aromatic selectivity.

1.2 Catalytic consequences of multi-site requirements of elementary steps and
surface intermediates

Reactions catalyzed on regularly-structured surfaces (e.g. low-index metal facets) are
distinguished from homogeneous reactions by the population of intermediates on discrete
adsorption/reaction sites which proscribe description of surface-catalyzed reactions in the
context of continuum mechanics. That is to say that the distribution, interaction, and
movement of surface-bound species cannot be described by constitutive laws of mass
transport or theories of solution thermodynamics which govern the dynamics of fluid-phase
reactants and intermediates. Consequently, the kinetic, thermodynamic, and mass transport
formalisms employed to study methane dehydroaromatization in flow reactors (Chapters
2-4) are incapable of describing the molecular-level dynamics of surface-bound
intermediates in multi-site, multi-step catalytic reactions. The formalisms discussed therein
must be supplemented and, in some cases, reinterpreted by mathematical methodologies
which account for the discrete adjacency requirements of multi-site elementary steps,
adsorbate hopping (i.e. surface diffusion), and multi-body energetic interactions between
adspecies. Rigorous treatment of each of these phenomena requires new rate terms that
explicitly consider the contiguous ensemble of sites on which the concerned reaction or

interaction occurs.
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Figure 1.2: Schematic depiction of a square lattice populated by A* adspecies (@) involved
in multi-site elementary steps (Egs. 1.1-1.2) and multi-body interactions (Eq. 1.3).

Consider, for example, a catalytic surface with adsorption/reaction active sites arranged
in a regular square lattice and populated by adspecies A* and vacant sites, * (Figure 1.2).
The description of (i) generation and elimination of A* intermediates by reversible
adsorption of fluid-phase species A,,
Ay++x—x=A"— A" [1.1]
(i1) diffusion of A* species,
A" —x =% —A" [1.2]
and (iii) repulsive energetic interaction between neighboring A* species, quantified by
€q —pr = G4 — 2Gy- [1.3]
each necessitate enumeration of A* — A*, A* — x, and * — * site pairs. Governing equations
of continuum mechanics apropos for fluid-phase species are unable to inventory site-pair
populations without assuming the distribution of adsorbates conforms to the mean-field
approximation, or some variant thereof. Consequently, prevalent analytical treatments such
as the Langmuir-Hinshelwood description (28, 29), Bragg-Williams approximation (30,
31), and quasi-chemical approximation (32—36) are limited to a finite range of relevance

which requires that either (i) all elementary steps occur on a single site and all adspecies
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are thermodynamically-ideal (i.e. there are no multi-site requirements or multi-body
interactions) or (ii) surface diffusion (e.g. A* diffusion in Eq. 1.2) is sufficiently fast to
randomize, or equilibrate, the adspecies distribution at steady state.

Chapters 5 and 6 of this dissertation are focused on redressing the shortcomings of
mean-field approaches outside of these conditions. Chapter 5 formulates an analytical
method which, in essence, expands the spatial scope of the mean-field approximation to
explicitly describe the dynamics of ensembles of any shape and size. The presented
formalism captures the clustering and partitioning of surface-bound intermediates
inherently engendered by multi-site elementary steps with the same fidelity as stochastic-
computational kinetic Monte Carlo (kMC) simulation and is robust to inclusion of lateral
adsorbate interactions (e.g. Eq. 1.3) and surface diffusion events (e.g. Eq. 1.2).
Examination of both simple reactions, such as A + A — A,, and industrially-relevant
reactions, such as ammonia synthesis, reveals that mean-field methods (i) profoundly
miscalculate rates and reversibilities, (ii) misidentify rate-determining steps, and (iii)
fundamentally misinterpret consequences of the quasi-equilibrium approximation. Chapter
6 builds on these learnings by examination of the consequences of ensemble site
requirements for (i) selectivity between reaction pathways proceeding through ensembles
of disparate size, (ii) interpretation of observed reaction rates in terms of transition state
theory, and (iii) description of reactions involving multi-site-occupying intermediates (e.g.
two-site-occupying *C,H, during catalytic ethylene hydrogenation).

1.3 Kinetic description of electrochemical reactions
Chapter 7 of this dissertation is tangential to Chapters 2-6 and describes the application

of the formalisms of transition state theory and degree of rate control to electrochemical



systems. Foundations in each of these concepts, established in research efforts described
in Chapters 2-6, are exploited to formulate a mathematical framework which resolves long-
standing questions in the field of electrochemical kinetics. In particular, synergies between
transition state theory, the concept of degree of rate control, and De Donder relations are
leveraged to (i) expand the descriptive scope of the ubiquitous Butler-Volmer equation, (ii)
quantitatively explain the recurrent observation of cardinal Tafel slopes at large
overpotential, and (iii) prescribe methods to deconvolute unidirectional contributions to
macroscopic kinetic descriptors (e.g. Tafel slope, reaction order). The utility of these
developments is demonstrated by application to the reversible hydrogen
oxidation/evolution reaction for which observed kinetic behavior is rationalized with
microscopic detail.

2 Controlling kinetic and diffusive length-scales during absorptive hydrogen
removal in methane dehydroaromatization on MoCx/H-ZSM-5 catalysts

*Contents herein are adapted with permission from Razdan, N. K., Kumar, A., Bhan, A. Controlling
kinetic and diffusive length-scales during absorptive hydrogen removal in methane
dehydroaromatization on MoC/H-ZSM-5 catalysts. Journal of Catalysis. 2019, 372, 370-381.
https://doi.org/10.1016/j.jcat.2019.03.016.

2.1 Background

Dehydroaromatization (DHA) of methane to benzene (6CH4 — CsHs + 9Hb>) is highly
endothermic and requires reaction temperatures = 950K to achieve ~10% equilibrium
conversion at ambient pressure. Carbidic forms of Mo encapsulated in medium-pore MFI
zeolites catalyze methane DHA with high benzene selectivity (= 70%) at conversions near
the thermodynamic limit (/—/7). Oxidic Mo precursors, deposited either by aqueous
impregnation or stoichiometric exchange with zeolitic H™ pairs, reduce and carburize upon
exposure to CHy at high temperatures (2 950 K) to form molecular-size MoCx clusters

(0.6-1.5 nm) which activate C-H bonds in methane to initiate C-C coupling reactions that
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lead to aromatics (3, 14, 18, 19, 37—40). Oxygen removed (2.44 = 0.1 O:Mo) in the form
of H>O, CO, and CO; during reduction/carburization procedures corroborates formation of
putative (M020s)*" dimers which anchor to proximal Al site pairs on MoOyx/H-ZSM-5
materials prepared by solid-state stoichiometric exchange (74, 39-42). Carbon deposition
of ~9 C:Mo concurrent with oxygen evolution during catalyst reduction/carburization is
the predominant source of coke formation on materials with ~3 wt% Mo (18, 39, 43).

H; formed during dehydrogenation and cyclization events on Mo/H-ZSM-5 inhibits net
synthesis rates during methane pyrolysis; in-situ removal of hydrogen from catalyst
proximity is virtuous in overcoming thermodynamic barriers of methane DHA set by
reaction endothermicity (44—46). Liu et al. (44) demonstrate permselective membrane
walls integrated into CH4 DHA flow reactors effectively scavenge liberated hydrogen,
modestly enhancing methane conversion from ~10% to ~12%. However, improvement in
methane pyrolysis rates is principally owed to increased formation of entrained Ciz+
polynuclear aromatics as product distribution shifts to higher molecular weight unsaturated
hydrocarbons which benefit most from hydrogen removal (44—46). The accumulation of
large polycyclic aromatics congests zeolite pores and leads to a more rapid decrease in
instantaneous conversion — first-order deactivation rate constants increase from 0.044 h-!
to 0.059 h'! upon integration of permselective membrane walls.

Bhan and coworkers (/8) recently demonstrated that in-situ hydrogen removal can be
achieved by introduction of a selective hydrogen absorbent, zirconium metal. Addition of
Zr metal particles to MoCx/ZSM-5 in interpellet mixtures resulted in a 2.7x increase in
methane converted and concurrent 1.4, 2.1, 2.6, and 5.6-fold increase in effluent benzene,

naphthalene, toluene, and Cio" yields, respectively, in reference to a conventional



MoCx/ZSM-5 catalyst at equivalent time-on-stream (8.7 ks). The maximum methane
conversion on interpellet mixtures exceeded 27% — in significant excess of ~10%
equilibrium-prescribed conversion at these reaction conditions — demonstrating that
thermodynamic limitations encountered in methane dehydroaromatization on MoCx/ZSM-

5 are circumvented by addition of Zr as a hydrogen absorbent.
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Figure 2.1: Maximum single-pass methane conversion (right axis) and cumulative product
yield at 10.2 ks time-on-stream (left axis) on MoCx/H-ZSM-5 and Zr catalyst beds
configured with (1) MoCx/H-ZSM-5 only, (i1) Zr packed upstream of MoCx/H-ZSM-5, (iii)
Zr packed downstream of MoCy/H-ZSM-5, (iv) Zr packed both upstream and downstream
of MoCx/H-ZSM-5, and (v) an interpellet physical mixture of Zr and MoCy/H-ZSM-5.
Lines are to guide the eye. Reaction conditions: 973 K, MoCx/H-ZSM-5= 1.2 g, Zr = 2.4
g, feed flow rate = 0.21 cm® s™! (90 vol% CHa).

Subsequent to these reports, Bhan and coworkers (47) demonstrated that staging of Zr
metal upstream and/or downstream of MoCx/ZSM-5 catalyst achieves enhancements to
aromatic yield comparable to interpellet mixtures, indicating that polyfunctional

MoCyx/ZSM-5 + Zr formulations competently couple spatially-separate catalytic and



absorptive functions (Figure 2.1). The coupling of absorptive and catalytic functions on ~1
cm reactor length scales signifies that polyfunctional DHA flow reactors must be
significantly axially-dispersed; the observed influence of spatially-separate Zr is
impossible in ideal plug-flow reactors wherein bulk convection is the sole form of mass
transport. To this end, supra-equilibrium enrichments in aromatic production must be
rationalized in terms of (i) quantitative measures of hydrogen diffusion and (ii) detailed
reaction-transport formalisms which ally measurements of reaction kinetics and
intermediate transport to predict and explain the capacity of staged and layered beds to
reproduce the efficacy of interpellet mixtures.

Hereinafter, I discuss my particular contributions to the reports of Bhan and coworkers
(47) in examining the critical role of catalyst-absorbent proximity and reactor
hydrodynamics in determining efficacy of polyfunctional mixtures. Detail of reaction rate
measurements and constitution of polyfunctional reactors are omitted; these efforts are
entirely attributed to Dr. Anurag Kumar. Instead, I discuss (i) the measurement of
dispersion coefficients by Ha tracer studies with impulse and step-change inputs to flow
vessels charged with inert catalyst proxies and (ii) the formulation and simulation of
detailed reaction-transport models used to describe DHA reactions with and without Zr
addition. Evaluation of reaction-transport models compares simulation results with
experiment; however, I emphasize that all experimental reaction data was collected by Dr.
Anurag Kumar.

2.2 Materials and Methods

2.2.1 Measurement of axial H:z diffusion coefficient in packed-bed flow reactors
Inert H» tracer experiments were performed on beds of 180 — 425 um quartz sand

aggregates packed to 2.7 cm, an identical length as 1.2 g of 180 — 425 pm MoCx/H-ZSM-
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5 aggregates in a 1.05 cm ID tubular quartz reactor. Quartz sand was heated to 973 K in
inert (He or Ar) flow (ca. 1 cm® s™!). For pulse tracer experiments, a sample of Hx (ca. 1
cm?) was introduced to a stable reactor feed flow of CHa4 using an electronic six-way valve
(ED66UWE, VICI Valco 6-port valve). In step-change experiments, reactor feed flow was
switched from Ar to an Ar and H> gas mixture (5 vol % Ha/balance Ar). Reactor effluent
was monitored using an online mass spectrometer (MS) (MKS Cirrus 200 Quadrupole MS
system).

2.3 Results and Discussion

2.3.1 Measurement and Calculation of Péclet Number, Pe

The observed effects of catalyst-absorbent proximity on aromatic synthesis rates during
methane DHA reactions, particularly those noted upon introduction of Zr upstream and/or
downstream of the catalyst bed, highlight the critical role of dispersive Hz transport in
polyfunctional configurations. Efficacy of staged Zr beds to enhance aromatic yields to a
similar degree as in interpellet mixtures demonstrates gas-phase H> generated over Mo/H-
ZSM-5 catalysts is capable of bed-scale transport both co- and counter-current to bulk
advection. Relative contributions of diffusive/dispersive and convective transport in

tubular flow reactors can be assessed based on a Péclet number

Pe = uL/Derr= (%2 )L/Derr 2.1]
which is the non-dimensional ratio of characteristic rates of diffusive and convective gas-
phase transport in tubular flow reactors. Pe provides a useful metric to evaluate significance
of axial dispersion considerations in terms of catalyst bed-length, L, effective diffusion

coefficient, Defr, and total linear flow velocity, u, or superficial linear flow velocity, us, and

catalyst bed void fraction, €. Ideal plug-flow reactors (PFRs) operate in the limit of Pe —
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oo wherein unidirectional bulk advection is the sole mechanism of mass transport, thereby
rendering neighboring axial fluid-elements incapable of exchanging matter. Axial
dispersion becomes relevant for Pe < 10 which permit bed-scale molecular transport in
response to concentration gradients arising from chemical reaction and/or absorption rate
processes either (pseudo)-homogenously or at reactor bounds (48).

Introduction of catalyst or absorbent packed-beds in tubular flow reactors obstruct
molecular movement, thereby shortening mean-free path and dampening diffusional
motion. Consequently, effective bulk gas-phase diffusion coefficients, Derr, decrease
compared to the molecular limit, D, which defines proportionality between diffusive flux
and species concentration gradients in an unobstructed fluid medium (48). Substitution of
D for Defr into Eq. 2.1 provides an absolute lower-bound on Pe. We evaluate Defr, and Pe
by theoretical and experimental means to corroborate observations of bed-scale hydrogen
diffusion during methane dehydroaromatization reactions in polyfunctional catalyst-
absorbent formulations.

Levenspiel details systematic procedures for approximation of Péclet number for
conditions which deviate from the ideal plug-flow reactor (48). Calculation of Bodenstein
number,

Bo =ud/D [2.2]
and catalyst-bed aspect-ratio,
A=L/d [2.3]
where d is reactor diameter, give Bo=0.12 and A =2.57 and suggest reactor configurations
discussed in this investigation are neither ideally-dispersed nor convectively-controlled

and thus prohibit calculation of Pe by asymptotic, closed-form solution of the Navier-
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Stokes equation (48). Application of Darcy’s law (49) and Poiseuille’s law to a theoretical
treatment of viscous fluid flow presented by Marshall (50) gives a simple relation between
D, Defr, and packed-bed porosity, €

Detr
D

Nl W

[2.4]

=&

Matsunanga et al., (57) report mutual diffusion coefficients for H> in a variety of
gaseous mixtures measured by the Taylor dispersion method (52) and fit these data to
power law models with coefficients similar to those predicted by the kinetic theory of gases
(53). From reported correlations, we calculate D (973 K) = 6.3 £ 0.2 cm? s”! giving, as an
absolute lower-bound, Pe = 0.3 using Eq. 2.1. Taking € = 0.35, a typical value for packed
bed columns (54), we find Pe = 1.30 £ 0.2 under reactions conditions conforming with the
balance of convective and diffusive time scales which the Bodenstein number and aspect
ratio suggest (48).

To corroborate approximations of Pe from theoretical calculation, we measure Pe by
both step-change and pulse input of H» through an inert bed of quartz sand particles sieved
to identical size and packed to identical bed-length compared to 1.2 g MoCyx/H-ZSM-5
catalyst beds used in methane DHA reactions. Pulse and step-change tracer experiments
were performed changing reactor diameter (0.68 — 1.05 cm), temperature (303 — 973 K),
and total flow-rate (17.6 — 40 cm® s™!) to note dependence of Defr solely on temperature.
Following a formulism presented by Levenspiel (48), we calculate residence-time (exit-
age) distribution, E, and mean residence time, 4., from effluent H, pressure histories for
both pulse and step-change inputs. E is the distribution of exit-ages of fluid elements which

elute from the flow vessel (packed-bed reactor) and is defined as a normalized quantity

such that [ OOO Edt = 1. Profiles of non-dimensional exit-age distribution
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Eo = tagE [2.5]
as a function of non-dimensional time elapsed from tracer entry

0 = t/tavg [2.6]
are compared to analytical solutions of differential mole balances for a perfect pulse (i.e.
Dirac-delta function) or perfect step-change (i.e. Heaviside function) of inert gas passing
through an axially-dispersed tubular reactor with Pe fit by mean-square error minimization,

as shown in Figure 2.2.
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Figure 2.2: Non-dimensional tracer response curves (® or —) per effluent H> content
monitored by online mass spectrometer and ideal response fit (---) upon introduction of H»
by (a) impulse at 973 K with 0.33 cm? s™! total flow and 0.68 cm reactor diameter, (b)
impulse at 973 K with 0.66 cm? s total flow and 0.68 cm reactor diameter, (c) step-change
at 303 K with 0.29 cm?® s™! total flow and 1.05 cm reactor diameter, and (d) step-change at
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973 K with 0.29 cm?® s™! total flow and 1.05 cm reactor diameter. Solid black lines in 3(a)
and 3(b) are to guide the eye.

Table 2.1: Péclet number, Pe, and effective diffusion coefficients, Desr, determined from
fit to Ha> tracer responses using Eq. 2.5 and 2.6 and calculated from correlation (57) and
Eq. 2.1 and 2.4

Temperature Flow Reactor Der”
Method * K] Rate | Diameter | Pe® [em? 5]
[em? s7!] [cm]

H; Pulse in CH4 (Fig. 2.2a) 973 20.0 0.68 5.0 1.4
H; Pulse in CH4 (Fig. 2.2b) 973 40.0 0.68 10 1.4
H, Step-Change in Ar (Fig. 2.2¢) 303 17.6 1.05 50 | 05239
H, Step-Change in Ar (Fig. 2.2d) 973 17.6 1.05 1.8 1.5

Equation 2.1 and 2.4 ¢ 9734 13.04 1.05¢ 1.3 1.5

* All experiments performed at 973 K

b Calculated taking € = 0.35

¢D taken from correlations given by Matsunaga et al. (55)

dReaction conditions relevant to methane DHA reactions performed in this work
¢ Adjusted to 973 K assuming Deg~ T2

Péclet numbers found from fit to experimental tracer response curves range from 1.8 to 10
depending on reactor diameter, total flow-rate, and bed temperature. Defr calculated from
Pe per Eq. 2.1, 1.4-1.5 cm?s! at 973 K, agree well with theoretical value of 1.5 cm? s™!
from Eq. 2.4 using & = 0.35. Taking an average experimental value Degr = 1.43 cm? s™! at
973 K gives Pe = 1.32 at temperature and flow-rate relevant to methane DHA reactions.
Péclet numbers near unity dictate a balance of convective and diffusive mass transport in
tubular flow reactors and demonstrate the presence of axial dispersion phenomena in
studied polyfunctional reaction configurations.

2.3.2 Reaction-Transport Model

We present a 1-dimensional (1D) reaction-transport model for a steady-state axially-
dispersed packed-bed reactor inclusive to all MoCx/H-ZSM-5 + Zr formulations. Methane
DHA reactions and H» absorption are treated as pseudo-homogenous processes in catalyst
and absorbent beds, respectively. We consider methane conversion solely to benzene and

naphthalene, which together constitute = 92% carbon selectivity. Benzene + naphthalene
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(B+N) yield in reaction-transport simulations is thus identical to methane conversion and
permits comparison to observed rates without complications conferred by methane
conversion to entrained carbon and/or coke. Differential mole balance in the catalyst bed

yields non-dimensional equations:

idzyM_dy_M +Da yO72(1_Tl )+ Da y074(1_n ):0
Peax  ax +ooeYein bl TR DAY, TN 127]

2
1 d YH, dsz 3

8
oo o > Pasye, (1) — ¢ Danyeir, (1 —ny) +
[2.8]
Daz,yy, =0
1dyg  dyg 1 0.72
——— — . —-Dapycy;(1—mp) =0
2
Pe dx dx 6 4 [2.9]
1y dyy 1 0.74 _
Pedd  dx  1oDaNYch, (I-mn) =0 [2.10]

where y; is dimensionless gas-phase partial pressure, normalized by 1 bar, of
component j, X is dimensionless length, and subscripts M, H», B, and N, refer to methane,
hydrogen, benzene, and naphthalene respectively. Mole balance in the absorbent beds

staged upstream and/or downstream of catalyst gives

L dyy
ax*  dx
Pez, dx X [2.11]
1 &y dyy
—r = =
Pey dx’>  dx Dazyy,=0 [2.12]
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L gy dvg

Pez, dx*>  dx

[2.13]

Ly
Pez dx®> dx

=0 [2.14]

The final term in Eq. 2.8 is only included in interpellet mixtures wherein Eqgs. 2.11 —
2.14 are unnecessary. Eqgs. 2.7 — 2.14 collapse to those of an ideal PFR in the limit Pe —
oo in which bulk convection is the dominant mode of mass transport (see Section A.1).

Non-dimensionalization of constitutive mass balance equations for a packed-bed

reactor give rise to dimensionless parameters

kgL
Dag=— [2.15]
u
kyL
Dan=— [2.16]
u
kgL
Daz:= [2.17]
u
Pe = uL
€ Der [2.18]
P uL
czr Defr [2.19]

17



where u is linear velocity, L is the length of the catalyst bed, Desr is effective diffusivity,
and kg, Ky, and Ky are 1% order rate constants for the benzene synthesis reaction,
naphthalene synthesis reaction, and H; absorption, respectively.

Rate equations for forward rates of benzene and naphthalene synthesis are determined
by kinetic measurements which rigorously account for influence of H, CsHs, and CioHs
partial pressures on reversibility of methane pyrolysis reactions (Section 2.3.1).

We assess axial changes in total molar flow-rate, arising from stoichiometric imbalance
of aromatization reactions and in-situ removal of H», by alteration of total pressure, P; Da
and Pe remain axially invariant. Axial changes in total pressure are, at maximum, 15% and
are typically ~5-10% during methane DHA reactions as predicted by simulation and
confirmed by GC analysis of reactor effluent.

Da and Pe! reflect ratios of the characteristic convective length-scale to kinetic and
diffusive length-scales, respectively. Pe and Pez: are Péclet numbers in the catalyst and Zr
bed, calculated using Defr measured by H» tracer pulse and step-change experiments
(Section 2.3.2). Dag and Dan, both order unity, are Damkdhler numbers for forward
synthesis rates of benzene and naphthalene. Hz removal by Zr is transport-limited under
reaction-relevant process flow conditions, evidenced by breakthrough curves in Hz uptake
experiments which resemble Heaviside functions [30]. Thus, kinetic measurement of
intrinsic first-order absorption rate constants, kz, is inaccessible in current reactor
configurations. Daz: > 10* give essentially invariant axial methane conversion and H»
pressure profiles and are in quantitative agreement with net synthesis rates (Section 2.3.4).
Terrani et al., (55) have reported activation energies and pre-exponential factors for first-

order hydrogen absorption determined by dehydriding pressure-buildup experiments and
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thermogravimetric studies which give Daz: ~ 10°, conforming with Daz: > 10* per results
of reaction-transport simulations.

Danckwerts boundary conditions are applied at both bounds of the catalyst and

absorbent beds.
1 dy; B . i
F& . — Y (Xentrance) Y (Xentrance) [2.20]
Xentrance
1 dy; —0
Pe dx . [2.21]
- _ +
Y (Xcat/abs) =Y (Xcat/abs) [2.22]
1 dy; 1 dy;
S| - T r [2.23]
Pe” dx Xcat/abs Pe” dx Xzat/abs

where Xentrance Tefers to inlet of the catalyst or absorbent bed furthest upstream, Xexit
refers to outlet of the catalyst or absorbent bed furthest downstream, and Xcayabs refers to
bounds between catalyst and absorbent. Egs. 2.20 and 2.21, generic “closed” Danckwerts
boundary conditions (56), account for discontinuous change in dispersion length-scales
between entrance and reaction/absorption sections and reaction/absorption and exit
sections, respectively. We presume flow lines upstream and downstream of the reactor are
dominated by convective flow such that Péclet numbers in entrance and exit sections far
exceed those in reaction and absorption sections. Eqgs. 2.22 and 2.23, generic “open”

Danckwerts boundary conditions, demand continuity of mass and of diffusive flux between
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catalyst and absorbent beds which are of comparable length and thus are characterized by
similar Péclet numbers.

Numerical simulation of the reaction-transport model, Eqs. 2.7 — 2.14, with appropriate
boundary conditions, Egs. 2.20 — 2.23, provides a useful tool to understand observed
proximity effects in polyfunctional reaction configurations by inspection of axial product
profiles otherwise unavailable by experimental means.

2.3.3 Measurement and Simulation of CH4 aromatization with in-situ hydrogen
abstraction

Figure 2.3 compares the results of the reaction-transport model with measured benzene
+ naphthalene (B+N) yield histories during methane DHA reactions in all five studied
reactor configurations. Enhancement in instantaneous B+N yield upon zirconium addition
mirrors improvements in methane conversion and cumulative aromatic yield shown in
Figure 2.1; increase of B+N yield trends with proximity of Zr metal and MoCx/H-ZSM-5
catalyst. Transient loss of activity in methane pyrolysis, evident by decreasing aromatic
synthesis rates, arises from both MoCx/H-ZSM-5 deactivation and zirconium saturation
and is not treated in the steady-state transport model. Maximum instantaneous B+N yield
coincides with a steady-state kinetic regime prior to onset of catalyst deactivation, as
demonstrated by several previous investigations (40, 57, 58). Calculated B+N yield from
steady-state reaction-transport simulations agree well with experimental maxima,

demonstrating utility of Egs. 2.7 — 2.14.
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Figure 2.3: (a) Maximum single-pass (steady-state) (benzene + naphthalene) yield and (b)
Py, along non-dimensional axial coordinate of catalyst bed, x, for all studied reaction
configurations as predicted by simulation of the kinetic-transport model (lines) and
quantified using the reactor effluent during methane DHA reactions (symbols). Reaction
conditions: 973 K, MoCx/H-ZSM-5 = 1.2 g, Zr = 2.4 g, feed flow rate = 0.21 cm? s! (90
vol% CHa).

Maximum possible single-pass B+N yield over MoCx/H-ZSM-5 catalysts, henceforth
referred to as the kinetic limit, is achieved in the complete absence of H» (i.e. 1 — 0) and
is limited solely by reaction kinetics and contact-time. The kinetic limit, ~17% for all
configurations in Fig. 2.1, is determined by simulation of Egs. 2.7 — 2.14 with Dag = 0.15
and Dax = 0.03 and n = 0 fixed for all reactions.

In all formulations, addition of Zr enhances methane conversion to benzene +
naphthalene to near the kinetic limit, ~17%. Interpellet physical mixtures provide moderate
improvements to maximum single-pass B+N yield compared to layered formulations,
which yield similar aromatic production in either downstream or upstream packing of Zr.
Similarity of effluent aromatic yield in staged configurations is reflected in symmetry of

axial H» profiles; equivalent removal of H> at low or high contact times manifests

21



equivalent enhancement to aromatic synthesis. Partitioning zirconium in “sandwiched”
configurations macroscopically mimics interpellet mixtures, improving B+N yield
compared to singularly layered formulations; interpellet physical mixtures correspond to
the limit of an infinite number of partitioned/stratified catalyst-absorbent layers.

Non-zero B+N yield and H» pressure at reactor inlet in certain configurations arises
from “closed” Danckwerts boundary conditions, Eqs. 2.20 and 2.21, which demand
discontinuous change in species concentration from X, ance tO Xuptrance @S dispersion
considerations become relevant upon transition from upstream flow lines, wherein Pe —
o, to the finite reaction and/or absorption section. Interpellet mixtures of zirconium and
MoCx/H-ZSM-5 beget near-complete removal of hydrogen owing to proximity of catalyst
and absorbent. Response of H: axial profiles throughout the catalyst bed in staged
configurations results from balance of convective and diffusive length scales (Pe ~ 1)
which permits motility of gas-phase hydrogen in response to chemical potential gradients
set by favorable thermodynamics of metal hydride formation. Axial Hz pressures rise with
distance from staged Zr beds as diffusional requirements rapidly increase (Ldiffusion~ (AX)?),
preventing complete removal of hydrogen seen in interpellet mixtures. Staging zirconium
before and after MoCx/H-ZSM-5, at identical mass loading, shortens average separation
between catalyst and absorbent and results in suppressed H> pressures throughout the
catalyst bed. Ability of Zr upstream of MoCx/H-ZSM-5 to scavenge Hz is conferred by
“open” Danckwerts boundary conditions, Eqs. 2.22 and 2.23, which enables back-mixing
into the absorbent bed.

Observed aromatization rates and simulated axial B+N yield and H» pressure profiles

demonstrate synergistic interaction between MoCy/H-ZSM-5 and Zr succeeds in
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influencing reversibility of methane DHA reactions despite bed-scale separation of catalyst
and absorbent in layered formulations, suggesting catalyst-absorbent proximity is crucial
only to the extent that physical rate processes convey intermediates (e.g. H2) between the
absorbent and catalytic functions at time scales similar in magnitude to bulk advection and
characteristic kinetic rates (i.e. Pe < Da~=1).

2.3.4 Control of Diffusive and Convective Length-Scales

We investigate the impact of convective and diffusive length-scales on methane
conversion in the steady-state catalytic regime by (i) change of catalyst bed-length
(equivalently catalyst mass loading) and (ii) change of linear velocity (equivalently total
flow rate) in reactor configurations with Zr packed downstream of MoCy/H-ZSM-5 at
identical catalyst loading, reaction temperature, and reactor diameter. Systematic
modification of Da and Pe’!, by change of L (L/Lo = 0.2-1.6) and u (u/u, = 1-8), provides
a stringent test of the presented reaction-transport model and elucidates the key role of
diffusive transport in polyfunctional staged-bed formulations. We assess direct influence
of Da and Pe by use of the reaction-transport model; Figures A.2 and A.3 shows simulated
surface plots of B+N yield as a function of Da and Pe with and without Zr packed
downstream of catalyst.

Figure 2.4 compares measured maximum single-pass (i.e. steady-state) benzene +
naphthalene yield during methane dehydroaromatization reactions with and without Zr
packed downstream of MoCy/H-ZSM-5 to those predicted by reaction simulations at
varying total flow rate and catalyst loading. Data I in Fig. 2.4a and data II in Fig. 2.4b,
single-pass B+N yield at u/up = 1 and L/Lo = 1, respectively, correspond to experimental

measurements presented in Fig. 2.3.
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Figure 2.4: Maximum single-pass (benzene + naphthalene) yield with and without Zr
packed downstream of MoCx/H-ZSM-5 as measured (0,®) and predicted by simulation of
the reaction-transport model (---, — ), as a function of catalyst bed length, L, and linear
feed velocity, u. Data labels I, 11, and III refer to pairs of data at identical u/ug or L/Lo.
Reaction conditions: 973 K, MoCx/H-ZSM-5 = (0.15-1.9) g, Zr = 2.4 g, feed flow rate =
(0.21 -2.00)cm?® s, Lo~ 2.7 cm, uo =~ 0.71 cm 57!

Decrease of u/up from 8 to 1, data II to data I in Fig. 2.4a, enhances B+N yield from
~4% to 10% without Zr and 14% with Zr packed downstream of the catalyst. For u/ug = 4,
B+N vyield is unchanged by Zr addition, as evidenced by data II, owing to characteristic
convective rates dominating over both kinetic and diffusive rates (i.e., both Da and Pe™! —
0). Simulation of the reaction-transport model captures the observed trends and predicts
most significant influence of Zr addition to occur as u/up — 0. Reduction of linear velocity,
u, increases both Da and Pe”! simultaneously lifting kinetic and thermodynamic barriers to
methane conversion in catalyst-absorbent mixtures. Enhancement to kinetic limits to
aromatic production, determined by Da = kL/u = kr, results from elongated contact-times.
Increase of Pe™! = D/(uL) with decreasing u reflects decrease in characteristic rates of axial

convection and permits improved motility of gas-phase H> to the downstream absorbent
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bed, thereby lifting thermodynamic limitations to methane DHA. Without staging of
zirconium, decreasing flow rate modestly increases methane conversion until approach to
the unchanged equilibrium limit (~10%); improved kinetic limits cannot be achieved
without in-situ H> removal.

Data I-IIl in Fig. 2.4b demonstrate that, with and without a subsequent Zr bed,
increasing catalyst bed-length/mass loading monotonically enhances B+N yield. Curves
generated by simulation of the reaction-transport model follow data I-I1II and show increase
of B+N yield with L/Ly is roughly linear at low loadings and plateaus as L/Lo — oo. Limits
to B+N yield at L/Lo — oo are ~17% with downstream Zr and ~10%, the equilibrium limit,
without Zr addition (Fig. S8). Difference in B+N yield with and without Zr grows with
L/Lo as net synthesis rates in monofunctional formulations become more limited with
increasing methane conversion. Curvilinear dependence of B+N yield with respect to
catalyst loading is similar to enhancement of methane conversion, X, in an ideal PFR
wherein, for a 1%t-order reaction, X = (1+Da!)"!. Congruence of conversion versus bed-
length profiles with and without Zr is owed to converse dependence of Da and Pe™! upon
bed-length, L. The disproportionate dependence of contact-time (t = L/u) and characteristic
diffusional time-scale (L*D) upon L dictates Pe™! decreases with catalyst loading despite
increase of t and Da. Thus, systematic change of L results in a balance between kinetic and
thermodynamic barriers: increasing bed-length imposes stricter limits on Hz motility as
kinetic maxima of methane conversion grow asymptotically with Da = kL/u.

2.3.5 Impacts of Catalyst-Absorbent Proximity on MoCx/H-ZSM-5 Deactivation

Apparent loss of methane DHA activity in polyfunctional mixtures is complicated by
conflation of dynamics attributable to catalytic CH4 activation and stoichiometric

absorption of H» into bulk Zr. As a metric for deactivation we consider decay in benzene
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yield, concomitant with decrease in total methane conversion, which results from (i) a
deactivation of the MoCx/H-ZSM-5 catalyst and (ii) gradual saturation of Zr hydrogen
absorption capacity. Ding et al., (59) have demonstrated the kinetics of deactivation on
conventional Mo(Cx)/H-ZSM-5 catalysts are well-described by a 1%-order deactivation rate
constant, which assumes decrease in activity arises solely from a loss of catalytic active

sites, S, at a rate

s
= = kS [2.24]

Figure 2.5 shows this simple model quantitatively captures decay of net benzene formation
rates for MoCyx/H-ZSM-5 with or without Zr. Formulations wherein zirconium is either
physically mixed with MoCx/H-ZSM-5 or staged downstream of the catalyst show two
distinct deactivation regimes whose transition coincides, in each case, with hydrogen
breakthrough (i.e., complete saturation of ZrHx) (/8). Apparent deactivation due to Zr
saturation during in-situ H> removal is more rapid in interpellet mixtures than in staged
configurations owing to catalyst-absorbent intimacy increasing rates of both H» production
by DHA reactions and absorption by proximate Zr. Following hydrogen breakthrough, net
benzene rates in physical interpellet mixtures are significantly less than those intrinsic to
MoCx/H-ZSM-5 catalysts suggesting increased carbon deposition during in-situ H»
removal (/8) alters either the quantity or nature of catalytic active sites. In contrast, staging
Zr downstream of MoCx/H-ZSM-5 (Figure 2.5(b)) has little effect on benzene rates after
zirconium saturation, demonstrating separation of catalyst and absorbent moderates coke
formation during polyfunctional catalysis, preventing significant alteration to speciation
and number of active sites. Further, 1%-order deactivation rate constants after hydrogen

breakthrough in both interpellet and staged configurations are unchanged compared to
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MoCyx/H-ZSM-5 catalysts under identical reaction conditions (Table 2.2), evincing in-situ
H> removal in these formulations does not irreversibly alter kinetics of deactivation

phenomena despite impacting carbon dynamics during enhanced methane conversion.
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Figure 2.5: Instantaneous net benzene synthesis rate (left y-axes) and hydrogen effluent
rate (right y-axes) as a function of time-on-stream during methane DHA reaction for (a) an
interpellet physical mixture of Zr and MoCx/H-ZSM-5, (b) Zr packed downstream of
MoCy/H-ZSM-5, (c) Zr packed upstream of MoCy/H-ZSM-5, and (d) sandwich
configuration, compared to MoCy/H-ZSM-5 only in each case. Reaction conditions: 973
K, MoCx/H-ZSM-5= 1.2 g, Zr=~2.4 g, feed flow rate = 0.21 cm> s (90 vol% CH4). Dashed
lines are linear fits for the curves as discussed in text and corresponding data shown in
Table 2.2.
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Table 2.2: Summary of deactivation constants for benzene formation calculated using Eq.
2.24 for MoCx/H-ZSM-5 and Zr in different fixed-bed configurations

Fixed-bed configuration ka before hydrogen ka after hydrogen

breakthrough / s! breakthrough / s!
MoCy/H-ZSM-5 only NA 0.0094
Interpellet mixture ? 0.1058 0.0113
Zr downstream ° 0.0418 0.0109
Zr upstream © NA 0.0243
Sandwich ¢ 0.0733 0.0171

4 Corresponding data shown in Figure 2.5(a)
b Corresponding data shown in Figure 2.5(b)
¢ Corresponding data shown in Figure 2.5(c)
d Corresponding data shown in Figure 2.5(d)

Figures 2.5(c) shows benzene net synthesis rate histories for Zr packed upstream of
MoCx/H-ZSM-5. Saturation of ZrHx upstream of MoCyx/H-ZSM-5 catalyst demands H»
transport opposite to convective flow, concomitantly eliminating both breakthrough
behavior of H> elution curves and the two distinct deactivation regimes characteristic of
polyfunctional formulations in Figure 2.5(a) and 2.5(b). Loss of activity in Figure 2.5(c)
follows a 1%-order deactivation profile throughout the lifetime of the catalyst and the
absorbent with greater kq than that intrinsic to MoCx/H-ZSM-5 (Table 2.2). We posit that
the high concentration of H> removal sites at low contact times is responsible for the rapid
deactivation in these reactor configurations. MoCx/H-ZSM-5 deactivation may, in part,

result due to molecular moieties formed at low contact times (equivalently low
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conversions) whose formation is promoted by removal of molecular hydrogen. At low
conversions, H> abstraction may disproportionately enhance formation of graphitic carbon,
CH4 — Cs) + 2H», which provides an absolute upper-bound on H; liberated per carbon,
and thus, if equilibrium limited, is most aided by hydrogen removal.

Figure 2.5(d) demonstrates H» breakthrough and benzene rate histories are complicated
by partition of Zr upstream and downstream of the catalyst bed. We identify two
deactivation regimes before and after H, breakthrough; however, the transition is not
distinct as in Figure 2.5(a) and 2.5(b). Apparent breakthrough in Fig. 2.5(d) corresponds
solely to complete saturation of Zr partitioned downstream of catalyst; saturation of Zr
packed upstream of catalyst is not coincident with H> breakthrough, as evidenced by Fig.
2.5(c). In contrast to interpellet mixtures and formulations with Zr staged solely
downstream of catalyst, 1¥-order deactivation rate constants after Ha breakthrough for
sandwich configurations are significantly larger than those without zirconium suggesting
H: removal sites concentrated upstream of the catalyst bed continue to deleteriously impact
stability of methane aromatization rates. Disparate impact of H> removal at low or high
contact times on catalyst stability, even after Zr saturation, supports hypotheses that
graphitic carbon is involved in deactivation of active sites in Mo/H-ZSM-5 catalysts.

2.4 Conclusion

Introduction of a continuous hydrogen scavenging functionality via interpellet and
staged fixed-bed configurations of MoCx/H-ZSM-5 and Zr metal circumvents intrinsic
thermodynamic limitations of methane DHA at 973 K, thereby, increasing single-pass
methane conversion to near the kinetic limit (~14% conversion to benzene and ~17%
conversion to benzene + naphthalene), as dictated by forward synthesis rates. Zr metal beds

staggered downstream and/or upstream of the MoCy/H-ZSM-5 catalyst bed results in 1.5 —
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1.7 fold enhancement in cumulative product yield due to transient hydrogen absorption by
Zr accelerating methane conversion to aromatics. A reaction-transport model accounting
for axial dispersion in packed bed reactors elucidates the underlying role of reactor
hydrodynamics in lab-scale investigations. Simulated axial profiles of hydrogen and
hydrocarbon partial pressure reveal Péclet number values near unity are required for
efficacious removal of H> from the proximity of MoCx/H-ZSM-5 catalyst by staged Zr.
Inert H» tracer studies with impulse and step-change input measure effective H» dispersion
coefficients, Defr = 1.43 cm? s, and Péclet number, Pe = 1.32, to confirm the significant
role of axial dispersion at process conditions relevant to catalytic studies. Both reaction-
transport simulations and kinetic measurements demonstrate control of diffusive and
convective length scales by alteration of catalyst bed-length and total flow-rate
systematically changes methane to benzene + naphthalene yield (3% — 17%), thereby
explicating the critical influence of H> motility on efficacy of polyfunctional interaction
between catalyst and absorbent. Impacts of in-situ H> removal on catalyst deactivation are
observed to be most severe and sometimes irreversible in configurations with high
concentrations of H» absorptive capacity at low contact times; interpellet mixtures or
configurations with Zr packed solely downstream of MoCx/H-ZSM-5 have mild and

reversible effects on catalyst deactivation.

30



3 Influence of ethylene and acetylene on the rate and reversibility of methane
dehydroaromatization on Mo/H-ZSM-5 catalysts

*Contents herein are reproduced with permission from Razdan, N. K., Kumar, A., Foley, B. L.,
Bhan, A. Influence of ethylene and acetylene on the rate and reversibility of methane
dehydroaromatization on Mo/H-ZSM-5 catalysts. Journal of Catalysis. 2020, 381, 261-270.
https://doi.org/10.1016/j.jcat.2019.11.004.

3.1 Conspectus

Acetylene is identified as a key intermediate in methane dehydroaromatization (DHA)
reactions present in concentrations O(1) Pascal. The rank of acetylene and other C;
hydrocarbon intermediates is determined by conversion-selectivity profiles collected from
0.01-8% methane conversion varied by extent of “non-selective” deactivation of Mo/H-
ZSM-5 catalysts. Ethane is shown to be the sole primary product of methane pyrolysis and
is sequentially dehydrogenated to ethylene and acetylene — which aromatizes to benzene
with rates similar to direct acetylene aromatization measured in the absence of methane.
The influence of C-H cleavage and C-C coupling events to control the rate and reversibility
of DHA is assessed by the degree of reversibility control, introduced here for the first time,
and the degree of rate control. The approach to equilibrium of the methane to benzene
synthesis reaction is length averaged and affinity averaged by the degree of reversibility
control of each intervening elementary step to rigorously calculate forward rates of benzene
synthesis by use of De Donder relations. Forward rates are found to be invariant along the
catalyst bed once the DHA network reaches a pseudo-steady state and methane, ethane,
and ethylene form an equilibrated pool.

3.2 Introduction

Strong, apolar C-H bonds in methane confer significant thermodynamic and kinetic
challenges in non-oxidative methane valorization (8, 60). Mo-modified medium pore MFI

zeolites (Mo/H-ZSM-5) reduce kinetic barriers to methane pyrolysis and catalyze
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dehydroaromatization (DHA) reactions with high benzene (= 70%) and aromatic (£ 95%)
selectivity (18, 19, 21, 37, 61). Active Mo/H-ZSM-5 catalysts contain carbidic forms of
Mo synthesized from high-temperature (~950 K) reduction and carburization of oxidic Mo
precursors impregnated within ZSM-5 zeolite by either incipient wetness impregnation or
vapor-phase cation exchange. Preparation of oxidic “pre-catalysts” by solid-state vapor-
phase exchange of MoO3; monomers with proximate pairs of zeolitic Brensted acid sites in
ZSM-5 anchors Mo cations to the zeolite framework as well-defined (M0205)*" dimers (38,
42). Impregnation of oxidic Mo, provenance of dimeric (M020s)*", and evolution to
carbidic Mo by carburization in methane is confirmed by Raman spectroscopy, infrared
absorption (IR), X-ray absorption spectroscopy, >’Al magic-angle-spinning (MAS) NMR,
transmission electron microscopy, and chemical transients during dimer formation and
subsequent carburization (/8, 19, 22, 38, 57, 62). These methods note evolution of
(M0205)*" to MoCy, but do not probe stoichiometry or speciation of resultant carbidic Mo.
Recent studies utilize *C MAS NMR, CO IR, and dynamic nuclear polarization surface
enhanced NMR spectroscopy to show Mo speciation after carburization is diverse —
including monomeric and dimeric (oxy)carbides and Mo>C nanoparticles which may all
play some catalytic role (12, 27, 63, 64).

Even at high DHA reaction temperatures (~950 K), thermodynamic barriers to methane
valorization persist, limiting equilibrium conversion to ~10% (58, 65—69). Stringent
thermodynamic constraints result in a highly reversible DHA reaction network with
observed net benzene synthesis rates decreasing with catalyst contact time as reverse
hydrogenation and cracking reactions become prominent (/9). In this study we seek to

evaluate the intrinsic kinetics of methane DHA on Mo/H-ZSM-5 by quantitatively

32



accounting for the influence of reverse reactions on observed net rates. We rigorously de-
convolute thermodynamic and kinetic contributions to observed DHA rates in order to (i)
elucidate the rate control of intervening dehydrogenation and oligomerization events, and
(i1) isolate the forward rate of benzene formation on Mo/H-ZSM-5. Application of De
Donder relations and concepts of microscopic reversibility shows methane, ethane, and
ethylene form an equilibrated pool at early contact times corresponding to methane
conversion > 2.5%, congruent with existing reports (39, 70), and reveals acetylene to be a
key reactive intermediate in benzene formation, as suggested previously (71, 72).
Elucidation of the DHA reaction network informs calculation of forward rates by allowing
for quantitative appraisal of the reversibility of the single-path methane to benzene series
reaction in terms of approach to equilibrium of constituent elementary steps. Previous
investigations attempt to account for reversibility of the DHA reaction network by
quantifying solely the approach to equilibrium of the overall benzene synthesis reaction
(6CH4 2 CeHe + 9H2) (19, 40); however, we demonstrate the hitherto unrecognized
importance of averaging reaction reversibility by the affinity of all non-equilibrated
intervening steps during methane DHA. Determination of elementary step reversibilities
permits quantitative appraisal of kinetic and thermodynamic influence of dehydrogenation
and oligomerization events in terms of the degree of rate control and the degree of
reversibility control, defined herein for the first time. Finally, we outline and address the
critical importance of formalisms of affinity averaging and spatial averaging to calculate
forward rates in flow reactors. We rigorously affinity average and spatially average overall

approach to equilibrium of benzene synthesis to demonstrate forward aromatization rates
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are invariant once a pseudo-steady state is achieved upon equilibration of methane, ethane,
and ethylene.

3.3 Materials and Methods
3.3.1 Catalyst synthesis and preparation

Mo/H-ZSM-5 catalysts were synthesized by exposure of MoO/H-ZSM-5 “pre-
catalysts” to 0.21 cm? s™! 90% CHa at 973 K and ~115 kPa total pressure, irrespective of
catalyst loading or total flow rate during DHA reactions. MoOx/H-ZSM-5 materials were
prepared by methods detailed previously (18, 19, 47, 57, 73) and summarized in the
following. In brief, H-ZSM-5 zeolite was synthesized from NH4-ZSM-5 (Zeolyst
International, Si/Al = 11.5, CBV 2314) treated in dry air (~1.67 cm® s™!) to thermally
decompose NH4" to H" and NHs(g) at 773 K (0.0165 K s'; 36 h hold). Oxidic Mo
precursors, MoOs (Sigma-Aldrich, 99.9%), were physically mixed with H-ZSM-5 powders
in an agate mortar and pestle for 15-30 min with nominally 3.3 wt% Mo (Mo/Al = 0.25).
Intimate MoOs; + H-ZSM-5 mixtures were heated from ambient temperature to 623 K
(0.0167 K s7') and held for 15 h in dry air (0.67 cm?® s™!) to ensure removal of physisorbed
water and dispersion of MoOx oligomers on the external zeolite surface (38, 42, 62). Solid-
state vapor-phase exchange of oxidic Mo with zeolitic Brensted acid sites was achieved at
973 K (0.167 K s'; 10 h hold). The resultant MoOx/H-ZSM-5 material was pressed,
crushed, and sieved to obtain particle sizes between 180 and 425 pm (mesh 40 — 80) for
activation to Mo/H-ZSM-5 and use in catalytic dehydroaromatization reactions.

3.3.2 Methane dehydroaromatization catalytic reactions

Methane dehydroaromatization reactions were performed in fixed-bed tubular quartz
reactors (I.D. 10.5 mm). MoOy/H-ZSM-5 materials were heated in inert He flow (~ 0.33
cm® 57!, UHP, Minneapolis Oxygen) to 973K at 0.18 K s! in a resistively-heated furnace
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(National Element FA120). Tubular reactors were encased in an annular Inconel cylinder
to ensure gradientless conduction of heat between the furnace and quartz reactor. Catalyst-
bed temperature was monitored by two thermocouples stationed diametrically on the outer
wall of the tubular quartz reactor. Oxidic pre-catalysts were exposed to CH4/Ar (90 vol%
CH4 and 10 vol% Ar, total feed flow rate 0.21 cm? s™!, UHP, Matheson Tri-Gas) at 973 K
until carburization is complete — as indicated by closure of carbon balance. Illustrative data
is shown in Section B.1. DHA reactions were either continued under 0.21 cm? s! total flow
or were performed at identical composition, but varied flow range (0.21-2.1 cm?> s™!), after

3 s1) as reaction feed flow

~30 minutes flush of reactor lines in He flow (~ 0.33 cm
stabilized. Entrance and exit flow lines were heated to > 450K via resistive-heating tapes
to prevent condensation of aromatic products and water. The effluent composition was
analyzed using a mass spectrometer (MKS Cirrus 200 Quadrupole MS system) and a gas
chromatograph (Agilent 7890) equipped with a methyl-siloxane capillary column (HP-1,
50 m x 320 um x 0.52 pm) connected to a flame ionization detector (FID) for detection of
hydrocarbons and a GS-GasPro column (60 m x 0.320 mm) connected to a thermal

conductivity detector (TCD) for detection of permanent gases (H>, Ar, and CHy).

3.4 Results and Discussion

Methane dehydroaromatization reactions were performed over 0.025-1.2 g of Mo/H-
ZSM-5 (Mo/Al = 0.25, Si/Al = 11.5) catalysts at 973 K with 0.21-2.1 cm?® s™! total flow of
90% CH4 and 10% Ar as an internal standard at ~115 kPa total pressure. All reported flow
rates are at standard temperature and pressure (STP).

3.4.1 Methane DHA reaction pathway

Figure 3.1 shows selectivities of DHA products as a function of methane conversion

over several Mo/H-ZSM-5 catalyst samples at 973 K. Changes in conversion for each
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catalyst sample are achieved by allowing the catalyst to deactivate with time on stream
(TOS). The coincidence of conversion-selectivity profiles for each product across three
samples and 0.5-8% methane conversion, f, demonstrates that deactivation of Mo/H-ZSM-
5 catalysts is “non-selective”, or occurs without modification of the intrinsic chemical
nature of catalytic sites (46, 62, 74). Thus, elucidation of the DHA reaction network by
contact-time variation experiments at steady state can equivalently be performed by

allowing Mo/H-ZSM-5 catalysts to deactivate with time on stream.

B
o

Carbon Selectivity / %
N
o

Methane Conversion / %

Figure 3.1: Carbon selectivity of DHA products as a function of methane conversion over
three deactivating catalysts (Mo/Al=0.25, Si/Al=11.5). Reaction conditions: 973 K, ~115
kPa total pressure, 90% CHa, 10% Ar. 1.2 g Mo/H-ZSM-5, 0.21 cm? s! (m); 1.0 g Mo/H-

ZSM-5,0.21 cm® 5! (0); 1.2 g Mo/H-ZSM-5, 2.1 cm? st (3%).
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Figure 3.2: Carbon selectivity of DHA C: hydrocarbons at differential methane conversion
over four deactivating catalysts (Mo/Al =0.25, Si/Al = 11.5). Reaction conditions: 973 K,
~115 kPa total pressure, 90% CH4, 10% Ar, 2.1 cm® s, 0.025 g Mo/H-ZSM-5 (0); 0.025

g Mo/H-ZSM-5 (%); 0.250 g Mo/H-ZSM-5 (m); 0.100 g Mo/H-ZSM-5 (A).

The selectivity of Cz hydrocarbons as methane conversion, f, approaches zero (< 0.05%)
is shown in Figure 3.2. The congruence of selectivity profiles for each C, across four
catalyst samples again demonstrates deactivation is non-selective and evinces the
reproducibility of the presented data. The asymptotic approach of C2Hs selectivity to 100%
as f — 0 in Figure 3.2 reveals ethane is the sole primary stable gas-phase product. Several
investigations propose ethylene is the primary product of methane DHA per observations
that (i) ethylene selectivity increases with space velocity (24, 37, 42), reaction time (i.e.
extent of deactivation) (24, 37, 42), and reaction temperature (75); and (ii) ethylene
aromatization over H-ZSM-5 gives similar product distribution to methane DHA on
Mo/ZSMS5 materials (217). Fig. 3.2 demonstrates ethylene and acetylene selectivities
approach zero as methane conversion decreases from 0.05% to 0%; concurrently, ethane

37



selectivity approaches 100%. Zero initial selectivity of ethylene and acetylene eliminates
the possibility of C2Hs4 or C2Hz formation from direct C-C coupling of CH2 or CH
fragments from methane (i.e. 2CHs — 2CHx + (2 - ¥2x)H2 — CoHox + (2 - Yax)Ho; x = 1,
2). Ethylene and acetylene are necessarily sequential pyrolysis products formed from
dehydrogenation of ethane or coupling of ethane-derived surface fragments.

From conversion-selectivity profiles in Figs. 3.1 and 3.2 we propose methane DHA to
benzene proceeds via a single-path series reaction depicted in Scheme 3.1.

Scheme 3.1: Proposed methane DHA reaction pathway

A B C D
6CH, &> 3C,Hg 4= 3C,Hy =— 3C,H, «<— C.H,
+3H, +3H, +3H,

Methane, ethane, and ethylene form a quasi-equilibrated pool catalyzed by carbidic Mo sites for
sufficient contact-times (> 7 molwo, s molcus™). Subsequent ethylene dehydrogenation to acetylene
is proposed to occur over carbidic Mo sites and acetylene aromatization to benzene may be
catalyzed by Mo or zeolitic Brensted acid sites.

The rank of ethane dehydrogenation products is evident in Fig. 3.3 which shows total
approach to equilibrium, Z, of steps A-D (Scheme 3.1). Total approach to equilibrium for
global gas-phase reaction or elementary step i in a series reaction is calculated as

== [] 3.1
Keqi j=species :
where P;j is the partial pressure of species j divided by 1 bar (reference pressure), vjj is the
stoichiometric coefficient of species j in step 1, and Keq,i is the equilibrium constant of step
i. By global gas-phase reaction we mean the interconversion between stable gas-phase

species (e.g. 2CHs4 = CyHg + H») resultant from a sequence of elementary steps. In this
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. . -1
work we calculate Z; on a six carbon atom basis (e.g. Z = PC6H6P19{2 (P?;H 4Keq) for overall

reaction 6CH4 = CgHs + 9H») (76). The precedent in the literature is to report Z on a one
carbon atom basis (i.e. for overall reaction CHs = 1/6 C¢He + 3/2 H2) (19, 39, 70); however,
this basis requires stoichiometric numbers of elementary steps to be less than unity to
correctly calculate approach to equilibrium of elementary steps (vida infra) which we seek
to avoid for sake of clarity.

Principles of thermodynamics dictate for each step in a series reaction Z < 1 (i.e. that
each step is either thermodynamically downhill or equilibrated). Thus, Zc <1 for C2Hs =
C>H» + H; (see Fig. 3.3) suggests acetylene is a dehydrogenation product of ethylene and
is consistent with a series reaction pathway wherein methane activation and C-C coupling

to C2Hg is followed by sequential dehydrogenation to C2H4 and then C2Ha (Scheme 3.1).
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Figure 3.3: Total approach to equilibrium of global gas-phase DHA reactions, as listed in
Scheme 3.1 on a one benzene molecule basis (i.e. overall reaction 6CHs = CsHs + 9H>).
Figure 3.3a and 3.3b are the same data shown on differently scaled axes. Reaction
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conditions: 973 K, ~115 kPa total pressure, 90% CHa, 10%Ar, 0.21-2.1 cm® s, 0.1-1.2 g
Mo/H-ZSM-5.

The presence of acetylene in pseudo-steady state (PSS) quantities (vida infra) which
deviate from C2H4 = CoHz + H: equilibrium also implies acetylene must be consumed in
subsequent oligomerization and cyclization steps. Acetylene consumption by coke
formation is unlikely as carbon deposition during DHA catalysis is negligible after an
initial induction period which corresponds to carburization of the pre-catalyst (18, 47); less
than 0.1 C/Mo is deposited after 8.52 ks time on stream on 1.2g pre-carburized MoCx/H-
ZSM-5 with 0.21 cm?® s' 90% methane feed (/8). Thus, Zc < 1 suggests CoH, is an
intermediate in DHA catalysis, as has been proposed previously (77-79). Ha et al., (78)
have demonstrated acetylene aromatization over H-ZSM-5, Mo/Si0,, and Mo/H-ZSM-5
occurs with larger rates than either ethylene or methane aromatization at 923 K and
hydrocarbon and H» partial pressures relevant to DHA catalysis. Acetylene aromatization
rates (144 pmol g! h') over Mo/H-ZSM-5 were 1.5 times larger than ethylene
aromatization (97 umol g h'') and were comparable to methane aromatization rates (131
pumol g! h'!), leading Ha et al., (78) to conclude benzene is formed via oligomerization of
acetylene-derived vinyl cation intermediates. We also measure acetylene to benzene
forward rates over Mo/H-ZSM-5 which show good agreement with forward rates of
acetylene aromatization during CH4 DHA catalysis calculated from De Donder relations
(vida infra), shown in Section B.1.

Tsai et al., (80) have demonstrated acetylene aromatization over H-ZSM-5 occurs
readily without H> co-feed at rates far exceeding ethylene aromatization and also propose
acetylene oligomerization is initiated by formation of highly reactive vinyl cations.

Production of benzene from acetylene in the absence of H», shown in Section B.1 and
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reported by Tsai et al., (80) demonstrates C2H> can aromatize without proceeding through
an ethylcarbenium intermediate, as is proposed in existing kinetic models of DHA on
Mo/H-ZSM-5 (58, 67). Detailed kinetic models of methane pyrolysis developed by Dean
(81) demonstrate production of aromatics likely proceeds through acetylene as (i) vinylic
products of acetylene coupling are far more reactive than allylic species resultant from
ethylene dimerization and (ii) benzene synthesis from acetylene benefits from high reaction
exothermicity required to overcome entropic loss during cyclization.

From this body of evidence, we conclude acetylene is likely the immediate stable gas-
phase precursor to benzene in the single-path methane DHA reaction sequence (Scheme
3.1). However, we cannot unequivocally eliminate the possibility that aromatization
proceeds through ethylene oligomerization and therefore report results for the kinetic and
thermodynamic analyses to follow under this presumption in Section B.2.

In what follows, we use De Donder relations to assess quantitatively the extent to which
dehydrogenation and oligomerization/aromatization events in Scheme 3.1 control the rate
and reversibility of methane DHA.

3.4.2 Concepts of rate- and reversibility-control of elementary steps in series
reactions

3.4.2.1 The De Donder formalism for single-path catalytic reaction sequences
The net rate of an elementary step, ri, is given by the difference of forward and reverse
rates:
r =1 — T [3.2]
The De Donder equation (72) relates the ratio of forward and reverse rates of elementary

steps to measurable thermodynamic quantities
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A
= e RT:Z

il

i [3.3]

ol

where A; =-AG; is the affinity of step i at a particular extent of reaction and z; is approach
to equilibrium of the corresponding elementary step; z; approaches zero for a fully
irreversible reaction and unity for an equilibrated step. The total affinity of a global gas-
phase reaction or elementary step per catalytic turnover is given by A ; = c;A; where o;
is the stoichiometric number of global gas-phase reaction or elementary step i. Thus, the
total approach to equilibrium of global gas-phase reaction or elementary step 1 is related to

its total affinity by

Atot

Z; = e RT [3.4]

The overall affinity of a series reaction is Ay= X;6;A;= XAy (76); therefore, the
overall approach to equilibrium, z,,, is a product of total approach to equilibrium of all

elementary steps

Zoy = H Z; = 1_[ 7" [3.5]

i=steps i=steps
Since reaction affinities are state functions, zov is also the product of total approach to
equilibrium of all global gas-phase reactions; i.e. zov = ZaZZcZp per Scheme 3.1.

Provided the concentration of all intermediates can be described by the pseudo-steady

state hypothesis (PSSH), the forward rate of the overall reaction, ﬁ, is related to the overall

net rate, R =r;/c; for elementary steps, by

R R
1-Thz  1-2° 13.6]

ov

R =

where
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YiAi  Xiln(z)

o=

[3.7]

is the affinity-averaged stoichiometric number where i is an index over all elementary steps
(82).

The functional form of Eq. 3.6 communicates essential information regarding the
manner by which elementary steps in a single-path reaction sequence affect the relationship
between the overall net and forward rate.

Eq. 3.6 reveals the affinity-averaged stoichiometric number is critical in determining the
effect of the overall reversibility, zo,, to suppress overall net rates, R. Previous
investigations, including our own (/9), have implicitly assumed 6 =1 in Eq. 3.6 without
evidence or rationale. Forward rates calculated with 6 =1 are serendipitously similar to
those in this work if zoy is also incorrectly length averaged, as described in Section 3.4.4
(19, 47). We seek to directly calculate 6 by Eq. 3.7 from 0-8% methane conversion in
order to correctly account for reversibility of DHA reactions and utilize Eq. 3.6 to calculate
the forward rate of methane DHA.

Eq. 3.6 also shows that a single-path reaction sequence behaves as if it were a single

elementary step with a reversibility, R/R, equal to the product of the approach to

equilibrium of all elementary steps

el l-sl)

= [[a-ar 13.8]

i=steps

Zeff =

The effective reversibility, zesr, is the approach to equilibrium of the overall process, zov,
corrected by the affinity-averaged occurrences per turnover of all intervening elementary
steps, G . In the case of a single, rate-determining step (rds) away from equilibrium, the

overall reaction behaves as if it were an elementary step that occurs 6 = 6,4 times per
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turnover. Therefore, the extent to which each elementary step i exerts control on the

effective approach to equilibrium, z.f, is the degree of reversibility control,

X _ (6 In ln(zeff)> _ Ai [3 9]
ZC,i = - .
dln ln(zi) zj#i 2] A]

where j is an index over all elementary steps. Section B.3 provides proof of the equivalence
of the above expressions. Briefly, the first application of the natural logarithm converts zer
from a product of z; to a sum of In(zi), and the second application extracts the fractional
influence of In(z;) on In(zefr) and is analogous to the function of the natural logarithm in the
definition of degree of rate control (83, 84). The proposed definition of degree of
reversibility control is a mathematical manifestation of a metric of rate-determining
character suggested by Dumesic (72) where a step is rate-determining if z; ~ Zefr or Aj ~
Zj A;. We posit that Xzc is not a measure of degree of rate control, but, instead, a
quantitative measure of the influence of each step to determine the apparent behavior of a

series reaction as an elementary step, or, equivalently, the influence of each step to

determine zesr = R/R. The result that Xzc = 0 for a step with no rate control and Xzc=1 for
a sole rate-determining step is a consequence of correlative, but not causal, relationship
between rate control and reversibility control. In the following, we will demonstrate that
Xzc does not provide information about what steps control the rate, and that agreement
between Xzc and Campbell’s definition of degree of rate control, Xrc, for bookend cases
Xre = Xzc =0 and Xrc = Xzc =1 is not reflected in intermediate values of Xzc and Xrc
where control of rate and apparent elementary step behavior of the overall reaction
sequence are similar but not identical. In particular, the degree of reversibility control fails

to capture a key principle of series reactions: for the same approach to equilibrium, steps
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earlier in a single-path sequence exert more rate control than those later in the sequence.

The nature of free energy as a state function manifests Xzc be agnostic to the position of a

step along the overall reaction coordinate, and, therefore, comparison solely of affinities of

elementary steps is insufficient to evaluate rate control of each step.

3.4.2.2 The degree of rate control in single-path catalytic reaction sequences
Cortright and Dumesic (85) demonstrate that the degree of rate control of each

elementary step i, defined as

dInR
XRC,i = <__,> 3.10
olnk;/ s 13.10]

where 1 and j are indices for elementary steps, in a single-path reaction sequence may be

calculated from approach to equilibrium of elementary steps without need for any reaction

rate constants, Ei or Ei. In particular, the authors demonstrate, by example, that for a single-
path sequence of fluid-phase elementary steps with one reactant and one product in each

step,

j=i-1

j=i-1 N
dlnR
we=(5)  =o-w [ [a/Yloa-w [[a]  wan
dlnk; Ky kji j=1 i=1 j=1

where i and j are indices for elementary steps and N is the number of elementary steps in

the reaction sequence (83—85). Eq. 3.11 is a generalization of particular cases investigated
by Cortright and Dumesic (85). Per Eq. 3.11, equilibrated steps (zi = 1) have no rate-
determining character and the rate-determining character of fully irreversible steps (zi = 0)
are limited by the deviation from equilibrium of all previous steps. Xrc thus captures the
key principle of series reactions that is missed simply by inspection of z;: steps earlier in a

reaction sequence exhibit more rate control for the same approach to equilibrium than those
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later in a reaction sequence — unless both steps are at equilibrium. Section 3.4.3 presents
equations analogous to Eq. 3.11 which calculate degree of rate control of each step in the
methane DHA reaction sequence while allowing for multiple reactants and/or products in
each elementary step (e.g. unsaturated hydrocarbon and H» products in dehydrogenation
reactions).

3.4.3 Rate- and reversibility-control of dehydrogenation and oligomerization in CH4
DHA

Use of De Donder relations, degree of reversibility control, and degree of rate control is
predicated on knowledge of the identity, standard Gibbs energy, and concentration of all
species involved in the elementary steps which constitute the single-path methane to
benzene series reaction. Coverages and energies of surface species are experimentally
inaccessible; however, forward rates, Xrc, and Xzc, may be calculated directly from
thermodynamic properties, flow rates, and partial pressures of observable species provided
each global gas-phase reaction contains only one rate-determining elementary step with an
identifiable stoichiometric number, c°, as shown in Section B.3. The approach to
equilibrium of the rate-determining elementary step, zi* , in a global gas-phase reaction i is

related to the total approach to equilibrium of the global gas-phase reaction, Z; by

1/ 3.12]
where all deviation from equilibrium in Z; is attributed to z;. Hence, z; is the relevant
thermodynamic bottleneck in each global gas-phase reaction i and o}, not o, is the relevant
stoichiometric number. For example, for global gas-phase reaction A, 6,= 6 # oa = 3.
Thus, if Za = 0.90, we impose za2 = 1, and calculate za.1 = ZZ =7 =0.98. Identification

of ¢" therefore permits calculation of approach to equilibrium for all non-equilibrated

elementary steps in the overall series reaction and enables use of De Donder relations and
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degree of rate control by Egs. 3.6-3.13. Fig. 3.4 shows approach to equilibrium, z? , of rate-
determining elementary steps listed in Scheme 3.2 within each global gas-phase reaction
(A-D).

Scheme 3.2 posits a plausible sequence of pseudo-elementary steps consistent with
Scheme 3.1 and the observations presented in Sections 3.4.1. The steps in Scheme 3.2 are
not meant to faithfully represent the molecular events which occur during catalysis, but
simply to enumerate the stoichiometric number of elementary steps which constitute gas-
phase reactions A, B, C, and D in Scheme 3.1.

Scheme 3.2: Methane DHA reaction sequence with pseudo-elementary steps

*

Reaction c c

(A.1) CH4=CHs3 + % H> 6
(A.2) 2CH3 = C2Hg 3
(A) 2CHs = C2He + Ha 3

(B.1) C:Hs = C2Hs + Y2 H2 3
(B.2) C:Hs 2 CoHs + 2 Ha 3
(B) CyHg = CoHs + Ha 3

(C.1)) C2Hs = C:H3 + % Hz 3
(C.2) C:H; = CH2+ %2 Ha 3

47



©) C2Hs = CoH2 + Ha 3
(D.1) 2C:Hz = CsH4 1.5
(D.2) C2Hz + C4Hs = CeHs 1
(D) 3C2H2 = CsHs 1
overall 6CH4 = C¢He + 9H> 1

Bolded entries indicate rate-determining elementary steps within each gas-phase global reaction
(A, B, C, and D). All ¢" are assigned on a one benzene molecule basis with overall reaction 6CH4
= C¢Hs + 9H»; o for overall reaction CHs = 1/6 C¢Hs + 3/2 H, are adjusted by a factor of 6.
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Figure 3.4: Approach to equilibrium of rate-determining elementary steps within each
global gas-phase DHA reaction, as listed in Scheme 3.2. Figure 3.4a and 3.4b are the same
data shown on differently scaled axes. Reaction conditions: 973 K, ~115 kPa total pressure,
90% CHa, 10% Ar, 0.21-2.1 cm® s, 0.1-1.2 g Mo/H-ZSM-5

Identification of 6" for reactions B and C is trivial; 65 = 6 = 3 since the stoichiometric

number of all elementary steps in alkane and alkene dehydrogenation reactions are

identical (71).
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Carbon numbers of methane, ethane, acetylene, and benzene bound GZ by 3 and 6, and

op by 1 and 1.5. We assign 6, = 6 because of the well-documented difficulty of activating
C-H bonds in methane in both homogenous and catalytic pyrolysis (46, 81). Iglesia and co-
workers (65) show ethylene formation is first order in methane for contact times where
ethane and ethylene are equilibrated, demonstrating methane C-H bond scission is rate-
determining in ethane formation. Microkinetic models of catalytic methane DHA
developed by Wong et al., (58) and Karakaya et al., (69) reproduce experimentally-
observed aromatization rates and product selectivities treating methane dimerization as a
pseudo-elementary first-order process, again consistent with rate-determining methane
activation in step A (58, 69).

We assign op, = 1.5, consistent with observed second-order kinetics in acetylene and
rate-determining formation of vinylacetylene as the sole primary product during acetylene
pyrolysis at temperatures below 1200 K (86, 87). We note that all 6" are assigned on a one
benzene molecule basis per Scheme 3.2; ¢ per a one carbon atom basis (i.e. overall
reaction CHs = 1/6 C¢Hg + 3/2 H») are simply adjusted by a factor of 6 to give the same
elementary step reversibilities which must be agnostic to the choice of basis.

Assignment of 6; and of the sequence of pseudo-elementary steps in Scheme 3.2 allows
for derivation of Xrc (details in Section B.3) for rate-determining elementary steps within
global gas-phase reactions A-D assuming the coverage of any Ci.4-derived surface

intermediates is much less than unity

ox (1—12))
Xrca = % [3.13]
og Zx(1 —z3)
Xpep = % [3.14]
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ot z35(1 ~ 7)

Xrec = : [3.15]
o zaznze (1 —z5) (1 + ¢ z*)_l
_ D #A4B4C D O'B D [3.16]
XRC,D - E

where § is the sum of the numerators in Eqs. 3.13-3.16 so that };; Xgc; =1 (88). Egs. 3.13-
3.16 are similar to Eq. 3.11 with an additional, nearly quantitatively negligible term in the
numerator of Eq. 3.16 to account for multiple steps (D.1 and D.2) which consume
acetylene. Xrc values calculated by Egs. 3.13-3.16 are relatively insensitive to choice of
ox=3o0r6 and o, =1 or 1.5 because (i) methane and ethane equilibrate for methane
conversion > 2.5%, and (i) Zp ~ Zp*? for methane conversions where step D exerts

significant rate control.
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Figure 3.5: Degree of rate control (a) and reversibility control (b) of rate-determining
elementary steps in global gas-phase reactions A-D from 0.5-8% methane conversion.
Solid squares (m) are a sum of Xzc or Xrc rate-determining elementary steps in global gas-
phase reactions C and D.

Figure 3.5 shows Xzc and Xgc for steps A-D calculated by Egs. 3.9 and 3.13-3.16 using
o listed in Scheme 3.2. As we demonstrate in Section 3.4.4, the PSS hypothesis, from
which Egs. 3.13-3.16 are derived, is valid once z, ~ zg ~ 1 for f > 2.5% (see Fig. 3.4b).
We report and assess Xzc and Xrc for £ <2.5% as probes for rate and reversibility control
of steps A-D, but stress that Eqgs. 3.13-3.16 are not rigorously correct expressions for rate
control until f > 2.5%. There is a need for development of a mathematically-justified
definition of transient degree of rate control which extends existing formalisms for
calculation of Xrc (84, 83, 88) to regimes where single-path reactions have not yet achieved
pseudo-steady state. Discrepancies between Xzc and Xrc as calculated by Egs. 3.9 and

3.13-3.16 are most apparent at low conversions where methane activation is yet to
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equilibrate and therefore provide qualitative insight which is corroborated quantitatively
by reversibility and rate data during pseudo-steady state (f> 2.5%).

For conversions less than 2.5%, methane activation is rate-controlling (Xrc,a > 0.7), but
exerts little reversibility control (Xzca < 0.3) as methane coupling to ethane rapidly
equilibrates (0.1 < z, < 1 from 0.5% to 3% conversion). The significant rate control of
methane activation at these low contact times, despite z, >> zp, demonstrates the
disproportionate rate control of steps which occur earliest in a series reaction sequence.
Once methane, ethane, and ethylene form a quasi-equilibrated pool (39, 70), and therefore
exert little control over rate or overall reversibility, both rate and reversibility controlling
character shifts to steps involving acetylene (C and D) — suggesting steady-state DHA
reactions are kinetically and thermodynamically controlled by steps between ethylene and
benzene. Dominant reversibility control of steps involving acetylene is reflected by Xzc.c
+ Xzc,p ~ 0.8 for all contact times and manifests G is essentially an affinity average of steps
C and D — bounding & by 2 and 3, as shown in Section B.3.

For f>2.5%, z, ~ zg ~ 1 and Xzc and Xgrc for steps C and D are semi-quantitatively
similar — both steps are away from equilibrium and exert both rate and reversibility control,
evincing the key role of acetylene during dehydroaromatization reactions. Xrc,p < Xzc,p
and Xrc,c ® Xzcc because ethylene dehydrogenation precedes and serves as a kinetic
bottleneck to acetylene dimerization. Acetylene dimerization reversibility increases along
the catalyst bed, effecting increase of z during pseudo-steady state methane DHA. As zp,
increases beyond zé, ethylene dehydrogenation becomes rate-determining and is seemingly

the last step to equilibrate.
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Contrary to our observations, simulation of kinetic models of methane pyrolysis
performed by Iglesia and co-workers (45, 65) suggest ethylene dehydrogenation to
acetylene rapidly equilibrates in homogenous or catalytic reaction pathways at 1038 K.
Equilibration of CoH4 = C;H: + H; at the onset of PSS in our catalytic studies would
require a ~2x adjustment in Keqp, resulting a maximum value of z;, = 2 (Fig. 3.4b) at the
largest measured contact time — which is thermodynamically forbidden (89, 90). We
therefore suggest equilibrium of CoHs = C;H> + H» in simulation of kinetic methane
pyrolysis models by Iglesia and co-workers results from lack of acetylene oligomerization
pathways which kinetically couple C2H» and reduce approach to equilibrium of ethylene
dehydrogenation.

Crucially, the use of Egs. 3.13-3.16 for the degree of rate control relies on the pseudo-
steady state hypothesis — essentially that (i) the partial pressure of all carbon-containing
intermediates (i.e. CoHx hydrocarbons) is determined arithmetically by the pressure of CHa,
H», and aromatic products, and (ii) forward rates are nearly invariant with methane
conversion or contact time provided methane conversion is differential (i.e. <10%) and
there is no kinetic product inhibition (e.g. competitive adsorption of H»). The first condition
amounts to requiring the instantaneous rate of all CoHy hydrocarbons be much less than the
instantaneous rate of methane consumption, as we show is true once methane, ethane, and
ethylene form an equilibrated pool at contact times >7 molmo s (molcu4)! in Section B.4.

To assess the validity of the second condition, we use Eq. 3.6 to calculate the overall

forward rate of benzene synthesis, ﬁ), from measured net rates and 6. These calculations,
however, are complicated by the nature with which effluent streams in flow reactors carry

kinetic and thermodynamic information. Exit streams in flow reactors reflect spatially-
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averaged net rates, but only effluent, or instantaneous, reversibilities. We address these
limitations by collecting reversibility data as a function of contact time to rigorously
affinity and length average zov and calculate forward benzene synthesis rates.

3.4.4 Affinity and length averaging in highly reversible CH4 DHA flow reactors

Use of Eq. 3.6 from flow reactor data requires affinity averaging of z,v by use of Eq.
3.7 and numerical integration of z,v along the catalyst bed (i.e. spatial averaging). Spatial
averaging of z,y from flow reactor data is necessary because effluent flow rates inherently
reflect length-averaged rates, < R >, while effluent partial pressures reflect instantaneous
approach to equilibrium, Z. Therefore, measured effluent, instantaneous z.v must be length-
averaged to capture the same information as measured effluent flow rates, i.e. length-
averaged reaction rates. The inherent length-averaging of reaction rates by flow reactors is
best demonstrated by integration of the PFR mole balance. The effluent flow rate of a
product j in a PFR normalized by the total number of active sites, Fj, is given by

1 X
F] = fxd . f E Vini dx = E Vij < Ri > [3.17]
X 0 =
0 1

i

where index i refers to overall reactions, x is the contact time along the catalyst bed, and X
is the total contact time. Eq. 3.17 clearly demonstrates effluent flow data measure length-
averaged reaction rates in a PFR and also holds for a dispersed packed-bed reactor with
closed-closed Danckwerts boundary conditions, as shown in Section B.4. The pseudo-
steady state hypothesis, canonically a prerequisite of the De Donder analysis, dictates that
the overall forward rate is nearly constant along the catalyst bed. Thus,

—R> <Ri> _ 1 F]-—Zkiivkj<Rk>

i 1/5,i 1/5,i
<1 Zov,i ov,i

[3.18]

> Vi <1l-z >

54



where indices i and k refer to overall reactions and index j refers to species j. The term
[F]- — Yk=iVij < Rk >] in Eq. 3.18 generally accounts for all reactions which form or
consume species j and is redacted to a simpler, particular form for the overall benzene
synthesis reaction in Eq. 3.19. Eq. 3.18 is a function of only measurable quantities: effluent
flow rate, effluent overall approach to equilibrium, and effluent affinity-averaged

stoichiometric number — provided the latter two are appropriately length-averaged. In the

following, we calculate R for benzene production by a particular form of Eq. 3.18 and
show, once methane activation equilibrates, the overall forward rate of methane DHA is
indeed invariant with contact time, evincing the validity of PSSH. De Donder relations
used to calculate forward rate make no assumption regarding the identity or distribution of
catalytic active sites and therefore are agnostic to the role of MoCx, Bronsted acid sites, or
co-catalytic entrained carbon in each step. Calculation of rate and contact time to follow
normalize by active Mo atoms, as is the precedent in the literature (19, 37, 40, 91), but this
assignment of active site has no effect on validity of the De Donder formalism or the PSSH.

We collect data for calculation of 6 and z.v as a function of contact time by leveraging
the non-selective nature of Mo/H-ZSM-5 deactivation during methane DHA (see Fig. 3.1).
Retention of the catalytic properties of active sites during deactivation implies methane
conversion, f, is a one-to-one function of contact time, T [=] molmo s (molcu4)™!, provided
inlet composition, reaction temperature, and total pressure are unchanged. We determine
f(t) by systematic change of contact time, or catalyst loading, during steady-state methane
DHA reactions. Section B.4 discusses and demonstrates that f is a one-to-one function of t
in ideal plug-flow and axially dispersed flow reactors. Section B.4 shows f(1) is a

monotonic function which we fit by a piecewise polynomial expression. Determination of
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f(t) permits calculation of contact time, correctly normalized by active Mo atoms, during
deactivation of Mo/H-ZSM-5 catalysts, and, in effect, enables calculation of turnover
frequencies, R [=] mol/molacive Mo/s, €ven as the catalyst deactivates.

Fig. 3.6 reports overall forward rates of benzene synthesis during methane DHA on
Mo/H-ZSM-5 determined by variation of contact time both by (i) extent of catalyst
deactivation and (ii) change of catalyst loading in a catalog of steady-state DHA reactions
with identical total flow rate. We take the net rate of benzene synthesis to be the sum of
benzene and naphthalene flow rates since naphthalene constitutes significant carbon
selectivity and is presumed to be formed from a single benzene molecule and addition of
smaller hydrocarbons. Explicitly, the forward rate of the methane to benzene single-path

reaction sequence is

- <R> Feon, + Fe,n
R: 1/(_)_ — 6116 1/610 8 (19).
<l-zj , > <l-1z, >

Fig. 3.6 shows forward rates reach a steady value at the same contact time as z ~ zg ~ 1,
evincing the validity of the PSSH and demonstrating the sole inhibiting effect of H»
liberated in DHA reactions is thermodynamic in nature. Fortuitously, our previous
calculations of constant forward benzene rates (19, 47) are similar to those in this work due
to a balance of incorrect length averaging and affinity averaging which overestimate and
underestimate forward rates, respectively (see Section B.5). Section B.5 also shows

deviation from PSSH for T < 7 molmo s (molcna)™! has little influence on calculation of

forward rates as, at these low contact times, <zer> << 1 and R ~ R.
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Figure 3.6: Approach to equilibrium of methane activation as a function of contact time
varied by extent of deactivation (o; T =973 K), and forward rates of benzene synthesis [=]
MOlbenzene (MOlMo 8)! as a function of contact time varied by extent of deactivation (e; T =
973 K) and catalyst loading during steady-state catalysis (0; T = 973 K).

3.5 Conclusion

Mo-modified H-ZSM-5 catalyzes methane dehydroaromatization via a single-path
series reaction wherein initial methane activation and C-C coupling to ethane is followed
by sequential dehydrogenation to ethylene and acetylene, the immediate stable gas-phase
intermediate to benzene formation. Elucidation of the DHA reaction network and
quantification of reversibility of intervening dehydrogenation and oligomerization
reactions is achieved by change of effective contact time by extent of “non-selective”
deactivation. The “non-selective” nature of deactivation is confirmed by congruence of
conversion-selectivity curves and permits probe of axial rate and reversibility profiles after

determination of f(t), the one-to-one function between methane conversion and contact
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time. Methane, ethane, and ethylene form a quasi-equilibrated pool at contact times beyond
7 molmo s (molcus)’!, resulting in a pseudo-steady state methane aromatization pathway
with both rate- and reversibility-determining steps, C2Hs dehydrogenation and C:H»
dimerization, involving acetylene — identified to be a key reactive intermediate in DHA.
Rate control and reversibility control of intervening steps is quantified by the degree of
reversibility control, defined herein for the first time, and the degree of rate control which
account for the stoichiometric number of rate-determining elementary steps within each
global gas-phase reaction. The degree of reversibility control is necessary for rigorous
affinity averaging of overall reversibility of the methane-to-benzene single-path reaction,
but is insufficient to predict the rate-control of each step as reaction affinities are
thermodynamically-determined state functions inherently limited in their ability to
describe rates of path-dependent reaction sequences. Congruence of degree of rate control
and degree of reversibility control for bookend cases is not reflected at intermediate contact
times and highlights the need for the degree of rate control to identify rate-determining
steps in reversible series reactions with multiple steps away from equilibrium. Axial degree
of reversibility control profiles are nonetheless critically useful to determine the affinity-
averaged stoichiometric number along the catalyst bed, as is necessary to calculate forward
DHA rates.
Forward benzene rates determined from formalisms of affinity averaging and length
averaging are invariant with contact-time once methane, ethane, and ethylene equilibrate
and evince the validity of the pseudo-steady-state hypothesis upon which conventional
definitions of degree of rate control and the De Donder formalism are predicated.

Unchanged forward aromatization rates at contact times beyond 7 molmo s (molcus)! set
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kinetic limits to methane aromatization on Mo/H-ZSM-5 catalysts and motivate
investigations to (i) overcome thermodynamic barriers set by reaction endothermicity and
(i1) identify and eliminate mechanisms of catalyst deactivation to progress technical

development of direct methane valorization to ethylene and aromatics.
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4 Carbidic Mo is the sole kinetically-relevant active site for catalytic methane
dehydroaromatization on Mo/H-ZSM-5

*Contents herein are reproduced with permission from Razdan, N. K., Bhan, A. Carbidic Mo is the
sole kinetically-relevant active site for catalytic methane dehydroaromatization on Mo/H-ZSM-5.
Journal of Catalysis. 2020, 389, 667-676. https://doi.org/10.1016/j.jcat.2020.06.035.

4.1 Conspectus

Systematic variation of Mo/Al = {0.10, 0.25, 0.35} in Mo/H-ZSM-5 catalysts effects
~20x change of Mo-to-H" ratio during methane dehydroaromatization (DHA) reactions at
steady state and on deactivating catalysts. Mo and Brensted-acid site count, respectively
enumerated by ethane hydrogenolysis probe reaction and dimethyl ether chemical titration,
evolve disparately during DHA catalysis, indicating the two sites reduce in number by
distinct mechanisms. The deactivation of Mo/H-ZSM-5 catalytic activity is uniquely
attributed to the loss of active, or accessible, Mo sites, evinced by (i) the non-selective
nature of deactivation (i.e. that deactivation occurs without modification of residual active
sites), (ii) invariance in product distribution from Mo/H" = 0.10 — 2.1, and (iii) linear
correspondence between Mo-catalyzed ethane hydrogenolysis rate and active site count
during DHA on deactivating samples. DHA forward rate — the intrinsic kinetic descriptor
of catalyst activity — normalizes by Mo content at steady state and on deactivating catalysts
with Mo/Al = 0.10 — 0.35 for Mo-based contact times in the range tvo = 0.79 — 44 molwmo
s molé, unequivocally establishing Mo aggregates as the sole kinetically-relevant active
site on Mo/H-ZSM-5. Brensted-acid site content over a ~40x range in T+ = 1.4 — 54 moly+

S mol{;1 has no discernable correlation with or effect on DHA rate, methane conversion, or
product distribution — demonstrating H" does not catalyze any rate- or selectivity-

determining steps in the benzene formation pathway and suggesting that the benefits of

60



zeolitic acid sites are only to disperse Mo during catalyst synthesis and, conceivably, to
catalyze equilibrated reaction steps.

4.2 Introduction

Growing access to natural gas reserves motivates development of diverse
thermochemical strategies for valorization of stranded methane as alternatives to on-site
flaring (60, 92—94). Mo-modified proton-form ZSM-5 zeolites (Mo/H-ZSM-5) catalyze
non-oxidative dehydroaromatization (DHA) of methane with £95% aromatic selectivity at
CHa4 conversions near the ~10% equilibrium limit at ~950 K. Endothermicity of methane
pyrolysis imposes stringent thermodynamic barriers to aromatic formation which intensify
with CH4 conversion, resulting in a highly-reversible reaction network which renders
ineffective differential kinetic analyses. De Donder relations and constitutive laws of mass
transport are required to de-convolute kinetic and thermodynamic contributors to rate in
flow reactors and calculate forward site-time yield, the intrinsic kinetic descriptor of
catalyst activity (82, 95).

Mo/H-ZSM-5 catalysts are synthesized in situ by introduction of methane at DHA
reaction temperature to MoOx/H-ZSM-5 pre-catalysts (9, 21, 42, 96) to remove oxygen and
form MoCx/H-ZSM-5 active for DHA catalysis. Synthesis of pre-catalysts by solid-state
vapor-phase exchange proceeds via thermal treatment of physical mixtures of MoO3 and
H-ZSM-5 in dry air to disperse MoOs3 oligomers on the external zeolite surface (773 K)
and subsequently sublime oxidic Mo moieties which diffuse into the zeolite micropore
structure and exchange with acid sites (973 K) (18, 19, 38, 39, 42, 62). MoO3(g) monomers
react with proximate pairs of zeolitic Bronsted-acid sites to liberate H>O and form well-
defined [M020s]*" dimers anchored to the zeolite framework (38, 42). X-ray absorption

near edge and extended fine structure confirm and monitor evolution of Mo speciation from

61



MoOs to [M020s]*" during pre-catalyst synthesis and are corroborated by Raman bands
observed at 970 cm™! corresponding to symmetric terminal Mo=0 stretches in Mo dimers
(18, 38, 97, 98). Preparation of pre-catalysts by wetness impregnation techniques produce
oxidic Mo of distinct and diverse speciation (e.g. [Mo(=0)2]*", [Mo(=0)0H]") (23, 64,
99); however, identity of Mo in pre-catalysts does not influence rates or product
distribution of DHA catalysis provided Mo is sufficiently dispersed and encapsulated
within unperturbed ZSM-5 framework (17, 42).

Introduction of methane at ~950 K reduces oxidic pre-catalysts, evolving 2.4 + 0.1 O
per Mo as CO, CO., and H>O in samples prepared by solid-state vapor-phase exchange,
consistent with the stoichiometry of [M0,Os]*" (18, 40, 100). Methane and hydrocarbon
products formed over reducing Mo centers deposit 9 — 44 C/Mo (18, 62) and form MoCx
aggregates to initiate DHA catalysis. Dehydroaromatization is proposed to proceed via a
bifunctional mechanism wherein carbidic Mo centers dehydrogenate CH4 to CyHx
intermediates which cyclize to aromatics over zeolitic Brensted-acid sites well-known to
catalyze olefin oligomerization (/9, 2/-24). Kosinov et al. (25) challenge putative
bifunctional reaction schemes and demonstrate that acid-free Mo/SiO» and Mo/1-Silicalite
materials catalyze non-oxidative methane activation to benzene and higher aromatics,
albeit with poor Mo-normalized rates and time-on-stream stability in comparison to Mo/H-
ZSM-5 catalysts (27). H-ZSM-5-encapsulated carbidic Mo may plausibly catalyze DHA
with higher aromatic production rates than Mo/SiO2 and Mo/1-Silicalite due to (i)
interception and aromatization of coke precursors by Brensted-acid sites, (ii) enhanced Mo

dispersion due to cation exchange with zeolitic protons, and/or (iii) MFI micropore
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structure affording confining environments selective for formation of mono- and bicyclic
aromatics capable of egressing from the zeolite.

In this study we seek to ascertain the catalytic roles of carbidic Mo and zeolitic
Bronsted-acid sites using thermochemical kinetic analyses complemented by Mo and H*
site-counting at steady state and during deactivation. Mo and H' sites are enumerated
during deactivation by ethane hydrogenolysis probe reaction and dimethyl ether titration,
respectively, to demonstrate that loss of catalytic activity, determined by instantaneous
methane conversion, is uniquely attributable to the reduction in the number of active
carbidic Mo moieties. Deactivation of Mo/H-ZSM-5 catalysts is therefore non-selective,
or occurs without chemical modification of residual active sites and with product
distribution unaffected by Mo-to-H" ratio, suggesting a single site catalyzes all rate-
controlling steps during DHA. Non-selective deactivation is leveraged to instantaneously
normalize DHA rates by the contemporaneous active Mo site count, giving site-time yields
which agree quantitatively with those measured at steady state. Thermochemical-kinetic
formalisms based on De Donder relations enable calculation of steady-state and transient

forward turnover rates which normalize by Mo content over a ~20x range of Mo-to-H"

ratio (0.10 — 2.1) and ~50x range of Mo-based contact time (0.79 — 44 molwmo s mol{;l).
Brensted-acid site densities do not influence aromatization rates or product distribution,
confirming acid sites do not catalyze rate- or selectivity-determining steps.
4.3 Materials and Methods
4.3.1 MoOx/H-ZSM-5 pre-catalyst synthesis

H-ZSM-5 was prepared by deamination of NH4-ZSM-5 (Zeolyst International, Si/Al =
11.5, CBV 2314) in dry air (~1.67 cm® s™') at 773 K for 36 h (0.0165 K s™!). MoO; (Sigma-

Aldrich, 99.9%) and H-ZSM-5 powders were physically mixed in an agate mortar and
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pestle for 25 min in quantities corresponding to Mo-to-Al ratios of 0.10, 0.25, and 0.35.
Intimate physical mixtures of MoO3; + H-ZSM-5 were heated in dry air to 623 K for 15 h
(0.0167 K s!) and then to 973 K for 10 h (0.167 K s™!) to form the MoOx/H-ZSM-5 pre-
catalyst which was pressed into pellets and sieved to retain particles between 180 and 425
um in diameter for activation to Mo/H-ZSM-5 and use in catalytic dehydroaromatization
reactions.

4.3.2 Catalytic methane dehydroaromatization reactions

MoOx/H-ZSM-5 pre-catalysts (0.10 — 1.20 g) were held in place by quartz wool in
fixed-bed tubular quartz reactors (I.D. 10.5 mm), heated to 973 K (0.18 K s™!) in He flow
(~ 0.33 cm® s!, UHP, Minneapolis Oxygen), and exposed to methane after reactor
temperature was allowed to stabilize for 2 h. Tubular reactors were held in an annular
Inconel casing to eliminate radial temperature gradients from the resistively-heated furnace
(National Element FA120). Reactor temperature was monitored by two thermocouples
diametrically-positioned across the catalyst bed on the exterior of the tubular quartz reactor.
Carburization of pre-catalysts, initiated by introduction of CH4/Ar (90 vol% CH4 and 10
vol% Ar, total feed flow rate 0.21 cm?® s™!, UHP, Matheson Tri-Gas) at 973 K, proceeded
for 5 — 15 ks depending on the Mo-to-Al ratio and mass of catalyst. Closure of carbon
balance and onset of non-selective deactivation (vida infra) indicate the end of
carburization and inception of DHA catalysis. Section C.1 shows illustrative data depicting
the onset of DHA catalysis and steady-state aromatization rates and methane conversion.
After carburization, DHA reactions were either continued under 0.21 cm? s™! total flow or
were performed at identical composition, but varied flow range (0.21-2.1 cm?® s™), after
flush of reactor lines in He flow (~ 0.33 cm?® s7!) as reaction feed flow stabilized. Transfer

lines were heated to 393 — 453 K to ensure no condensation of aromatic products and water.
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Reactor effluent composition was analyzed using a mass spectrometer (MKS Cirrus 200
Quadrupole MS system) and a gas chromatograph (Agilent 7890) equipped with a methyl-
siloxane capillary column (HP-1, 50 m x 320 um x 0.52 pm) using a flame ionization
detector (FID) for detection of hydrocarbons and a GS-GasPro column (60 m x 0.320 mm)
using a thermal conductivity detector (TCD) for detection of H», Ar, CO, and CHa.

All reported volumetric flow rates are referenced to 1 bar and 298 K.

4.3.3 Dimethyl ether titration of zeolitic Bronsted-acid sites

Chemical titration of zeolitic Breonsted-acid sites were performed with dimethyl ether
(DME) on Mo/H-ZSM-5 and H-ZSM-5 samples using the same equipment as in methane
dehydroaromatization reactions. The number of accessible acid sites was determined
according to the stoichiometric reaction between DME and acid sites to form two persistent
methyl groups on framework oxygen bound to Al (CH30CHj3g) + 2[AIOH ] (5 — 2[AlO
CH3"]s) + H20(g) (101). In preparation for DME titration, Mo-containing and Mo-free
zeolite samples were either (i) cooled to 423 K in ~0.8 cm® s”! He flow following different
durations of DHA (3 — 100 ks) or (ii) heated from ambient to 773 K at 0.08 K s!, held at
773 K for >5 h to remove physisorbed water, and then cooled to 423 K in ~0.8 cm® s™! He
flow. Pulses of DME (0.25 or 1.00 cm®) were introduced by 0.5 cm® s™! flow of 96% He
and balance Ar at regular intervals (120 or 240 s) until unreacted DME was observed in
the effluent stream by MS. Samples were subsequently flushed in the same 0.5 cm? s™! flow
of 96% He and balance Ar for >3 h to remove physisorbed DME and H>O. Section C.2
shows characteristic data for evolution of DME upon breakthrough (i.e. after all zeolitic
protons have undergone stoichiometric exchange with methyl groups).

4.3.4 Steady-state ethane hydrogenolysis probe reactions
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Steady-state rates of ethane hydrogenolysis were measured at differential CoHs and H»
conversion (<2%) to determine the relative number of active Mo atoms on Mo/H-ZSM-5
samples after different durations of CH4 DHA (3 — 100 ks). Following DHA, samples were
treated in ~0.8 cm® s' He at reaction temperature 973 K for >2 h to remove adsorbed
hydrocarbons and then allowed to cool to 750 K in the same He flow. Reactor temperatures
stabilized for >2 h prior to introduction of 0.49 cm? s™! 46% C>He/49% Ha/balance Ar to
initiate ethane hydrogenolysis. Methane formation rates reached a steady state in 3 — 15 ks
and constituted ~90% carbon selectivity. Section C.2 shows characteristic data for rate and
selectivity during ethane hydrogenolysis reactions as a function of time on stream.

4.3.5 Definitions of Mo-based contact time

We define two distinct measures of Mo-based contact time: (1) Two,initial [=] MOIMo,initial
s molc™! which is a time-invariant quantity calculated from the initial number of active Mo
atoms — assumed to be equal to the total amount of Mo charged to the catalyst bed — and
(ii) T™™o [=] molmo s molc™! which changes with time on stream due to deactivation and is
calculated from the instantaneous number of active Mo atoms. Initial and instantaneous

Mo-based contact time are given by

LMo total
TMo,initial = T [4.1]
NcH,, inlet
and
LMo(t)
Tvo = ——— [4.2]
NcH, inlet

where ficy, iniet [=] molc s is the inlet molar flow of methane, Lo total [=] MOIMo.initial is the
total amount of Mo in the catalyst bed, and Lmo(t) [=] molmo is the amount of active Mo at

time on stream t.
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4.4 Results and Discussion
4.4.1 Relevance of the Mo-to-Al ratio to CHs DHA catalysis

We systematically vary Mo loading (Mo/Al = 0.10, 0.25, 0.35) in H-ZSM-5 (Si/Al =
11.5) to control the ratio of Mo sites and framework Al-associated zeolitic Bronsted acid
sites (i.e. Mo-to-H" ratio) in Mo/H-ZSM-5 catalysts for CH4s DHA. Concentration of
zeolitic protons on Mo/H-ZSM-5 samples and parent H-ZSM-5 with and without high
temperature (973 K) thermal treatment is quantified by chemical titration using DME. The
density of Brensted-acid sites on parent H-ZSM-5 zeolite (Si/Al = 11.5) was determined
to be 11.2 £ 0.6 - 10* mol g'!, comparable to the total Al concentration per the Si-to-Al
ratio, 13.3 - 10 mol g'. High temperature thermal treatment to 973 K by an identical
thermal treatment protocol applied to MoO3 + H-ZSM-5 physical mixtures reduces the
number of accessible protons in H-ZSM-5 to 7.9 = 0.6 - 10 mol g!, consistent with
reported ~50% decrease in Brensted-acid site concentration, measured by pyridine
adsorption and infrared spectroscopy, in H-ZSM-5 treated at 998 K compared to samples
deaminated at 623 K (/02). Increasing concentrations of MoOj3 during [M020s]**/H-ZSM-
5 thermal synthesis in dry air proportionately decreases the proton density in accordance
with the 1:1 Mo-to-Al stoichiometry of the solid-state condensation exchange reaction

(Figure 4.1).
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Figure 4.1: The number of Brensted-acid sites (H") or framework Al atoms (Al) per total
Al in Mo-containing and Mo-free H-ZSM-5 samples treated to 973 K in dry air. Open
symbols are from the work of Borry et al. (42) Dashed line is the fit to all data in Fig. 4.1.

Observed elimination of Bronsted-acid sites by exchanged Mo cations is in agreement
with the work of Borry et al. (Fig. 4.1) wherein the influence of Mo loading to effect
decrease in zeolitic Brensted-acid density is quantified by (i) signal intensity at chemical
shift -56ppm assigned to framework Al, Alf, in 2?’Al NMR and (ii) HD evolution during
D2g/O-Hs) and subsequent Hag)/O-D(s) exchange on samples with a range of Mo-to-Al
ratio (0 — 0.45) and fixed Si/Al = 14.3 (Figure 4.1). Si-to-Al ratio in this work (Si/Al =
11.5) and those of Borry et al. (Si/Al = 14.3) are sufficiently similar for quantitative
comparison at Mo-to-Al ratios below the fraction of framework Al pairs within ~5.5 A, the
distance between adjacent Alr in anchored (Mo020s)*" dimers as identified from radial
structure function generated from EXAFS (38). Statistical framework Al distribution
calculated by Monte Carlo simulation and the Poisson approximation estimate the fraction

of Alr pairs within 5.5 A on ZSM-5 materials with Si/Al =11 — 15 to be 0.4 — 0.5 (103);
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and, ion exchange with two proximate Na* cations by Co*" in Na-ZSM-5 enumerates the
fraction of “Alr pairs” to be 0.74 — 0.82 on samples with Si/Al =12 — 14 (104), justifying
comparison of DME titration with techniques of Borry et al (42). Section C.3 shows
separate linear fits to the data of Borry et al. (42) and those presented herein are
quantitatively similar.

Enumeration of framework Al or Brensted-acid sites by DME titration, 2TAINMR, and
Da(g)(H2(g))/O-H(D) isotopic exchange on a suite of oxidic MoOx/H-ZSM-5 pre-catalysts
(Mo/Al = 0 — 0.45) quantitatively demonstrates Mo cations eliminate Brensted-acid sites
in one-to-one correspondence. Systematic variation of the Mo-to-Al ratio therefore
engenders change in the number of Mo and H', which may plausibly influence rates and
product distribution should both sites play catalytic roles. In what follows, we assess the
catalytic relevance of both metal and acid sites during DHA reactions by rigorous kinetic
analyses which ascertain the influence of Mo and H' site count on rates and selectivities

both at steady state and during deactivation.
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Figure 4.2: Carbon selectivity of C, hydrocarbons and benzene as a function of methane
conversion over deactivating Mo/H-ZSM-5 catalysts. Reaction conditions: 973 K, ~115
kPa total pressure, total flow of 0.21 — 2.1 cm® s! with composition 90% CH4/10% Ar.
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Mo/Al = 0.10, gea = 0.75 — 1.20 (0), Mo/Al =0.25, gear = 0.10 — 1.20 (m), Mo/Al =0.35,
geat = 0.15 - 0.75 (O).

Figure 4.2 shows the carbon selectivity of C, hydrocarbons and benzene as a function
of methane conversion during CH4 DHA reactions on catalyst samples with a range of Mo-
to-Al ratio (0.10 — 0.35). Selectivity data is collected as a function of methane conversion
on each sample by allowing the catalyst to deactivate with time on stream (TOS). For each
Mo-to-Al ratio, conversion-selectivity profiles are measured over two or more catalyst
samples with identical feed composition, total pressure, and reactor temperature and
different initial methane conversion — changed by varying catalyst mass loading and/or
total flow rate. Section C.1 provides time-on-stream profiles for all data in Fig. 4.2.

Scheme 4.1 illustrates putative Mo- and H'-catalyzed routes for CH4 DHA based on (i)
substantiated equilibration of methane, ethane, and ethylene (70, 95) and (ii) reaction
network connectivity per conversion-selectivity profiles in Fig. 4.2 and similar data
reported for 0.001 — 0.05% methane conversion (95).

Scheme 4.1: Mo/H-ZSM-5-catalyzed CH4 DHA reaction network
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T™o > 7 molyo s molc™ (70, 95). Ethane is the sole primary product of DHA, confirmed by 100%
selectivity to CoHe for <0.001% CH4 conversion (95). Ethylene aromatization has been proposed
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The congruence of conversion-selectivity profiles from 0.5-8% methane conversion, f,
for all hydrocarbon products in Fig. 4.2 demonstrates that deactivation of Mo/H-ZSM-5 is
non-selective, or occurs without affecting catalytic properties of residual active sites (62,
74, 95). We note that it is possible that overlay of conversion versus product selectivity
data is resultant from serendipitous, selective change in conversion and product distribution
with time such that conversion versus selectivity data remain identical for all examined
products across all deactivating samples (74). Given the range of (i) concentrations of
hydrocarbon products in Fig. 4.2 (0.1 Pa — 1 kPa), (ii) initial catalyst contact time (8 — 40
molmo s molc™), (iii) instantaneous methane conversion (0.5 — 8%), (iv) Mo-to-Al ratio
(0.10 — 0.35) and (v) Mo-to-H" ratio (0.10 — 2.1) during catalysis (vida infra), we find it
unlikely that Mo/H-ZSM-5 catalysts are deactivating selectively while coincidentally
retaining congruence of conversion-selectivity profiles. Non-selective nature of Mo/H-
ZSM-5 deactivation in methane dehydroaromatization reactions has been demonstrated
previously; however, these investigations only report conversion-selectivity profiles over
catalysts with a single Mo loading, or Mo-to-Al ratio (Mo/Al = 0.25 (95), Mo/Al = 0.40
(62)).

Coincidence of conversion-selectivity profiles across Mo/Al = 0.10 — 0.35
demonstrates that neither the non-selective nature of deactivation nor product distribution
is affected by Mo-to-Al ratio — suggesting, plausibly, that only one of Mo or H' catalyze
all selectivity-controlling steps during DHA in the studied range of Mo-to-H" ratio. If
methane dehydroaromatization were to proceed through a bifunctional reaction scheme, as

proposed (19, 21-24), variation of the Mo-to-Al ratio would engender proportional change
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in the rates of metal-catalyzed C-C coupling and acid-catalyzed CoHx aromatization,
thereby affecting observed product selectivities as a function of methane conversion.
Increasing Mo loading on Mo/H-ZSM-5 materials prepared by both incipient wetness

impregnation and solid-state vapor-phase exchange has been shown to enhance steady-

state aromatic yields at identical catalyst mass-based contact time (gcat S mol{;l), suggesting
Mo moieties catalyze rate-controlling steps (9, 25, 41, 42, 96, 105, 106). We measured
steady-state methane conversion on Mo/H-ZSM-5 catalysts with systematic variation of
Mo-based contact time by change of Mo content, catalyst mass loading, and total flow rate.
Reaction conditions which result in initial catalytic methane conversion < 2% are
characterized by rapid catalyst deactivation which renders elusive measurement of steady-
state methane conversion. Figure 4.3 demonstrates that methane conversion is a one-to-one
function of Mo-based contact time, tmo, regardless of the method of tm, variation,
indicating that carbidic Mo content uniquely determines the methane conversion rate. We
refer to the one-to-one function between methane conversion and contact time as f(tmo), or
T™o(f). The functions f(tmo) and its inverse Tvo(f) are composed of piecewise polynomials
fit to data shown in Fig. 4.3 and are continuous and differentiable (i.e. the piecewise
polynomials and their derivatives are equal at the point of intersection). Section C.1
discusses the uniqueness of f(tmo) in the context of the PFR design equation and
demonstrates methane conversion shows no quantitative correlation with catalyst mass-
based contact time.

Identification of f(tmo) is essential to the analyses which follow; the ability to quantify
active Mo-based contact time solely from measured effluent methane conversion during

deactivation enables transient assessment of net and forward site-time yields which are
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normalized by contemporaneous active site count. In essence, contact-time variation
experiments can be rigorously performed simply by allowing the catalyst to deactivate non-

selectively with time on stream.
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Figure 4.3: Steady-state methane conversion as a function of contact time based on the
total Mo content. Reaction conditions: 973 K, ~115 kPa total pressure, total flow of 0.21 —

2.1 cm® 57! with composition 90% CH4/10% Ar, and 0.10 — 1.20 g Mo/H-ZSM-5. The
dotted red line indicates the intersection of the piecewise functions used to construct f(Tmo).

Several reports suggest positive correlation of methane conversion with Mo-based
contact time is a manifestation of approach to an optimal balance in the ratio of metal and
acid active sites required for bifunctional DHA catalysis (9, 24, 41, 42, 59, 67, 91),
supported by decrease in maximum instantaneous aromatic yield beyond Mo/Al ~ 0.5. We
purport that reduction in aromatization rates with Mo-to-Al ratios exceeding ~0.5 is
consequent from poor dispersion of Mo at loadings surpassing the number of framework
Al available for cationic exchange and anchoring of Mo in MoOy/H-ZSM-5 pre-catalysts.
Excessive Mo loadings result in (i) coke selectivities surpassing that of hydrocarbon

products (Mo/Al = 0.51-2.04) (91), (i1) formation of inactive crystalline MoO3 domains
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observed in XRD (Mo/Al=1.11-1.36) (105), and (iii) extraction of Al from the framework
to form Al2(MoOs); identified by -13 ppm chemical shift in 2?Al NMR (Mo/Al = 0.68)
(42). Recently, Khatib and co-workers overcame the ostensible limit to Mo loading by re-
dispersing superfluous Mo via ex situ reductive pretreatment of oxidic pre-catalysts,
improving CO uptake from 58.2 pmol g™ to 211.0 umol g! (107) and steady-state benzene
yields from 4.2% to 8.3%, near the equilibrium limit, on Mo/H-ZSM-5 materials with
Mo/Al =1.11 (105, 107). These reports demonstrate apparent reduction in catalyst activity
for Mo/Al = 0.5 does not reflect less efficacious coupling of metal and acid catalytic
functions; surplus Mo is deleterious to framework integrity and Mo dispersion, and, thusly,
catalyst activity. We posit active Mo content is the salient descriptor of Mo/H-ZSM-5
catalysts and, in what follows, perform rigorous kinetic analyses to associate active Mo
density with forward rate — the fundamental measure of catalytic activity.

4.4.2 DHA net and forward rate normalized by Mo at steady state and during
deactivation

Net rates and effluent product concentrations were measured at steady state and during
deactivation on Mo/H-ZSM-5 catalysts with varied Mo-to-Al ratio, catalyst loading, and
total flow rate. Figure 4.4 shows net rates of benzene formation, taken to be the sum of
effluent benzene and naphthalene rate to account for benzene consumption pathways, as a
function of Mo-based contact time. We leverage non-selective deactivation to normalize
transient rates by the contemporaneous active site count; in other words, net rates measured
during deactivation are normalized by t™o (Eq. 4.2) rather than T™o,initial (Eq. 4.1). Section
C.4 details normalization of rates during deactivation by use of f(tmo). Steady-state and

deactivating net benzene formation rates coincide across a ~20x range in Mo-to-H" ratio
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and ~50x range in Tvo, demonstrating Mo aggregates catalyze all kinetically-relevant steps

before and during deactivation.
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Figure 4.4: Net rate of benzene formation as a function of contact time based on the active
Mo content during deactivation (solid symbols) and the total Mo content at steady state
(empty symbols). Reaction conditions: 973 K, ~115 kPa total pressure, total flow of 0.21
—2.1 em?® 57! with composition 90% CH4/10% Ar, and 0.10 — 1.20 g Mo/H-ZSM-5.

The overlay in methane conversion, net DHA rate, and product distribution as a
function of Mo-based contact time for Mo/Al = 0.10 — 0.35 catalysts necessitates a
coincidence of axial profiles of effective reversibility, and therefore forward rate, as we

demonstrate by use of the De Donder equation

R = R [4.3]
1— zeg )

where R is the overall net rate, R is the overall forward rate, and z.sr is the effective

reversibility defined as

_1/5 [4.4]

Zoff ov

M
el l-sl)
N
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-1
The effective reversibility is the overall reversibility (e.g. zov = PC6H6P19{2 (PgH4Keq) for

the reaction 6CH4 = CgHs + 9H2) corrected by the affinity-averaged stoichiometric number

i=elementary

i=element
steps steps

where oi and z; are, respectively, the stoichiometric number and reversibility of elementary
step 1. In a recent report (95), we detail the critical importance of (i) identification of G(tmo)
to correctly calculate zefr, the pertinent thermodynamic resistance in series reactions, and
(i1) spatial averaging of zem(Ttmo) to account for the distinct conveyance of kinetic and
thermodynamic information in flow reactors. The forward rate of DHA, calculated from

observable effluent quantities, is

ﬁ _ <R> _ FC6H6 + FClOHB [4.6]
<1-zeg> <1-27/°> .

where F; [=] mol (molmo s)™! is the active Mo-normalized effluent flow rate of i and the
quantity enclosed by angle brackets, <>, is spatially-averaged from reactor inlet to outlet.

Section C.5 details use of Eqs. 4.3-4.6.
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Figure 4.5: Forward rate of benzene formation as a function of contact time based on the
active Mo content during deactivation (solid symbols) and the total Mo content at steady
state (empty symbols). Reaction conditions: 973 K, ~115 kPa total pressure, total flow of
0.21 — 2.1 cm® s™! with composition 90% CH4/10% Ar, and 0.10 — 1.20 g Mo/H-ZSM-5.

Figure 4.5 shows Mo-normalized forward benzene formation rate, ﬁ, as a function of
T™o calculated from data presented in Fig. 4.4 and the formalism described by Eqs. 4.3-4.6.
Forward rates initially increase with contact time until tvo ~ 7 molyo s molc™ at which
point the DHA reaction network achieves a pseudo-steady state (PSS) coincident with
equilibration of methane, ethane, and ethylene (70, 95). Pseudo-steady state forward rates
are invariant with tvo, suggesting there is no kinetic product inhibition (e.g. competitive

adsorption) by H> or hydrocarbons. The coincidence of Mo-normalized steady-state and

deactivating net rates is reproduced for R, redoubling conclusions that carbidic Mo
catalyzes all steps which exert rate control in the benzene formation reaction pathway.

Methane, ethane, and ethylene form an equilibrated pool (ie. z =

Pe,n, Phi, (PémKeq)'l: 0.96 — 1.18 for the overall reaction 2CH4 = C2H4 + 2H) for CHy
conversions = 3% during catalytic DHA at 973 — 1073 K on Mo/H-ZSM-5 materials
prepared by various syntheses (39, 45, 70, 95), indicating all rate-controlling steps to
aromatic formation must occur between ethylene and benzene. Ethylene, formed from
dehydrogenation of ethane (95), is purported to form benzene via (i) dehydrocyclization
by formation and cracking of cyclohexane (19, 21-24), (ii) involvement in a hydrocarbon
pool composed of radical polyaromatic species (27, 108—110), or (iii) dehydrogenation to
and subsequent trimerization of acetylene (77-79). Investigations which implicate
cyclohexane as an intermediate to aromatic synthesis suggest ethylene undergoes acid-

catalyzed chain growth and protolysis on zeolitic Bronsted-acid sites to form benzene and
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higher aromatics; and, proposals of a hydrocarbon pool mechanism purport entrained linear
polyaromatic species formed in the carburization period serve as organic co-catalysts
which mediate formation of light aromatics.

Our prior report details kinetic analyses which indicate (i) DHA proceeds via
successive dehydrogenation to ethane, ethylene, and acetylene — which cyclizes to benzene
through undetected Cs4 intermediates (69, 95) — and (ii) steps between ethylene and benzene
are rate- and reversibility-controlling in the pseudo-steady state regime.

Ethylene aromatization rates at 923 K measured by Ha et al. (78) confirm C.H4 DHA
is kinetically-controlled by Mo sites; benzene formation rates over H-ZSM-5 (25 umol g!
h!) during CHs DHA sans methane feed are significantly lower than those on both Mo/H-
ZSM-5 (97 pmol g! h'') and Mo/SiO; (50 pmol g!' h!), indicating Mo-mediated routes are
more facile for aromatic formation, with or without Brensted-acid sites. These reports (77—
79, 95), complemented by observed methane-ethane-ethylene equilibrium (39, 70) and the
analyses presented herein, unambiguously demonstrate that all rate-determining steps in
methane DHA must occur after ethylene formation and be catalyzed by carbidic Mo sites,
(19, 21, 24) and radical-mediated hydrocarbon pool catalysis (27, 108—110) as kinetically-
relevant routes of benzene formation. We surmise methane DHA is kinetically-controlled
by acetylene formation or oligomerization catalyzed by Mo aggregates (C2Hz2-mediated
cyclization of unsaturated C>.4 intermediates; however, we cannot eliminate the possibility
that benzene is formed via Mo-catalyzed C-C coupling of ethylene (direct route enclosed

by i.i in Scheme 4.1).
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Irrespective of the identity of rate-determining elementary steps, identification of Mo-
associated species as the kinetically-relevant active site and demonstration of the non-
selective nature of deactivation implies loss in catalyst activity must be exclusively
attributable to a reduction in the number of residual active Mo, as we confirm hereinafter.

4.4.3 Mo site-counting by ethane hydrogenolysis probe reaction

We assess the relative change in active Mo content over deactivating Mo/H-ZSM-5
catalysts by ethane hydrogenolysis performed after various intervals of DHA catalysis. Our
recent investigation (95) shows ethane selectivity approaches 100% as f — 0, evincing
ethane as the sole primary gas-phase product of methane DHA. Ethane hydrogenolysis is
therefore the reverse of initial C-C coupling in DHA (i.e. 2CH4 = C2Hs + Hz) well-accepted
to be catalyzed by Mo moieties rather than Brensted-acid sites and is an ideal candidate to
kinetically probe residual active Mo content.

We measure ethane hydrogenolysis rates on H-ZSM-5 samples (see Section C.6) to
confirm ethane hydrogenolysis on Mo/H-ZSM-5 samples is catalyzed by Mo; the measured
steady-state H'-catalyzed ethane hydrogenolysis turnover rate is 1.25 - 10~ molc (molu: s)°
!, 0.56% of the Mo-normalized ethane hydrogenolysis turnover rate reported in the
following.

Intermittent probe reactions are performed by (i) allowing DHA catalysts to deactivate
to a particular extent, (ii) cooling the reactor in inert He to 750 K, (iii) measuring the steady-
state rate of ethane hydrogenolysis, and (iv) regenerating the Mo/H-ZSM-5 sample in 1%
O2/He to repeat the protocol with systematically varied durations of DHA. Oxidative
regeneration reproducibly restores the initial induction period, steady-state rate, and DHA
rates during deactivation, as observed in prior studies (14, 62, 64, 111, 112). Section C.7

provides illustrative data which depicts the temporal overlay of methane conversion and
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product distribution on regenerated catalysts. Ethane and hydrogen conversions are kept

<2%, ensuring ethane hydrogenolysis is differential and irreversible (z =

P Pr, (P2 Keg) < 10°6).

Figure 4.6 shows ethane hydrogenolysis rates and active Mo content, per Tvo(f), as a
function of time on stream for Mo/Al = 0.10, 0.25, and 0.35. Instantancous methane
conversion in all repeat DHA reactions during cycles of ethane hydrogenolysis and DME
titration (vida infra) temporally coincide and are averaged between all cycles to calculate
Mo content shown in Fig. 4.6. The scales of the left and right ordinate axes in Figs. 4.6(a-
c) are chosen to correspond to the line of best fit between ethane hydrogenolysis rate and
active Mo content illustrated in Figure 4.7 which quantitatively confirms linear
correspondence of ethane hydrogenolysis rates and twmo(f). Temporal linear overlay of
decay in hydrogenolysis rate and active Mo content explicitly demonstrates that,
irrespective of Brensted-acid site content, the deactivation of Mo/H-ZSM-5 catalysts is
attributable to the loss of active, or accessible, catalytic Mo centers.

Heretofore, we speculated that observed rates and selectivities of CH4 DHA on Mo/H-
ZSM-5 catalysts and transients thereof may conceivably be the consequence of an evolving
distribution of Mo species diverse in number, speciation, and catalytic activity. The non-
selective nature of deactivation, invariance of product distribution with Mo/H", and
normalization of forward rates by Mo content detailed in this work significantly reduces
the possible complexity of Mo disposition. In particular, one of the following must be true:
(1) there exists a single (oxy-)carbidic Mo center responsible for catalyzing all rate- and
selectivity-controlling steps or (ii) the relative fractions of all MoCxOy species which

observably contribute to DHA remain unchanged irrespective of extent of deactivation or
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Brensted-acid site content such that all active Mo-associated species appear to behave as a

single catalytic site. In either case, active Mo content, as defined and calculated in this

work, is a quantitative and seemingly complete descriptor of Mo/H-ZSM-5 activity.
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Figure 4.6: Rate of CH4 formation during ethane hydrogenolysis (0) and active Mo content
(@), determined from Twmo(f), as a function of duration of DHA catalysis. Total Mo content
(i.e. total Mo used during [M020s5]*"/H-ZSM-5 synthesis) (%). DHA reaction conditions:
973 K, ~115 kPa total pressure, total flow of 0.21 cm® s! with composition 90% CHa/10%
Ar. Ethane hydrogenolysis reaction conditions: 750 K, ~120 kPa total pressure, total flow
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Figure 4.7: Rate of CH4 formation during ethane hydrogenolysis as a function of active
Mo content, determined from two(f) at the time of cessation of DHA. All data reproduced
from Fig. 4.4.6.

Identification of residual Mo content as the salient descriptor of transient catalytic
activity is critical to informing and interpreting efforts to eliminate catalyst deactivation.
Deactivated Mo centers are regenerable by either oxidative (13, 14, 62, 111, 112) or
reductive (62) treatment which restores catalytic activity with and without initial induction
period, respectively. Cyclic operation of DHA reactors with intervening O treatment
successfully restores initial and transient catalyst activity over six regenerations in ~10
hours and maintains ~50% the activity of a fresh catalyst over one week of cyclic operation
(14). The virtue of oxidative regeneration protocols such as these has been attributed to
removal of deposited carbon and elimination of hard and soft coke formation on Brensted-
acid sites, the external zeolite surface, and/or MoCx aggregates (//7). The deposition of
carbonaceous species during carburization and catalysis may be relevant to deactivation;
however, the efficacy of a deactivation mitigation strategy must be evaluated in terms of
the ability to (i) intercept mechanisms which render Mo inactive or (ii) reproducibly return
Mo aggregates to their speciation at the onset of the first period of catalysis. The role of
Bronsted-acid sites, zeolite topology, or any other catalyst descriptor to accelerate
deactivation must be quantitatively assessed by the influence of each on the rate of
deactivation, dtmo/dt, or the time rate of change of the number of active Mo centers (74).

4.4.4 Brensted-acid site-counting by DME titration

We enumerate Bronsted-acid site density using DME titration over deactivating Mo/H-
ZSM-5 catalysts by analogous protocol to Mo-counting by ethane hydrogenolysis rate to
show zeolitic protons are immaterial to catalytic rate and product distribution. After varied
intervals of DHA catalysis, the reactor is cooled to 423 K in He and treated with regular
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doses of dimethyl ether to determine the quantity of Bronsted-acid sites accessible at the
time of cessation of catalysis. Mo/H-ZSM-5 materials are subsequently regenerated in 1%
O>/He and used for further catalytic reactions and chemical titrations. Figure 4.8 shows
Bronsted-acid site content histories with accompanying histories of active Mo content
measured from tvmo(f) and ethane hydrogenolysis rates per Figures 4.3, 4.6, and 4.7.
Catalytic and titration data presented in Figures 4.6-4.9 are collected over the same catalyst
sample for each Mo-to-Al ratio to eliminate possible discrepancy in catalyst synthesis

convoluting measurement of rates and site count.
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Figure 4.8: Left ordinate axis: Bronsted-acid site density from dimethyl ether titration (m)
and active Mo content determined from instantaneous methane conversion (®) and ethane
hydrogenolysis rate (o). Total Mo content (i.e. total Mo used during [M0205]*"/H-ZSM-5
synthesis) (%). Right ordinate axis: Mo-to-H" ratio (#), i.e. the ratio of Mo content per
™o(f) (@) and H' content per DME titration (m). Abscissa: duration of DHA catalysis. DHA
reaction conditions: 973 K, ~115 kPa total pressure, total flow of 0.21 ¢cm® s with
composition 90% CH4/10% Ar. Dimethyl ether titration conditions: 423 K, ~120 kPa total
pressure, total flow of 0.50 cm? s! with composition 96% He/4% Ar and 0.25-1.00 cm?
doses of dimethyl ether.
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Figure 4.9: Instantaneous methane conversion as a function of contact time based on
Brensted-acid site content determined from dimethyl ether titration. All data reproduced
from Fig. 4.4.8.

The quantity of Brensted-acid sites at early times on stream exceeds that of parent
oxidic pre-catalysts (e.g. 2.72 — 16.8 ks in Fig. 4.8(a)) due to a de-anchoring of Mo cations
from the zeolite framework during carburization, as observed by Bedard et al. (79).
Accumulation of coke ostensibly congests zeolite pores, decreasing the number of
accessible protons as the catalyst deactivates, as illustrated in Figs. 4.8(a-c). Irrespective of
Mo-to-Al ratio, the relative change in acid site count is significantly less than the attendant
decrease in Mo density, evinced by Mo-to-H" ratio (@ in Fig. 4.8(a-c)) which linearly
overlay with active Mo content (e,0 in Fig. 4.8(a-c)). Disparate decay in Mo and H" site
count indicates metal and acid sites deactivate by distinct mechanisms and effectuates Mo-
to-H" ratios decrease with time on stream since Mo sites deactivate more rapidly than
zeolitic protons. Mo-to-H" ratios which range from 0.25 — 2.1 on pre-catalyst samples result
in Mo/H" = 0.10 — 2.1 during catalysis — affirming conclusions that Mo sites catalyze all

rate- and selectivity-determining steps per the overlay of product distribution (Fig. 4.2),
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methane conversion (Fig. 4.3), and DHA net and forward rates (Fig. 4.4 and 5) with Mo
content despite concomitant ~40x variation in the number of acid sites.

Comparison of instantaneous acid site densities and methane conversion from data
presented in Figure 4.8 permits construction of Figure 4.9 which shows methane
conversion as a function of H'-based contact time, tu+, analogously to Figure 4.3 used to
determine f(tmo). Instantaneous methane conversion over non-selectively deactivating

Mo/H-ZSM-5 shows no discernable correlation with contemporaneous Bronsted-acid site

density over a ~40x range in ty+ = 1.4 — 54 molu+ s mol'cl, definitively establishing protons
as kinetically-irrelevant catalytic centers for methane dehydroaromatization. Proton-based
contact time cannot be rigorously compared to methane conversion during steady-state
DHA reactions because the concurrent detachment of Mo from exchange sites and
deposition of coke during carburization respectively increase and decreases proton density,
rendering uncertain the number of accessible Brensted-acid sites at the onset of catalysis.
The irrelevance of Bronsted-acid site count to DHA rate and product distribution does not
indicate zeolitic protons are necessarily catalytic inactive; rather, we conclude all acid-
catalyzed steps must be equilibrated, tangential to the benzene formation reaction, or
masked by faster Mo-catalyzed reactions.

4.5 Conclusion

We scrutinize putative bifunctional dehydroaromatization (DHA) reaction schemes by
measurement of rates and product distribution of DHA on a suite of Mo-modified H-ZSM-
5 zeolites prepared with Mo/Al = {0.10, 0.25, 0.35}. Gradation of Mo loading
stoichiometrically alters the number of Bronsted-acid sites, enumerated by dimethyl ether

titration, in a 1:1 correspondence on oxidic pre-catalysts and begets Mo/H" = 0.10 — 2.1
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during catalysis. Irrespective of Mo-to-H" ratio, the distribution of C» intermediates and
benzene is uniquely determined by methane conversion which, in turn, is a one-to-one
function of Mo-based contact time, Tvo, demonstrating Mo/H-ZSM-5 catalysts (i) contain
a single kinetically-relevant active site and (ii) deactivate non-selectively, or without
change to catalytic properties of residual active sites.

The one-to-one function, f(tmo), between methane conversion, f, and Mo-based contact
time, Tmo, 1S used to construct axial profiles of net rate, product concentrations, and
effective reversibility along the catalyst bed, permitting calculation of DHA forward rate —
the intrinsic measure of catalytic activity — at steady state and during deactivation. Mo-
based contact time is virtuous in predicting steady state and transient DHA forward rate
across a ~20x range in Mo/H" and ~50x range in Twmo, vindicating assignment of Mo as the
kinetically-relevant active site.

Ethane hydrogenolysis probe reactions catalyzed by residual active Mo are performed
at intervals of catalysis to corroborate non-selective nature of deactivation and
identification of Mo as the rate-controlling active site. Steady-state rates of ethane
hydrogenolysis linearly correspond with active Mo content, determined from instantaneous
methane conversion and f(twmo), demonstrating deactivation of Mo/H-ZSM-5 is caused by
the loss of active Mo centers which are ostensibly either active or inactive in a binary
fashion. Transients in Breonsted-acid site density are analogously measured by intermittent
dimethyl ether titration, revealing the number of accessible acid sites is relatively
unchanged during catalysis. Brensted-acid site count has no discernable effect on DHA
rate or product distribution; therefore, we surmise all acid-catalyzed steps are either

kinetically-irrelevant or tangential to benzene formation. Active carbidic Mo content is
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thusly the sole catalyst descriptor required to predict steady state and transient Mo-H-ZSM-
5 DHA activity, informing (i) rational design of Mo-modified zeolites for methane
valorization and (ii) development of strategies to improve catalyst lifetime by preservation

of active Mo.
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5 Kinetic description of site ensembles on catalytic surfaces

*Contents herein are reproduced with permission from Razdan, N. K., Bhan, A. Kinetic
description of site ensembles on catalytic surfaces. Proceedings of the National Academy of
Sciences. 2021, 118, €2019055118. https://doi.org/10.1073/pnas.2019055118.

5.1 Conspectus

We demonstrate that the Langmuir-Hinshelwood formalism is an incomplete kinetic
description and, in particular, that the Hinshelwood assumption (i.e. that adsorbates are
randomly-distributed on the surface) is inappropriate even in catalytic reactions as simple
as A + A — As. The Hinshelwood assumption results in miscounting of site pairs (e.g. A"~
A") and, consequently, in erroneous rates, reaction orders, and identification of rate-
determining steps. The clustering and isolation of surface species unnoticed by the
Langmuir-Hinshelwood model is rigorously accounted for by derivation of higher-order
rate terms containing statistical factors specific to each site ensemble. Ensemble-specific
statistical rate terms (i) arise irrespective of and couple with lateral adsorbate interactions,
(ii) are distinct for each elementary step including surface diffusion events (e.g. A* + * —
* + A"), and (iii) provide physical insight obscured by the non-analytical nature of the
kinetic Monte Carlo (kMC) method — with which the higher-order formalism quantitatively
agrees. The limitations of the Langmuir-Hinshelwood model are attributed to the incorrect
assertion that the rate of an elementary step is the same with respect to each site ensemble.
In actuality, each elementary step — including adsorbate diffusion — traverses through each
ensemble with unique rate, reversibility, and kinetic-relevance to the overall reaction rate.
Explicit kinetic description of ensemble-specific paths (i) is key to the improvements of
the higher-order formalism, (ii) enables quantification of ensemble-specific rate,
reversibility, and degree of rate control of surface diffusion and (iii) reveals that a single
elementary step can, counter-intuitively, be both equilibrated and rate-determining.
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5.2 Significance

The kinetic assessment of catalytic reactions is essential to the design and application
of thermochemical processes useful in petrochemical synthesis, energy conversion, and
environmental remediation. We demonstrate that the ubiquitously-used Langmuir-
Hinshelwood formalism is an incomplete kinetic theory which can fail to correctly describe
even simple catalytic reactions (e.g. A + A — A»). An accurate kinetic description requires
explicit rate equations for multi-site configurations (e.g. A*—A" pairs) to account for the
non-random clustering/isolation of surface species. We rigorously describe
clustering/isolation phenomena by derivation of coverage-dependent stoichiometric
coefficients which capture the distinct influence each elementary step exerts on each
catalytic-site ensemble — thereby overcoming limitations of the mean-field (i.e.
Hinshelwood) assumption in describing reactions of mobile Langmuirian adsorbates on
catalytic surfaces.

5.3 Introduction

The Langmuir model of adsorption, used ubiquitously in the study of fluid physics
(113—115), environmental remediation (/16—119), separations (120, 121), heterogeneous
catalysis (28, 76, 122), and other fields (123, 124), describes the adsorption and desorption
of fluid-phase species on solid surfaces under the following conditions:

(D) The absorbent is a perfect, flat 2-D lattice
(IT) Each adsorption site can be occupied by at most one occupant

(IIT) The surface is energetically uniform and adsorbates have no energetic
interactions. We refer to this as the system being thermodynamically-ideal.

With the above assumptions, the specific rate, r, of reversible adsorption of a gas-phase

species A(g) which occupies a single site as surface species a is
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T = Kaas8o — Kaesba [5.1]
where 6, and 6, are respectively the fractional surface coverages of vacant sites and a-
occupied sites, kqes is the rate constant of desorption, and k.4 is the product of the rate
constant of adsorption and the thermodynamic activity (ideally, partial pressure) of A(g).
Catalytic reactions of Langmuirian adsorbates are commonly described by the Langmuir-
Hinshelwood theory (28), which, in addition to the conditions of Langmuirian adsorption
(D-(IIT), assumes the following:
(IV) Adsorbates are randomly distributed on the surface (i.e. there are no spatial
correlations between sites). We refer to this as the system being combinatorially-
ideal.
The Hinshelwood assumption, (IV), permits simple mathematical description of a

surface reaction between neighboring adsorbates. Consider, for example, the reaction

between two a surface species. The general rate expression for such an elementary step is

Z

r =k, 0, (5) 5.2]

where k; is the rate constant of the reaction, z is the coordination number of the 2D lattice,
and .. 1s the fraction of pairs of sites which contain two a species (125, 126). The rate
expression in Eq. 5.2 can be simplified in terms of only single-site coverages by use of the

Hinshelwood assumption (28), giving

r = k.62 (%) [5.3]

The Hinshelwood assumption reduces coverages of site configurations of any size to a
product of coverages of all constituent single-site occupants. In other words, the mean-field

metric

0

U
50 [5.4]

Uij
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is taken to be unity for all pairs of site occupants i and j per the Hinshelwood assumption.
Similarly, 6;; is assumed equal to 8,0;6x and so on.

The veracity of the Hinshelwood assumption is contingent on a sufficiently-
randomizing process — namely, arbitrarily-fast surface diffusion — to achieve a uniform
adsorbate distribution. Kinetic Monte Carlo studies of CO oxidation (/26), CO»
hydrogenation (/27), CO methanation (/28), and NO oxidation and NO» reduction (/29)
have recognized the shortcomings of the Hinshelwood assumption and demonstrated
surface diffusion in catalytic systems is often insufficiently-fast to validate the Langmuir-
Hinshelwood formalism even in the absence of lateral interactions — evinced by mean-field
metrics which deviate from unity by factors =100x (726, 128) and significantly
miscalculated rates and reaction orders (/26—129). These deficiencies arise because multi-
site requirements of elementary steps induce clustering (x; > 1) and isolation (x; < 1) of
surface species to which the Langmuir-Hinshelwood assumption is ignorant; each site
ensemble uniquely combinatorially-couples to the -sorptive/reactive/diffusive
configuration of each elementary step and thusly requires unique rate terms to capture the
propensity of each step to engender islanding or partitioning of surface species which
constitute the considered ensemble.

In this work, we develop an analytical formalism which derives higher-order rate terms
necessary to describe dynamics of ensembles of any size and shape. The Langmuir-
Hinshelwood formalism is the 0"-order variant of the presented mathematical framework
(i.e. retains only terms of the 0"-order) and consequently can only reliably describe
catalytic sequences consisting of exclusively single-site elementary steps — thereby

prohibiting quantitative description of surface diffusion events which inherently require
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two sites (e.g. ao = oa). The 1%-order treatment retains terms of the 0M- and 1%-order,
enabling quantitative description of combinatorial non-idealities that (i) are neglected by
the Hinshelwood assumption and (ii) are necessary to generally describe catalytic reactions
of mobile Langmuirian adsorbates. Closed-form 1%-order rate expressions permit
calculation of ensemble-specific degrees of rate control and reaction orders inaccessible to
kMC simulation; the kMC method does accurately predict adsorbate clustering/isolation
and the kinetic consequences thereof, however, in doing so stochastically, is unable to
identify compendious rate terms responsible for these phenomena.

5.4 Combinatorial non-idealities in Langmuirian adsorption

We introduce the general mathematical framework used to describe catalysis of
Langmuirian adsorbates through the simplest example of a combinatorially non-ideal rate
process — irreversible adsorption of unreactive, immobile dimers, dd, on a 2D square lattice
(130-133). Consider the filling of the lattice starting from an empty state, depicted in
Scheme 5.1. As dimers randomly adsorb on the surface, some fraction of vacant sites, o,
will become irreversibly isolated (e.g. grey site in half-filled lattice in Scheme 5.1).
Therefore, at saturation, the population of vacant pairs will be zero, but the coverage of
isolated vacant sites will be finite (i.e. w00 = 0). The unfilled, saturated lattice is said to be
in a “jammed” state, and the saturation coverage is referred to as the dimer jamming limit
for a 2D square lattice (/30—133). The Langmuir-Hinshelwood formalism is unable to

reproduce jamming phenomena such as these because the fraction of site pairs available

for adsorption is always taken to be eﬁ which cannot be zero when 6, is non-zero (i.e. oo

is assumed to be unity, which is inaccurate). The inability to capture jamming behavior
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exemplifies the limitations of the Langmuir-Hinshelwood model to describe
combinatorially non-ideal dynamics of thermodynamically-ideal adsorbates.
Scheme 5.1: Jamming of adsorbing dimers on a 2D square lattice

Empty lattice Half-filled lattice Jammed lattice

ofo olo[ole]ele
Jo :&- ) 04:0-
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[ o

Snapshots of irreversible adsorption of unreactive dimers (@—@) on a 6 X 6 square lattice with
periodic boundary conditions. Bonds (-) extending outside the lattice indicate dimers adsorbed on
either side of the periodic boundary. Grey lattice sites (@) indicate isolated vacant sites.

5.4.1 Hierarchical rate equations

The complete analytical description of catalysis of Langmuirian adsorbates generalizes
formalisms for jamming coverages (/30—134) to include desorption, surface reaction, and
surface diffusion processes by construction of an infinite set of hierarchical rate equations
which describe time-evolution of coverages of all possible site configurations of any size
(131, 132). By hierarchical we mean to say that the rate equations for populations of
configurations containing n sites is dependent on populations of configurations of
containing n + 1 sites, thereby generating an un-ending list of rate equations considering
ever-larger configurations of sites. The hierarchical nature of the rate equations confers a
complete description of combinatorially non-ideal catalysis which we regard as the
analytical-analog to the kinetic Monte Carlo method; however, completeness must be
sacrificed to make the analytical pen-and-paper model tractable. The infinite hierarchy of
rate equations demands a consistent truncation scheme to yield a finite, solvable set of

coupled rate equations. In the following, we first explicate the hierarchical nature of
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catalytic rate equations and then introduce and provide an example of the 1%-order
truncation procedure — which we regard as having the optimum balance of completeness
and simplicity (/35).

Scheme 5.2: Elimination of oo pairs by D) adsorption (D2 + 00 — dd).

D2(g)
-0 e
—>

C;  Config. i Result

-1 [0 ———> ool
-2 OO ——> [[Oefel

N
—4 | > [olo]

Adsorption rate N dby, Z
equation for oo at ~ Fadaas , i
1A

d monomers are shown by filled red circles (®). Greyed lattice sites (@) are those which host
adsorption. Blue (@) and green (m) sites are nearest neighbors to the adsorption center.

We continue the example of irreversible dimer adsorption on a square lattice to
demonstrate the hierarchical nature of rate equations. We derive the rate equation
describing the time-evolution of vacant site pairs, oo, during dimer adsorption with the aid
of Scheme 5.2 which illustrates all configurations which annihilate oo site pairs. Color-

coded in accordance with Scheme 5.2, the adsorption rate equation for oo is

dB,,
dt

= _kdd,ads (900 + 260,00 + 4930) [5.5]

where kaaaas 1S the product of the rate constant of adsorption and the thermodynamic
activity of the fluid-phase species adsorbing as dd. The first term enclosed in parenthesis
in Eq. 5.5 accounts for the annihilation of oo for every adsorption event — as shown in the
first row of Scheme 5.2. The last two terms in Eq. 5.5 account for annihilation of an
additional oo pair if the adsorption center is neighbored by another vacant site at any of the
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six nearest neighbor positions per the second and third rows of Scheme 5.2. From
inspection of Eq. 5.5, we see that the population, or probability, of the two-site
configuration oo is dependent on populations of three-site configurations. Further, rate
equations for three-site configurations, for example ooo, are functions of populations of

four-site configurations, e.g.

d6500
dt

= _kdd,ads (29000 + 265000 + 260 0 + 460 ) [5.6]

000 000
and the rate equations for four-site configurations are functions of populations of five-site
configurations and so on ad infinitum. Therefore, the complete analytical description of
irreversible dimer adsorption, or any rate process involving Langmuirian adsorbates,
requires an infinite hierarchy of rate equations — capable of capturing combinatorial non-
idealities involving site ensembles of arbitrary size and shape. The complete, infinite set of
equations is made finite and solvable by introduction of a mathematically-consistent
truncation procedure — formally detailed in the work of Nord and Evans (/31, 132, 136).
The truncation procedure operates directly on conditional probabilities and is described in
the following.
5.4.2 Conditional probabilities and truncation of hierarchical rate equations
Consider the conditional probability, y, that a particular conditioned site is vacant, o,
provided the neighboring conditioning site, ¢, is known to be vacant. We distinguish ¢
from o since the site indicated by ¢ is vacant with 100% probability. The described
conditional probability is written as y.¢ and is given by

0
Xop =5~ 5.7]

o

Similarly, conditional probabilities of three-site configurations, such as y.4¢, are given by
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9000

Xopdp = 0. [5.8]

The order of the truncation procedure is the number of lattice vectors from the conditioned
site (e.g. o) within which conditioning sites (e.g. @) are retained (/3/—134). Therefore, the
0M-order truncation scheme only explicitly considers configurations of one site and is
simply that of the Langmuir-Hinshelwood treatment. For example,
Bo0 = Xopbo = X000 = 65 [5.9]

The 1%-order procedure truncates all conditioning sites except nearest neighbors to the
conditioned site. For example, in a 1%-order truncation scheme, yog44¢ truncates to yos.
Therefore, the first-order scheme only explicitly considers probabilities of configurations
with two sites or fewer; probabilities of configurations with three or more sites are reduced
to products and quotients of probabilities of one- and two-site configurations. The first-
order scheme is consequently an incomplete improvement of the Langmuir-Hinshelwood
model and is ignorant to spatial correlations between next-nearest neighbors and beyond —
which requires retention of >1%-order terms. Truncation schemes of order greater than one,
however, introduce significant mathematical complexity which we regard insufficiently
remunerative for processes occurring on one or two sites (134, 135). For example, 1%-order
calculations for jamming limits of dimers (6; = 0.8889) on square lattices are in nearly
quantitative agreement with 3™- (6, = 0.9064) and 4"-order predictions (6s = 0.9068)
despite only considering configurations of two sites or fewer and using >100 fewer
equations (/37). To our knowledge, a scheme of order greater than one has not been used
for cases other than reactions on 1D lattices and the calculation of jamming coverages
(133-135, 137-139).

5.5 1%-order model of catalysis of mobile Langmuirian surface species
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This work hereinafter is dedicated to the construction and evaluation of 1%-order rate
equations which may be generally applied to any catalytic reaction of mobile Langmuirian
surface species. To explicate the execution of the 1%-order truncation scheme, we return to
the dimer jamming example. We simplify Eq. 5.5 by first re-writing in terms of conditional

probabilities, retaining color-coding from Scheme 5.2

dB,,
dt

= _kdd,adseoo (1 + 2)(0(])(]) + 4‘)(;(1’) [5.10]

and then truncating conditioning sites to within one lattice vector of the conditioned site

do
dzo = —kagaasBoo(1 + 2X0p + 4Xo0p) [S.11]
which, collecting terms, gives
do 60
T = ~Hasaastoo (1+7572) 5.12]

The construction of Eq. 5.12 explicates the provenance of coverage-dependent
stoichiometric coefficients which characterize the 1%-order and are absent in the Langmuir-
Hinshelwood formalism. Rate equations for all multi-site ensembles require consideration
of populations of configurations larger than that on which the rate event occurs, resulting
in new coverage-dependent rate terms derived from truncation of conditional probabilities
specific to each site configuration. For example, the stoichiometric coefficient 1 + 66,,/60,
in Eq. 5.12 is derived from truncation of three-site conditional probabilities (Eq. 5.10-5.11)
and accounts for adsorbate proximity effects unique to 6,,; in the Langmuir-Hinshelwood
model, 6o, is simply taken to be 6,> and the rate equation for vacant sites, df,/dt = —
Ak qa,aas00* features no consideration of the proximity effects which engender isolation of o-

sites characteristic of jamming phenomena.
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The 1%-order model of irreversible dimer adsorption is completed by use of site
balances, detailed in Eqs. 5.14 and 5.15 to follow, and by coupling Eq. 5.12 with the rate
equation for 6,

de,
dt

= —4kqa,aas900 [5.13]

where the factor of ‘4’ accounts for the coordination number of the square lattice. By
comparison, the 2"%-order treatment requires independent rate equations for populations of

seven configurations, 6,,0,,,600 ,0,,,, Go0,0 o ,and @0 — each in terms of truncated
00 00 000 000

V000,
conditional probabilities of configurations with as many as six sites (/30).

Through a procedure analogous to derivation of Eq. 5.12, 1%-order rate equations may
be constructed for any rate process involving mobile Langmuirian adsorbates. Tables D.1-
D.2 and D.3-D.4 respectively provide the general 1%-order rate equations for (i) monomer
and homogeneous dimer -sorption and (ii) heterogeneous two-site events (e.g. surface
reactions such as NH>" + H — NHjg + ** and N'+ H — NH" + *). Table D.5 reports the
1%--order rate equations for adsorbate surface diffusion (e.g. N+ * — *+ N") which is a
two-site process that does not affect single-site coverages; and, consequently, cannot be
described by the Langmuir-Hinshelwood formalism. The 1%-order formalism explicitly
describes surface diffusion of each adsorbate by incorporation of unique rate terms for each
multi-site ensemble — thereby accounting for the propensity of each diffusion event to ally
isolated (disperse clustered) surface species.

From Tables D.1-D.5, the reader may construct a 1%-order model for any catalytic
system of mobile Langmuirian adsorbates in which all elementary steps involve at most
two sites. Case studies to follow will tabulate full 1%-order microkinetic models for

particular reaction systems.
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The rate equations in the 1%-order model are constrained by overall and component site

balances, respectively

Ly T [5.14]
j=sit
Occupants

and
01’ = Z 911

j=sit
occupants

[5.15]

where indices i and j for site occupants include vacant sites, 0. We refer to time derivatives
of Egs. 5.14-5.15 as rate balances

de;
0= —L
Z dt [5.16]

j=site
occupants

and

dt dt [5.17]

j=sit
occupants

The 1%-order rate equations, in conjunction with site (Egs. 5.14-5.15) and rate (Egs.
5.16-5.17) balances, constitute a kinetic description distinct to, yet in agreement with, kMC
simulations; the ensemble-specificity of 1%-order rate terms is absent in kMC algorithms.
The two methods nonetheless predict quantitatively similar results because of their
respective analytical and computational capacity to explicitly count site-pair populations.

5.6 Degree of rate control, reaction order, and reversibility

We assess the kinetic descriptions of the Langmuir-Hinshelwood, 1%-order, and kMC

methods by comparison of degrees of rate control, reaction orders, and reversibilities. We
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note here that rate constants in definitions of kinetic descriptors in this section are intrinsic
rate constants and do not include activities of fluid-phase species.
The kinetic degree of rate control, Xzc,, of the transition state shared by steps i and —i

, TS,i, is given by

B (alnr

dink [5.18]

Yo = < olnr )
T NO(=6P5i/ksT) ) g

UV Kkio:
TS,j£TS,i kel

where £; is the forward rate constant of step 7, K; is the equilibrium constant of step i and
-G(}S, ; 1s the standard free energy of the transition state in step i (72, §3—85, 140-142). The
degree of rate control for a kinetically-irrelevant step is zero and the sum of all Xzc; is
unity. Therefore, if there exists a single rate-determining step (rds), Xzc,ras = 1 and Xrc, izrds
=0.

The reaction order of species j, given by

w dlnr
7~ \oln a; [5.19]

Ak j

is the fractional change in turnover rate per fractional change in the thermodynamic activity
(ideally, partial pressure) of species J, a;.
The reversibility of elementary step i in a fluid-phase reaction or in the Langmuir-

Hinshelwood model is

7 =— [5.20]

In a model of order greater than zero, however, the stoichiometric coefficient in the rate
equation of step i for each species j is coverage-dependent and distinct (e.g. d0oo/dt = —

kad,ais@oo * (1 + 66,0/0,) for dimer adsorption). Therefore, there is not a single rate
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expression assignable to step i or —i. We thusly define a reversibility of step i for each site

configuration j retained by the truncation scheme

Zilj) = [5.21]

Distinct z;[;; calculable in higher-order truncation schemes provide physical insight
obscured by the Langmuir-Hinshelwood formalism which only considers single-site
configurations. Indeed, single-site configurations in schemes of any truncation order
always have numeric, coverage-independent stoichiometric coefficients which confer
identical reversibilities for all single-site configurations ;' since 7] and r;}’) are
proportional to rates of the fundamental rate process (e.g. for dimer adsorption, df,/dt = —
4kad,aasB00). We therefore equivalently refer to all z; /] as z; since the definition of z; in Eq.
5.20 is equal to z; ;'] for all /.

Ensemble-specific coverage-dependent stoichiometric coefficients also demand
definition of ensemble-specific rate constants k;[;}, sensitivities s;[;, and degrees of rate
control Xzc,i ) for each step i and ensemble j. We define reaction sensitivities, s;, derive
si[j) and Xrc,i[j), and discuss the relationship between s;[; and z;[; in Section D.1.

5.7 Results and Discussion

In the following, we present three case studies of catalytic reaction systems which
exemplify the limitations of the Langmuir-Hinshelwood formalism and demonstrate the
insight provided by the 1%-order model. Case Studies I-III respectively illustrate that (I)
Langmuir-Hinshelwood description of simple catalytic reactions (i.e. 4 + 4 — A2) of
immobile, thermodynamically-ideal adsorbates is inappropriate even if adsorption is
equilibrated and the surface is essentially-bare, (II) the inaccuracies of the Hinshelwood

assumption persist with moderate rates of kinetically-relevant surface diffusion and, as
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expected, are rectified if diffusion is equilibrated with respect to all site ensembles and (I1I)
the Langmuir-Hinshelwood formalism miscalculates degrees of rate control in the
industrially-relevant ammonia synthesis reaction on Ru(0001) step sites because of an
ignorance to islanding of N* species which must be scavenged by kinetically-relevant N°
surface hydrogenation and diffusion.

5.7.1 Case Study I: Bimolecular catalytic reaction A + A — Az with immobile
adsorbates

Let us return to the catalytic system presented in the introduction and summarized in
Table 5.1.

Table 5.1: Bimolecular catalytic reaction

# Step Rate constants
1 Agto—-a Kads®
-1 a->Agt+o Kdes

2 aa — oo + Az(g) k-

kaas 18 the product of the rate constant of adsorption and the thermodynamic activity (ideally, partial
pressure) of A,

Table 5.2 compares 0"-order and 1%-order rate equations which describe the 4 + 4 —
A> reaction summarized in Table 5.1. The rate equation for each elementary step with
respect to each site configuration is the product of (i) the corresponding entry in the row
labeled “Rate” and (ii) the corresponding entry in the ensemble-labeled row. For example,
(dOud/dt)des = —20aa/ 04 * kdesBa in the 1st-order formalism. In the Langmuir-Hinshelwood
formalism, coverages of site pairs are set by the condition x;;= 1 and therefore do not have
unique rate equations or stoichiometric coefficients. The results to follow demonstrate that

the inability of the Langmuir-Hinshelwood formalism to identify rate terms unique to each
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multi-site ensemble results in miscalculated rates and reaction orders and misinterpretation
of (quasi-)equilibrated A4 ) adsorption.

Table 5.2: Rate equations in the 0""- and 1%-order

Langmuir-Hinshelwood 1%-order
Step ads. des. rxn. adsorption desorption reaction
Rate kadseo kdesea kreg kadseo kdesea kreaa
Ensemble-Specific Stoichiometric Coefficients
de,/dt 1 -1 -4 1 -1 -4
de,/dt -1 1 4 -1 1 4
deaa/dt 20(10/00 _Zeaa/ea _(1 + 60aa/0a)
— 1 No explicit rate equations.
daaO/dt 0.. = 0.0, (900 - eao)/go (gaa - eao)/ga 3(9aa - eao)/ea
EE—— ij iYj
deoo/dt _2000/00 20(10/0(1 (1 + 60(10/0(1)

Rate equations for each ensemble and each elementary step are constructed by product of the fundamental
rate of the step (e.g. kussf, for A adsorption) and the corresponding ensemble-specific stoichiometric
coefficient (e.g. 26,.,/0, for aa for A adsorption in the lst-order). The Langmuir-Hinshelwood model is
unable to describe dynamics of multi-site ensembles and therefore entries for aa, ao, and oo are absent.

In the Langmuir-Hinshelwood model, description of the 4 + 4 — A reaction requires
summation and solution of -sorption and surface reaction rate equations for one of €, and
0. — the other is algebraically fixed by overall site balance 8, + 6, = 1. We choose 6,; using
Table 5.2

% — KunBy — oy, — 4k 62 (5.22]
The 1%-order formulation explicitly describes rate equations for five site configurations {a,
0, aa, ao, oo} and is constrained by one overall site balance (6, + 6, = 1) and two
component site balances (6yo + Guo = 0, and Ouq + G40 = 6,). Therefore, we require summation

and solution of -sorption and surface reaction rate equations for the 5 — 3 = 2 independent

ensembles; we choose aa and ao. Using Table 5.2, the rate equations for aa and ao are

de 20 26 60
dctla = Kaasbo ( 8:0) — kaesta ( 82a> — kB4 <1 + Qza) [5.23]
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dgao 900 eao eao Haa 3eao 3Haa
s (222 252) g, (2 - 22) g, (o ) g
dt adsYo 90 00 desVa ea ea rYaa ea ea [5 ]

Egs. 5.22 and 5.23-5.24 explicate the distinct rate terms which characterize the 0""- and 1°-
order, namely, the coverage-dependent ensemble-specific stoichiometric coefficients

required for Egs. 5.23-5.24 which explicitly treat dynamics of multi-site ensembles.

10°, I e e e B e Bt
(C) LH 1%*-ord. kMC
LH QE ads. —> % 1.2} Mo === o A
(Eq. 25) i o
¥ Z S 102
Sy Pid S
4 1%t-ord. QE ads.
= 'd 3
5 [
‘a .910-4
- 5
©
S
. LH 1%tord. kmc 1 - LH 15tord. kMC 1
' 9,=rldk====— =0 g, ----- o
10° 1078 0.0 B 2ttt
10 10* 102 10° 102 10 10 102 10° 102 10° 10" 10< 10° 10
ads/a'u' ads/a'u- ads | A-U.

Figure 5.1: (A) Rate of Az formation and fractional coverage of aa pairs (6w = r/4k;)
calculated by the Langmuir-Hinshelwood (- - -), 1®-order (— —), and kMC (o) methods
and by closed-form, QE rate expressions per the Langmuir-Hinshelwood (Eq. 5.25) (--)
and 1%-order (Eq. 5.27) () formalisms. (B) Fractional coverage of a species, 6,, calculated
by the Langmuir-Hinshelwood (- - -), 1®-order (—), and kMC (o) methods. (C) Mean-field
metric (qq calculated by the Langmuir-Hinshelwood (- - -), 1%-order (—), and kMC (o)
methods. Calculations are of the reaction network in Table 5.1 with rate constants kges =1,
k- = 50. Standard mean error bars for kMC simulation are smaller than corresponding
symbols and are therefore not shown.

The steady-state rates and coverages for the 0- and 1%-order models are solved in
Matlab starting from a clean surface and forward integrating until all coverages are time-
invariant. Results from the analytical models are compared to those of kinetic Monte Carlo
simulations averaged over at least twenty simulations.

Figure 5.1 shows rates, coverages, and mean-field metrics calculated by the Langmuir-
Hinshelwood (LH), 1-order, and kMC methods for kss = 1 and k. = 50. All three models

predict near-identical rates and coverages for kuss > 10 since paa ~ 1 consistent with the
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Hinshelwood assumption. Mean-field metrics calculated by the 1%-order model and kMC
simulation agree for all k.qs and slightly exceed unity for kuas = 50 — 100 due to (i) a small
clustering of aa pairs resultant from irreversibility of 4 adsorption and (ii) a balance in
rate-control of adsorption and reaction — the combination of which limits the desorption
process aa — ao. For kuas < 10, paa deviates significantly from unity and asymptotically
approaches ~0.038 as kuas — 0 and 6, — 0.

In the 0""-order scheme, the inappropriate assumption that 8., = 6, both (i) increasingly
overestimates the coverage of rapidly-scavenged aa pairs as ki/kaas — oo and (ii)
underestimates 6, in the regime of large |diua/dkaas| which engenders accumulation of a due
to the scarcity of a neighbors with which to react. The coverage of a calculated by the three
models converges for ks < 10 due to equilibration of 4(g) adsorption (Fig. 5.2(A)) which
algebraically fixes 0, = Kuas(1+Kaas)! Where Kaas = kaas/kdes.

The Langmuir-Hinshelwood overestimation of » = 4k,6,, by ~25% in the low a coverage
regime (0, ~ Kuss < 107) and agreement with the 1%-order in the moderate-to-high a
coverage regime (6, = 0.1) differentiates the catalytic consequences of (i) ensemble site
effects (i.e. combinatorial non-idealities) and (ii) lateral adsorbate interactions (i.e.
thermodynamic non-idealities). Adsorbate interactions are most consequential on high-
coverage surfaces in which preponderant adsorbate-adsorbate pairs induce significant
changes to elementary step activation energy barriers — as we show in Section D.2 (33, 35).
Contrarily, combinatorial non-idealities manifest profoundly on essentially-bare surfaces
because disparate elementary steps rates and ensemble-site requirements tend to engender
non-random distribution in low-coverage species which have greater configurational

flexibility than high-coverage species (€.8. too = Goolo 2= 1 x 172 =1 for 6, < 10~ and ftaq
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= 0uala =1 x 172 =1 for O, ~ 1 in this case study). Lateral interactions, of course, may be
incorporated as an additional consideration in 1%-order descriptions of catalytic reactions
proceeding through site ensembles; however, these thermodynamic non-idealities are a
distinct, superimposed phenomena which only exacerbate existing combinatorial non-

idealities inherent to ensemble-site catalysis (see Section D.2).
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Figure 5.2: (A) A(g) reaction order and reversibility of Ay adsorption (¥4, zaas) calculated
by the Langmuir-Hinshelwood (- - -, — —), 1¥-order (—, --), and kMC (o, @) methods. (B)
Degrees of rate control of adsorption and surface reaction (Xzcds, Xrc,r) calculated by the
Langmuir-Hinshelwood (- - -, ——), 1%*-order (—, --), and kMC (o, @) methods. Calculations
are of the reaction network in Table 5.1 with rate constants ks = 1, k= 50. KMC error bars
are the standard error of the mean (SEM) and are only shown if larger than the
corresponding symbol.

Figure 5.2 shows reaction orders, degrees of rate control, and reversibilities calculated
by analytical and kMC treatments. Reaction orders and degrees of rate control of the three
methods are in agreement for ks > 10, the same conditions for which rates and coverages
agree. The Langmuir-Hinshelwood model underestimates the reaction order in A4(g), ¥4, by
as much as 0.68 in the same regime wherein 6, is underestimated because the Hinshelwood
assumption is ignorant to the extent of A4 adsorption required to replenish aa pairs for

reaction. The consequences of neglecting site partitioning effects are manifest in the
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degrees of rate control calculated by the 0""-order model compared to the 1%-order and kMC
methods. As kugs — 0 and paa — 0.038, the isolation of a species, undetected in the 0%-
order, results in rate-determining adsorption of 4(e), or Xzc,~ 0 and Xzcuas ~ 1 (Fig. 5.2(B)).

The adsorption of A equilibrates (i.e. zass — 1 in Fig. 5.2(A)) for kuss < 107 in all
three models, enabling accurate application of the quasi-equilibrium (QE) approximation.
Conjunction of (quasi-)equilibrated adsorption and 6, << 1 (Fig. 5.1(B)) enables derivation
of a simple closed-form Langmuir-Hinshelwood rate expression

Ty = 4k, K2, [5.25]
which agrees with the full Langmuir-Hinshelwood microkinetic model for ka4 < 107 (see
Fig. 5.1(A)). In the 1¥-order model, however, application of the QE approximation for 4y
adsorption and recognition of 6, << 1 yields a distinct closed-form rate expression
4k, K2

st =——1 5.26
1+ k, [5.26]
dees

which we derive in detail in Section D.3. Egs. 5.25 and 5.26 are identical if k/2kges << 1;
however, since k/2kqes =25 >> 1 in this case study, Eq. 5.26 simplifies to
Tioe = 8kaesK2ss = BKaasKaas [5.27]

which agrees with the full 1%-order microkinetic model for ka5 < 107! (see Fig. 5.1(A)),
and, remarkably, does not contain the rate constant of surface reaction. Inspection of Egs.
5.25 and 5.27 makes clear the disparate rate-determining steps identified by the Langmuir-
Hinshelwood and 1%-order models, respectively. In Eq. 5.25 (Eq. 5.27), k- (kads) is the sole
intrinsic rate constant and is linearly proportional to rate. Thusly, the Langmuir-
Hinshelwood and 1%-order models respectively identify surface reaction and A

adsorption as rate-determining steps for k. < 107 (Fig. 5.2(B)). We regard this result to
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be highly counter-intuitive; prevailing kinetic understanding of chemical reactions
suggests (quasi-)equilibrated steps cannot be rate-determining and, conversely, are
kinetically-irrelevant. The ostensible paradox of a rate-determining, equilibrated step is
resolved by inspection of ensemble-specific adsorption reversibilities identifiable in the 1%-
order model, but impossible to calculate in the Langmuir-Hinshelwood model.

The ensemble-specific adsorption reversibilities of aa, ao, and oo are the ratios of

respective desorption and adsorption rates in Table 5.2

Tdes,[aa] _ kdesgaa

2 - - 5.28
ads|aa] rads,[aa] kadseao [ ]
Tdes,[ao] kdes (Hao - Haa)
2 _ - 5.29
adsacl Tads,[ao] kads (000 - Hao) [ :
Td : kd 7]
Zads‘[oo] _ es,Joo] esVao [5.30]

Tads,[oo] kads Qoo

and are shown in Fig. 5.3.
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Figure 5.3: 1*-order- and kMC-calculated A () adsorption reversibility (—, 0) for aa (A),
ao and oo (B) site ensembles. kMC-calculated zuds,[40] and Zads[00] are Within error and are
therefore shown with a single symbol (0). Calculations are of the reaction network in Table
5.1 with rate constants kges = 1, k- = 50. Standard mean error bars for kMC simulation are
smaller than corresponding symbols and are therefore not shown.
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Fig. 5.3 demonstrates that, although 4 adsorption for a, o, ao, and oo is equilibrated
for kaas < 1073 in the 1%-order model, the adsorption process for aa is nearly irreversible (i.e.
Zadsaa] = 0.038 as shown in (Fig. 5.3(A)). The irreversibility of adsorption for aa pairs is
resultant from isolation of a species for kqas = 10°~10"!. In fact, we find that as kuas — 0,
Zads,[aa] — Maa- This equality becomes apparent from evaluation of Eq. 5.28 taking note that
Zads = Mao = 1 for kaas < 107, Substituting coverages of site-pairs with mean-field metrics in
Eq. 5.28 gives

kdeseaa kdes Ha Qa Uga Uga
kadseao kads 90 Ha HUao ads HUao a

Zads,[aa]

as kqis — 0. The irreversibility of adsorption for the aa ensemble is thusly a direct
consequence of the scarcity of aa pairs imperceptible in the Langmuir-Hinshelwood model
and resolves the conundrum of a rate-determining, equilibrated step. The Langmuir-
Hinshelwood model incorrectly asserts that the (quasi-)equilibrium of an elementary step
with respect to single-site configurations (i.e. Zads[;'] = Zaas = 1) guarantees the step is
entirely equilibrated with respect to all site ensembles (/43). In actuality, as the 1%'-order
model and kMC method correctly identify, each ensemble is described by a unique
reversibility and only in the case that the reversibility with respect to each ensemble is unity
can a step be identified as entirely (quasi-)equilibrated and, thusly, kinetically-irrelevant.
In this example, 4 () adsorption is equilibrated with respect to all site ensembles except the
reactive configuration aa, thereby allowing A(g) adsorption to be both equilibrated, in the
sense that z,4; = 1, and rate-determining.

From this case study, we conclude that (quasi-)equilibrated adsorption is insufficient
to guarantee validity of the Hinshelwood assumption. Mean-field metrics which deviate

from unity by ~25x even for z.ss = 1 demonstrate that the QE condition cannot ensure use
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of the Langmuir-Hinshelwood formalism is appropriate; the Hinshelwood assumption is
accurate only if all adsorption steps are entirely equilibrated (i.e. zuas[j) = 1 for all site
ensembles ;) — as is guaranteed in the case of arbitrarily-fast surface diffusion (/43). In the
following, we introduce surface diffusion of a surface species to the 4 + A — A2 reaction
to demonstrate that the Langmuir-Hinshelwood model (i) remains inaccurate for moderate
diffusion rates and (ii) agrees exactly with the 1%-order and kMC methods if characteristic
diffusion rates far exceed those of -sorption and reaction steps, as expected.

5.7.2 Case Study II: Bimolecular catalytic reaction A + A — A: with adsorbate
surface diffusion

Adsorbate surface diffusion rates in catalytic surface reactions has been proposed as a
kinetically-relevant consideration in CO oxidation (126, 142, 144) and methanation (/28),
ammonia decomposition (/45), and NO reduction (/46). Analytical description of surface
diffusion steps require >0M-order formalisms which contain explicit rate equations for
multi-site ensembles. To assess the importance of surface diffusion rates in determining
rates, reaction orders, and degrees of rate control, we introduce diffusion of a species to
the 24(g) — Az(g) reaction (Table 5.3).

Table 5.3: Bimolecular catalytic reaction with surface diffusion

# Step Rate constants
1 Agyto-a kads
-1 a—>Ag to kdes
2 aa = 00 + Ay k-
3 ao — oa kdiﬁr

kaas 1s the product of the rate constant of adsorption and the thermodynamic activity of 4.

Table 5.4: Diffusion rate equations in the 0"- and 1%-order

Langmuir-Hinshelwood 1*-order
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Step diffusion (ao — oa)
Rate kairr646, kaifr0a0
Ensemble-Specific Stoichiometric Coefficients

de,/dt 0 0
de,/dt 0 0
dB,q/dt No explicit rate 6(6ao/b — baa/ba)
df,,/dt equations. 3(0aa = 6a0)/ba + 3(6o0 — bao)/bo
d0,,/dt oy =00 6(ao/0a = oo/ %)

The rate equation for surface diffusion with respect to each site configuration is the product of (i) the
corresponding entry in the row labeled “Rate” and (ii) the corresponding entry in the ensemble-labeled row.
For example, (d0uo/dt)air = 6(Bao/Oo — Oual 0a) * kaifao in the 1%-order. The Langmuir-Hinshelwood model is
unable to describe dynamics of multi-site ensembles and therefore entries for aa, ao, and oo are absent.

Table 5.4 compares 0™- and 1%-order rate equations for a diffusion. Since surface
diffusion does not change the total coverage of any site-occupants, the Langmuir-
Hinshelwood model contains no explicit description of surface reaction; rather, the
Hinshelwood assumption implicitly assumes surface diffusion of all species is arbitrarily-
fast, ensuring 6; = 0;9;. The 1%-order formalism is completed by addition of diffusion rate

equations listed in Table 5.4 to those for -sorption and reaction listed in Table 5.2.
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Figure 5.4: (A) Rate of 4> formation and fractional coverage of aa pairs (Gu. = r/4k;)
calculated by the 1%-order (—) and kMC (o) methods. (B) A(g) reaction order and mean-
field metric of aa pairs (¥4, uas) calculated by the 1%-order (—, ) and kMC (o, 0)
methods. (C) Degrees of rate control of adsorption, surface reaction, and surface diffusion
calculated by the 1%-order (— —, —, -*) and kMC (¢, 0, ) methods. Calculations are of the
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reaction network in Table 5.3 with rate constants kuas = 102, kaes = 1, k» = 50. kMC error
bars are the standard error of the mean (SEM) and are only shown if larger than the
corresponding symbol.

Figure 5.4 shows rates, coverages, reaction orders, mean-field metrics, and degrees of
rate control calculated by the 15-order and kMC methods as a function of kuyy with kges = 1
and k. = 50, identically to Case Study I, and with ka4 = 10> — at which condition the 1°\-
order and Langmuir-Hinshelwood models disagree significantly in the absence of surface
diffusion (see Figs. 5.1 — 5.3). All kinetic descriptors calculated for ks = 0 (kaiy > 10%)
agree with 1%-order and kMC (Langmuir-Hinshelwood) results in the previous case study.

Figure 5.4(A) demonstrates that » = 4k.8., 1s a strong function of kuy; larger diffusion
rates ally previously-isolated a species, thereby increasing the coverage of aa pairs and the
rate of their self-annihilation. 42 formation rates asymptotically approach the Langmuir-
Hinshelwood limit as k47— oo randomizes the surfaces to effect ya. — 1 (Fig. 5.4(B)). The
sigmoidal increase of 6., and paq as a function of kujr demonstrates that surface diffusion
only exerts significant rate control when Ay is similar in magnitude to rate constants for -
sorption and reaction (Fig. 5.4(C)). Indeed, the degree of rate control of surface reaction
reaches a maximum value of ~0.4 for kayy ~ kaes because Ay desorption is the only other
mode of surface relaxation capable of randomizing the surface and increasing i« — evinced
by agreement of Eqs. 5.25 and 5.26 for kses >> k; even if adsorbates are immobile.

In the same regime that surface diffusion is kinetically-relevant, the reaction order in
A(g), P4, and the rate-control of A(g) adsorption, Xzc a5, decrease since 4(g) adsorption is no
longer the only process actively generating aa pairs. Similarly to all other kinetic
descriptors, ¥4 and Xrcaas plateau as Xrcai — 0 for sufficiently large kui. The waning
influence of surface diffusion for ks = k- is qualitatively attributed to diffusion rates being

‘infinitely-fast’ (126, 142) —a condition which we contend requires quantitative evaluation.
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To this end, we derive ensemble-specific reversibilities for surface diffusion which, just as
for any other elementary step, must all equal unity to affirm the infinitely-fast nature of
diffusion relative to all other steps.

The two-site diffusion rate equations listed in Table 5.4 proffer a means to define
ensemble-specific reversibilities of surface diffusion based on the microscopically-
reversible elementary diffusion steps which create and consume multi-site ensembles. For
example the diffusion events which consume/produce aa pairs are all of the form

aoa = aao [5.32]
save for configurational variance. The elementary steps which produce and consume aa

pairs are therefore the microscopic reverse of one another and occur with reversibility

) e o baa
2 _ Taifflaal _ "HT70 0, aq (533
difflaal — = = = .
T Tairs faa) kdiffgaoh Hao

which explicitly demonstrates that all a-relevant mean-field metrics must be unity for
surface diffusion to be equilibrated with respect to aa pairs. We note that s, and pao cannot
be equal unless both are unity because component site balance constrains paafa + ptaobo =
1.

Eq. 5.33 provides a rigorous metric by which to evaluate the fidelity of surface
diffusion to randomize the distribution of aa pairs. Indeed, diffusion is only considered
arbitrarily-fast, or “entirely” equilibrated, in the case that zg;;;= 1 for all site ensembles j
(143). The diffusion reversibilities for the remaining ensembles oo and ao are the
respective ratios of ensemble-specific elementary step consumption and production rates

and are functions of mean-field metrics
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.u'OO

Zgdiff,loo] = E [5.34]
Hoobo + 1aab
Zaiff ao) = —— Ouao s 5.35]

Egs. 5.33-5.35 effectively quantify the rapidity of surface diffusion and tend to unity as the

adsorbate distribution randomizes with increasing k4, as shown in Figure 5.5.
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Figure 5.5: Surface diffusion reversibilities for aa, oo, and ao ensembles calculated by the
1*-order (- —, —, ) and kMC (©, o, @) methods. Calculations are of the reaction network
in Table 5.3 with rate constants kugs = 102, kues = 1, k- = 50. kMC error bars are the standard
error of the mean (SEM) and are only shown if larger than the corresponding symbol.

The scarcity of aa pairs for kuyy < 1 1s manifest in zaif[qq) Which is the only diffusion
reversibility not equal to unity and quantifies the increase in diffusion rate necessary to
achieve a random surface. The reversibility of diffusion with respect to aa pairs, zay[aa),
thusly provides a compendious metric to evaluate the kinetic significance of surface
diffusion; other kinetic descriptors such as the degree of rate control fail to recognize
potential of increase in kujto unite isolated a species and enhance 4 formation rate (i.e.
Xrc,aigr~ 0 for kayy< 1072). The ensemble-specificity conferred by the 1%'-order model is key
to identifying synoptic kinetic descriptors such as zuyuq) and is necessary to capture

combinatorial non-idealities conferred by elementary step ensemble site requirements.
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The kinetic influence of thermodynamic non-idealities (e.g. adsorbate lateral
interactions) may also be readily described by the 1%-order formalism and is profoundly
affected by surface diffusion rates and reversibilities — as we intend to detail in a subsequent
study; until such time, Section D.2 discusses and contains a simple demonstration of
incorporating lateral interactions and surface diffusion in the 1%-order formalism. Briefly,
explicit rate equations for multi-site ensembles prove critical for describing lateral
interactions and provide an alternative to the heuristic use of linear coverage-dependent
activation energy relations in microkinetic models. We stress that adsorbate interactions (i)
are an additional non-ideal phenomenon distinct to combinatorial non-idealities, (ii) are
most relevant in high coverage regimes, antithetically to clustering/isolation phenomena
on bare surfaces described herein, and (iii) only exacerbate the inadequacies of the
Langmuir-Hinshelwood model we redress by explicit counting of site-pair populations in
the 1%-order formalism.

5.7.3 Case Study III: Ammonia synthesis on Ru (0001) step sites

The two case studies examined heretofore, although simple, typify the inadequacies of
the Langmuir-Hinshelwood model and demonstrate the capacity of 1%-order terms to
accurately describe kinetic consequences of site ensembles — as evidenced by quantitative
agreement with kMC-calculated rates, selectivities, reaction orders, and degrees of rate
control. We further demonstrate the critical significance of combinatorial non-idealities in
catalysis of mobile Langmuirian adsorbates by examination of the industrially-relevant
ammonia synthesis reaction (Table 5.5) using (i) DFT-calculated pre-exponential factors
and activation energies reported by Logadottir and Nerskov for reaction and -sorption steps
(147) and (i1) DFT-calculated (145, 148, 149) and experimentally-measured (32, 149, 150)

activation energies for surface diffusion of all adsorbed species. Pre-exponential factors for
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diffusion are calculated to be similar to those for -sorption and reaction and are within an
order of magnitude of experimentally-determined (32, 749, 150) and previously-calculated
(145, 148, 149) values. All kinetic parameters are tabulated in Section D.5.

Table 5.5: Ammonia synthesis on Ru (0001) step sites

# Step Rate constants”
1 NZ(g)+** = 2N* ki, k1
2 N*+H* = NH* + % ko, k2
3 NH* + H* 2 NH; + * k3, k3
4 NH; + H* = NH; + * ka, k4
5 NH; = NH3(g) + * k5, k—5
6 HZ(g) +%x &= 2H* ks, ks

"Rate constants for ammonia synthesis are intrinsic rate constants and do not include activities of fluid-phase
species. Diffusion steps are not shown and can be found in Table D.10.

Figure 5.6 shows select mean-field metrics, elementary step rates, and degrees of rate
control calculated by the 0™- and 1%-order description at industrially-practiced NHj
synthesis conditions: 200 bar, 20% N2/60% H2/20% NH3, 623 K — 823 K. The well-known
difficulty of activating N=N triple bonds results in very low coverages of N* (Oy+= 106 —
107°) and surface saturation by H adatoms (6x* = 0.93 — 0.99), as shown in Fig. D.7(A).
Similar to 6, << 1 enabling u., << 1 in Case Studies I and II, the very low coverages of N*
permit significant non-randomness in the distribution of N'-N* and N'-NH" pairs; Fig.
5.6(A) shows Oy« v+ (O ni+) is 10° (10%) times greater than G+ (Oy+0xi+) — demonstrating
that surface diffusion can be kinetically-relevant even on covered surfaces (6= = 0.006 —
0.08). Mean-field metrics uy=+for j* # {N', NH'} are near-unity and identical, however,
because N* and NH are the only two sites which experience significant isolation or
clustering; surface diffusion rates are sufficient to randomize the distribution of all other

adsorbed species.
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Figure 5.6: (A) Mean-field metrics un=;+ calculated by the 1%-order model. All uy=j= =1
by definition in the Langmuir-Hinshelwood model. (B) Directional elementary step rates
r.1 and 72 calculated by the Langmuir-Hinshelwood (— —) and 1%-order (—) models. (C)
Degrees of rate control calculated by the Langmuir-Hinshelwood (— —) and 1%-order (—)
models. Xzconly shown are if | Xzc| > 102. Xzc; = 1 in the Langmuir-Hinshelwood model
and therefore no other Xzcare shown. Calculations are of the reaction network in Table 5.5
at 200 bar total pressure with composition 20% N2/60% H2/20% NHa.

The significant clustering of N'—N" pairs results from the disparate combinatorially-
ideal rates of recombinative N desorption and N hydrogenation — the only two steps
besides N* surface diffusion that can annihilate N~N" pairs (Fig. 5.6(B)). On a random,
uniform surface (i.e. in the Langmuir-Hinshelwood model), the rate of N* hydrogenation,
r2, is 10*-10° times faster than N> desorption, 7.1, due to the high coverage of H* (Op+/Oy+
~10%) and k2 ~ k1. Quantitatively accounting for surface diffusion, however, the relative
rapidity of N* hydrogenation results in an accumulation of N'~N" pairs because annihilation
by recombinative desorption or diffusion is prohibitively slow — thereby enhancing the N2
desorption rate relative to that on a uniform surface (Fig. 5.6(B)).

In essence, if surface diffusion is not arbitrarily-fast, the surface must counter-balance
disparate production and consumption rates by clustering slowly consumed species (e.g.
un+n+ = 10°3-10%) and isolating rapidly consumed species (e.g. taa = 0.038 in Case Study

I). The enhancement to 7.1 due to N'—N" clustering effects orders of magnitude increase to
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the reversibility of N») adsorption (see SI Appendix, Fig. D.7(B)) and, consequently,
decreases the kinetic degree of rate control Xzc,1 which is equal to unity in the Langmuir-
Hinshelwood model (Fig. 5.6(C)) which incorrectly assumes N and NH" diffusion to be
infinitely-fast. In the 1%-order model, rate control shifts to N* hydrogenation and surface
diffusion which bear a kinetic burden to scavenge congregated N and initiate the rapid
hydrogenation cascade from NH to NH3".

5.8 Conclusion

The analytical kinetic description of mobile Langmuirian adsorbates by use of the
Hinshelwood assumption is generally inappropriate and, as we demonstrate heretofore,
results in erroneous (i) interpretation of (quasi-)equilibrium, (ii) calculation of rates and
reaction orders, and (ii1) identification of rate-determining steps. We present a higher-order
kinetic theory which, by derivation of multi-site ensemble-specific rate terms, faithfully
describes any catalytic surface reaction of mobile, thermodynamically-ideal adsorbates
proceeding through two sites or fewer. The concepts we establish in derivation of 1%-order
rate equations are robust to the inclusion of lateral adsorbate interactions and to retention
of >2"-order terms to describe catalytic reactions proceeding through three or more sites.

Consequences of ensemble site-requirements analytically described in this work are
purported to be significant in reactions including alkane dehydrogenation and
hydrogenolysis (/57/—153), alkene hydrogenation (754, 155) and epoxidation (156, 157),
and NO decomposition (758, 159) — all of which have been largely analyzed in the context
of the Langmuir-Hinshelwood formalism. We contend accurate kinetic interpretation and
microkinetic modeling of catalytic surface reactions such as these must quantitatively

account for, or rationalize neglect of, combinatorial non-idealities — especially if surface
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diffusion is not known to be facile and/or constituent elementary steps require large site
ensembles.

5.9 Materials and Methods

All calculations were performed wusing Matlab code found at the link

https://github.com/neilrazdan/RazdanBhan-SiteEnsembles or by communication with the

authors. Briefly, kinetic Monte Carlo (kMC) simulations were performed on periodic 2D
square lattices with time incremented in accordance with Poisson statistics for calculation
of steady-state coverages and ensemble-specific rates. Steady-state kinetic descriptors of
Langmuir-Hinshelwood and 1%-order formalisms were calculated using stiff ordinary

differential equation solvers ode23s or odel5s in Matlab.
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6 Catalytic site ensembles: A context to reexamine the Langmuir-Hinshelwood
kinetic description

*Contents herein are reproduced with permission from Razdan, N. K., Bhan, A. Catalytic site
ensembles: A context to reexamine the Langmuir-Hinshelwood kinetic description. Journal
of Catalysis. 2021, 404, 726—744. https://doi.org/10.1016/j.jcat.2021.09.016.

6.1 Conspectus

The Langmuir-Hinshelwood formalism describes catalytic reactions of Langmuirian
surface species under the assumption that all adsorbates are randomly-distributed —
enabling adjacency of surface-bound intermediates to be determined solely by coverages
of single-site occupants. We demonstrate herein that this approximation is inappropriate
even for simple catalytic reactions (e.g. A + 4 — A>) and manifestly neglects islanding of
slowly-consumed species and partitioning of highly-reactive species inherently engendered
by >two-site elementary steps (e.g. A'—A" — Ay + *—*). Rigorous description of
kinetically-consequential islanding/partitioning phenomena requires explicit description of
the coverage and chemical dynamics of all multi-site ensembles. Higher-order, ensemble-
specific rate terms identify the particular microscopic events relevant to each ensemble,
and, in doing so, reveal that each elementary step (e.g. 4 adsorption) describes not one
event (e.g. A+ * — A") , but a sum over all ensemble-specific paths (e.g. A+ *—* —
A"—* and A+ A—* — A"-A"). De-convoluting each elementary step into its constituent
multi-site paths proffers kinetic detail otherwise inaccessible — enabling (i) identification
of rate- and selectivity-determining site ensembles, (ii) calculation of rates and degrees of
rate control of ensemble-specific elementary steps, (iii) incorporation of adsorbate surface
diffusion, (iv) incorporation of lateral adsorbate interactions, and (v) quantitative
description of catalysis of multi-site-occupying intermediates (e.g. ~C.H. species in

hydrocarbon (de-)hydrogenation and C-C bond coupling/cleavage reactions) which we
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demonstrate is inaccessible to the Langmuir-Hinshelwood formalism even if adsorbate
surface diffusion is infinitely-fast.

6.2 Introduction

Catalytic sequences on surfaces with elementary steps that require multiple sites (e.g.
H, + ** = H-H') are sensitive to the concentration and distribution of multi-site
ensembles (e.g. *—* and H'—H"). Non-random adsorbate distribution, characterized by
clustering or isolation of surface species, profoundly affects reaction kinetics and controls
relative propagation of competing reaction paths proceeding through ensembles of
disparate size and/or composition. Distinct ensemble site requirements of competing
pathways has been leveraged to control selectivity in alkene epoxidation/oxidation (757,
160), alkane (de-)hydrogenation/hydrogenolysis (/53, [161), and oxygenate
dehydrogenation/dehydration (/62) by judicious introduction of poisons or promoters
which regulate the assembly of selectivity-determining ensembles. Pre-eminent mean-field
kinetic models such as the Langmuir-Hinshelwood formalism have experimentally (/63—
165) and computationally (29, 126, 128) been demonstrated to be incapable of accurately
describing such ensemble (i.e. geometric) effects due to an inability to explicitly enumerate
populations of multi-site ensembles on which elementary steps occur. Miscounting of
ensemble coverages consequents miscalculation of reaction rates, reaction orders, and
degrees of rate control — resulting in a kinetic description unreliable for mechanistic
interpretation (e.g. rationalization of observed reaction kinetics) or comparison with ab
initio calculation of kinetic parameters (e.g. by DFT, density functional theory) (726, 128,
166).

This work is dedicated to description and explication of a mathematical framework

which explicitly enumerates ensembles of any size, shape, and composition and, in doing
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so, redresses the principal shortcoming of the Langmuir-Hinshelwood formalism. As a
means of introduction to the mathematical treatment to follow, we first define the
Langmuir-Hinshelwood kinetic description and detail the manner by which the method
miscounts multi-site ensembles.

The Langmuir-Hinshelwood method describes catalytic surface reactions of adsorbed
species obeying the conditions of the Langmuir theory of adsorption:

(D) The adsorbent/catalytic surface is a defect-free, flat 2D lattice

(IT) Each site is either vacant or occupied by at most one adspecies

(III) Each site is energetically identical and adsorbates have no energetic interactions.

We refer to this as the system being thermodynamically-ideal.
Provided all elementary steps require only a single catalytic site, no further conditions are
required to construct an analytical kinetic description of sorption/reaction of Langmuirian
surface species. Many catalytic reaction sequences, however, involve >two-site elementary
steps such as dissociative adsorption (H> + *—* = H'—H"), the rate of which is determined
by coverages of the requisite multi-site ensembles. The Langmuir-Hinshelwood formalism
addresses this complication by application of the Hinshelwood approximation:

(IV) The spatial distribution of adsorbates is random (i.e. there are no spatial

correlations between sites). We refer to this as the system being combinatorially-ideal

or configurationally-ideal.
The utility of the Hinshelwood approximation is in reducing coverages of multi-site
ensembles to a product of coverages of the constituent single-site occupants (28, 126, 167).
That is to say, for example, that the fractional coverage of H' —H' pairs, Op_g+, is assumed

equal to 0+, This simplifying approximation is ubiquitous and foundational to catalytic
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kinetic formalisms of Boudart and Djéga-Mariadassou (/68), Hill (/69), and Hougen and
Watson (/70) — all of which are modified variants or particular representations of the
Langmuir-Hinshelwood kinetic description. The Hinshelwood approximation, however,
evidently neglects the possibility of configurational biasing manifest as A" islanding (&=
m > Op?) or partitioning (Op=—m+ < Op+*) which inherently accompanies any reaction
sequence comprised of elementary steps requiring two or more sites, even in the absence
of thermodynamic non-idealities (e.g. lateral adsorbate interactions) (29, 126, 166). The
principal development of this work is to provide an analytical framework which improves
upon the spatial myopia of the Hinshelwood approximation, enabling explicit retention of
multi-site coverages such as fpy+=p+ as independent variables with unique, coverage-
dependent elementary step rates.

The Langmuir-Hinshelwood kinetic formalism, and variants thereof (e.g. Langmuir-
Hinshelwood-Hougen-Watson models (/70)), do not retain terms such as fy+p+ and,
consequently, are only reliable for description of catalytic reactions of Langmuirian
adsorbates if adspecies surface diffusion is rapid compared to catalysis and thusly
randomizes the adsorbate distribution — a condition which is not ensured by (quasi-
)equilibration of sorption steps (/66) and which is prohibited by the presence of multi-site
occupying species (e.g. two-site occupying ‘C>H, in catalytic (de-)hydrogenation) as
detailed in Case Study III herein. Accurate kinetic description of configurational non-
idealities imperceptible to the Langmuir-Hinshelwood formalism requires relaxation of the
Hinshelwood mean-field approximation (IV) to quantify the effect of adspecies
islanding/partitioning phenomena on rates, selectivities, and elementary step activation

energies.
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We recently developed a formalism which explicitly describes dynamics of multi-site
ensembles by inclusion of higher-order rate terms specific to each ensemble and each
elementary step (/66). Coverage-dependent, ensemble-specific rate terms reveal that each
elementary step cannot be wholly described by a single rate expression, rate constant, and
reversibility; instead, each multi-site ensemble is associated with a unique rate for each
elementary step — the collection of which describes a distinct, ensemble-specific path from
reactants to products. Remarkably, even single-site elementary steps require a unique
kinetic description for each ensemble.

Consider, for example, the adsorption of gas-phase A(g) onto a vacant site

Ay +*= A [6.1]
The rate with respect to single-site ensembles follows directly from the law of mass action
Tads[a*] = —Tads[+] = Kaas@ab« — KaesOa: [6.2]
where r.4s,[i] 18 the rate of adsorption with respect to site occupant i, a4 is the thermodynamic
activity of A(g), kaas and kaes are the rate constants of adsorption and desorption, respectively,
and 6; is the fractional coverage of site occupant i. The rate with respect to site pairs,
however, depends on the occupation of sites neighboring each adsorption center; 4—4"
pairs, for example, are only generated by adsorption events such as Ay + A—* — A—A4",
the rate of which is determined by the two-site fractional coverage 64+ Quantitative
definition of such two-site coverages, neglected in the Langmuir-Hinshelwood formalism,
requires account of statistical factors pertaining to lattice coordination, ¢, and inherent two-

site occupancy of site pairs

6.. = Yy _
Y - C) [6.3]
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where Nj; is the number of ij pairs, Npairs 1S the total number of pairs, Niizes is the total number
of sites, and ¢ = 4 for a 2D square lattice. In comparison, definition of single-site coverages
requires no consideration of lattice coordination (i.e. 8; = Ni/Niites).

We note that Eq. 6.3 follows the convention that heterogeneous ensembles are
distinguishable and of equal population (/37/—1733). That is to say i/ and ji pairs are distinct,
6;; = 0;i, and (6jj)max = (Bji)max = V2. This convention is distinct from that of Boudart and
Djéga-Mariadassou (/68) and is chosen so that (i) 8; = 8;; = 6;6; for a random adsorbate
distribution and (ii) the i species balance is 6; = X, 6;. Boudart and Djéga-Mariadassou
(168), Hougen and Watson (/70), and Zhdanov (34) consider ij and ji pairs
indistinguishable, giving (i) 0;; = (2 — J;j) x 6;0; for a random adsorbate distribution and (ii)
species balance 0;=X; 0 (2 — 6;;)' where J; is the Kronecker delta. As the mathematical
treatment to follow will demonstrate, the convention distinguishing i/ and ji pairs which
we adopt — absent d;; terms — is particularly conducive for physical interpretation of the
concentration, distribution, and kinetic relevance of homogeneous and heterogeneous
ensembles alike.

Scheme 6.1 provides visualization of the definition of ;; in Eq. 6.3 by enumeration of
all one- and two-site ensembles on a 3 x 3 square lattice with periodic boundaries. The
visual aid identifies all Y2c x (3 x 3) = 18 site pairs and, in doing so, calculates G4+, G+ _x,
and 64+« = O+« which do not conform to the generally unreliable Hinshelwood
approximation. We encourage the reader to follow and/or reproduce enumeration of site
ensembles in Scheme 6.1 to ensure the theory and results hereinafter are interpreted in the
appropriate context.

Scheme 6.1: Illustrative enumeration of two-site ensembles
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Lattice sites are either vacant, *, or occupied by adsorbate 4" (®). Each lattice site is numbered for
identification of all 18 site pairs as 4"~A", A™*, *~4" or *~*. The coordination number, c, is equal to 4 on a
square lattice. Edge sites are subject to periodic boundaries such that sites 6 and 4, for example, are considered
nearest neighbors.

Definition of two-site ensemble coverages in hand, we derive ensemble-specific Ag)
sorption rate equations with aid of Scheme 6.2 which illustrates enumeration of the sorptive
configurations relevant to the population of each site pair. Consider, for example, the rate
of adsorption with respect to the 4"~4" ensemble, ruds4+4+], shown in the second row of
Scheme 6.2. Enumeration of the relevant sorptive configurations reveals that all sorption
events which generate/eliminate A"—A4" pairs are elementary steps of the form

Ag+ A" —x= A" - A [6.4]
which, per the law of mass action, gives
Tads,[a-a"] = 2Kaas@a0a*—« — 2kges04r— o+ [6.5]
where the statistical factor of ‘2’ accounts for the two distinct adsorptive configurations,
*~A" and A"—*, which can generate A™—4" pairs. Similarly, *—* pairs are generated by
desorption from both *~4" and 4"—* pairs, giving analogous statistical factors of ‘2’
Tads,[+—+] = ~2Kaas@a0i— + 2kgesOp . [6.6]
because of the two mirror-image microscopically-reversible sorption events which
generate/eliminate *—* pairs (see bottom row of Scheme 6.2). Sorption rate equations for

the heterogeneous ensemble 4"—* are absent the statistical factor <2’
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Tadsa*—+] = Kadas@a(Oss — Oa7_) — Kaes(Oar— — Op+_4+) [6.7]
because creation/annihilation of the *—A" pair is irrelevant with the convention of
distinguishing ij and ji pairs. Explicit derivation of sorption rate equations for *—4" pairs is
unremunerative because *—A4" pairs are necessarily always equal in population to 4"—*
pairs; therefore, throughout this text, we do not replicate rate equations for ij and ji pairs.
Scheme 6.2: Enumeration of two-site adsorption rate equations

1] [Ie]
7—
Ag @

Tads = Kaas@a[[]] — Kqes[[@]]
Tadsa*-a"] = Kaas@a[[@ ]+ @] — kg [[O]O]+[@]O]]
Tads,[A*—+] = kaasaa[[ T 1—[@[ 1] — kqes[[@] ]—[@]@]]
Tads,[s—+] = —Kaas@a [T I+ T 1] + kges[CJ@4+[@] ]

Adsorption of A (@) onto the vacant white lattice site (0) generates adsorbed 4™ and creates/eliminates site
pairs 4™-4", A"—*, and *~* depending on the occupation of the neighboring lattice site (o).

Egs. 6.5 — 6.7 explicate the provenance of multi-site ensemble-specific rates which
enable description of non-idealities in adsorbate distribution inaccessible to the Langmuir-
Hinshelwood formalism. We quantify configurational biasing effected by ensemble site

requirements by calculation of the mean-field metric

9.0 [6.8]

Hij H.ij.
iYj
which is assumed unity in the Langmuir-Hinshelwood method. Deviations from g; = 1
quantify the inaccuracy of the Hinshelwood approximation and provide physical insight
regarding the clustering and partitioning of each site pair. Similarly, wjx = 0;(0:0,0r)™!

quantifies the aggregation and dispersion of three-site ensembles, and so on.
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Intuitively, the clustering of one site pair must be counter-balanced by the partitioning
of another. This constraint is quantitatively described by combination of overall and

component site balances

A [6.9]
j=site
occupants
and

9, = 9,

' L Y [6.10]
j=site
occupants

where indices i and j for site occupants include vacant sites, *. Division of Eq. 6.10 by 6;

gives the mean-field metric balance

j=sit
occupant

[6.11]

which accounts for the necessary concomitance of adsorbate clustering and isolation (i.e.
if uiy < 1 then at least one wix > 1). We note that the particular form of the component and
mean-field metric balances is predicated on the convention that heterogeneous pairs ij and
Jji are distinguishable and of equal population — as is discussed in Eq. 6.3 and Scheme 6.1.
If heterogeneous pairs ij and ji are considered indistinguishable, then (;)m« = 1 and each
term in the sum of Eq. 6.10 must adjoin the multiplicative term (2 — J;)"'. The chosen
convention ensures x; = 1 implies combinatorial ideality regardless of homogeneity or
heterogeneity of the considered ensemble.

In the absence of thermodynamic non-idealities, adsorbate clustering and isolation is
caused by disparate elementary step rates and site-size requirements engendering (i)

aggregation (w; >> 1) of slowly-consumed ensembles and (ii) partitioning (u; << 1) of
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rapidly-consumed ensembles — resulting in a ‘poorly-mixed’ or ‘transport-limited’ surface.
Adsorbate surface diffusion resolves rate-controlling ‘transport limitations’ by dispersing
clustered species and allying highly-reactive, isolated species. In the limit of infinitely-fast
surface diffusion (i.e. a reaction-limited, rather than transport-limited surface), adsorbate
distribution randomizes and the Hinshelwood approximation becomes valid — save for
catalytic surfaces populated by multi-site occupying adsorbates (e.g. “C>Hs") as discussed
in Case Study Il (vide infra).

Our recently developed formalism quantitatively accounts for the effect of surface
diffusion to redress poor ‘surface mixing’ and identifies compendious kinetic descriptors
inaccessible to the Langmuir-Hinshelwood formalism or lattice-based kinetic Monte Carlo
(kMC) simulation. Retention of higher-order rate terms, analogous to those derived in
Scheme 6.2, reveal each ensemble experiences a unique microscopically-reversible
elementary diffusion event, analogous to the ensemble-specific elementary adsorption
event in Eq. 6.4. The ensemble-specificity with which each elementary step is described is
key to the improvements of higher-order formalisms and enables quantitative identification
of hitherto incognizable rate- and selectivity-determining ensembles, as in Case Study I
(vide infra). The improved descriptive scope proffered by the higher-order formalism is
robust to inclusion of lateral adsorbate interactions (see Section 6.5.2) and non-uniform
site distributions (see Section 6.5.1) in both the rationalization of experimental rate data
and the interpretation of ab initio calculation of kinetic parameters. In fact, we posit that
DFT-generated reaction mechanisms are most appropriately studied either by lattice-based

kMC simulation or by higher-order microkinetic models — both of which redress inability
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of the Langmuir-Hinshelwood method to capture thermodynamic or combinatorial non-
idealities.

In what follows, we (i) explicate higher-order descriptions of multi-site elementary
steps, (ii) introduce established and novel kinetic descriptors useful for interpretation of
catalytic reaction sequences, and (iii) present three case studies which highlight limitations
of the Langmuir-Hinshelwood (i.e. zeroth order) formalism and the improved descriptive
scope and depth of higher-order formalisms.

The ensemble-specific description of multi-site elementary steps is complicated by the
inherent spatial coupling conferred by the reacting/sorbing/diffusing ensemble. Consider,
for example, the reaction of two neighboring 4" species to form Az

A" — A > Ay +x— % [6.12]
which occurs with rate
—Tsr1a*] = Tor[s] = € " KsrOpr—pr = 4k Oy 4 [6.13]
where c is the coordination number and ¢ = 4 on a square lattice. As Eq. 6.13 explicates,
the involvement of multiple sites in the surface reaction step consequents a rate with respect
to single-site ensembles which necessarily depends on coverages — and therefore rates — of
larger ensembles (i.e. 64+4+). This complexity — absent in kinetic description of single-site
elementary steps (see Egs. 6.2, 6.5 —6.7) — extends to rate equations for two-site ensembles;
for example, the rate of surface reaction with respect to 4"— A" pairs on a 2D square lattice
is
—Tsrfar—a] = Ksy |Oa—ar + 204 g2 —a* + 404 _p* [6.14]

I
A*
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which is in terms of three-site coverages, as illustrated in Scheme 6.3. The first term in Eq.
6.14 accounts for the annihilation of an A"~ 4" pair for each reaction event, and the second
and third terms account for additional loss of 4"~ A" pairs if 4" species neighbor the reacting
ensemble (e.g. orange () and green (=) A -occupied sites in Scheme 6.3). Evidently, the
coupling of the reacting ensemble with neighboring sites results in coverage terms for
ensembles larger than A~ 4", The rate equation for @« 4« 4« similarly couples with
ensembles of size four (e.g. 64+ 4+ 4+ 4+) and so on. The complete kinetic description of
multi-site elementary steps is therefore an infinite set of hierarchical rate equations
describing dynamics of ever-larger ensembles.

Scheme 6.3: Schematic derivation of ensemble-specific surface reaction rate for 4— A
pairs

Reactive configurations Rate for A"-A"
IEE' - I:l:l “Tsr,[A*-4*] = ksr84r_ar
BeE BT, . . =ok6e s
(o]o]o] L[ [o]
@] @]
Q0| = =
| ) | () Tsr[aT-4% = dhesr 040
[@]e] [e[e] — | | L
(@) Q
— [@]@] = |
O] O]

Surface reaction of two 4" species (®) occupying neighboring white lattice sites (07) eliminates site pairs 4"~
A" with ensemble-specific rate 7.[4+4+ enhanced by A™-occupation of neighboring sites forming linear ()
or bent (@) three-site configurations.

The unbounded set of hierarchical rate equations is made finite and solvable by a
mathematically-rigorous truncation procedure which retains only terms up to a specified
order — analogously to the truncation of Taylor series expansions. The complete Taylor
series expansion of e*, for example, is an infinite series ¢* = X,x"/n! and is only exact in the

limit n — oo. Retention of terms up to order one, however, (i.e. €= 1 + x) is, for x << I,

131



sufficiently accurate and deemed the optimum balance of completeness and simplicity. In
much the same way, the infinite hierarchy of rate equations is truncated to retain coverage
terms up to a specified order — the appropriateness of which is determined by the shape and
size of ensembles through which elementary steps proceed.

The truncation of hierarchical, ensemble-specific rate equations operates directly on
ensemble site coverages and is detailed in our recent work (/66). Briefly, truncation
procedures of order n wholly retain coverages of ensembles wherein each constituent site
is separated from every other constituent site by at most n lattice vectors. For example,
Scheme 6.4 illustrates the A" -covered ensembles wholly retained by the zeroth-, first-, and
second-order formalisms. The zeroth-order formalism only explicitly describes ensembles
in which all constituent sites are separated by zero lattice vectors — trivially, only single-
site configurations — and, therefore, is exactly the Langmuir-Hinshelwood formalism.
Coverages of multi-site ensembles cannot be completely described by the zeroth-order
method and are thus reduced to a product of single-site coverages, as shown in Scheme
6.4(b). Similarly, the first-order formalism can only explicitly describe coverages of one-
and two-site ensembles. Larger ensemble coverages — which are retained in the second
order — must be reduced to a product/quotient of one- and two-site ensembles coverages,
as shown in Scheme 6.4(b) and explicated in the following section.

Scheme 6.4: Comparison of zeroth, first, and second order formalisms
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(a) Ensembles retained in each truncation order
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(a) A"-covered ensembles on a 2D square lattice retained in each truncation order. For example, all truncation
orders >1 retain ensembles of size two. Ensembles wholly retained by truncation orders >2 are composed of
sites separated by at most two lattice vectors. (b) Ensembles not explicitly retained in a given order must be
reduced to a product/quotient of retained ensembles. For example, in the zeroth-order, 84+ 4+= 64+ X §4+and,
in the first-order, G+ 4= 4* = (4 4%/04%) X Oqx_ 4%

In general, propriety of truncation order is determined by the number of lattice vectors
needed to wholly retain all ensembles on which elementary steps occur. The first-order
formalism is therefore sufficient to accurately describe all catalytic sequences occurring
through at most two sites. The Langmuir-Hinshelwood, or zeroth-order, formalism,
however, can only reliably describe catalytic sequences involving at most one site and is
consequently inappropriate for description of two-site steps such as bimolecular surface
reactions (e.g. N' + H = NH" + *) (147, 171). Case Studies hereinafter compare zeroth-
order, first-order, second-order, and kMC kinetic description of catalytic sequences
proceeding through two or more sites to affirm invalidity of the Langmuir-Hinshelwood
formalism and demonstrate quantitative accuracy and profound physical insight conferred
by the ensemble-specificity of higher-order analytical descriptions.

6.3 Methods
6.3.1 Truncation of hierarchical rate equations

Coverages of ensembles too large to be retained in a specified order must be

systematically truncated to a product/quotient of wholly retained ensembles. The
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truncation procedure, formally detailed in the work of Nord and Evans (131, 132, 137),
operates on conditional probabilities — which we regard best defined by example. Consider
the conditional probability, y.++, that a conditioned site is A’-occupied given the
neighboring conditioning site a" is A"-occupied with 100% probability

0 *__ A%
Xarmar =g [6.15]
A*

As Eq. 6.15 exemplifies, the conditional probability provides a rigorous relation between
ensembles of disparate size and is therefore useful for the truncation of ensembles unwieldy
in a particular order (e.g. 4™— A" ensembles in the zeroth order). Conditional probabilities
are truncated to order n by only retaining conditioning sites (e.g. o) within # lattice vectors
of the conditioned site (e.g. A"). Therefore, the zeroth-order truncation in Scheme 6.4(b) is
rigorously derived as

oth order

HA*—A* = XA*—(X* X HA* %‘LXA* X HA* = HA* X QA* [6.16]

where the zeroth order truncates .+ o+ to y4+= 64+ because 4" and o are separated by more

than zero lattice vectors. Similarly, the first order truncation in Scheme 6.4(b) is

15t order 0
truncation A*—A*
Onr—nr-a = Xar—a'-a* X Opr—a* == Xar—a* X Op—p* = X Ope_ge 16171

4+
where the first order truncates ya+ oo+ to ya* o+ = G4+ 4+/04xbecause 4™ and the rightmost
" are separated by more than one lattice vector. Ensemble-specific rate equations used in
the Case Studies to follow are derived by (i) enumerating relevant ensembles as in Scheme
6.3 and Eq. 6.14 and (ii) truncating unwieldy ensembles by the procedure exemplified in
Egs. 6.16 and 6.17. For example, Eq. 6.14 is truncated to the first order by re-writing in

terms of conditional probabilities
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Tsria*—A* = —ksOu_p |1+ 2xp _qr o + 4XA*—T* [6.18]

*

a

and truncating as in Eq. 6.17 to give

Toriar—a] = —ksrOp_a (1 + 24 _o* + 4X 0" —q*]
[6.19]

QA*—A*]
0,4+

= kg 044+ X [—1 -6
The bracketed term is the ensemble-specific stoichiometric coefficient vg. 4+ 4% and is
reported in Table 6.2 and visualized in Scheme 6.5. Ensemble-specific elementary step
rates are, in general, a product of the fundamental rate of the step (e.g. ks64= 4*) and the
ensemble-specific stoichiometric coefficient (e.g. Vs arax = — [1 + 604 4+/64+]). Our
recent work (/66) derives and tabulates ensemble-specific first-order rate equations for all
one- and two-site elementary steps including surface diffusion (e.g. 4" + * = * + 4").
Rigorous incorporation of lateral adsorbate interactions into ensemble-specific elementary

step rates is detailed in Section 6.5.2 and, more thoroughly, in our recent work (/66).

6.3.2 Definition of Kkinetic descriptors

We assess the kinetic descriptions of the Langmuir-Hinshelwood, first order, second
order, and kMC methods by comparison of reactions orders, degrees of rate control, and
degrees of selectivity control — all of which we calculate from reaction sensitivities, the
salient descriptor of composite reactions (72, 84, 140-142, 172—174).

The sensitivity of step i is the fractional change in turnover rate, r, per fractional change

in rate constant k;

B <aln r)
S; = oln k. [6.20]

t kj:ti
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The reaction order of a fluid phase species j, ¥}, quantifies the increment (¥; > 0) or
decrement (¥; < 0) in rate achieved by increase of thermodynamic activity of species j, a;,
and is related to reaction sensitivities by
dlnr
17 ays j i=steps

where brackets in Eq. 6.21 are per Iverson Bracket notation, v; is the stoichiometric
coefficient of fluid phase species j in step #, and [v;; < 0] is unity if the enclosed inequality
is true and zero if false (140, 172).

The sum of the forward and reverse sensitivity of step 7 is the kinetic degree of rate

control, Xzc,, of the shared transition state, 7,7, given by

N _x B dlnr B ( dlnr )
Sl S—i - RC,i — a(_Ggs,l/kBT) GO - aln k [6.22]
j*

TS, VKoK
where —G(}& ; 1s the standard free energy of the transition state in step i. Degrees of rate

control are constrained by the condition

z Xrei =1 6.23]

i=steps
for each overall reaction. If there exists a single rate-determining step (rds), Xzc4s = 1 and
Xrcizas = 0. In branched reaction networks, the degree of selectivity control is defined in

terms of the selectivity, S, of a specified product

dln S
Xsci = (m) [6.24]

VikjziKi
which is subject to the constraint X; Xsc; = 0 and, analogously to Xzc;, is a sum of reaction

selectivity sensitivities
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dln S dln S
Xsci = Sseti t Sse,-i = (W) + (W) [6.25]

Y ki TV ki

Reaction/selectivity sensitivities and degrees of rate/selectivity control defined in Egs.
6.20, 6.21 — 6.25 are calculated from partial derivative of the rate or selectivity function
with respect to elementary step rate constants at a given temperature and concentration(s);
however, as Scheme 6.2 demonstrates, there is not a single rate — or, by extension, rate
constant — assignable to each elementary step. Rather, each elementary step is described
by a set of ensemble-specific rates which, for truncation orders greater than zero, are
functionally distinct (i.e. depend on distinct ensemble coverages). Distinct ensemble-
specific rates for each step i and ensemble j, r;[;;, are attended by distinct rate constants,
ki, and, therefore, distinct reaction sensitivity, s;[j. Zeroth-order, or Langmuir-
Hinshelwood, formalisms are ignorant to distinct ensemble-specific elementary step
descriptors because consideration solely of single-site coverages effects ensemble-specific
rates which are all functionally-equivalent and vary only by numeric stoichiometric
coefficients. In higher-order formalisms, s;[; carry profound information regarding the
kinetic influence of each ensemble; and, as we reported (/66), sum to yield conventional
reaction sensitivity defined in Eq. 6.20

B Z B Z dinr
Si = Si'[j] N - dln kl,[]] [6‘26]

j=independent Ji km =i [j]
site ensembles

where j is an index over all independent site ensembles (i.e. those ensembles not relatable
by site balances). Ensemble-specificity of reaction sensitivities confers ensemble-

specificity of degrees of rate control
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dlnr
Xrei = Z Xre,ifj] = z (m) [6.27]
; ,

Fm, [n)=i ) Ko )
and degrees of selectivity control
Xsci= Y Xscu :z<ﬂ>
i . SCi[f] oI ki,[j] ) o [6.28]

J J m,[n]=i,[j] L]
If, for a given step, there exists a rate-determining ensemble (rde), then Xzc,i 4] = Xrc,i and
Xre,ifjzrde) = 0. Similarly, an ensemble, sde, is considered entirely responsible for the
selectivity-control of a step if Xsc,i [sae] = Xsci and Xsc,i[jzsqe) = 0. In Case Study I to follow,
ensemble-specific degrees of selectivity control, Xsc,[j;, will prove virtuous in explicating
the inaccuracies of the Langmuir-Hinshelwood formalism and identifying the ensembles
which prescribe selectivity between catalytic paths proceeding through ensembles of
disparate size.

6.3.3 Kinetic Monte Carlo Simulation

Lattice-based kinetic Monte Carlo (kMC) simulation provides an exact stochastic-
computational description of catalytic surface reactions under any specified conditions
(e.g. Conditions (I)-(II)) and, therefore, serves as a useful reference by which to evaluate
accuracy of the higher-order kinetic formalism detailed herein. As results to follow
demonstrate, the higher-order formalism agrees quantitatively with all kMC-calculated
kinetic descriptors at far less computational expense. We posit that, so long as the
truncation order is sufficiently large (= size of largest reactive ensemble — 1), higher-order
formalisms will concur with kMC simulation and provide physical information
inaccessible to the non-analytical technique (e.g. ensemble-specific degrees of rate and
selectivity control). We note that both kMC and higher-order methods are robust to

inclusion of energetic adsorbate interactions and suggest kMC simulation may be preferred
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if required truncation orders are prohibitively large (e.g. =4) and consequent unwieldy
microkinetic models. The difficulties presented by magnitude of =4-order microkinetic
models may be overcome by efficient computational-algorithmic generation of rate
equations — a challenge we encourage readers to investigate.

We perform kMC simulation on square lattices of size >1282 with periodic boundary
conditions. In each iteration, the kMC algorithm selects, at random, an elementary step i to
execute with probability p; correspondent to elementary step rates determined by the law
of mass action (e.g. ps»= ky04+a+[Z; ;] ). The selected step is performed on an appropriate
ensemble chosen at random, the lattice is updated, and the algorithm iterates. In this
manner, the lattice-based kMC method is able to simulate catalytic reaction sequences with
complete retention of spatial information. Provided the lattice is sufficiently large,
populations of ensembles of arbitrary size, shape, and composition are exactly calculable
by the square-lattice kMC algorithm.

After each Monte Carlo event, Poisson time is incremented by
5t = ——— [6.29]

where the denominator is a sum over the rates of all elementary step processes and p is a
uniformly-distributed random number between zero and unity. Poisson time is used to
calculate steady-state overall and ensemble-specific elementary step rates for quantitative
comparison to analytical kinetic descriptions.

Matlab code used to perform kinetic Monte Carlo simulations in this work may be

found at the link https:/github.com/neilrazdan/RazdanBhan-SiteEnsembles or by

communication with the authors.

6.4 Results
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We explicate the limitations and inaccuracies of the Langmuir-Hinshelwood formalism
by comparison with first-order, second-order, and lattice-based kMC descriptions in the
context of three conceptually-distinct case studies. Case Studies I-III respectively
demonstrate that the Langmuir-Hinshelwood formalism (I) is unable to account for the
propensity of multi-site ensembles to dictate selectivity, (II) cannot reliably calculate
elementary step activation entropies and enthalpies, and (III) is incorrect even in the limit
of infinitely-fast surface diffusion if adsorbates occupy more than one site (e.g. “CoH, in
catalytic alkane hydrogenolysis).

6.4.1 Case Study I: A + A — Az with competitive Eley-Rideal pathway A + B — AB

The catalytic consequences of distinct ensemble site requirements on selectivity has
been proposed as an important consideration in competitive alkane (de-)hydrogenation and
hydrogenolysis (153, 175, 176), olefin epoxidation and combustion (/56, 157, 160), and
hydrodeoxygenation and hydrogenolysis (177, 178). We examine the profundity of
ensemble clustering/isolation in determining selectivity by comparing zeroth-order, first-
order, and kMC description of competitive scavenging of immobile, thermodynamically-
ideal adsorbed 4" species via (i) two-site surface reaction 4"—4" — A + *—* and (ii) one-
site Eley-Rideal reaction 4"+ B(g) — AB() + * (Table 6.1).

Table 6.1: Bimolecular catalytic reaction with competitive Eley-Rideal pathway

# Step Rate constants
1 Agy +x—> A kaas=1 (bar - s)!

2 A*—A*—)Az(g)+*—* kerSOS_1
3  Byy+A > AByy+*  ker=1(bar-s)’
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We note Case Study I is an extension of an example presented in our recent work (/66)
which studies the 24 — A2 reaction described by steps 1, —1, and 2 in Table 6.1 to
explicate the capacity of the first-order and kMC descriptions to correctly account for 4™—
A" partitioning (i.e. O4+_4x << O4+*) and identify Ay sorption is both equilibrated and rate-
determining — an apparent impossibility per the Langmuir-Hinshelwood formalism. The
ostensible paradox of an equilibrated, rate-determining step is resolved by examination of
ensemble-specific elementary step rates which reveal A4 sorption is equilibrated in the
Sense r4es/faas = 1, but is irreversible with respect to scarce A'—A4" pairs unperturbed by
desorption of stranded A" (i.e. Fdesa*-a#/Fadsjaxa% = 0). We therefore surmise that A
sorption is not entirely equilibrated, permitting the step to be rate-determining and
equilibrated in the canonical sense (i.e. #dges/7ads = 1) (166).

The reaction sequence in Table 6.1 is described by the zeroth-order and first-order
formalisms by respective one-site and <two-site ensemble-specific elementary-step rates
reported in Table 6.2. The ensemble-specific rate of each elementary step is the product of
(1) the fundamental rate of the step (e.g8. rses = kuaesOa+ for A desorption) and (ii) the
appropriate ensemble-specific stoichiometric coefficient (€.g. Vaes,[4*-a*] = —204%4+/64+ in
the first order) — as is illustrated in Scheme 6.5. The Hinshelwood approximation prohibits
identification of two-site ensemble-specific stoichiometric coefficients; and, therefore, the
Langmuir-Hinshelwood formalism contains no such entries in Table 6.2. Instead, the full
zeroth-order microkinetic model only explicitly describes dynamics of single-site
ensembles 4~ and * by (i) use of overall site balance 6« =1 — 0,4+ and (ii) forward integration

of rate equation for 4™ species
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do -
d_;l = KaasPab. — KaesOar — 4ksr92* — kgrPp0y- [6.30]

determined by use of ’-labeled entries in Table 6.2.

Table 6.2: Elementary step rates in the Langmuir-Hinshelwood and first-order formalisms

Langmuir-Hinshelwood First-order

Step, i ads. des. rXN. E-R. adsorption | desorption | reaction |Eley-Rideal
Rate, ri kaasPab.| KaesOar ksrej* kerPp0 s K aasPab. kaesOa k04— a* kerPp0a*
Ensemble-Specific Stoichiometric Coefficients, v;

Vi[a'] r - | -4 - 1 -1 —4 -1
Vi[4 -1 1 4 1 -1 1 4 1
v- *_ A% " " _1 n
i[A*-A"] ZHA*_* _ ZGA*_A* 69A*—A " _ 2GA*—A
6, 0, o O

No explicit rate equations.

Vila'—] 0:.: = 0.0; Oues = Oar—|' Oa'-a — O 3(Baa — bao) Baa — Bao™”
ij ivj 0, 04 0, 0,
Vi [ims] _ 20,_, 204, 14 6047, 204,
6* GA* HA* GA*

Ensemble-Specific Elementary Step Rates, r;[;

Tifj] = Ti X Vi

The rate equation for an elementary step with respect to a particular site ensemble is the product of (i) the
fundamental rate of the step in the row labeled ‘Rate, r;’ and (ii) the ensemble-specific stoichiometric
coefficient of the concerned ensemble. For example, in the first order, rer [ua] = 7ErR X VER[aa] = kErPB0a % (—20
«/04). " -labeled, >’-labeled, and **’-labeled entries respectively are used for derivation of Egs. 6.30, 6.31, and
6.32. The ’’-labeled entries are also visually derived in Scheme 6.5. First-order ensemble-specific
stoichiometric coefficients for adsorption and desorption were derived in Egs. 6.5 — 6.7 and illustrated in
Scheme 6.2.

Scheme 6.5: Visualization of Eq. 6.31 and *’-labeled entries of Table 6.2

Adsorption Desorption Surface Reaction Eley-Rideal Reaction

o0 e, EE el el o Bl e "c!r".f% o
[1e] [ele] [el@] o [IO of oo @O [EE o[
AB

A Az

d

Tads = KaasO« Tdes = KaesOa* Tor = K047 g* Ter = kerPpOa

Vads,[A*-4"] = Vdes,[A*—A*] = — - Vsr[Aa*—A"] = — VER,[A*-4" = —

Visualization of [4"~4"]-specific rates reported in >’-labeled entries of Table 6.2 and in Eq. 6.31. The rate of
each elementary step with respect to 4"~A" pairs is illustrated with white-colored sites (0) hosting the
elementary step and orange-colored sites () spatially coupling to generate/consume 4"—A4" pairs. The number
of m-sites in illustration of each step corresponds to the numeric factor adjoining each ensemble-specific
stoichiometric coefficient. For example, there are six mo-sites neighboring the 0o pair hosting surface reaction

142



and, correspondingly, the stoichiometric coefficient v, 4+ 4+ contains a factor of ‘6’. The additional additive
factor of unity accounts for the necessary reactive 44" pair and is thusly shaded white rather than orange.

The first-order formalism wholly describes the dynamics of five ensembles {*, 4", *—
* A"* A"-A"}, coverages of which are constrained by one overall (1 = @« + 04+) and two
component (0 = Oy+ + O;_4= for j = *, A") site balances. The full first-order microkinetic

model therefore requires 5 — 3 = 2 rate equations

deA*_A* HA*_A*
A DaasPabu . — VeaesOu s — KorOu i (14 6-2%)
A* [6.31]
- 2kERPBeA*—A*
and
do,«_,
;t = kadSPA(H*—* - HA*—*) + kdes(eA*—A* - HA*—*)
6.32]

3(84 -4 = Oar=)
04+

+ Ko O _a* + kgrPp(Op —ar — 0p+_.)

respectively determined by use of ’-labeled and *’’-labeled entries in Table 6.2. Egs. 6.31
and 6.32 exemplify the ensemble-specificity of the first-order formalism and kinetically
describe the unique reaction paths experienced by each ensemble. For example, Scheme
6.5 illustrates the [4"—A4"]-specific path described by Eq. 6.31 to aid visualization of the
ensemble-specific spatial coupling responsible for each coverage-dependent stoichiometric
coefficient v;4+4% for steps i = {ads, des, sr, ER}. As Scheme 6.5 depicts, surface reaction
is capable of eliminating as many as seven 4" —4" pairs per elementary step event (i.e. [1 +
60.4%4%/0.4]max = 7) and, thusly, strands self-annihilating 4™ species if ks >> kizs — as is the
case per Table 6.1. Results to follow demonstrate that seclusion of 4 species unidentifiable
in the Langmuir-Hinshelwood formalism is quantitatively accounted for by the first-order
and kMC methods and manifests in preponderance of 4™—* pairs which selectively promote

one-site Eley-Rideal reaction indifferent to the scarcity of 4A™—A4".
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Preparatory to examination of Figs. 6.1 — 6.3, we encourage readers to replicate the
ensemble-specific stoichiometric coefficients in Table 6.2 by construction and inspection
of visual aids akin to Schemes 2, 3, and 5. Interpretation of results hereinafter is predicated
on physical meaning and mathematical provenance of first-order rate terms derived
hereinbefore.

Figure 6.1 shows coverages, selectivities, and mean-field metrics of the reaction system
in Table 6.1 calculated by the Langmuir-Hinshelwood (LH), first-order, and kMC methods.
First-order- and kMC-calculated descriptors quantitatively agree for P4=107>—10> bar and
all three models are in agreement for P4 > 10 bar; high Ay pressures beget an 4"-covered
surface (Fig. 6.1(A)), giving G4 4* = O4+ = pax 4+ =1 (Fig. 6.1(C)) and 100% selectivity to
Ax formation which benefits from high 4" coverages more profoundly than AB

formation (Fig. 6.1(B)).

10° prrrer—rrre—rrr—rr—rrr—e 100 T —
(A) A7 (C)
.,.u'
7 1.0fp---ccccccmccccccnan AT
4 R 80
107 .F'. / >
o ~ 0.8}
[) (=4 < '
g ..../ 7 k) 60 | ; ee-LH ‘
g 1072 as 2 J 1%-order A 0.6
o o s H O kMC S
© ..°} © 40} = *Sp,n~ Sa, tstord. o
< =4 % O Spn—Saumc 04}
J (7]
103 7
20
/ LH 1stord. kMC 0.2} ---- LI:I
1%"-order
0A. - = . essccse o o kMC
10-4 sl . . . . 0 0.0 sl . . . .
10’3 10 10’ 10° 103 1071 10’ 10° 1073 10 10’ 10°

P, | bar P, | bar P, | bar

Figure 6.1: (A) Fractional coverage 04+ = Ra4p(Psker)”' calculated by the Langmuir-
Hinshelwood (—-), first-order (---), and kMC (@) methods. (B) Selectivity to A2 calculated
by modelj, S, , calculated by the Langmuir-Hinshelwood (- - -), first-order (—), and kMC
(o) methods. Differences in calculated selectivities Sy, 17 — S4, 1.0ra. (— =) and Sy, 1y —
S4,imc (0). (C) Mean-field metric g4+ 4+ calculated by the Langmuir-Hinshelwood (- - -),
first-order (—), and kMC (0) methods. Calculations are of the reaction network in Table
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6.1 with Pg = 1 bar. Standard mean error bars for kMC simulation are smaller than
corresponding symbols and are therefore not shown.

Pressures of 4(g) below 10 bar effect significant isolation of 4™ species quantified by
a—q+<<1 with asymptotic approach of u44+ — 0.1 for P4 — 0 (Fig. 6.1(C)). In the same
regime for which the Langmuir-Hinshelwood model overestimates G4+ 4+ by <10x, 4°
coverage is underestimated by as much as ~5x (Fig. 6.1(A); P4 =102-10" bar). Although
ostensibly antithetical, respective over- and under-prediction of 64«4+ and 64+ by the
zeroth-order formalism both result from ks >> ki which effects rapid annihilation of 4™
A" pairs, thereby engendering isolation (i.e. 4 4*<< 1) and accumulation (i.e. increment
in O4+) of A" species due to the scarcity of 4™ neighbors with which to react. As discussed
heretofore and quantified by the mean-field metric balance in Eq. 6.11, the segregation of
A"—A" is necessarily attended by an accumulation of 4"—* pairs selective for the one-site
Eley-Rideal reaction. Consequently, A2 selectivities are decremented relative to a
uniform surface and are overestimated by the Langmuir-Hinshelwood model by as much
as 45% (Fig. 6.1(B)). The inability of the zeroth-order formalism to capture isolation of 4
species prohibits quantitative description of selectivity-control exercised by the 4™—4" and
A"—* ensembles which (i) necessarily aggregate and segregate in concert (Eq. 6.11) and (ii)
promote distinct reaction paths.

Figure 6.2 compares degrees of selectivity control calculated by the zeroth-order, first-
order, and kMC methods to guide interpretation of pertinent kinetic information
overlooked by the Hinshelwood approximation. Xsc, calculated by all three models
converge to zero for large P4 because 4 -saturation of the surface attenuates selectivity
control of all steps. Low A(g) pressures bare the surface (Fig. 6.1(A)), effecting asymptotic

approach of all Xsc; as P4 — 0. On bare surfaces, one-site A sorption and Eley-Rideal

145



steps respectively promote and suppress A2(g) selectivity in both the zeroth and first order
because of respective propensities of each step to generate and scavenge 4°—A4" pairs. The
Langmuir-Hinshelwood formalism incorrectly identifies surface reaction as selectivity-
determining (Xsc» = 1) because of the miscalculated abundance of reactive 4™—4"
ensembles; in actuality, increase to ks exacerbates ‘transport-limitations’ which strand 4°

and render surface reaction ineffective in improving selectivity (Xsc,s- ~ 0).

B 2.0 e B Bk B Bl By Bibbin Bebbon Bl | B Bk Mok ks Bkl Bk Bl | g
‘b 1.5 _(A) LH | fFoeeecee- .°~<> (B)' 10 (.s
g XSC,ads (1)
0 1.0 10.5 g
> S
S 05 coOCRe0HH0.0 o
s L
2 0.0 i _0.5 g
[0 X
»-0.5 10 S
S 1*tord. kMC]™ -V &
ot -1.0 o
%’,-1.5 - - - ] Xsc, 17128
D i Xscer — — O | 2.0 S
Q - . P | ol . . ol ol ol . . . p—] . . . . . - g
10 103 10" 10" 102 10° 102 107 10' 10°
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Figure 6.2: Degrees of selectivity control calculated by (A) the Langmuir-Hinshelwood
formalism and (B) the first-order formalism and kMC method. Calculations are of the
reaction network in Table 6.1 with Pg= 1 bar. Standard mean error bars for kMC simulation
are smaller than corresponding symbols and are therefore not shown. Xsc are not calculated
by the kMC method for P4 < 107 because 4~ coverages are prohibitively small for
numerical differentiation.

The decrement in Xsc,- relative to a uniform surface is re-apportioned to increase in
Xsc.aas and Xsc gr. The dearth of 4"—A4" pairs reinforces the kinetic burden on A4 adsorption
to generate reactive pairs and consequents Xsc,uas = —Xsc,er = 1 from which we surmise the
selectivity to Aag) is entirely controlled by the competition between (i) adsorption which
adjoins 4"—* ensembles with 4y to create 4°—4" pairs and (ii) Eley-Rideal reaction which

scavenges A"—* ensembles with B to create AB). We quantitatively assess this
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interpretation and the contribution of 4"—* and 4"~4" ensembles to the selectivity control
of each step by calculation of ensemble-specific Xsc,i[; only identifiable in higher-order,

analytical formalisms.

XSC,ER,[A'-A'] - =110
Xscera
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Xsc,ads,[A'-*]
I [ T U I DO I o
10° 103 10"
P, [ bar P, | bar

Figure 6.3: Ensemble-specific degrees of selectivity control for (A) adsorption of A(g) and
(B) Eley-Rideal reaction. Calculations are of the reaction network in Table 6.1 with P =
1 bar. Ensemble-specific k;[; are not definable in the kMC method and, therefore, Xsc,i [
cannot be calculated.

Figures 3(A) and 3(B) respectively show Xsc aas and Xscgryy for j = {4"—*, A"—A"}
calculated from application of Eq. 6.28 to the first-order microkinetic model, Eqs. 6.31-
6.32. Selectivity control of A(g) sorption and Eley-Rideal reaction are respectively entirely
attributable to the creation of 4™—4" ensembles and scavenging of A™—* ensembles —
evincing interpretation of Xsc; in Fig. 6.2. The elementary adsorption step (A + 4 —* =
A"—A") occurs with rate radsa*a%) = 2kaasPaOax—» — 2kaesOur—ax =~ 2kaasPaOax+, as illustrated
in Scheme 6.2, and is the only process capable of generating the requisite, rapidly self-
annihilating 4°—A4" pairs. This kinetic burden on 4, sorption to create exiguous 4" —A" pairs
is manifest in Xsc.ads = Xsc.adsja*-ar = 1. The [A"—*]-specific selectivity control of sorption

is negligible because 4"—* constitute >97% of A°—j pairs and are already produced by the

majority of adsorption events since G« >> 04,
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The preponderance of A"—* is, however, largely responsible for the selectivity control
of Eley-Rideal reaction. AB) formation occurs with rate rer = kerPp(Oax+ + Oqxax) =
kerPp04+—+ and is therefore most accelerated by 4"—* ensembles which outnumber 4"—4"
by ~10*x. Accordingly, |Xscerpa=*| >> |Xscgraxa#| and Xscerpa*+ = Xscer. The
ensemble-specificity of compendious kinetic descriptors such as Xscgrpax+ are
incalculable in the zeroth-order formalism or kMC method and quantitatively inform
interpretation of ensemble site effects observed to dictate selectivity in catalytic reactions
of industrial interest (156, 157, 160, 176). We postulate that the limitations of the
Hinshelwood approximation, bared herein, grow in significance with the size of elementary
step ensembles and, therefore, particularly caution against the use of the Langmuir-
Hinshelwood formalism for reactions proceeding through large catalytic site ensembles.

In the following example, we further explicate the unreliability of the Langmuir-
Hinshelwood formalism for description of multi-site catalytic sequences by comparing
intrinsic elementary step activation barriers calculated using zeroth- and first-order closed-
form rate expressions.

6.4.2 Case Study II: Activation parameters of rate-determining steps in A + 2B2 —
AB

Chemical interpretation of rate-determining steps/transition states in catalytic reaction
sequences is predicated on the determination of elementary step activation enthalpies,
AHQ;;;, and entropies, AS,?;S, to discern quantitative, molecular-level insight concerning
the interactions which dictate reactivity. Calculation of AH,?;;; and ASQ;;; relies on fitting
experimentally-measured kinetic data with mechanistically-based rate expressions which,

to-date, have almost exclusively been derived using the Langmuir-Hinshelwood

formalism. Examples include kinetic studies of catalytic alkane hydrogenolysis and
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dehydrogenation (/53, 163—165, 175), aldol condensation (/79), methanol oxidative
dehydrogenation (/80), water gas shift (/40, 173), formic acid dehydrogenation (/62), and
methane reforming and oxidation (/81, 182) — all of which proceed through rate-
determining steps occurring on two sites (e.g. rate-determining CHa) + *~O0" — CH5 —
OH" in methane reforming). As we demonstrated previously (/66) and explicate again
herein, the Langmuir-Hinshelwood formalism cannot explicitly enumerate populations of
two-site reactive ensembles (e.g. *~O" required to activate methane) and is therefore
unreliable for identification of rate-determining steps and/or elementary step activation
parameters — even if Langmuir-Hinshelwood rate expressions describe measured rate data
quantitatively.

Table 6.3: Elementary steps and activation parameters of bimolecular catalytic surface
reaction

0% 0,7
4 Step k(300 K) kfggll J mé’lslf o
1 Agy +* - A ka,aas= 1 (bar - s)”! 36.1 ~124.6
-1 A= Ay + * kades =103 s7! 65.0 29.3
2 Bygy +*—*— B*—B* kg, aas=1 (bar - s)”! 36.1 ~124.6
-2 B*—B* > Byy+*—%  kp,ges="10%s" 55.4 10.5
3 A" —B* > ABgy+x—*  ky="%10"s" 45.7 -8.3

Consider the bimolecular catalytic reaction 4 + 282 — AB transpiring through the
series of elementary steps in Table 6.3 wherein all adsorbed species are immobile. Two-
site requirements for Bag) sorption and A"—B" surface reaction steps prohibit virtuous use
of the Hinshelwood approximation and demand a first-order kinetic description to

explicitly enumerate kinetically-relevant site pairs (e.g. ** pairs required for and
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eliminated by B> adsorption). Tables 4(A) and 4(B) compare elementary steps rates for

select ensembles in the zeroth-order and first-order formalisms, respectively.

Table 6.4: Select rate equations in the (A) Langmuir-Hinshelwood (zeroth-order)
formalism and (B) first-order formalism

A)
Langmuir-Hinshelwood
Step, i A ads. A des. B ads. B des. reaction
Rate, ri kA,adsPA 0., kA,des GA* sz,adsPBz 6*2 sz,des 6;* ksr GA* GB*
Ensemble-Specific Stoichiometric Coefficients
vi,[A*] 1 - 1 0 0 - 4
Vi,[*] -1 1 -4 4 8
Vi[a*-a%]
No explicit rate equations.
Vi[a*— _
Vi[a*-B*]

The rate equation for an elementary step with respect to a particular site ensemble is the product of (i) the
fundamental rate of the step in the row labeled ‘Rate, r;’ and (ii) the ensemble-specific stoichiometric
coefficient of the concerned ensemble. For example, 7.4 ads,[4*] = F',ads X Va,ads,[a*] = kaaasPaOx x 1.

B)

First-order

Step, i A ads. A des. B ads. B des. reaction
Rate, ri kaqasPa0. k4 gesar kg, aasPp 2 0. sz,des Op+_p* k504 -p
Ensemble-Specific Stoichiometric Coefficients
Va1 1 -1 0 0 —4
vi,[*] -1 1 -4 4 8
Vila*-a%] 20+, 204 p 0 0 60,y
0, 0,4+ 0+
Vil Jl
Oucs = Ope_s | Opr_pr — Op . 304+ 304 p* 04+
0, 0,4+ 0, O 4 HA*—B*)
Og+
vi,[A*—B*] QB*—* _HA*—B* 36A*—* _30.4*—3* _1 _ 3(6A*—B* +0A*_B*)
6* QA* 6* 93* HA* HB*

The rate equation for an elementary step with respect to a particular site ensemble is the product of (i) the
fundamental rate of the step in the row labeled ‘Rate, ;” and (ii) the ensemble-specific stoichiometric
coefficient of the concerned ensemble. For example, 74 ads,[4*-5*] = F'a,ads X Va,ads,[a*-B*] = ka,adsP40* % (Op_+/0%).
Grey-shaded entries are used for derivation of Eq. 6.33.
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From Table 6.4, we derive zeroth- and first-order closed-form rate expressions for 4Bg)
formation under conditions

(D A(g) and Ba(g) sorption are equilibrated in the sense 7; dges/7iaas = 1

(I)  The surface is bare in the sense 0x = 1, 04+ << 1, and O+ << 1
to explicate zeroth- and first-order calculation of AH?;;; and ASf’di from experimental rate
data.

Per Condition (I), coverages of A" and B" are algebraically-determined by equilibrium
constants K4 = kuaas/kades and Kp,= kg, 4a5/kp, 4es- Condition (II) further simplifies
calculation of 4™ and B" coverages by ensuring adsorption is non-competitive, giving 0,
= K4P4 and Op+ = (KBZPBZ)'/Z. The rate of 4B formation per the Langmuir-Hinshelwood

formalism is therefore

Rap gy = 45040+ = 4ksr Ky Py /KBZPBZ [6.33]

which, with knowledge of K4 and K}, is used to determine k- by fit to experimental rate

data which conform with reaction orders ¥4 = 1 and ¥, = /2 — as shown in Figure 6.4.

N
o

T T T T T 200
(A) —=— Pp,=10% bar (B)—=— P, = 10" bar

—a— P, =5x10* bar

—=— P, =10% bar

—=— Py =5x107 bar

—=— Pp =10" bar

-
(3]
T

1150

‘=098 me k., =1.01 ms™

-
o
T

1100

k,,=0.99 ms™!

[3,]
T
1
a
o

k,,=1.02 ms”’

Rate of ABy, formation / 107 s

k., =1.01 ms™

.S ,.01 / uoneuuoy gy jo ajey

0 L L 1 1 1 1 0
0.00 003 005 008 0.10 0.1 0.2 0.3
P, | mbar PL2 | bar'?
2

Figure 6.4: Rates of 4B formation calculated by the full first-order microkinetic model
(m) as a function of (A) P4 and (B) PBZ% at 300 K using kinetic parameters in Table 6.3.
‘Rate data’ determined by simulation of the full first-order microkinetic model are fit to
the closed-form Langmuir-Hinshelwood rate expression in Eq. 6.33 to calculate kyqs = k-
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=10%s7!. In actuality, rds = A,des, giving kras = k4 ges = 10> s per Eq. 6.43 and in agreement
with Table 6.3.

Ex situ measurement of sorption equilibrium constants (e.g. by microcalorimetry (/83—
185) or temperature-programmed desorption (/86)), leaves a single unknown kinetic
parameter, k-, determined by linear fit of R = [4K4(Kp,Pp,)"] * ks-P4 and R = [4K4P4Kp,"]
x ksrPBZ% in Figs. 6.4(A) and 6.4(B), respectively. Quantitative fits in Fig. 6.4 calculate k-
=10’ s7!, underestimating the rate constant of apparently rate-determining surface reaction
by 25x (Table 6.3). Profound miscalculation of k- is entirely attributed to the erroneous
Hinshelwood approximation @4+_g+ = 64+« which obfuscates kinetic consequences of 4'—
B’ isolation effected by rapid surface reaction. We redress ignorance to A"—B" partitioning
by derivation of a closed-form, first-order correction to Eq. 6.33 which clarifies kinetic
provenance of the particular combinatorial non-idealities which render the Langmuir-
Hinshelwood formalism inappropriate.

The first-order correction to the Langmuir-Hinshelwood rate expression is simply the
mean-field metric

Op—p*  4Kksp 04 _p  Tist

Har-p = On:0p  4kg04-0p- Ty

[6.34]

which we derive in closed form by examination of the steady-state rate equation for 4" ~B"

pairs
A0, _p- O,
T 0 = kpaasPabp —« — KngesOar—p + 3sz,adsP329*—*9_
HA*_B*
- Ssz,desgB*—B* 0 [6‘35]
B*
9 *_ * 0 *_ *
—kerA*_B*<1+3 A 37 B)
04 Og~
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determined by the sum of elementary step rates with respect to 4A—B" listed in the grey-
shaded entries in Table 6.4(B). Conditions (I) and (II) permit simplification of Eq. 6.35 by
ensuring mean-field metrics for pairs ij # A'—B" are very near unity.

Briefly, the preponderance of vacant sites and equilibration of sorption ensures all
ensembles not dictating rates of disproportionally slow or fast steps are essentially
randomly-distributed (i.e. w245+ deviate negligibly from unity). We emphasize that no
mean-field metric is exactly unity; partitioning of 4"~B" pairs, to be demonstrated in the
following, necessarily effects at least one ;4= 5+ > 1 which requires at least one pik24+p
< 1 and so on. The near-saturation coverage of vacant sites, however, minimizes requisite
deviation from w24+ g+ = 1 by ensuring weighting factors (6«, 4+, Op+) in the mean-field
metric balance (Eq. 6.11) are all either unity or very small. Consequently, rapidity of
surface reaction effects w4+ px << 1 without appreciably disturbing combinatorially-ideal
distribution of all other ensembles.

Application of Conditions (I) and (II) is therefore useful in re-expressing Eq. 6.35

A0, _p-
dt

=0 = kaaasPa0s 0. — kagesOar—p* + 3k, qasPp, 0704

6.36
— 3k, gesOp O —p- 16.36]

— ks 04 _p(1 + 3up _pOp + 3uyr_p-04)
making use of unity mean-field metrics (i.e. up* px = pup+ » = pu=x = uyg=+= 1) to yield
quantitatively justifiable zeroth-order coverage terms. We emphasize 4+ g+ cannot reliably
be assumed unity because 4"~B" pairs are the only ensemble dictating the rate of a non-
equilibrated elementary step and self-annihilate < 7% per irreversible surface reaction event

(i.e. Vgr[a*—p*] = [1 + 304_p+/O4 + 30 4+_p+/Opx] < 7).
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Eq. 6.36 is simplified by evoking Condition (II) to permit efface of redundant
multiplicative and additive identities (i.e. 6« = 1, 84+ << 1, and p+ << 1) to yield

A0y _p-
dt

=0 = kgqasPaOp* — kadesOa—p* + 3Kp, aasPs, 04"
6.37]

- 3kBZ,desHB*HA*—B" - ksreA*—B*
We now rearrange and solve for 6+_p=

p _ kaaasPabp + 3kp, qasPp, 04" (6.38]
4B kA,des + 3kBZ,desgB* + ksr |

which, dividing numerator and denominator by kg, 4., s

kA,adsPAHB* + 3sz,adsPBz 0
A*
sz,des sz,des

0,0 pe = [6.39]
AB :A'des 30y + o
B,,des By,des
Again evoking Conditions (I) and (II) and collecting terms gives
k
0,4+ 0p- (—k*"des + 393*)
On 5" =7 Pa.des - [6.40]
( A, des + 303*) + ST
sz,des sz,des

Eq. 6.38 is the most general closed-form solution for 4+ g+ under Conditions (I) and (II)
and is only further simplified by recognizing that 30+ << k4des/kp, 4os ~ 1 per Table 6.3,

permitting accurate redaction to

0 _ HA*HB*
AT-BT T kg, [6.41]
A, des
From re-arrangement of Eq. 6.41, we see
‘u — HA*_B* _ 1
AT HA* HB* 1+ & [642]
kA,des
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indicating ks/ka,qes 18 the salient parameter in determining the profundity of ensemble site-
size effects under Conditions (I) and (II).

If kg >> kaaes, A—B" reaction out-competes sorption-mediated conveyance of 4™ and
effects a ‘transport limited’ surface. If ky << kuges, A~ desorption and re-adsorption
provides a rapid means of 4—B" generation, precipitating a ‘surface-reaction limited’
catalytic rate and random adsorbate distribution. Table 6.3 confirms ks >> k4 4es in this case

study, from which we derive the remarkable result

RAB(g),lst = 4kA,desKAPA ’KBZPBZ [6.43]

in which the rate constant of surface reaction does not appear and is replaced by k4 des.
Consequently, we surmise (1) 4 adsorption is both equilibrated and rate-determining and
(i1) the Langmuir-Hinshelwood formalism erroneously calculates elementary step
activation parameters in accordance with the erroneous identification of surface reaction
as the rate-determining step.

We explicate miscalculation of activation enthalpies and entropies in the following by
fit of ‘rate data’ calculated by the full first-order microkinetic model with transition-state
theory (TST) forms of closed-form expressions for rate

0% 0§
4kpT [ Zapp lapp(l
RABQD :;__ji_[h F%ZQkBNA” kBNAv(T) Ki44]

h

where kg and 4 are the Boltzmann and Planck constants respectively. Apparent activation

parameters AS 0% and AHYF are respectively

app app
1
ASgy, = ASYf + ASSaas + 08D, aas [6.45]

and
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1
AHgyy = AHp + AHR qas + AHE, aqs 6.46]

and describe the thermodynamic driving forces dictating equilibrium between the most
populous stable initial states (i.e. A(g) and B2(g)) and the rate-controlling transition state. We
note that the statistical factor ‘4’ in Eq. 6.44, correspondent to coordination of a square
lattice, is easily forgotten in TST-formulation of reaction rates and is required to accurately
quantify entropic changes from the initial to transition state.

From transition-state theory, the apparent equilibrium between the transition state and

reactants can be quantified as

¥ 0% 0
(K = In Aapp \ _ ASapp  AHapp (l) —In Rap g 6.47]
PyJPs)  kpNay KkgNg \T 4kpT [, 5— )
2 h PA PBZ

where a* is the thermodynamic activity of the apparent (i.e. rate-determining) transition
state, activities of ideal gas-phase species A and By are equal to partial pressures

normalized by 1 bar, and Ny, is the Avogadro constant. Fit of zeroth-order (Eq. 6.33) and

first-order rate (Eq. 6.43) expressions in the form of Eq. 6.47 determines ASS&*S and AHS&*S
— provided standard state sorption enthalpies and entropies are measured ex situ (e.g. by

microcalorimetry (/83—185)) or are reliably calculated (e.g. by density functional theory

(185)).
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Figure 6.5: Apparent transition-state equilibrium constant, K*, calculated by the full first-
order microkinetic model method (m) as a function of T~! for P4 = 10°® bar and Py, ="
%1073 bar. ‘Rate data’ (m) are fit to Eq. 6.47 (—) to calculate apparent activation parameters

ASSE and AHY,.

Figure 6.5 shows In(K*%) calculated by the full first-order microkinetic model and fit by
Eq. 6.47 for T =280 K — 320 K. Closed-form rate expressions in the zeroth order (Eq. 6.33)

and first order (Eq. 6.43) are identical, save for respective linearity with respect to ks and

k4 qes, and, therefore, both formalisms calculate, per Egs. 6.45-6.46, AS 0+ —26.2 J mol™

rds
K and AHS&*S = 64.2 kJ mol™! which deviate negligibly from A, desorption activation
parameters because A(g) sorption is nearly-entirely rate-determining (i.e. Xrc 4,ads ~ 0.95).
The Langmuir-Hinshelwood formalism, however, misidentifies rds = sr, and consequently
mistakenly attributes the entropic gain of 26.2 J mol™' K™! to the associative formation of

the (4"~B")* transition state which, in actuality, is formed with an entropic loss of —8.3 J

mol~! K™!. The identical quantitative fits but disparate physical interpretation of zeroth- and
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first-order rate expressions highlight the unreliability of goodness-of-fit to assess the
veracity of a kinetic model. Accurate predictions of A and B») reaction orders and
quantitative fit to temperature-dependent rate data do not guarantee appropriateness of
Langmuir-Hinshelwood or any other kinetic formalism. Instead, the veracity and reliability
of a kinetic description is predicated on (i) the fidelity with which the mathematical
formulation of the theory describes its foundational physical precepts and (ii) the extent to
which the physical precepts of a theory agree with the considered natural phenomenon. In
the case of the Langmuir-Hinshelwood formalism, the approximation x; = 1 fundamentally
conflicts with (i + ii) the established ability of Langmuirian adsorbates to diffuse with non-
infinite rate and proscribes reliable application of the formalism to describe any catalytic
system without known infinitely-fast diffusion of all surface species.

The immobility of adsorbates in the 4 + %2B> — AB reaction is incognizable to the

Langmuir-Hinshelwood formalism and is responsible for the ascription of ASfjs =26.21]
mol™' K™' to the surface reaction step which instead forms the (4*—B")* transition state with
an entropic loss. Misattribution of intrinsic entropic activation barriers to surface reaction
therefore fundamentally misrepresents entropic drivers for the formation of the ostensibly
rate-controlling (4"—B")* transition state. Similarly, enthalpic barriers to (4" —B")* formation
are overestimated by 18.5 kJ mol™' — a profound miscalculation given the apparent
simplicity of the reaction network and quantitative zeroth-order fit. In actuality, as the first-
order formalism correctly describes, the calculated rate-controlling entropic and enthalpic
barriers reflect activation energetics of A" desorption responsible for liberating immobile,

isolated 4" only allied to B" by Ay re-adsorption with rate 74ds4*-5% = kaaasPaOp* =

kA,desPAKA(KBZPBZ)‘/Z =Y R. In this sense, the rate-determining step is, most specifically, the
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irreversible, two-site adsorption event A+ B —* — 4"—B" which exemplifies the critical
importance of first-order description of ostensibly single-site elementary steps (e.g. A
adsorption) which may control rates via an ensemble-specific two-site path.

The limitations of the Langmuir-Hinshelwood model responsible for unfaithful
description of the 4 + /2B> — AB reaction are entirely resolved by arbitrarily-fast surface
diffusion which rids 4 sorption of the kinetic burden to generate 4"—B" pairs. However,
as we describe in the following, infinitely-fast surface diffusion is insufficient to guarantee
accuracy of the Hinshelwood approximation if adsorbed species occupy more than one site.

6.4.3 Case Study III: Kinetic consequences of two-site associative B2 adsorption in
A+ B2 — AB2

Catalytic chemistries which (de-)hydrogenate, fragment, and/or grow hydrocarbon
chains commonly involve multi-site-occupying intermediates which arbitrate rates of
kinetically-relevant and selectivity-determining steps (153, 161, 164, 187—189). Multi-site
occupation of reactive intermediates confers an inherent clustering of constituent fragments
(e.g. CHy" in "CH,CH>") indescribable by zeroth- or first-order truncation procedures.
Challenges in analytically describing catalysis of multi-site occupants arise from difficulty
in distinguishing between (i) unbound, neighboring fragments that are facilely unpaired
(e.g. CH," CH>") and (ii) bonded fragments that constitute a single adspecies which cannot
be disassembled (e.g. "CH>CH>"). Inseparability of bound methylene moieties in adsorbed
ethylene is formulated analytically by prohibition of ensembles and ensemble-specific
elementary steps which wrongly isolate CH-". Specification of precluded ensembles
requires a second-order kinetic description to wholly retain and bar configurations such as
*_CH, —* on linear lattices and analogous five-site ensembles which strand CH>" on square

lattices.
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Scheme 6.6: Ensembles forbidden in catalytic ethylene hydrogenation

(a) Ensembles forbidden during ethylene hydrogenation

linear lattices square lattices
@l ], (Te[e] (e
[e[e]e] o

Two lattice vectors
— - _ - _ -
Two lattice vectors [©] Q

Legend [ele[] [e[] lele] [le[], .. [e[e[@]

@ - methylene monomer L | L ! !

o - hydrogen adatom

(b) Ensemble-specific elementary steps forbidden during ethylene hydrogenation

ethylene desorption

letelete[ | ~~ (ot [ 10] |

CH,CH,;, @-@ Erroneously
stranded methylene

In zeroth-order, Elil:‘ = |§| x |:|2¢ 0

[©)
In first-order, (0) = El x #0

In second-order, DED =0

(a) Ensembles on linear and square lattices which isolate monomeric methylene fragments (@) and are
erroneously permitted in zeroth- and first-order truncations. Two lattice vectors are needed to wholly retain
each ensemble and, therefore, a >second-order truncation procedure is required. (b) Elementary step events
which wrongly strand monomeric methylene fragments. Zeroth- and first-order ensembles are unable to
specify O« cp » = dO« cuo+ +/dt = 0 and, therefore, permit the illustrated ethylene desorption event.

Scheme 6.6 illustrates such forbidden ensembles in the context of catalytic ethylene
hydrogenation and explicates the necessity of the second-order truncation procedure.
Zeroth- and first-order methods erroneously permit elementary steps such as ethylene
desorption to segregate bonded "CH,CH," pairs, as shown in Scheme 6.6, and,
consequently, predict non-physical isolation of methylene fragments in hydrogenation
reactions. Explicit retention of three-site configurations in the second order is a pre-
requisite for disallowing methylene isolation (e.g. via ethylene desorption) and is critical
to quantitatively distinguishing between coverages of compositionally-identical but

chemically-distinct CH>"CH>" and “CH>CH," ensembles.
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Table 6.5: Horiuti-Polanyi-type reaction of a two-site-occupying adsorbate

# Step Rate constants

1 Aogy t*—* > TAA ktyqas=1 (bar - s)™!
-1 FAAT o Agggy +x—* kipdes=1s"

2 By(g) +* —*— B*—B* kg, aas=1 (bar - s)™!
-2 B* — B* = By(g) + * — * kg, dges=15"

3 "AA* = B* > A3Bg) + x — % — x k=157
n/a "AA* —* & x —"AA” kaayr >10° 57!
n/a B* —x & x —B* kp.aif > 10° s7!

We explicate second-order distinction between bonded and unbound surface fragments
in the context of a simple, generic Horiuti Polanyi mechanism analogous to catalytic
ethylene hydrogenation (155, 190-192). The hydrogenation-type mechanism 42 + B> —
A>B occurs on a linear lattice via the sequence of elementary steps in Table 6.5 wherein (i)
the adsorbed analog of Ax), "AA", occupies two sites analogously to "CH>CH,", (ii) Ba)
adsorbs dissociatively analogously to molecular hydrogen, and (iii) diffusion of all
adsorbates is arbitrarily-fast compared to catalysis. The intrinsic non-randomness
conferred by inseparable “44" pairs is not facilely overcome by surface diffusion and
requires kaglkizaiir > 10° to be regarded infinitely-fast — a condition we quantitatively
confirm by calculation of ensemble-specific diffusion reversibilities. Bonded “44" pairs
and unbound 44" ensembles are of identical occupancy and, therefore, are not naturally
distinguished by the second order truncation procedure; instead, the distinction between
these ensembles must be enforced by explicit prohibition of three-site ensembles which
isolate 4"

O p = Og_pry = Opr_yr_p= =0 [6.48]

161



Non-random ensemble constraints described by Eq. 6.48 effect configurational non-
idealities in the distribution of all other ensembles, as captured by second-order site

balances akin to first-order balances in Eq. 6.10

0ij = Oijk = Omij (6.49]
k=site m=site
occupants occupants

where k and m are indices over all single-site occupants. Diametric placement of k& and m
on either side of the ij pair gives distinct ensemble balances without analogy in zeroth- and

first-order methods. For example, Eq. 6.49 gives two distinct balances on A™—B" pairs

QA*_B* = Hm_A*_B* = HA*_u*_B* + QB*_A*_B* + 0*_A*_B*

m=site

occupants [6.50]

= HA*_A*_B*

which reduces to a single term per Eq. 6.48, and

HA*_B* — HA*_B*_k — HA*_B*_A* + HA*_B*_B* + HA*_B*_* [6 51]
k=sit ’
occupants

which retains three coverage terms — none of which appear in Eq. 6.50. In this way, the
second-order formalism describes two-site ensembles with spatial detail which (i) is lost in
<first-order truncation procedures and (ii) provides information critical to describing non-
random distribution and chemical dynamics of kinetically-relevant ensembles such as the
reactive A"—4"—B" configuration derived to be equal in population to the two-site 4—B"
pair (Eq. 6.50). Analogous second-order balance on 4"—* pairs gives G4+ = O4% 4+ from
which we derive a simplified balance on 64+ 4+, the total coverage of as-yet undistinguished

bonded and unbound A" pairs
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HA*_A* = Hm_A*_A* = HA*_B* + QA*—* + HA*_A*_A* [6 52]
m=sit ’
occupants

Eq. 6.52 provides a constraint on populations of all two-site 4"-containing ensembles,

motivating combination with the first-order balance

0*: 9*_ :9*_*+0*_*+0*_*
A E A" —k A"—-B A A"—A [6.53]
k=sit

occupants

Egs. 6.52 and 6.53 communicate distinct, complementary spatial information, the concert
of which reveals that the coverage of all 4"~4" ensembles is the sum of two terms

QA* QA*—A*—A*
0, .= Ay lAAA 6.54

each accounting for a chemically-distinct 44" pair. Eq. 6.54 is only derivable because of
the spatial detail captured by the second-order balance (Eq. 6.52) and makes clear that (i)
Ox44+ = Y504+ consistent with the stoichiometry of “AA4" species and (ii) Qaxa+ = Yo04x_ %4
because neighboring, unbound 4" must be members of distinct “44" adsorbates. From Eq.
6.54, the absolute lower bound on the coverage of all A"—4" ensembles is evidently (4+
A9)min = Ox44+ = 204+ corresponding to surfaces wherein no adsorbed analogs of A
neighbor one another. The two-site occupancy of “A44" species therefore prescribes an

absolute lower bound on the mean-field metric of A™—4" pairs

_ (HA*—A*)min 1
(a4 min = A [6.55]

which demands u4+4+ > 1 for 64+ < Y2 — excluding accuracy of the Hinshelwood
approximation (i.e. 1; = 1) even if surface diffusion of all adspecies is arbitrarily-fast. We
therefore surmise that there is no condition which permits reliable use of the zeroth-order

formalism to describe catalytic sequences involving >two-site-occupying surface
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intermediate(s) — as we demonstrate by comparison of zeroth-order (Table 6.6) and second-
order (Table 6.7) microkinetic models in what follows.

We report elementary step rates for select ensembles in Tables 7(A) and 7(B) which
provide a representative sample of the complexity and variety of rate terms retained in the

second order formalism.

Table 6.6: Langmuir-Hinshelwood rate equations for Horiuti-Polanyi reaction 4> + B> —
A2B

Langmuir-Hinshelwood

Step, i Axg ads. | Axgdes. | Bag) ads. Bo des. | reaction |A" diffusion |B*- B'diffusion

Rate, i | Ky aasPa,0] ka,aes02| KoyaasPs,0q k  aesO2+ | k0205 | Kaairr02-0. | Kpairr0s+0.
Ensemble-Specific Stoichiometric Coefficients

Vi) 2 -2 0 | o | -4 | 0 | 0

Vi p] No expligcit rat; unations.
ij — YiYj

Vifoorer] No explicit rate equations.

T Bijx = 000y

Rate equations for each ensemble and each elementary step are constructed by product of the fundamental

rate of the step (e.g. kBZ‘adSPBZHi for By(g) adsorption) and the corresponding ensemble-specific stoichiometric
coefficient (e.g. 2 for B" for By adsorption).

Table 6.7: Second-order rate equations for Horiuti-Polanyi reaction 4, + B> — A2B

A

Second-order

Step, i A ads. A des. B ads. B des.
Rate, r; kAz,adsPAZ 0._. kBZ,desgA*—A* sz,adsPBz O, kBZ,desgB*—B*
Ensemble-Specific Stoichiometric Coefficients
Via*] 2 -2 0 0
v [ ] 93*—*—* QB*_A*_A* QA*—*—* eA*_B*_B*
i,[A*—B* ) -_—— L
t 9*_* eA*_A* 9*_* 93*_3*
9*—*—* 9 A —x ,—k—k 9 *_B*—x
_2 o oA -4 _2 5 YB"-B
Vifemems] o B i O 6
pHTHRT 9*_*_* A= U 9*—*—* *—B*—x k%
—2 +22 At —2 +2- 2Bk
02, Oar— 404+ 02, Op-—_p+Op-—.

Rate equations for each ensemble and each elementary step are constructed by product of the fundamental
rate of the step (e.g. Kkp,qqPp,0++ for Bag adsorption) and the corresponding ensemble-specific
stoichiometric coefficient (e.g. O.»»+/@++ for A"~B" for Ba) adsorption).
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B)

Second-order

Step, i reaction A" diffusion B B diffusion
Rate, r; kg Ou_ar_p ko ifrOar—ar—« KpairrOp -«
Ensemble-Specific Stoichiometric Coefficients
Vi[a*] -4 0 0
QA*_B*_A* eB*_A*_A* eA*_*_B* eB*_A*_A* QA*_*_B* -_ QA*_B*_*
Vija-p| —1- - -
QA*_B* eA*_A* eA*_* eA*_A* eB*_*
9 *_ *_* 9 * *_x
/1 n A*-B A*—A \
QA* B* QA* A* HA*—A*—*BA*—*—* 93*_*_*9*_3*_*
0, 9. || 2 22—
v; 2 A" B —+VUB s« Op—a+ 04—+ O+
l'[*_*_*] | QA* B*QB*—* | _ 2 gA*—*—*g*—*—* _ 2 9*—*—*9B*—*—*
\ + 9A —A*— 9A —k—% / gA*—*g*—* 9*—*93*—*
BA*—A*OA*—*

Rate equations for each ensemble and each elementary step are constructed by product of the fundamental
rate of the step (e.g. kpgy;05=+ for B" diffusion) and the corresponding ensemble-specific stoichiometric
coefficient (e.g. [@x g+ — O% g+ /0« x for A"~B* for B* diffusion).

Figure 6.6 compares mean-field metrics, coverages, reaction orders, and degrees of rate
control calculated by the zeroth- and second-order microkinetic models as a function of
P4, using rate constants listed in Table 6.5. Surface diffusion of "AA” and B” is confirmed
to be infinitely-fast by calculation of ensemble-specific diffusion reversibilities — all of
which are unity — and by invariance of all kinetic parameters with increase to k4.4 or ks.aif.
Fig. 6.6(A) demonstrates infinitely-fast adsorbate diffusion is incapable of guaranteeing
ax—qx =1 for Axg) pressures sufficiently low to effect 84+ <2 (Fig. 6.6(B)). The second-
order formalism correctly captures the precipitous increase of u4+ 4+ as A° coverage is
decremented and intrinsic clustering of 44" compels supra-random A" aggregation.
Second-order calculations of z14+_4+ slightly exceed (t4%—4*)min = ¥204+"! because of the small

contribution of unbound 4°4" pairs.
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Figure 6.6: (A) Mean-field metric of A" pairs, a4+ calculated by Langmuir-
Hinshelwood (---) and second-order (---) formalisms and compared to the absolute lower
bound (tax—a*)min = (204%)"' (—) per Eq. 6.53. (B) Fractional coverage of 4™-occupied sites,
(C) reaction order in A2(g), and (D) degree of rate control of surface reaction calculated by
Langmuir-Hinshelwood (---) and second-order (---) formalisms. Calculations are of the
reaction network in Table 6.5 with Pg, = 1 bar.

Total coverages of A° fragments are profoundly overestimated by the Langmuir-
Hinshelwood model for P, <1 bar. The Hinshelwood approximation s+ = 1 becomes
increasingly poor as 04+ — 0 and, as a result, the rate of 4™ consumption 7 = ks,0.4+*0p is
underestimated — effecting an erroneous accumulation of 4™ species which, in actuality,

react rapidly because of the ensured proximity of a bonded 4™ species (i.e. “44" adspecies
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prescribe G4+ 4x_p+/O4+px = 1 # 64+). Invalidity of the 644+ p+/64+_p+ = 04+ approximation
is unresolved by surface diffusion at all coverages and, consequently, reaction orders in
Az and degrees of rate control of surface reaction are generally miscalculated by the
Langmuir-Hinshelwood method (Figs. 6.6(C) and 6.6(D)). In this way, the inability of
<first-order formalisms to inventory "4-4" bonds begets uncertainty in all kinetic
descriptors — despite the ostensible capacity of surface diffusion to randomize adsorbate
distribution. Intrinsic non-randomness conferred by “44" two-site occupancy cannot be
overcome by any set of rate parameters and is only reliably neglected on ~4A4"-saturated
surfaces which warrant 6+ 4+ p+/04+ g+ = 04+ = 1. We therefore caution against use of the
Langmuir-Hinshelwood formalism to describe any catalytic sequence mediated by multi-
site occupants and advocate efforts to develop and computationally implement higher-
order formalisms for general use in the description of catalytic surface reactions.

6.5 Discussion

In an effort to preempt misconception of the higher-order kinetic formalism described
in this work, we discuss and reiterate below a selection of key concepts related to the
definition of site ensembles and the scope and application of the presented kinetic
framework.

6.5.1 Definition of catalytic site ensembles

We define a site ensemble to be a collection of sites which (i) are contiguous and (ii)
each have a specified occupancy. A site ensemble is therefore identified by its connectivity
(i.e. size and shape) and composition (i.e. occupation of each site). For example, distinct

site ensembles 4™—4" and *—* are identical in connectivity and are distinguished by
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A -4
composition. Conversely, distinct site ensembles 4—4"—4" and | are identical in

*

A

composition and are distinguished by connectivity.

We stress that ensembles of disparate size and identical composition (i.e. * and *—*) do
not refer to distinct sites of different nuclearity or spatial extent. That is to say, * and *—*
do not refer, as an example, to atop and hollow sites, respectively. Ensembles of multiple
types of sites (e.g2. *uwp—"notiow) are not addressed in this work; however, we hope to
illustrate in future studies that the combined chemical and spatial specificity proffered by
the higher-order kinetic formalism we present herein is uniquely suited to describe the
dynamics of ensembles of multiple types of sites (e.g. on metal alloy catalysts (193, 194)).

6.5.2 Thermodynamic non-idealities: lateral adsorbate interactions

The primary development of this work is provision of a reliable method by which to
enumerate >two-site ensemble populations on any catalytic surface. Although we present
the mathematical framework in the context of Langmuirian surfaces and species,
Conditions (I)-(IlT) are not a pre-requisite of the described method. Hierarchical rate
equations constructed by enumeration and truncation of conditional probabilities may be
derived even if (i) the absorbent/catalytic surface contains an arbitrary distribution of an
arbitrary number of sites, (ii) each site can accommodate more than one occupant, or (iii)
adsorbed species energetically interact.

The incorporation of each of these non-idealities into higher-order descriptions requires
an increment in the amount of retained information and, therefore, an increment in the
number of independent variables. To explicate the capacity of the higher-order method to

account for such non-idealities — and the attendant increase in complexity — we detail
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inclusion of lateral adsorbate interactions into a first-order description of A desorption on
a 2D square lattice.

We introduce thermodynamic non-idealities by considering adjacent 4" species to
interact with energy €4+ 4+. For simplicity, we regard vacant sites and transition states as
non-interacting — a condition which is relaxed in a more general treatment of adsorbate
interactions in our recent work (/66). The kinetic consequences of 4—4" energetic
interactions are determined by (i) the polarity and strength of interaction, quantified by €4+
4%, and (i1) the frequency of interaction, quantified by 04+ 4+. An analytical treatment of
nearest-neighbor adsorbate interactions therefore requires reliable enumeration of 4™—A4"
pairs — as is achieved by the first-order method.

Previous attempts to analytically describe thermodynamic non-idealities rely on
approximations which, similarly to the Hinshelwood approximation, enable site-pair
populations to be expressed in terms of single-site coverages. The quasi-chemical
approximation (QCA) (33-35), for example, assumes the surface is energetically-
equilibrated and correspondingly applies the thermodynamic constraint

02 _,

o — p€ar—a*/kBT [6.58]
which, coupled to site and component balances, is sufficient to reduce the number of
independent ensembles to 5 — 4 = 1, meaning a microkinetic model only requires rate
equations for A" or *. The equilibrium condition in Eq. 6.58, however, is only applicable if
surface diffusion is infinitely-fast compared to catalysis and ensures the adsorbate
distribution energetically equilibrates. In this sense, QCA is a generalization of the

Hinshelwood approximation to thermodynamically non-ideal surfaces. A general

description of lateral adsorbate interactions requires G4+—4+ be retained as an independent
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variable and be described by ensemble-specific thermodynamically non-ideal rate
equations.

Consider, for example, desorption of 4" from a square lattice. The desorbing 4™ species
has m = 0, 1, 2, 3, or 4 nearest-neighboring 4" species. The number of 4"—4" pairs
eliminated by desorption affects the energy of the desorbing initial state relative to the
transition state and, therefore, alters the effective activation energy of desorption. The rate

of desorption with m neighboring 4™ species is therefore

mEA*_A*
Tdes{m} = Wdes,{m} X kgese kpT Hdes,m

[6.59]

where kqes 1s the thermodynamically-ideal desorption rate constant, ues,m is the coverage of
five-site desorptive configurations with exactly m neighboring 4™ species, and @des (m} iS
the multiplicity of five-site desorptive configurations with exactly m neighboring A"

species. For example, for m = 3,

36A*_A*
Tdes{3} = 4k gese keT @ A|*
o [6.60]
|
A*

where waes,;3; = 4 because the neighboring * site may be at any of the four positions
neighboring the central, desorbing A" species. The rate of desorption is a sum of terms
analogous to Eq. 6.60 for m = 0 to m = 4 which, after execution of the first-order truncation

procedure, gives

EA*_A* 4
HA*_A*e kT +0A*—*

Tdes = KaesOar 9
A*

[6.61]

The bracketed term compendiously captures the propensity of lateral adsorbate interactions

to affect the activation energy of desorption and is referred to in the following as 7 ues. The
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interaction term / 4 is a function of 84+_4+ and 64+ and therefore couples to rate equations

for two-site ensembles derived analogously to Eq. 6.61

ZHA*—A* 61;1:_‘4* 3

Tdes[A*—4"] = kaesBa [_9—3 BT Fdes] [6.62]

A*
Oy _ g+ Ear=a 04—, [6.63]

Tdes[A*—+] = kgesOa- [ 0, e ksT Fd3es - H_A*Fd3es]
20,-_. 6.64]
Tdes[A*—4"] = kgesOa+ [9— dges]
A*

where the bracketed terms in Eqgs. 6.62 — 6.64 entirely describe the non-ideal energetic and
spatial contributions pertinent to desorption with respect to each ensemble. Eqgs. 6.62 — 6.64
provide a rigorous description of the kinetic influence of A™—A4" nearest neighbor
interactions on Ag) desorption and include only one independent variable, &4+_4+, not found
in the thermodynamically-ideal case. Analogous first-order rate equations are readily
derived for any thermodynamically non-ideal one- or two-site elementary step — as is
detailed in our prior work (/66) — and provide an analytical method by which to reliably
account for both combinatorial and thermodynamic non-idealities.

6.5.3 Incorrect representation of multi-site elementary steps

We address a common misrepresentation of multi-site elementary step events to
prevent erroneous application of the first-order truncation procedure. Consider the surface
reaction of 4°~4" pairs adjacent to a vacant site

A*—A*—*—)Az(g)+*—*—* [6.65]
occurring with rate ky64+_4+— which, in the first order, is truncated in terms of one- and
two-site ensemble coverages. To ensure appropriate application of the truncation method,

we discourage writing this elementary step event as
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A" = A"+ %> Ay +x—* + * [6.66]
because this representation erroneously suggests the rate of the concerned event may be
written as ky64+—4+0+ per the law of mass action. This rate expression is incorrect because
(1) the event may equivalently be written as

A"+ A — x> Ay +x+x— [6.67]
giving rate ky-04x+04+ # kO 440+, and (i1) the coverage of the reacting three-site ensemble
is, in actuality, @44+ = O4+_4+04++/04 following the first order truncation procedure
detailed in Section 6.3.1.

The incorrect rate expressions which follow naturally from Egs. 6.66 and 6.67 highlight
the importance of writing multi-site elementary step events in terms of the entire
contiguous ensemble on which the event occurs — as in Eq. 6.65.

6.5.4 Relation of the described method to density functional theory (DFT)
calculations

We stress that this work does not provide an alternative to DFT methods for calculation
of elementary step kinetic parameters. Rather, the described methodology is
complementary to DFT and serves to improve upon mean-field microkinetic models
heretofore employed for the calculation of rates of composite reactions based on DFT-
determined initial-state and transition-state energies. DFT calculations provide identical
inputs for both higher-order and mean-field (e.g. Langmuir-Hinshelwood) microkinetic
models; however, compared to mean-field methods, the higher-order framework more
faithfully describes all relevant catalytic phenomena including, but not limited to, ensemble
site requirements of elementary steps and surface species, lateral adsorbate interactions,
and adsorbate surface diffusion. In this manner, the described formalism provides an

alternative to lattice-based kMC simulation — previously the only method capable of
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simultaneously capturing thermodynamic and combinatorial non-idealities in catalytic
surface reactions.

6.6 Conclusion

Multi-site requirements of elementary steps and/or surface species generally exclude
reliability of the Langmuir-Hinshelwood kinetic description which is predicated on a
random, uniform distribution of adspecies. Disparate site-size requirements and rates of
elementary steps fundamentally engender islanding/partitioning of adsorbates which
affects a ‘poorly mixed’ surface and profoundly influences all kinetic descriptors (e.g.
rates, selectivities, and activation energies). Poor ‘surface mixing’ is only rectified by
infinitely-fast surface diffusion if all adspecies occupy a single site; there is no physical
condition which generally guarantees validity of the Langmuir-Hinshelwood method to
describe catalysis of multi-site occupants (e.g. “C,H, in catalytic hydrogenolysis).

The catalytic consequences of (i) finitely-fast adsorbate diffusion, (i) multi-site
elementary step requirements, (iii) multi-site occupation of surface intermediates, and (iv)
lateral adsorbate interactions (i.e. thermodynamic non-idealities) are all incognizable to the
Langmuir-Hinshelwood formalism and are rigorously describable by higher-order kinetic
theories presented herein. Description of each of these non-ideal phenomena, (i)-(iv),
requires ensemble-specific rate terms which quantitatively capture the unique influence
each site ensemble exerts on each elementary step — and vice versa. Faithful kinetic
description of ensemble-specific, microscopically-reversible elementary step events
achieved by higher-order analytical methods proffers greater quantitative accuracy and
descriptive scope compared to zeroth-order, Langmuir-Hinshelwood methods. In
particular, first- and second-order descriptions examined herein reveal (i) relative

propagation of competing catalytic reaction paths is dictated by the coverage and biased
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distribution of prevalent site ensembles, (ii) a single elementary step can, counter-
intuitively, be both equilibrated and rate-determining, (iii) adsorbate islanding/partitioning
phenomena profoundly influence the physical interpretation of activation enthalpies and
entropies, and (iv) multi-site occupation of surface intermediates confers stringent
constraints on adsorbate coverage/distribution which is responsible for the Langmuir-
Hinshelwood formalism erroneously calculating non-physical quantities. These
observations affirm the need for higher-order analytical methods to generally describe
catalytic phenomena and provide an informative, quantitative framework for the kinetic
(re-)interpretation of all catalytic reactions proceeding via >two-site elementary steps

and/or surface species.
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7 A generalized Butler-Volmer equation and an equation for Tafel slope applicable
at all overpotential

7.1 Conspectus

We re-interpret prevalent kinetic descriptors (e.g. Tafel slope) and descriptions (e.g.
Butler-Volmer equation) of composite electrochemical reactions in the context of transition
state theory (TST) and the concept of elementary-step degree of rate control to formulate
a mathematical framework which (i) extends the scope of the Butler-Volmer equation
beyond the requirement of a single rate-determining step, (ii) explains the preponderance
of Tafel slopes of 120 mV/dec at large overpotential, (iii) quantitatively de-convolutes
anodic and cathodic contributions to Tafel slope at low overpotential, and (iv) prescribes
new methods to identify the kinetic-relevance of each elementary step directly from
measurement of reaction orders, surface coverages, and Tafel slope. The foundation of the
developed formalism is the construction of a TST rate function for the overall reaction,
rrst, Which, in a single equation, compendiously captures the kinetic and thermodynamic
relevance of each intervening half-step in a form entirely analogous to the TST description
of an elementary step. By applying the principle of microscopic reversibility to rgr, we
derive exactly the conditions which justify employ of the Butler-Volmer equation and, in
doing so, establish a simple method by which to simultaneously determine anodic and
cathodic transfer coefficients from a single measurement of net Tafel slope.

7.2 Significance

Kinetic and mechanistic assessment of electrochemical reactions is largely founded on
(1) the Butler-Volmer equation and (ii) interpretation of the dependency of rate, or current

density, on the applied potential — i.e. the Tafel slope. We demonstrate that the Butler-
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Volmer framework and commonly-employed relationships between the Tafel slope and the
identity of the rate-determining step are of prohibitively narrow scope. This work
establishes a transition-state-theory-based mathematical framework, general to
homogeneous and heterogeneous thermochemical and electrochemical reactions, which (i)
extends the descriptive scope of the Butler-Volmer equation, (ii) establishes a general
equation for Tafel slope applicable at all conditions, and (iii) prescribes new, quantitative
tools for kinetic study in low and high overpotential regimes.

7.3 Introduction

The net electrical current, J, generated by a reversible electrocatalytic reaction is a sum
of unidirectional anodic and cathodic contributions
J=Jat]c [7.1]
where, by convention, the anodic current, J,, is positive and the cathodic current, /., is
negative. Kinetic and mechanistic assessment of electrocatalytic composite reactions is

often founded on measurement of Tafel slopes

b, = oF [7.2]
“7a log10Ua) |
and
0E
b, = 73]

- 0logio(=Jo)
which quantify the influence of the applied potential, E, on directional currents and are
commonly measured sufficiently far from the equilibrium potential, Eg,, to ensure the
anodic or cathodic route dominates and, correspondingly, the net Tafel slope

0E

hp=—
dlogi0(J)

[7.4]
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is equal to b, or b, (195, 196). Tafel slopes measured as a function of overpotential, n =
E — Ecqm, are interpreted in the context of postulated reaction mechanisms to infer kinetic
relevance of constituent elementary steps and rationalize proposed rate expressions

commonly of the Butler-Volmer form

Ag€oN —QdceoN
) 7.5]

J = Jeqm (xae T —yxce keT
where kg is the Boltzmann constant, T' is thermodynamic temperature, Jeqp, 18 the anodic
and cathodic current at equilibrium, a, («.) is the anodic (cathodic) transfer coefficient,
and y, (x.) captures the functional dependence of the anodic (cathodic) current on

thermodynamic activities of reactants and products (/95—199). Electrochemical transfer

coefficients in Eq. 7.5 are essentially the inverse of unidirectional Tafel slopes

_kgT (0In(J,)\ _kgT (In(10)
%a = eo ( OE >_ ey ( b, ) 17.61
and
_ keT (3ln(=Jo)\ _ ksT (In(10)
aC:_e(,( OE >_e0< b, ) 771

only directly measurable under irreversible conditions such that either o, or a. is equal to

the net transfer coefficient

a

kgT <6 ln(l)> _ kT (ln(10)> [7.8]

€ 0E e b

Electrochemical transfer coefficients (a, a,, a.) are often preferred to Tafel slopes (b,

by, b.) in the assessment and construction of microkinetic models because of their non-

dimensionality and ostensible connections to elementary step symmetry factors, reaction

stoichiometry, and the identity of the rate-determining step. In particular, many
mechanistic investigations expound and employ the relation
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g = Brastras + 7/ Oras [7.9]
where y is the number of electrons transferred before the rate-determining step (rds) and
Bras, Nras» and g, 45 are, respectively, the symmetry factor, number of transferred electrons,
and the stoichiometric number of the rds (200-206). The cathodic transfer coefficient is
then determined by the stoichiometric constraint

acta,="g . [7.10]

where n is the number of electrons transferred in the overall composite reaction. Egs. 7.9-
7.10 have been derived heuristically by assignment of a single non-equilibrated step and
under the assumption of a bare surface, but the general veracity of both equations is, as-
yet, unconfirmed (203, 204). Indeed, the use of Eq. 7.9 for interpretation of Tafel slopes
measured at high overpotential appears to misidentify rate-determining steps and is unable
to explain the ubiquitous observation of b = 120 mV/dec, correspondent to a = %2 at
ambient temperature, for sufficiently large 7. Furthermore, as numerous studies have
discussed (204, 207-209), the felicity of the ubiquitous Butler-Volmer equation has only
been demonstrated for elementary steps — not for composite reaction sequences. The
uncertain descriptive scope of the Butler-Volmer framework (Eq. 7.5), Tafel slopes (Egs.
7.2-7.4), and transfer coefficients (Eqs. 7.6-7.10) compels derivation of (i) the criteria for
their applicability and (ii) a generalized mathematical formulation that codifies the
functional form of each in description of elementary (half-)steps and composite reaction
sequences alike.

This work establishes a novel framework for the description of electrochemical
reactions by re-interpreting the aforementioned canonical kinetic descriptors in terms of

transition state theory (TST) and the concept of degree of rate control (140, 172, 197, 210).
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The unification of these kinetic formalisms rigorously connects observable macrokinetic
descriptors (e.g. a) to the analogous elementary step descriptor (e.g. f) and consequently
reduces the complexity of composite reaction sequences to the simplicity of elementary
steps. Foundational to the mathematical framework we describe is the formulation of
transition-state-theory rate functions for the overall net, anodic, and cathodic reactions —
each of which takes a form respectively analogous to elementary step, anodic half-step,
and cathodic half-step rates (/72). These TST rate functions serve as a mathematical link
through which we extend fundamental theories of elementary step kinetics (e.g. the law of
mass action) and thermodynamics (e.g. the principle of microscopic reversibility) beyond
their strict domain of relevance (143, 172, 211, 212). Justifiably applying these principles
to composite reaction rate expressions, appropriately formulated as a function of all
constituent elementary steps, is critically enabling in (i) constructing a generalized TST-
form Butler-Volmer rate equation, (ii) proving Egs. 7.9 and 7.10 and the requisite
conditions for their validity, (iii) reconciling the ubiquity of b = 120 mV/dec at large
overpotential, for which Eq. 7.9 is proven invalid, and (iv) deriving mathematical
relationships which enable simultaneous determination of @, and a, at low overpotential.

Transition-state-theory rate functions, presented here in the context of the net rate (1),
are formally interpreted as a first-order Taylor series expansion of the composite reaction
rate in terms of rates of each elementary half-step, +i (Scheme 7.1). The derivative terms
of the Taylor series expansion are therefore

_(dlnr _ dinr
Si = olnry) \dnky; [7.11]
- Firl+j -

kxikyj
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referred to as the reaction sensitivity of the net rate with respect to half-step +i, for which
r4; and k,; are, respectively, the rate and rate constant (84, /40). In quantifying the kinetic
relevance of each half-step, reaction sensitivities are constrained by the elementary step

reversibility, Z;, per the principle of microscopic reversibility

r_i —S_;
Zi=—= [7.12]

Tyi S+i

While the quotient of half-step sensitivities is constrained by the salient thermodynamic
descriptor of an elementary step, Z;, the sum determines the salient kinetic descriptor of an

elementary step: Campbell’s kinetic degree of rate control

dlnr
X P = =S.:+S_:

j#i
where Gps; = Hps; — TSps; is the standard chemical free energy of the transition state
(TS) of step i and is the sum of enthalpic (H?S,l-) and entropic (—TS?SJ-) terms (84, 140);
we define chemical free energies in this work to be absent electrochemical terms that are
accounted for separately (i.e. by overpotential and symmetry factors). The kinetic degree
of rate control (Xg¢;) quantifies exactly the kinetic relevance (i.e. rate control) of each
elementary step i, or, equivalently, each transition state TS, I, and, in doing so, formalizes
the concept of a rate-determining step, for which Xpc,qs =1 and Xgcizrqs = 0. The
kinetic relevance of each species j is similarly quantified by the thermodynamic degree of

rate control

dinr
Xrrej E\ 57— = Z S+iV+ij [7.14]
T TNO=G /kaT)) s -

=i  *i

where we define v,;; to be negative for reactants and zero for products of half-step +i such

that the stoichiometric number of species j in step i is v;; = v4;; — v_; . Thermodynamic
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degrees of rate control are identical in magnitude to the macroscopic reaction order of

species j

dinr
¥ = <a I ai>a = —Xrre,j [7.15]
k*j

and thusly serve to (i) generalize the concept of reaction order to intermediates and surface
species and (i) codify the connection of reaction order to elementary half-step
stoichiometry (v4;;) and kinetic relevance (s+;) (84, 140).

In what follows, we leverage the microkinetic descriptors in Egs. 7.11-7.15 to derive a
generalized, TST-based description of rates of electrochemical reactions that (i) explains
the prevalence of cardinal Tafel slopes, (i1) generalizes the Butler-Volmer formalism, (iii)
provides new mathematical tools for the measurement and interpretation of
electrochemical kinetics, and (iv) formalizes the connection between macrokinetic
observables (e.g. Tafel slopes and reaction orders) and microkinetic descriptors. The
thermodynamic consistency of these connections is interrogated by the De Donder
formalism and the principle of microscopic reversibility to derive exactly the criteria that
permit (i) formulation of a Butler-Volmer form rate equation and (ii) employ of Eq. 7.9
and analogous relations for kinetic interpretation of electrochemical reactions.

7.4 Results and Discussion
7.4.1 Transition-state-theory formulation of composite electrochemical reactions

The transition-state-theory rate functions for elementary forward/anodic and
reverse/cathodic half-steps are
kT (60 45 1v,069)/kaT —y,,; Pirico(E-Erer)
— - i j ijGj J
Tei =€ A l_laj e kgT [7.16]
j
and
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kgT (g9 GO _ (BimDneg(E~Erer)
=T %e (GTSI#ZIV_UGJ' )/kBT 1_[ % e T [7.17]

j
where Gjo and a; are the standard state chemical free energy and thermodynamic activity of
species j, V4;; is the stoichiometric coefficient of species j in half-step +i, n; is the number
of electrons transferred in step i, and f§; is the symmetry factor of step i. The symmetry
factor, 0 < f3; <1, captures the influence of the electric potential, E, on the electrochemical
potential of transition state i and may be physically interpreted as the fraction of charge
transferred to (from) the electrode to form the transition state in the anodic (cathodic) half-
step (198, 204). The difference of half-step TST rates in Eqs. 7.16-7.17 yields the

elementary step rate function

k T AG’IQS,+i ﬁinieo(E—Eref)
L el B e o
= e B a. e B

[7.18]

(Bi—D)nieq(E=Erer)

— e_ kB’I’" | | a]._v_ij e kgT

where AGpsi; = Gps; + X V4G Choosing the reference condition (ref) to be an

equilibrium state with defined electric potential, temperature, and species activities allows

Eq. 7.18 to be recast in the form of the Butler-Volmer equation (Eq. 7.5)

a; Y+ Binjegn a; “V-ij  (Bi—Dniegn
Ti = Tieqm | | e ksT — | | e ksT [7.19]
i Qj.eqm j 4j,eqm

where 7; ¢qm 18 the unidirectional rate at equilibrium (i.e. the exchange rate). The analogous

presence of transfer coefficients in Eq. 7.5 and symmetry factors in Eq. 7.19 motivates
definition of elementary half-step transfer coefficients to codify the apparent consonance

of a, (a.) and B; (1 — B;). By analogy to Egs. 7.6-7.7, we define
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_ kgT (6 In n_,i> {,Bini for +i }
Xy = —|— = .

7 e 0E /g%, (Bi—Dn; for —i 17.20]

Eq. 7.20 in hand, we write generally elementary half-step rate constant functions
kT (6952 v.41;6§ - asieo (B~Erey)) (7.21]

kij=——e kT |
- h
and rate functions
Vi

reo=kee| [o 7.22]

which act, interchangeably, as the canonical independent variables in TST-based Taylor
expansion of net, forward, and reverse rates of composite reactions (i.e. reaction sensitivity
in Eq. 7.11 is equivalently defined as a derivative with respect to ry; or k;) (/40).
Hereinafter, we employ the definitions of k,; in Eq. 7.21 and ry; in Eq. 7.22 to (i) detail,
step-by-step, the construction of rrgr, the net TST rate function (remainder of Section
7.4.1), (i1) derive and utilize a new, general formulation of « in exclusive terms of 3;, n;,
Xgrc,i>» and Z; (Sections 7.4.2-7.4.3), and (ii1) demonstrate the necessity of unidirectional

TST rate functions (7rg7, Trsr) and correspondent unidirectional degrees of rate control

()? RC.i> X rc,i) to competently describe reversible electrochemical reactions — for which net
descriptors (e.g. ) are insufficient for mechanistic study (Section 7.4.4).

The TST-based Taylor series approximation of the net rate is formulated by expanding
Inr about a steady-state reaction condition X, which contains the steady-state species
activities, overpotential, reaction temperature, efc. Neglecting >second-order terms, In 7 in

the vicinity of X is
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dinr
Inr=Inrpgy =Inr|y + Z inre - (ln Ty — In Tiilx) [7.23]
+i - +i j

where rr¢r 1s defined to be the first-order Taylor series approximation to the exact,
complete rate function r and, by virtue of its method of construction, r¢7 is equal to r and
all first derivatives of r at condition X — as is illustrated in Scheme 7.1.

Substituting the definition of reaction sensitivity (Eq. 7.11) and separating vector

(In7y;) and scalar (In ry; | X) terms, we have

Inrrgr =Inr|y + z Syilnry; — Z St In Tiilx [7.24]

+i +i
which, via exponentiation, we convert from a sum to product
-1
S+i S+i
st =Tlx X | |Tiflx<| |TJ_r{L|X> [7.25]
+i +i
Collecting the scalar terms, we find that the rate of a composite reaction is, in essence, a

sensitivity-weighted geometric average of the rates of all constituent half-steps

Sti
Trst = Kapp H T [7.26]

+i
_ S+i _1. . .
where Kqp, = 7lx (Hiirii |X) is a scalar quantity between zero and unity formally

interpreted as the apparent TST transmission coefficient of the composite reaction — as
detailed by Foley and Bhan (740).

Scheme 7.1: Depiction of the relationship between r and the first-order Taylor
approximation rrgr
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Taylor expansion of r about the condition X gives the first-order Taylor series TST rate function ryg; which
is identical to r in the vicinity of X such that all first derivatives of r and 7 are equal at condition X. First
derivatives, s4;, are defined in Eq. 7.11.

The general expression of reaction rate in explicit terms of 7; enables formulation of
rrsr in a form identical to that of an elementary step. Substituting elementary half-step

TST rates per Egs. 7.21 and 7.22 into Eq. 7.26 gives

rrst

XS+i

kB_T> [7.27]

_ _Zsii<67qsi+2jViijG](')_“iieO(E_Eref))/kBT —XS1iViij
=K e ' a,
app \ 7,

J
J

which is simplified by recognizing reaction sensitivities sum to unity, as proven by Foley

and Bhan (/40), and by substituting kinetic (Eq. 7.13) and thermodynamic (Eq. 7.14)

degrees of rate control

a ¥TRCI 1728

0 0
kBT (ZXRC,iGTS,i"'ZXTRC,jGj) Zsiiaiieo(E—Eref)
H J

TrsT = Kapp —— € kT e kgT
j
where G app = X Xre,i Grs; and Gisgpp = — % Xrpe,j G define the apparent rate-
controlling transition state and initial state such that the overall reaction sequence behaves
as if it were a single elementary step with initial state energy — Y, Xrgc ; G]-0 and transition

state energy ) Xpci G?S,i. In this sense, Eq. 7.27 codifies the kinetic interpretation of the

overall reaction as a single apparent elementary step which is a weighted-average of all
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constituent steps — the contribution of each quantified by elementary half-step reaction
sensitivities. This interpretation, established for thermochemical systems (/40), is yet to be
realized for electrochemical reactions, which are distinguished by the electronic driving
force, 17, moderated by Y} s4; a4;.

7.4.2 Electrochemical transfer coefficient: Relationship to elementary step kinetics
and thermodynamics

We rigorously interpret a as the sensitivity-weighted average of elementary half-step
transfer coefficients by applying the general definition of the transfer coefficient (Eq. 7.8)

to Eq. 7.28

kgT (0 In()) kgT (0 In(rrgr)
* eo ( oE >: eo ( oFE >:zsﬂ Ei 17.291
and, in doing so, facilitate the construction of a general expression for a that
compendiously synthesizes the kinetic and thermodynamic/stoichiometric contributions of
each elementary (half-)step to the observed Tafel slope (Scheme 7.2). The general

formulation of @, in a form more intuitive and explicative than Eq. 7.29, is derived by

substitution of elementary step symmetry factors for ay; via Eq. 7..20

a= Z SyiBing + Z s_i(Bi — Dny [7.30]

+i

and simplifying to a single sum by re-expressing s_; as —s,;Z; via Eq. 7.12

a= Z sy (Bi(1 = 2Z) + Z;) [7.31]

+i
Now, to write « in terms of steps rather than half-steps, we combine Eqgs. 7.12 and 7.13 to

substitute Xpc; = s4;(1 — Z;) and find
Zi
a= Z Xre,iMi (.Bi + 1—_Zl> [7.32]
l
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which quantifies a in explicit terms of stoichiometry (n;), symmetry factors (f;), and the
salient kinetic (Xg¢ ;) and thermodynamic (Z;) descriptors of elementary steps.

We regard Eq. 7.32 as a mathematically- and physically-edifying construal of «
competent for generic application to any reaction network or overpotential regime — as
we illustrate hereinafter and summarize in Scheme 7.2. The formulation of « as a function
of Z; in Eq. 7.32, for example, is unprecedented and essential to (i) proof of Eq. 7.9 on a
bare surface and with a single non-equilibrated elementary step (Section E.1.1), (ii)
disproof of Eq. 7.9 if kinetically-irrelevant steps are not equilibrated (Section E.1.2) and
(ii1)) demonstration that the consistent observation of b =~ 120 mV/dec at large
overpotential is independent of the identity of the rate-determining step and is
fundamentally caused by elementary step irreversibility — not by coverage effects, as is
often suggested (203, 208, 213-216).

Scheme 7.2: General and case-specific expressions for a

General ¢
v Z
Low overpotential a= Z Xreimi| B+ 17— ) (Eq. 32) Large overpotential
—nFn i ¢

ne RT
g =a ——— (EQ.57) \l' a= Z Xpeibi ~ 1/, (Eq. 34)
L—e RT Moderate overpotential i
ac=n—-a, (Eq.10) W/ Xre ras = 1: Zicras =1 since f; = 1/,, and ¥; Xpc,; = 1
14
a = Brashras + (Eq. 9)
Ords

Egs. 7.32, 7.34, 7.57 are derived herein for the first time. Eqgs. 7.9 and 7.10 are established results, proven
herein from the general expression for @, Eq. 7.32. “Low overpotential” results are subject to the condition
that g; = 1 for all steps i.

7.4.3 Electrochemical transfer coefficient: Universal convergence to 2 at large
overpotential

Decades of experimental study of electrochemical kinetics has established, but not

unambiguously explained, the preponderance of Tafel slopes near 120 mV/dec at large
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overpotential (2/6-221). Thorough theoretical investigation of electrocatalytic reactions
such as oxygen reduction/evolution (ORR/OER) (203, 208, 215), chlorine evolution (CER)
(205), and hydrogen evolution/oxidation (HER/HOR) (208, 216) have all affirmed these
experimental observations and demonstrated, through use of detailed (micro-)kinetic
models, that a appears to converge to %2 at large anodic and cathodic overpotential,
irrespective of the identity of the rate-determining step. Indeed, seminal work from
Takanabe and co-workers (208) demonstrates that, regardless of the kinetic-relevance of
electrochemical elementary steps, the Tafel slopes of HER/HOR and ORR/OER
consistently converge to 120 mV/dec for sufficiently large overpotential, provided
chemical steps (e.g. 2H* = H, + 2 ) are kinetically-irrelevant. In other words, the
distribution of rate control between electrochemical steps has no effect on the Tafel slope.
This result is in evident disagreement with Eq. 7.9 — a discrepancy commonly attributed
to changes in surface coverage (203, 208, 213-216).

We contend that, while coverages appreciably change at large overpotential, the
fundamental reason for the (i) breakdown of Eq. 7.9 and (ii) preponderance of b =
120 mV /dec is that large 7 compels irreversibility of all electrochemical elementary steps.
The application of overpotential drives the thermodynamic affinity, or equilibrium constant
(K; = k4i/k_;), of each step by (60mV/dec)™* = 17 dec/V — meaning n = 1V
biases, in unison, all electrochemical steps to such an extent that the (quasi-)equilibrium
approximation is physically unreasonable. Consider, for example, two kinetically-facile
steps in series, R~ + I &I, +e~ and R™ + 1, & I3 +e~, that precede the rate-
determining step at n = 1V and, as is convention, are assumed equilibrated. Since both

steps are, by definition, equilibrated at n = 0V, the ratio 6;:/6;: at n = 1V must
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increase relative to that at n = 0V by a factor of (17 dec/V) - 1V - 2 = 103* —a
variation correspondent to one molecule of I for every ten billion moles of I5. We regard
such a condition as infeasible and indicative of the necessary irreversibility of
electrochemical elementary steps.

We explicate the compulsory convergence of @ =~ % for sufficiently large n by
leveraging the general formulation of a in terms of degrees of rate control and

reversibilities (Eq. 7.32) under the condition that Z; << 1 for all i
a = ZXRc,iniﬂi [7.33]
i

We highlight that the simplification of a solely in terms of Xz ;, n;, and f; is only possible
because of the rigorous connection of kinetic and thermodynamic information provided by
reaction sensitivities (i.e. Z; = —s_;/sy; per Eq. 7.12) which enables unambiguous
deconvolution of the distinct additive contributions of B; and Z;(1 — Z;)~1. Eq. 7.33 is
further simplified by assuming all kinetically-relevant steps are electrochemical (i.e.
Xgrci = 0 for all i such that n; = 0) and all electrochemical steps involve transfer of a
single electron (i.e. n; =1 for all n; # 0) since concerted multi-electron transfer is

improbable (/98). Now, we have

@ = Xpcibh [7.34]
i
and, since symmetry factors are typically ~% and X;Xpc; = 1,

a~ 1/ZZXRC,i =1/, 7.35)
i

demonstrating that large overpotential invariably compels Tafel slopes near 120 mV/dec

regardless of the identity of rate-controlling step(s) simply because f; = Y2 and Z; < 1.
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We reinforce our contention that irreversibility is the fundamental cause of @ =~ % at
large overpotential by deriving, simply from Z; < 1, the appreciation in intermediate
surface coverages often attributed as the reason for invalidity of Eq. 7.9. To do so, we again
leverage s.;-based connections between macrokinetic observables and microkinetic
descriptors. In particular, if all elementary steps involve at most one surface intermediate,

then —Xrgc j- is equal to the coverage of surface species j*

9]-* = _XTRC,j* = _Zsiiviij [7.36]

+i
as proven by Foley and Bhan (/40). Under the condition that Z; << 1, we have s_; =
—Z;sy; = 0 per Eq. 7.12 and Xg.; = s4; + s_; = s4; per Eq. 7.13. Therefore, Eq. 7.36

simplifies to
0 = — Z XRe,iVaij [7.37]
i

where v,;; = 0 or — 1 per the aforementioned condition that all elementary steps involve
at most one adspecies. Eq. 7.37 reveals that the condition of irreversibility throughout a
reaction sequence necessitates a surface wherein coverages of all adspecies are simply
equal to the sum of the degrees of rate control of steps which consume them. Thus, if all
steps are irreversible and there is a single rds, then the surface species reacting in the rds
will be the most abundant surface intermediate (MASI) — rationalizing consistent
observation of the precipitous increase in kinetically-relevant surface intermediate
coverage at large overpotential (203, 208, 216, 220, 222, 223). Derivation of these surface
dynamics simply from the condition Z; < 1 demonstrates that ‘coverage effects’ are not

the fundamental reason for inappropriateness of Eq. 7.9 at large overpotential; rather, both

190



a = Y5 per Eq. 7.35 and Oy45; = Xpcras = 1 per Eq. 7.37 are direct consequences of Z; <
1 induced by increasing 7.

In the following, we explicate the felicity of Eqgs. 7.35 and 7.37 to describe and predict
trends in Tafel slope, surface coverage, and X, with overpotential by examination of a
simple, familiar mechanism for the hydrogen oxidation reaction (HOR).

7.4.4 Case Study I: Hydrogen oxidation reaction (HOR) in alkaline media

Consider the two-step Heyrovsky-Volmer mechanism in Table 7.1 wherein (i) H,
dissociatively adsorbs on a vacant site, *, with assistance from OH~ anions (Heyrovsky
step) and, subsequently, (ii) the adsorbed H™ is recovered by OH™~ to form product H,0 and
complete the catalytic cycle (Volmer step) (208). The exact, closed-form steady-state rate
expression for the two-step HOR is

2 2
kiikiz2apn-ay, —k_1k_2aq,o

r= [7.38]
kiiaou-ap, + k_1ay,0 + kizaou- + k_zap,0
with n-dependent rate constants referenced to n = 0 V such that
ati€oN
ki, = ke ksT [7.39]

with kii and symmetry factors listed in Table 7.1. Closed-form expressions for surface
coverages and elementary step reversibilities are also readily derivable and are provided in
Section E.2.

Rate constants are chosen such that HOR is equilibrated at zero overpotential and the
Heyrovsky step is expected to be equilibrated since k_; > k,,. Conventional
interpretation of this mechanism therefore posits that the Volmer step is rate-determining

and that the transfer coefficient is, per Eq. 7.9, @ = B, + n; = 2, correspondent to b =

Y -1 \ : S .
(60 %) . G) = 40 %. This analysis is indeed correct at moderate overpotential;
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however, as we detail in the following, n = 0.4 V promotes anodic half-steps to such an
extent that (i) the quasi-equilibrium (QE) approximation for step 1 is inappropriate, (ii)
a = Y irrespective of the distribution of rate control, and (ii1) 8, = Xg¢ 1 and Oy« = Xpc 2
per Eq. 7.37.

Table 7.1: Heyrovsky-Volmer hydrogen oxidation reaction (HOR) mechanism

# Step Rate constants @ n =0V  Symmetry factor
1 Hy+ OH +x= H*+H,0+e~ k% =1, k% =10° Br=%
2 H*+ OH = H,0+* +e” kS, =3, k% =3-107° B, =%

kgi is half-step rate constant k,; at n = 0 V. Thermodynamic activities of fluid-phase
species are agy- = ay, = ay,o = 1 for simplicity.

Figure 7.1 shows rates (r), reversibilities (Z; and Z,), coverages (6, and 8y+), and
degrees of rate control (Xg¢ 1 and Xg¢ ;) of the HOR mechanism summarized in Table 1.
Atn = 0V, the surface is bare and the reaction is at equilibrium, evidenced by r — 0 and
Z; = Z, = 1. With modest increase to overpotential, step 2 becomes irreversible (Z, = 0)
and is rate-determining (X, = 1) while step 1 remains equilibrated (Z; = 1) and vacant
sites remain the MASI (6, = 1). Indeed, throughout the moderate overpotential range
0.05V <1 <0.25V, reversibilities, coverages, and degrees of rate control entirely
conform with the aforementioned conventional kinetic interpretation, and Eq. 7.9 correctly
predicts the observed Tafel slope 40 mV/dec. Beyond n = 0.25 V, however, step 1 de-
equilibrates and, for 1 > 0.45V, is impelled to irreversibility by the profound
thermodynamic bias manifest in anodic/forward rate constants incremented by 17 dec/V -
0.45V = 107° relative to reverse/cathodic rate constants. In this irreversible regime, the

rate control of each step is determined solely by forward rate constants and, therefore,

192



K2

X = — 4
Rl T T R [7.40]
and
ki1
XRC,Z —_ m [7.41]

which are respectively (i) % and % per k9, in Table 1 and (ii) equal to 6, and 6+ per Eq.

7.37 — as is evident in Fig. 7.1B (see Section E.2 for derivation of Eqgs. 7.40-7.41).
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Figure 7.1: (A) Left: Rate (r) as a function of overpotential. Tafel slopes indicated in
moderate and high overpotential regimes are respectively described by Eq. 7.9 and Eq.
7.35. Right: Elementary step reversibilities (Z;) as a function of overpotential. (B)
Elementary step degrees of rate control (Xg( ;) and surface coverages (6;-) as a function of
overpotential. Congruence between blue- and red-colored lines in the high overpotential
regime is predicted by Eq. 7.37.

The equality of Xgc; and Xgc, with 6, and 8y~ evinces Eq. 7.37 and thusly verifies
that changes in adsorbate coverage at large overpotential are a consequence of elementary
step irreversibility and not the fundamental cause of error in Eq. 7.9. The change in Tafel
slope from 40 mV/dec to 120 mV/dec illustrated in Fig. 7.1A plainly coincides with de-
equilibration of step 1 in full accord with Eq. 7.35, which, for the HOR reaction, takes the

particular form

ki1f1+kiof
a =) Kecbm == [7.421
+ +
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per Xgc; from Eqgs. 7.40-7.41. Since f; = f, = Y% in this example, a will equal always
Y for any Xpcq1 and Xpc, — exemplifying the constancy of cardinal Tafel slope b ~
120 mV/dec at large overpotential, which cannot be used to infer X ; unless symmetry
factors of candidate rate-determining steps are distinct and known a priori. This result
decidedly explains the consistent observation of transition in Tafel slope at sufficient
overpotential from b < 60 mV/dec — indicating one or more QE steps preceding the rds
—to b = 120 mV/dec (205, 208, 213, 215-221). In this kinetic regime, @ = (m — 1) +
% no longer indicates that the m‘" electron transfer is rate-determining per Eq. 7.9 and,
therefore, new mathematical tools must be relied upon for mechanistic analysis.

We purport that Eq. 7.37, established herein for the first time, motivates an alternative
method to interrogate candidate rate-determining steps at high overpotential simply by
measurement of intermediate surface coverages, which rigorously reflect the kinetic
control of constituent steps (e.g. 8y« = Xgc 2). This formalized connection between 6;+ and
XRrc,; epitomizes the mathematical clarity and kinetic insight proffered by interpretation of
electrochemical reactions in terms of rygr and reaction sensitivities, and, we contend,
corroborates the mechanistic utility of our approach.

In what follows, we extend our mathematical framework to low overpotential regimes
wherein all steps exhibit finite reversibility (e.g. n < 0.05V in Fig. 7.1) and, therefore,
observed Tafel slopes conflate anodic and cathodic reaction paths — necessitating
simultaneous quantification of @, and «, for virtuous kinetic and mechanistic assessment.
To this end, we detail new mathematical tools that unify the Butler-Volmer equation with
transition state theory and unidirectional degrees of rate control (i.e. degrees of rate control

of J, or J.). In doing so, we prescribe new methods to quantitatively de-convolute anodic
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and cathodic contributions to all macrokinetic observables —including rate, reaction order,
and Tafel slope — solely from kinetic measurements of the net current, /, at low
overpotential.

7.4.5 Electrochemical transfer coefficient: Relationship to the Butler-Volmer
equation at low overpotential

We detail the construction of a generalized Butler-Volmer TST-form rate equation
(rgv—rs7) by scrutinizing #rgy and rgr, derivations of which are detailed in Section E.3

and follow an identical procedure to that for g7, yielding

kT (Z)?RC,iG7QS,i+Z)?TRC,jG]Q) deg(E—Eref) 3

5 R —XTRC,j

rsT = Kapp = —€ k5T e kBT | | a ! [7.43]
J

which mirrors #ygr, omitted for brevity. The unidirectional degrees of rate control ()? RC,i>

)?TRC, ;) and transfer coefficients (&) which parameterize Eq. 7.43 are defined in terms of
unidirectional reaction sensitivities

., _[dn7T _ [ 9ln?
Sti = dlnry) \dlnk,; [7.44]
- Fiol +j -

kxiksj

which, per the principle of microscopic reversibility, are constrained, not by Eq. 7.12, but

_ Sti = ZeppSti
S =————

[7.45]
1 - Zeff

where Z,¢¢ = 7 /7 is the thermodynamic descriptor of the composite reaction akin to Z; =
r_;/ry; for elementary steps (95, 172). Eq. 7.45 establishes a quantitative relationship
between unidirectional, elementary half-step kinetic descriptors (S4;, S4+;) and the salient
thermodynamic measure of the overall reaction sequence (Z.sr) which has, heretofore,
been unrecognized in the context of electrochemical reactions and is crucial to re-

expressing « in terms of
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i = z 3y = g [7.46]

and

&= Z Spidu; = —a, [7.47]
where the negative sign in Eq. 7.47 derives from the convention of defining both anodic
(ay) and cathodic (a.) transfer coefficients to be positive. The definition of a, and a, in
terms of unidirectional reaction sensitivities Sy; and Sy; is essential; @, and a. are
fundamentally unidirectional descriptors and, therefore, cannot be faithfully described by
net descriptors (i.e. S4; and X(ryg¢,;) alone unless the reaction is irreversible and a equals
a, or a, — as is the case for 7 > 50 mV in Case Study I and in recent applications of
degree of rate control to electrochemical reactions (197, 210).

By leveraging connections between kinetics and thermodynamics, however, we can
recast a, and a. in terms of a through the process of constructing rz,_r and validating
Eq. 7.10 (i.e. a, + a. = n/o,45)- To do so, we evoke the De Donder equation for a

composite reaction sequence in the context of the unidirectional TST rate functions

Trsr
5 = LZesr = Hzi [7.48]
rrst i

Zesr 1s, in general, a complex function of reactant, product, intermediate, and transition
state activities (95, /72) and is only a purely thermodynamic, path-independent entity if (i)
there exists a single non-equilibrated, rate-determining step such that all path-dependence
is captured by 0,45 or (ii) the stoichiometric number of each step in the reaction is unity
such that o,5; = 1 unequivocally. We discuss construction of rg,_r from the first
condition in Section E.4 and consider hereinafter only the case of stoichiometric regularity

(i.e. o; = 1 for all i) — which is more decidable than the case of a sole non-equilibrated
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step and is applicable for many reactions of interest (e.g. ORR/OER (200, 203, 208), CER
(206, 222), HER/HOR (208, 216, 217, 219, 224), CO oxidation (225, 226) and reduction
(227, 228), and CO» reduction (229, 230)).

If the stoichiometric number of all steps is unity, Z,r; can be written exclusively in
terms of measurable quantities: the applied overpotential (7), thermodynamic activity of
reactants and products (a;), reaction stoichiometry (vj, n), and standard state free energy
change of the overall reaction (AG?)

Trst I1; a;'/j

AG® — ne
o)

_ [7.49]
rrst

The right-hand side of Eq. 7.49 is a path-independent, thermodynamic entity and, crucially,
has no dependence on intermediates and transition states. Therefore, the left-hand side,
which is an identical function (/72), must not have any dependence on intermediate or
transition state energies and must have a dependence on a; and n which is identical to that
of the right-hand side. Substituting the full functional form of #rgr and ¥rgr (Eq. 7.43), we
find that requisite functional equivalence of the left- and right-hand sides of Eq. 7.49
implies
X)RC,L' = )?RC,L' = Xrc,i [7.50]
)?TRC,m = )?TRC,m = Xrrem for intermediates m [7.51]
since the functional dependence of 7ygr and Trgp on intermediates and transition states

must be identical, and

)?TRC,,( - )?TRC,k = v, for reactants and products k [7.52]

i—a=n [7.53]



the latter being equivalent to Eq. 7.10 with o,.45 trivially equal to unity since g; = 1 for
each step. The substitution of #rgr and gy (Eq. 7.43) into Eq. 7.49 and the observations
therefrom are detailed in Section E.4.

We interpret Eqgs. 7.50-53 as the mathematical manifestations of the principles of
microscopic reversibility and mass action extended to reversible composite reaction
sequences which behave, kinetically and thermodynamically, akin to elementary steps.
That is to say (i) that X RCi = X rc,i (Eq. 7.50) codifies the requirement that the forward and

. . .o 4 s
reverse routes are the microscopic reverse of one another, and (ii) that Xrrcm = Xrrem

(Eq. 7.51) and X TRCKk — )?TRC',( = v, (Eq. 7.52) codify the equivalence of stoichiometric
coefficients and unidirectional reaction orders prescribed by the law of mass action. We
emphasize that the extension of these elementary step principles to composite reactions is
not generally appropriate; without the condition of stoichiometric regularity, X RCi F X RC.i
and the overall forward and reverse reactions are not microscopically reversible, but, rather,
proceed via kinetically-distinct paths with distinct apparent transition states
(i.e.X Xpci Gosi # X Xrei G25;) (172). Only with the simplifications proffered by
elementary step behavior (Egs. 7.50-7.53) can the difference between #rgr and 7ygr be
written in the Butler-Volmer form

@eon Yk XTRCKGK @eon  XjXTRCKGk
Tgy—rst = Kpy—_rsr |e*BT e kpT —eksTe kpT [7.54]

where G, = Gp + kgT In(ay) and the Butler-Volmer rate constant is

0
kT YiXRrc,iGrsi YmXTRCmMGm
kBT e kBT [7‘55]

-

kgy_rsr = Kapp n e
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which is condition-dependent, unlike the elementary step analogue 7,4, (Eq. 7.19). Indeed,
the functional forms of Eqgs. 7.54 and 7.55 illustrate that, despite the simplifications
conferred by Egs. 7.50-7.53, Butler-Volmer rate constants, reaction orders, and transfer
coefficients of composite reactions are all complex functions of the net (s4;), anodic (54;),
and/or cathodic (54;) kinetic control of each elementary half-step and, therefore, cannot be
considered constant parameters in the fitting or interpretation of experimental data. The
combination of Egs. 7.52 and 7.53 with the thermodynamic constraint on §4; and 54; in

Eq. 7.45 does, however, submit a quantitative method by which to extract kinetic

information by the identification of a, and a, (‘I—jj and ‘I‘7j) simply from measurement of «

(¥j) and n
- v;iZ — V;
Y. = ._f—eff; 170 |/ B 7.56
j I T 1= Z,, j T 127, [7.56]
. NZess . n
a=0C0—"F7T, 0a=0—FTF7F 7.57
—neon

where Z,rr = e *BT with judicious choice of equilibrium reference state. We contend that
the clarification of the interrelation of reaction kinetics and thermodynamics evident in
Egs. 7.56-7.57 exemplifies the descriptive potence of formulating reversible
electrochemical reactions in terms of Sy; and §4; and is eminently useful in mechanistic
study — as we illustrate by re-examination of the hydrogen oxidation reaction at low
overpotential.

7.4.6 Case Study II: Hydrogen oxidation reaction (HOR) in alkaline media revisited

Consider again the two-step Heyrovsky-Volmer HOR mechanism (Table 7.1). In the

overpotential regime |n| <30 mV, both anodic and cathodic currents appreciably
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contribute to J and, consequently, the net transfer coefficient («) conflates a, and a, —
proscribing mechanistic interpretation of a detailed in Case Study I, in which the overall
hydrogen oxidation reaction is irreversible (i.e. Z,rf = Z1Z, < 1 for n > 50 mV).
Competent mechanistic study of HOR at low overpotential therefore requires a robust
method by which to quantify and interpret a, and a, to facilitate the identification of rate-
controlling step(s). The quantification of unidirectional transfer coefficients and reaction
orders pertinent to HOR follows directly from Eqgs. 7.56-7.57 which, at a known
overpotential, quantifies a, directly from a and quantifies lTJ)HZ directly from ¥;. To extract
the rate-controlling character of the Heyrovsky and Volmer steps from these unidirectional
descriptors, we derive, from the framework detailed in Section 7.4.4, simple mathematical
expressions that specify the relationship between a,, X, and macroscopically-observable
reaction orders and surface coverages.

We derive a case-specific expression for a, in terms of X, by first recalling the
definition of a, as a forward sensitivity weighted average of half-step transfer coefficients

(Eq. 7.46) which, in terms of symmetry factors, is

aq = Z(gi +5_)Bin; — z S_iny [7.58]
Since the stoichiometric number of each step in the HOR mechanism is unity, S; + S_; =

Xgrc,i per Eq. 7.50, and

Ag = Z Xrc,iBin; — Z S_in;
= ]/2 - (§_1 + §_2) [7.59]

where f; = f, = Y2and n; = n, = 1.
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Without a thermodynamic constraint on S_; akin to Eq. 7.12, we must simplify Eq. 7.59
by relating S_; to observable kinetic descriptors — namely the reaction order of H, and

surface coverage of H*. From the definition of the forward reaction order, analogous to

Eqgs. 7.14-7.15, we have

Py, = - Z St+iVain, = S41 [7.60]
which, upon rearrangement, gives
§.1= Xpca — ¥y, [7.61]
quantifying §_; in terms of macrokinetic observables (‘?’1,2) and the desired microkinetic
information (Xg¢ ). We derive an analogous expression for 5_, by writing 6+ in terms of

forward reaction sensitivities via the definition of —Xrgc g+

Oy = _)_()TRC,H* = _Z StiVin®
=5_1+5, [7.62]
Substituting a combination of Eq. 7.61,5_, = Xpc 2 — S42, and Xpe, = 1 — Xp¢ 4 into Eq.
7.62 with judicious rearrangement gives
§,=1-¥, — 0y [7.63]
which, in conjunction with §_; per Eq. 7.61 and a per Eq. 7.59 enables quantification of
the degree of rate control of step 1
Xpeqr = 2%y, + Oy — g — ¥ [7.64]
thereby prescribing a method to identify the rate-determining character of the Heyrovsky
step (Xgc,1) and Volmer step (Xgc, = 1 — Xpc 1) directly from measurement of Tafel

slope, reaction order, and surface coverage.
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Figure 7.2: (A) Forward/anodic transfer coefficient (a,), forward/anodic reaction order in
H; (Phyfwa = @;,2), and surface coverage of H* (@) as a function of overpotential. (B)
Degree of rate control of step 1 (Xg¢ 1) calculated directly (Eq. 7.13) and predicted by Eq.

7.64 (Xpc1 = 2@},2 + Oy~ — a, — %2) color-coded in the legend of (B) to indicate
correspondence to (A).

Figure 7.2 shows the anodic/forward transfer coefficient («,), anodic/forward reaction
order in H, (l_ﬁHz)’ surface coverage of H* (8y+), and degree of rate control of step 1 for the
HOR mechanism with Table 1 with cathodic half-step rate constants k%, = 10* and k2, =
3-107? respectively decremented and incremented by a factor of 10* relative to Case
Study I. We adjust rate constants in Case Study II to demonstrate the utility of Eq. 7.64 to
elucidate Xpc; and Xgpc, which are both non-zero and which vary within the low
overpotential regime |n| <30mV. As Figure 7.2A illustrates, the unidirectional

descriptors a, and l_ﬁHz are well-behaved (i.e. are finite and continuous) and take values

which are familiar and suitable for intuitive interpretation (e.g. l_ﬁHz ~ 1 accurately
suggests 6, > 6y-). Net descriptors @ and Wy, , on the other hand, diverge to infinite values
in the range || < 30 mV and, therefore, are difficult to interpret physically (see Section
E.5). The disparate behavior of net and unidirectional descriptors for reactants/products
(e.g. H, and e™) is absent for intermediates and transition states which, per the principle of

microscopic reversibility, must exert identical kinetic and thermodynamic control on the
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anodic and cathodic reaction routes. Consequently, —)?TRC,H* = —Xrrcy* = Oy+ and
X rc1 = Xrc1 — both of which are critically enabling in prediction of degrees of rate
control directly from «, @HZ, and 6+ (Fig. 7.2B); without the condition —)?TRC,H* = Oy,

for example, surface coverages cannot be related to a, and Wy, in any manner both
rigorous and practical.

7.5 Conclusion

We develop a mathematical framework for the kinetic description of electrochemical
reactions by leveraging transition state theory (TST) to formulate rigorous connections
between macrokinetic observables (e.g. transfer coefficient, a) and elementary step
parameters (e.g. symmetry factor, 5;) in terms of (unidirectional) reaction sensitivities.
Reaction sensitivities of the net (s4;), forward/anodic (54;), and reverse/cathodic (54;)
reactions quantify the kinetic control of each elementary half-step, +i, on each reaction
path and thereby enable re-interpretation of anodic (¢, = @) and cathodic (a, = —&)
transfer coefficients, for example, as respectively 5;;- and §i;-weighted averages of
elementary step symmetry factors. Mathematical connections of each observable kinetic
descriptor to microkinetic, elementary-step analogues are synthesized into a single TST-
form rate equation, g1, which takes a form entirely analogous to the TST formulation of
an elementary step and serves as the foundation for the development of new mathematical
tools and mechanistic insights. In particular, from r1¢, we derive (i) a generalized Butler-
Volmer equation valid for composite electrochemical reactions under rigorously-specified
conditions, (i) mathematical connections between the transfer coefficient and elementary
step reversibility that explain the universal convergence of Tafel slope to ~120 mV/dec at

large overpotential, and (iii) new, general formulations of a, «,, and a, which facilitate
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mechanistic interpretation of Tafel slope at all overpotential and which serve as a
mathematical link between surface coverages, reaction orders, and the kinetic relevance of
elementary steps. The mechanistic clarity provided by these mathematical developments is
exemplified in examination of the Heyrovsky-Volmer HOR/HER mechanism for which
we systematically and quantitatively explain observed trends in Tafel slope, surface
coverage, reaction orders, and the identity of rate-determining steps in all overpotential
regimes.

7.6 Materials and Methods

All calculations were performed wusing Matlab code found at the link

https://github.com/neilrazdan/ButlerVolmerKinetics or by communication with the

authors. Steady-state kinetic descriptors were calculated using stiff ordinary differential

equation solver ode23s in Matlab.
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A Supporting Information for Controlling kinetic and diffusive length-scales
during absorptive hydrogen removal in methane dehydroaromatization on
MoCx/H-ZSM-5 catalysts

A.1 Simulation of CH4 aromatization with in-situ hydrogen abstraction for ideal
plug flow reactor

The reaction-transport model presented in Section 2.3.2 was used to predict the
hydrogen partial pressure profile and methane single-pass conversion along the axial
coordinate of the catalyst bed for an ideal plug flow reactor with Pe = 100. The results of
the simulation are shown in Figure A.1 below. The predominance of convective mass
transport as Pe — oo or Pe >> Da limits the capacity of neighboring fluid elements to
transfer matter axially, preventing bed-scale suppression of H» partial pressure (Figure

A.1(a)) and enhancement in methane conversion (Figure A.1(b)).
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Figure A.1: (a) Hydrogen partial pressure and (b) maximum single-pass (steady-state)
methane conversion along non-dimensional axial coordinate of catalyst bed, x, for an ideal
plug flow reactor with Pe = 100 as predicted by simulation of the kinetic-transport model
for MoCx/H-ZSM-5 only (No Zr) and Zr packed downstream of MoCx/H-ZSM-5. Reaction
conditions: 973 K, MoCx/H-ZSM-5 = 1.2 g, Zr = 2.4 g, feed flow rate = 0.21 cm? s! (90
vol% CHa).
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A.2 Calculation of H2 Mutual Diffusion Coefficients from Correlative Relations

Matsunaga, Hori, and Nagashima (57) report mutual diffusion coefficients of dilute H»
in air, N2, and O at atmospheric pressure over a wide range of temperature (303 K — 503
K). Data are fit to correlations resembling power-law dependences predicted by the kinetic

theory of gases
D=ATE [A.1]

where A and B are fitting parameters listed below.

Table A.1: Diffusion-coefficient correlation parameters from Matsunaga, et al. (57) for
intermolecular bulk counter diffusion of H» and various gases or gaseous mixtures.

System A/ [em?*KBs 1) B
Ho-air 4.19-107 1.73
H>-N, 4.68107 1.71
H>-0, 3.68:107 1.76

Using the reported values gives an average diffusion coefficient D (973 K)=6.3 £ 0.2
cm? s across the three studied systems.

A.3 Reaction-Transport Simulations: Effects of Damkohler and Péclet Number

Section 2.3.4 examines the key interplay of kinetic, convective, and diffusive length-scales
in catalyst-absorbent mixtures for methane DHA by systematic change of catalyst bed-
length, L, and linear velocity, u. Figures A.2 and A.3 are surface plots of B+N yield as a
function of Dap and Pe, with and without Zr, respectively. Dag and Dan are increased in
concert such that the condition Dag/Dan = ks/kn holds for all values of Dag. Figure A.3
demonstrates that, without introduction of a hydrogen removal function, increase of Da or

Pe’! is unable to effect enhancement of B+N yield or methane conversion beyond limits
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prescribed by equilibrium. Addition of Zr in Figure A.2 permits rapid increase of B+N
yield as kinetic limits and resistance to dispersive H» transport are relaxed with increase of

Da and Pe’!, respectively.

B+N yield / %

Figure A.2: Surface plot of maximum single-pass B+N yield as a function of Dag and Pe
with downstream Zr bed per simulation of the reaction-transport model. The red curve is
the path parameterized by change of linear velocity, u. The black line is the path
parameterized by change of bed length, L. The projection of the surface plot onto the red
curve is shown as a dashed line in Figure 2.4a of the main text. The projection of the surface
plot onto the black line is shown as a dashed line in Figure 2.4b of the main text.
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Figure A.3: Surface plot of maximum single-pass B+N yield as a function of Dag and Pe
without Zr per simulation of the reaction-transport model. The red curve is the path
parameterized by change of linear velocity, u. The black line is the path parameterized by
change of bed length, L. The projection of the surface plot onto the red curve is shown as
a solid line in Figure 2.4a of the main text. The projection of the surface plot onto the black
line is shown as a solid line in Figure 2.4b of the main text.
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B Supporting Information for Influence of ethylene and acetylene on the rate and
reversibility of methane dehydroaromatization on Mo/H-ZSM-5 catalysts

B.1 Rates of Acetylene and Methane Aromatization

All carburized MoCx/H-ZSM-5 catalysts used for experiments reported in this work

were synthesized under identical flow conditions. Oxidic pre-catalysts were exposed to

CH4/Ar (90 vol% CH4 and 10 vol% Ar, total feed flow rate 0.21 cm?® s!, UHP, Matheson

Tri-Gas) at 973 K until carburization was complete — as indicated by closure of carbon

balance. An example is shown in Figure B.1 which depicts methane conversion as a

function of time-on-stream for 0.150 g fresh oxidic pre-catalyst exposed to the reaction

mixture.

Methane Conversion / %

2| 8

0 : L

—— Carburized @ 2.61 ks

[m}
o

® Methane Reacted
O Product Formed

m]
e 2 8

0 5

10 15

Time-on-stream / ks

Figure B.1: Methane conversion of 0.150 g Mo/H-ZSM-5 catalyst (Mo/Al = 0.25, Si/Al =
11.5) exposed to 0.21 cm® 571 90% CHa, 10% Ar at ~115 kPa total pressure and 973 K.

Methane conversion is calculated based on reacted methane
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£ Fen,in — Fen,out (B.1]
Fcu,in

and carbon in effluent products

1
f = Z n.F.
Fer,in. it [B.2]

j=products

where n;j is the carbon number of product j. Carburization is complete once these values
agree within experimental error — demonstrating carbon balance has closed (> 2.61 ks in
Fig. B.1). After this period, DHA reactions were either continued under 0.21 cm?® s! total
flow or were performed at identical composition, but varied flow range, after ~30 minutes
flush of reactor lines in He flow (~ 0.33 cm?® s™) as reaction feed flow stabilized.
Acetylene aromatization rates shown in Fig. B.2 were measured on 0.150 g Mo/H-
ZSM-5 carburized in 0.21 cm® s' 90% CHs4 / 10% Ar flow at 973 K and ~115 kPa total
pressure. Once steady-state benzene rates were achieved, reaction feed was switched to
1.46 cm® 57! 0.75% C,H> / balance Ar after ~30 minutes flush of reactor lines in He flow
(~ 0.33 cm?® s7!) as reaction feed flow stabilized. The content of acetylene in feed mixture
corresponds to the calculated equilibrium concentration of acetylene for complete

conversion of 103 kPa CH4 to C;H> and H» at 973 K.
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Figure B.2: Net benzene synthesis rates and methane and acetylene conversion on 0.15g
Mo/H-ZSM-5 catalyst (Mo/Al = 0.25, Si/Al = 11.5) exposed to 13 cm® s 90% CHa, 10%
Ar and then 0.75% C;H: / balance Ar at ~115 kPa total pressure and 973 K.

Equilibrium conversion of 0.86 kPa acetylene to benzene is >99% and, as such, overall
approach to equilibrium of acetylene to benzene formation never exceeds 0.02 during
aromatization reactions with 0.86 kPa C,H, feed. Thus, measured net benzene synthesis
rates are equivalent to length-averaged forward rates of acetylene to benzene synthesis.
Forward rates of the acetylene to benzene reaction during PSS methane DHA can be
calculated using De Donder relations as

FC6H6 + FC10H8
<1-72°>

p = [B.3]

taking the net length-averaged rate of benzene formation to be the sum of benzene and
naphthalene effluent flow rates. Fig. B.3 shows forward rates of acetylene to benzene

synthesis as a function of contact-time during methane DHA reactions per Eq. B.3.
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Figure B.3: Forward rate of the acetylene to benzene reaction [=] molbenzene (molyo s)™! as
a function of contact-time varied by extent of deactivation at 973 K.

The steady-state forward rate of acetylene to benzene formation during methane DHA 1is
4.4 - 10* mol (molmo s)"! and is comparable to the maximum measured length-averaged
forward rate with acetylene feed of 6.2 - 10" mol (molm, s)'. These findings corroborate
Scheme 3.1 and 3.2 which posit acetylene is an intermediate to benzene formation.

B.2 Kinetics of Methane DHA Proceeding through Ethylene Oligomerization

Despite the body of evidence which suggests acetylene is an intermediate of aromatic
formation, we cannot unequivocally eliminate the possibility that acetylene is a side-
product of ethane/ethylene dehydrogenation and that benzene formation proceeds directly
from ethylene coupling. In such a case, the reaction network is summarized by Scheme B.1

and B.2.
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Scheme B.1: Alternative methane DHA reaction pathway

A B C
6CH, <{3* 3C,Hy <t1® 3C,H, — C.H,
+3H, +3H, +3H,

Methane, ethane, and ethylene form a quasi-equilibrated pool catalyzed by carbidic Mo
sites for sufficient contact-times (> 7 molmo s molcua™!). Subsequent ethylene aromatization
may be catalyzed by Mo or zeolitic Brensted acid sites.

Scheme B.2: Alternative methane DHA reaction sequence with pseudo-elementary steps

Reaction G ¢’
(A1) CHi = CHs + % Ha 6
(A.2) 2CH;s = C2Hg 3
(A) 2CH4 = CoHg + Ha 3
(B.1) C:He¢ = C2Hs + %2 H2 3
(B.2) CoHs = CoHy + ¥ Ho 3
(B) CoHg = CoHy + Ho 3
(C.1) 2C:Hs = CsHs 1.5

(C.2) CHs+ C4Hs = CeHe + 3H2 1

©) 3C,Hs = CeHg + 3H2 1
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overall 6CH4 = CeHg + 9H> 1

Bolded entries indicate rate-determining elementary steps within each gas-phase global
reaction (A, B, and C).

The alternative methane DHA single-path reaction sequence depicted in Schemes B.1
and B.2 gives rise to altered total approach to equilibrium of global gas-phase reactions
and approach to equilibrium of rate-determining elementary steps within each global gas-

phase reaction for the portion of the reaction sequence succeeding steps A and B. Figures

B.4a and B.4b show Z;- A, and Z? =ABC-
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1 .—‘ [ ] Ala/a aalaras olo
r F 2N o 5022 1
°\ 2
0.1F A © 1
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0.001 | ]
0.0001 | 8? ]
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Figure B.4: (a) Total approach to equilibrium of global gas-phase DHA reactions, as listed
in Scheme B.1 on a one benzene molecule basis. (b) Approach to equilibrium of rate-
determining elementary steps within each global gas-phase DHA reaction, as listed in
Scheme B.2. Reaction conditions: 973 K, ~115 kPa total pressure, 90% CH4, 10% Ar, 0.21-
2.1 cm?s. 0.1-1.2 g Mo/H-ZSM-5

Changes in the approach to equilibrium of global gas-phase reactions and their
constituent rate-determining steps manifests changes in the degree of rate control and
degree of reversibility control of each step, per Egs. 3.9 and equations analogous to Egs.
3.13-3.16. Figures B.5a and B.5b show Xrc and Xzc per the reaction sequence in Schemes

B.1 and B.2.
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Figure B.5: Degree of rate control (a) and reversibility control (b) of rate-determining
elementary steps in global gas-phase reactions A-C (Scheme B.2) from 0.5-8% methane
conversion.
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Figure B.5 shows steps succeeding ethylene formation are rate and reversibility
determining once the reaction sequence achieves a pseudo steady-state upon equilibration
of methane, ethane, and ethylene.

Lastly, changes in the reaction network discussed in this section influence o, the
affinity-averaged stoichiometric number, and therefore affect calculation of forward rates.

Figure B.6 shows overall forward rate of benzene formation per Schemes B.1 and B.2.
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Figure B.6: Forward rates of benzene synthesis [=] molbenzene (molmo s)™! as a function of
contact-time varied by extent of deactivation at T = 973 K. Reaction conditions: 973 K,
~115 kPa total pressure, 90% CH4, 10% Ar, 0.21-2.1 cm? 5!, 0.1-1.2 g Mo/H-ZSM-5.

The forward rate in Fig. B.6 approaches a steady value of 0.36 - 10~ mol (molmo s)!,
as indicated by the dashed line, and is comparable to the forward rate per Scheme 3.1 and
3.2 of 0.39 - 10 mol (molvo s)' shown in Fig. 3.6. The identity of acetylene as an
intermediate therefore has little bearing on the magnitude of the forward rate.

B.3 De Donder Relations, The Degree of Reversibility Control, and Relation of
Thermodynamic Quantities to Reversibility of Global Gas-Phase Reactions
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B.3.1 The Degree of Reversibility Control

The degree of reversibility control of elementary step 1 is defined as

X _ (6 In ln(zeff)> _ Ai
ZCi — d1n ln(Zi) o 2] A] [3.9]
where index j refers to all elementary steps in the considered single-path reaction sequence.

Expanding the definition in Eq. 3.9,

dln ln(zeff) _ ln(zi) d ll’l(Zeff) _ ll’l(Zi) 0 Z] In (Z])
( d1nlIn(z) >Z_¢i " In(Zegr) ( 0 In(z;) >z-¢i B ln(zeff)< 0 In(z;) >z-¢i [B.4]

From the definition of Zesr
_ _.1/o
Zeff = 1_[ Z]' = Zoy [3.8]
j

Thus,

(alnln(zeff)> _ In(z;) _ Aj — X B.5
01Inln(z;) 7% In(zer) ~ XjA) Bl

Inspection of Eq. 3.8 suggests there is also a relation between Xy ; and the contribution

of each step to G. Indeed,

X = (6 In ln(zeff)> _ (6 11’1(6 - 01)) B.6
261 =\ nln(z) - oin(A) /, ., [B-6]

This is confirmed in the following. Consider

(6 11’1(6 - Gi)) Ai <66>
N3 == YW B.7
d In(A)) - 6 — 0; \0A; A [B.7]
So,

B <a In(o - 01)) __ A (iZiGiAi > B8
0 ll’l(Al) A o — Oj aAl Zi Ai A [ : ]
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Giving,

_<6ln(6—oi)> _ A1 aiiA - YoM B9
dln(A) /, .; G —0; 2iAj 2i A ' B3]

or, with simplification,

(aln(a_(’i)> _ A (o—0) A _y
dln(A) ), .. o-or LiA A Y [B.10]

Thus, the degree of reversibility control is a quantitative measure of the extent to which the

reversibility of a given step exerts influence on G, or, more particularly, on 6 — oj. In fact,

o= Z 0iXzci [B.11]

i=steps
where index i refers to all elementary steps.

B.3.2 Relation of Thermodynamic Quantities to Total Approach to Equilibrium of
Global-Gas Phase Reactions

Section 3.4.3 uses assignment of the stoichiometric number of the rate-determining
elementary step within each global gas-phase reaction, cs;k , to calculate degrees of rate
control, degrees of reversibility control, and forward rate solely from total approach to
equilibrium of global gas-phase reactions. This section details those calculations.

As reported in Scheme 3.2, 6= 6, og= 6= 3, and op, = 1.5. Thus, z; are calculable by
Eq. 3.12 from Z; reported in Fig. 3.3. Application of Eq. 3.7 then gives G as

- oiln(z’
— _ 2i=ABCDOI (*1) [B.12]
Zi=A,B,C,D In(z)

which is reported in Fig. B.7
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Figure B.7: Affinity-averaged stoichiometric number as a function of methane conversion
calculated by Eq. 3.7 using reversibility data shown in Figs. 3.3 and 3.4.

The forward rate per Eq. 3.6 may now be calculated by

. R R
R= = [B.13]

_ * 1/6
1- Tlizagcpzi 1- ZO(,G

and appropriate length-averaging described in Section 3.4.4.

The degree of reversibility control per Eq. 3.9 is also calculated directly from

1/0}
z{"zZi/‘as

In(z)

Yj=AB,CD In(z])

Xzci = [B.14]

B.3.3 Relation of Thermodynamic Quantities to Degree of Rate Control

We derive Egs. 3.13-3.16 from the pseudo-elementary steps in Scheme 3.2 following
formalisms developed recently by Foley and Bhan (88). These authors prove that for all
intermediates j in a single-path reaction sequence which are either in the fluid-phase or
have surface coverages much less than unity
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Z viisi[v;; < 0] =0 [B.15]

i=steps
where vj; is the stoichiometric coefficient of intermediate j in step i. The brackets in Eq.
B.15 are per Iverson Bracket notation where [v;; < 0] is equal to unity if true and zero if

false. Cortright and Dumesic (85) define s; as the sensitivity of step i

dinr
Sj = ( —>> [B.16]
0 In ki kjii
and
dinr
S_j = ( = ) [B.17]
0 In ki kjii
which are related by
S_j = —ZiSj [B.IS]

and are related to the degree of rate control by

Xrci = si+s-i =si(1—z). [B.19]
Scheme B.3 lists the result of application of Eq. B.15 to each carbon-containing
intermediate in the methane DHA reaction per Scheme 3.2

Scheme B.3: Application of Eq. B.15 to each carbon-containing intermediate in Scheme
3.2

Species Eq. B.15
CH3 S-a.) T % s;a2) =0
C2Hs s-a2) tsen=0
C2Hs s-B.1) +s®2)=0
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C:H4 s-82)+sc1=0

C:H3 s«c.1) tsc2=0
C:H: S(c2) t+ Z—g sp.)tsp2=0
C4H4 s-o.1) +sm2)=0

Applying Egs. B.16-B.19 to the set of relations in Scheme B.3 then gives, upon

rearrangement,

s, =9B7% sk [B.20]

oA
st =%C 7% 75 s B.21
C = 5= 2 ZB SA [B.21]

A
(e} * * *

Sh = 7——— Sa [B.22]

where s; is the sensitivity of the rate-determining elementary step within each global gas-
phase reaction i (i.e. ;' = s( 1y for all i per Scheme 3.2). We only list sensitivities of rate-

determining elementary steps in Eqs. B.20-B.22 since the degree of rate control for all other

steps will be zero per Eq. B.19. Imposing

Z Xrei =1 [B.23]

i=steps
as proven by Foley and Bhan (88) then gives Egs. 3.13-3.16 upon rearrangement of Egs.

B.19-B.23.

B.4 Measuring Turnover Frequencies, Controlling Contact-Time, and evaluating
PSSH in Ideal and Non-Ideal Flow Reactors
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B.4.1 Measuring Net Rates in Dispersed Flow Reactors

As we have recently shown (47), laboratory-scale methane DHA flow reactors are
characterized by significant axial dispersion owing to large contact-times and high
temperatures required for appreciable conversion of methane to aromatics. Residence-time
distribution experiments and the fidelity of reaction-transport models to capture the critical
role of dispersive H» transport in polyfunctional catalyst-absorbent flow configurations
demonstrates packed-bed reactors of Mo/H-ZSM-5 are axially-dispersed flow reactors
characterized by closed-closed Danckwerts boundary conditions. In the following we will

show that

1 X
F] = fX dX . ]O Zvijri dX = Z\Ii]' < ri > [3.17]
0 i

i
in axially dispersed flow reactors, as well as ideal PFRs. First, consider a mole balance for
an axially-dispersed flow reactor (48)

d2c,  dc
dz2 - U.E + Vil = 0 [B.24]

i
where D is the dispersion coefficient, u is the linear flow velocity, z is the axial coordinate,
C;j is the concentration of species j, vij is the stoichiometric coefficient of species j in

reaction i, and r; is the net rate of reaction i. Closed-closed boundary conditions are

dC;
uCj(z = 07) = uCj(z = 0*) —D— [B.25]
dz| .
z=0
and
dg; — o
e = [B.26]
z=L

Integrating Eq. B.24 from z =0 to z = L, the outlet of the packed-bed, gives
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dC; dG; .
p(Z - )-u(ge=D-gE=0M)+ L) v<r>
z= z=0" i [B.27]
=0
Substituting the closed-closed boundary conditions gives
u (C](Z = 0_) - C](Z = 0+)) — U_(C](Z = L) — C](Z = 0+))
[B.28]
+ szi]'<ri>:0
i
Rearranging,
u(c,-(z =L) -Gz = o-))
L = Z Vi]' <r> [B.29]

i
which, for a species not in the reaction feed mixture, gives

1 L
F] = fL . . J;) Z Vijri dz = Z Vij < I > [B.30]
0 i i

1

identically to Eq. 3.12. Thus, provided boundary conditions are closed-closed, effluent
flow rates reflect length-average rates in axially dispersed PFRs identically to ideal plug-
flow reactors because closed-closed boundary conditions manifest total change in species
content from within the packed-bed is resultant from reaction — regardless of axial re-
distribution of species by dispersive transport. In other words, axial dispersion does not
affect the calculated of rates provided boundary conditions are closed-closed because all
the chemical conversion occurs within the catalyst bed.

B.4.2 One-to-oneness of Contact-Time and Conversion in Flow Reactors

Fig. B.8 shows steady-state methane conversion at various contact-times in methane

DHA reactors over Mo/H-ZSM-5 catalysts.
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Figure B.8: Steady-state methane conversion as a function of contact-time conversion over
several Mo/H-ZSM-5 catalysts (Mo/Al = 0.25, Si/Al = 11.5). Reaction conditions: 973 K,
~115 kPa total pressure, 90% CHa, 10% Ar, 0.21-2.1 cm® s, 0.1-1.2 g Mo/H-ZSM-5.
Dashed black line and solid red line are heuristic fits used together as a continuous,
piecewise mapping of conversion to contact-time.

The continuous, piecewise polynomial in Fig. B.8 is used to length-average reaction
reversibilities in order to calculate forward rates in Section 3.4.4.

The equality of f(t) by deactivation or change of catalyst loading at steady-state (i.e.
the one-to-oneness of (1)) is not strictly true in dispersed flow reactors. The significance
of dispersive transport in axially-dispersed reactors is captured by Péclet number

Peo ul _rate of convection B.31
"D Tateof dispersion [B.31]

where u is the linear velocity, L is the catalyst bed-length, and D is the dispersion
coefficient. The one-to-oneness of f(t) is exactly true in ideal PFR reactors wherein Pe —
0. We recently (47) demonstrated that the slow kinetics of DHA on Mo/H-ZSM-5 demands

flow reactors be operated with Pe = O(1) to achieve near-equilibrium conversions. The
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recent work developed a reaction-transport model based on a non-dimensional version of

the mole balance in Eq. B.24

1 dzy] dy] 1/ 5
—_——— : /Tiy —
1=b,

where yj is the partial pressure of species j normalized by 1 bar, x = z/L, and Da; = k;L/u is
the Damkdohler number of reaction i = B,N for benzene (B) and naphthalene (N) formation
with forward rate equations determined by the De Donder formalism. Benzene and
naphthalene constitute >90% of carbon selectivity at PSS and are the only product
hydrocarbon species considered in the reaction-transport model. Methane, molecular
hydrogen, and argon complete the considered gas-phase species. G is fixed at 2.5 for both
benzene and naphthalene synthesis reactions since ¢ =~ 2.5 for all methane conversion
during PSS (Fig. B.7). f(1) is essentially one-to-one function if (i) f(L/Lo), (i1) f(uo/u), and
(i11) f(Da/Day) are nearly identical. f(L/Lo) is methane conversion as a function of contact-
time changed by catalyst bed-length. f(uo/u) is methane conversion as a function of contact-
time changed by total flow-rate. f(Da/Dao) is methane conversion as a function of contact-
time changed by extent of deactivation (i.e. density of active sites). Fig. B.9 shows

conversion vs contact-time changed by each metric.
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Figure B.9: Steady-state methane conversion to benzene and naphthalene per simulation
of Eq. B.24.

Fig. B.9 shows variation of contact-time by (i) change of catalyst loading, (ii) change
of total flow-rate, or (iii) extent of deactivation gives nearly identical conversion vs.
contact-time profiles, demonstrating f(t) is essentially a one-to-one function. Difference in
each profile is close to the experimental error in quantifying methane conversion (~5% of
the magnitude of conversion).

B.4.3 Evaluating PSSH in Flow Reactors

The pseudo-steady state hypothesis (PSSH) allows the concentration of reactive
intermediates in a flow reactor to be determined arithmetically by reactants and products

of an overall reaction sequence provided
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dn; dng
d_Z K d_Z [B.33]

where 1i [=] mol s™! is molar flow rate, subscript I refers to reactive intermediates, subscript
R refers to reactants, and C is the axial coordinate along the catalyst bed in units of moles
of active site. Assessing the veracity of Eq. B.33 requires differentiating effluent flow rates,
n;, of all intermediates with respect to { which we determine from the one-to-one function
of methane conversion and contact-time since § = T - fcy, miet 18 simply contact-time
adjusted by a constant, Ncy, miet- In the case of the single-path methane DHA reaction per
Scheme 3.1 and 3.2, 1y is the carbon molar flow rates of all Cz hydrocarbons and g is the

molar flow rate of methane. Figure B.10 shows methane and C> molar flow rates as a

function of {
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Figure B.10: Effluent molar flow rates of methane and all C2Hx hydrocarbons as a function
of active Mo determined from the one-to-one function of methane conversion to contact-
time.
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Differentiating the effluent molar flow rates of methane and all C,Hx hydrocarbons with
respect to ¢ and taking the ratio defined in Eq. B.34 gives a quantitative metric for the

applicability of the PSSH

dny
_|dz
P= /mR « 1. [B.34]
dg

Figure B.11 shows this metric as a function of t for ease of comparison to figures

throughout the text
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Figure B.11: P =

deactivation.

dny |, dn . . . :
d—nzl / di; against contact time varied by extent of non-selective

B.5 Pertinence of Spatial-Averaging, Affinity-Averaging, and the Pseudo-Steady-
State Hypothesis (PSSH) to Methane DHA

B.5.1 Spatial-Averaging and Affinity-Averaging Forward Rates in Methane DHA
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Our previous attempts to calculate forward rates of benzene formation in methane DHA
(19) serendipitously give similar values to calculations in this work due to a balance of
incorrect length- and affinity-averaging which overestimate and underestimate forward
rates, respectively. Fig. B.12 shows forward rates calculated with and without length- and

affinity-averaging.

1.0 T T
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)
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Catalyst loading / g

Figure B.12: Forward rate of benzene synthesis [=] molbenzene (Molmo s)™! as a function of
catalyst loading during steady-state catalysis. Reaction conditions: 950 K, atmospheric
pressure, 0.21 cm® 571 90 kPa CHa, 10 kPa Ar. All data taken from Bedard et al., J. Catal.
2013, 306, 58—67. (A) follow the analysis of Bedard et al., J. Catal. 2013, 306, 58—67.

The agreement between the approach of Bedard et al., (/9) (A) and the formalism we
outline in Sections 3.4.1-3.4.4 (0) is a coincidence dependent on the particular values in
question and the fortuitous balance of incorrect length- and affinity-averaging and is not

meant to encourage use of the formalism of Bedard et al., (/9).

B.5.2 Forward Rate Calculations Away From the PSSH Regime
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Deviation from the PSS regime invalidates the assumption of constant forward rate
used to derive Eq. 3.19 from Eq. 3.18. However, Fig. B.13 shows that, during deviation
from PSS for © < 7 molmo s (molcns)™!, net rates and forward rates are nearly identical so
that values of R are reasonably accurate despite rigorously incorrect assumptions made in

their calculation.
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Figure B.13: Net rate (¢) and forward rate (®) of benzene synthesis [=] molpenzene (Molmo
s)! as a function of contact-time varied by extent of deactivation. Reaction conditions: 973
K, ~115 kPa total pressure, 0.21-2.1 cm® 57! 90% CHa, 10% Ar, 1.0-1.2 g Mo/H-ZSM-5
(Mo/Al =0.25, Si/Al=11.5).
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C Supporting Information for Carbidic Mo is the sole Kinetically-relevant active
site for catalytic methane dehydroaromatization on Mo/H-ZSM-5

C.1 DHA on steady-state and deactivating Mo/H-ZSM-5 catalysts

All carburized MoCx/H-ZSM-5 catalysts used for experiments reported in this work
were synthesized under identical flow conditions (0.21 cm?® s, 90% CHa, 10% Ar, ~115
kPa, 973 K). We define steady state to be the time of cessation of carburization and onset
of catalysis — indicated by closure of carbon balance and coincidence of product
distribution with non-selective deactivation profiles. An example is shown in Figures C.1
and C.2 which show methane conversion as a function of time-on-stream and
corresponding product distribution for 0.78g Mo/H-ZSM-5 (Mo/Al = 0.10, Si/Al = 11.5)
exposed to the reaction mixture. Note the first datum in Fig. C.2 has product selectivities

which deviate from the non-selective deactivation profiles.
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Figure C.1: Methane conversion during DHA on 0.78 g Mo/H-ZSM-5 catalyst (Mo/Al =
0.10, Si/Al = 11.5) exposed to 0.21 cm? s' 90% CHa, 10% Ar at ~115 kPa total pressure
and 973 K.
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Figure C.2: Product selectivities (@) during DHA on 0.78 g Mo/H-ZSM-5 catalyst (Mo/Al
=0.10, Si/Al=11.5) exposed to 0.21 cm® s 90% CHa, 10% Ar at ~115 kPa total pressure
and 973 K. Transparent symbols are reproduced from Fig. 4.2 used to evince non-selective
deactivation.
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Figure C.3 shows characteristic data for methane conversion and benzene formation
rate during catalytic DHA at steady state (0 — 10 ks) and during deactivation (> 10 ks) on
a catalyst sample of distinct Mo-to-Al ratio and catalyst mass loading to that in Figs. C.1

and C.2.
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Figure C.3: Net benzene formation rate (®) and methane conversion (0) as a function of
time on stream during catalytic methane DHA. Reaction conditions: 1.20 g Mo/H-ZSM-5

catalyst (Mo/Al = 0.25, Si/Al = 11.5); 0.21 cm?® s' 90% CHa, 10% Ar at ~115 kPa total
pressure and 973 K.

Figures C.4-C.6 show deactivation profiles in methane conversion and product
distribution used to construct conversion-selectivity profiles in Figures 4.2 and C.2. All

data in Figures 4.2 and C.2 are shown as a function of time on stream in Figures C.4-C.6.
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Figure C.4: Methane conversion and product selectivities as a function on time on stream
over deactivating Mo/H-ZSM-5 catalysts with Mo/Al = 0.10. Reaction conditions: 973 K,
~115 kPa total pressure, total flow of 0.21 — 2.1 cm® s™! with composition 90% CHa/10%
Ar. Mo/Al = 0.10, geat = 0.75 — 1.20.
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Figure C.5: Methane conversion and product selectivities as a function on time on stream
over deactivating Mo/H-ZSM-5 catalysts with Mo/Al = 0.25. Reaction conditions: 973 K,
~115 kPa total pressure, total flow of 0.21 — 2.1 cm® s™! with composition 90% CH4/10%
Ar. Mo/Al=0.10, geat = 0.10 — 1.20.
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Figure C.6: Methane conversion and product selectivities as a function on time on stream
over deactivating Mo/H-ZSM-5 catalysts with Mo/Al = 0.35. Reaction conditions: 973 K,
~115 kPa total pressure, total flow of 0.21 — 2.1 cm® s™! with composition 90% CH4/10%
Ar. Mo/Al = 0.35, geat = 0.15 - 0.75.

C.1.1 Relationship between methane conversion and contact time

We discuss the relationship between f and T, (see Fig. 4.3) in the context of the PFR
design equation. The general differential PFR molar balance for methane in catalytic DHA
is

df

o, = - [C.1]

where rcy, [=] molc (molsie s)’! is the instantaneous rate of methane consumption, f is
methane conversion, and T [=] molsit s molc™ is the contact time. The basis of contact time
and basis for normalization of rate must correspond and are arbitrary (e.g. per gram
catalyst, per m? surface area, per mol H"). For all PFR reactions performed at identical
conditions and on identical catalyst samples, f and t are ostensibly a one-to-one function.
Across a series of catalytic materials with different densities of possible active sites, f and

© will only have a one-to-one correspondence if the basis for t and rcy, is the only
kinetically-relevant active site — making rcy, solely a function of f or, interchangeably, t
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(conversion must increase monotonically with the number of sites, or equivalently, with t).
For example, Figure C.7 shows steady-state methane conversion as a function of contact

time on a per gram basis, rather than an active Mo basis as in Fig. 4.3.
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Figure C.7: Steady-state methane conversion as a function of contact time based on
catalyst mass. Reaction conditions: 973 K, ~115 kPa total pressure, total flow of 0.21 —2.1

cm® 57! with composition 90% CH4/10% Ar, and 0.10 — 1.20 g Mo/H-ZSM-5. Data are
from Fig. 4.3 and C.7 are from the same experiments.

Steady-state methane conversions for each Mo-to-Al ratio are ostensibly one-to-one
functions of T on a gram basis; however, across Mo/Al = 0.10 — 0.35, the data show no
quantitative correspondence, demonstrating the number of active sites is not directly
correspondent with catalyst mass.

C.2 Characteristic data for dimethyl ether titration and ethane hydrogenolysis

Figure C.8 shows characteristic time-on-stream data for the evolution of dimethyl ether
(DME) following breakthrough of DME pulses. All doses of DME prior to data shown in
Fig. C.8 are completely -sorbed by Mo/H-ZSM-5. The total amount of DME which titrates
Brensted acid sites is determined by the difference in total dosed DME and DME

subsequently desorbed in He flow, as shown on the right ordinate axis in Fig. C.8.
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Figure C.8: DME desorption rate (@) and cumulative DME desorbed () as a function of
time after DME breakthrough on 0.15 g Mo/H-ZSM-5 catalyst (Mo/Al = 0.35, Si/Al =
11.5) DHA-deactivated for 6.3 ks. DHA reaction conditions: 973 K, ~115 kPa total
pressure, total flow of 0.21 cm® s™! with composition 90% CH4/10% Ar). Dimethyl ether
titration conditions: 423 K, ~120 kPa total pressure, total flow of 0.50 cm’s”' with
composition 96% He/4% Ar and 0.25 cm® doses of dimethyl ether.

Figure C.9 shows characteristic time on stream data for ethane hydrogenolysis
reactions performed on DHA-deactivated Mo/H-ZSM-5 catalysts. Ethane conversion is in
the range 0.48 — 0.72% with the maximum conversion observed at steady state (12 — 15

ks).
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Figure C.9: Methane formation rate (@) and selectivity (0) as a function of duration of
ethane hydrogenolysis on 0.30 g Mo/H-ZSM-5 catalyst (Mo/Al = 0.25, Si/Al = 11.5)
measured after cessation of DHA catalysis. DHA reaction conditions: 973 K, ~115 kPa
total pressure, total flow of 0.21 cm?® s with composition 90% CH4/10% Ar). Ethane

hydrogenolysis reaction conditions: 750 K, ~120 kPa total pressure, total flow of 0.49 cm?
s”! with composition 46% C2He/49% Ha/balance Ar

C.3 Effect of Mo loading on H* density

Figure C.10 shows separate linear fits to the data of Borry et al. (42) and those presented
herein are quantitatively similar for the correlation between Mo/Al and H'/AlL. We
recognize the degree of quantitative agreement in separate linear fits is, to some extent,

fortuitous given the scatter in each set of data.
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Figure C.10: The number of Brensted-acid sites (H") or framework Al atoms (Alf) per
total Al in (Mo/)H-ZSM-5 samples treated to 973 K in dry air. Empty symbols and black
line are data and corresponding fit per the work of Borry et al. (42) Red diamonds and red
line are data and corresponding fit per DME titration presented in this work.

C.4 Active site normalization of DHA rates during catalyst deactivation

In catalytic flow reactions, the spatially-averaged net site-time yield, Rnet [=] mol
(molsiee s)!, is calculated from measured effluent molar flow rates of species i, Ni [=] mol;
s”!, and the active site count, L [=] molsie, per the integral PFR molar balance. For example,

the net formation rate of a terminal product species 1, Ruet,i, is given by

N.
Rnet,i = rl [C.2]

Eq. C.2 can be re-written in terms of (active-site)-based contact time, T [=] molsite S MOlfeed”

1
, as

y.
Rneti = = [C.3]

where y; [=] moli/molfed. In this work we are interested in determining the net Mo-based

site-time yield of methane aromatization, referred to as R in Eqs. 4.3 and 4.6. We calculate
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the aromatization rate from the sum of effluent molar fractions of benzene and naphthalene,
YegHe T Y, om,e tO account for the benzene consumption pathways. Per Eq. C.3, the net rate
is

R = YceHe 1 YCioHg

— [C.4]

where tvo [=] molmo s molc™! is the contact time based on Mo content and inlet carbon
flow. Eq. C.4 is identical to numerator of Eq. 4.6, since F; = yi/Tmo.

The deactivation of Mo/H-ZSM-5 catalysts during DHA reactions results in decay of
Mo With time on stream as Mo active sites are lost. To calculate the active site-time yield,
we determine instantaneous values of tvo, from measurement of instantaneous methane
conversion and the one-to-one function f(tmo). Figures C.11-C.13 explicate the procedure
by which we (i) obtain instantaneous values of Tmo and (ii) re-normalize rates by the
contemporaneous, rather than initial, value of Tmo.

Methane conversion, shown on the right ordinate axis of Fig. C.11, is measured in the
effluent; and, the contemporaneous active Mo-based contact time, shown on the left
ordinate axis of Fig. C.11, is determined from methane conversion and f(twmo) shown and
constructed from data in Fig. 4.3.

Figure C.12 shows R calculated from (i) Tmo,nitial per the total number of Mo atoms
charged to the reactor bed and (ii) the deactivation-corrected, instantaneous T, determined
in Figure C.11. R normalized by Tmo,initialt monotonically decay with time on stream due to
the loss of active sites during deactivation and the uncorrected, overestimated Mo-based
contact time. R normalized by the contemporaneous active site count increase from 0 — 80
ks because the deactivation of Mo/H-ZSM-5 results in decreased conversion and therefore
decreased thermodynamic barriers to DHA (i.e. decreased zefr). At longer times on stream
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(i.e. > 80 ks), R normalized by tmo decay because Tvo < 7 molmo s molc! and the DHA
network is no longer at a PSS and R increases with tvmo (see Figs. 4.4, 4.5, C.13). Figure
C.13 shows R normalized by Twmo,nitial and T™o as a function of t™o to demonstrate the utility
of contemporaneous active site normalization in constructing axial rate profiles from time-

on-stream data.

- 45 I ! I ! I ! I
3> 40 ® Contact time, 1, s
o o Methane conversion, f %
€35F o
= o >
® 30 [ 465
2 [en ®
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Figure C.11: Mo-based contact time (®) and methane conversion (0) as a function of time
on stream during catalytic methane DHA. Reaction conditions: 0.75 g Mo/H-ZSM-5
catalyst (Mo/Al = 0.35, Si/Al = 11.5); 0.21 cm® s 90% CHa, 10% Ar at ~115 kPa total
pressure and 973 K. Data from Figs. C.11-C.13 are from the same experiment.
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Figure C.12: Net benzene formation rate normalized by Twmo,initial (®) and contemporaneous
T™o (©) as a function of time on stream during catalytic methane DHA. Reaction conditions:
0.75 g Mo/H-ZSM-5 catalyst (Mo/Al = 0.35, Si/Al = 11.5); 0.21 cm® s™! 90% CHa, 10%
Ar at ~115 kPa total pressure and 973 K. Data from Figs. C.11-C.13 are from the same
experiment.
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Figure C.13: Net benzene formation rate normalized by Twmo,initial (®) and contemporaneous
T™o (©) as a function of active Mo-based contact time, Tmo, during catalytic methane DHA.
Reaction conditions: 0.75 g Mo/H-ZSM-5 catalyst (Mo/Al = 0.35, Si/Al = 11.5); 0.21 cm?
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s190% CHa, 10% Ar at ~115 kPa total pressure and 973 K. Data from Figs. C.11-C.13 are
from the same experiment.

C.5 Calculation of forward rate from De Donder relations

Our recent work (95) details use of De Donder relations to calculate forward rate from
measurement of net rate and partial pressure of gas-phase intermediates and products. In
brief, we identify methane DHA proceeds through a sequential reaction pathway with gas-
phase and pseudo-elementary steps shown in Scheme C.1 and C.2. The steps in Scheme
C.2 are not meant to faithfully describe molecular catalytic events, but simply to identify
the stoichiometric number and the connectivity of the constituent elementary steps in the
overall methane to benzene reaction. Scheme C.1 and C.2 are reproduced from our prior
work (95).

Scheme C.1: Proposed methane DHA reaction pathway
A B C D

6CH4 < > 3C2H6 < > 3C2H4_ : 3C2H2 :C6H6
+3H, +3H, +3H,

Methane, ethane, and ethylene form a quasi-equilibrated pool catalyzed by carbidic Mo
sites for sufficient contact-times (> 7 molmo s molc™).

Scheme C.2: Methane DHA reaction sequence with pseudo-elementary steps

Reaction G c
(A1) CHs=CHsz + Y, H2 6
(A.2) 2CH;3 = C2He 3
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(A) 2CHs = CHs + Ho 3

(B.1) C:Hs = C2Hs + Y2 H2 3
(B.2) C:Hs = Co;Hs + Y2 Hz 3
(B) CyHg = C2Hs + Ha 3
(C.1)) C2Hs = C:H3 + % Hz 3
(C.2) CH; 2 CGHy + %2 Ha 3
©) C2Hs = CoH2 + Ha 3
(D.1) 2C2H2 = C4H4 1.5
(D.2) C2Hz + C4Hs = CeHe 1
(D) 3C2Hz = CsHs 1
overall 6CH4 = C¢Hs + 9H> 1

Bolded entries indicate rate-determining elementary steps within each gas-phase global
reaction (A, B, C, and D).

Within each global-phase reaction (A,B,C,D), we assign a rate-determining elementary
step and identify the corresponding stoichiometric number, o, AB.CD- In relation to the
overall methane to benzene reaction. The reversibility of the identified rate-determining
elementary step, z;‘:A’B,QD, is then calculated by the measured total reversibility of the

corresponding global gas-phase reaction, Zi-a ,c,p
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z; =7,/ [C.5]
The affinity-averaged stoichiometric number is then calculated as

ZizA,B,C,D o;ln(z;)
Zi=A,B,C,D In(z)

G = [C.6]

which is reported as a function of methane conversion on Mo/Al = 0.25 catalysts in Fig.
C.14

al

0 1 2 3 4 5 6 7 8 9
Methane Conversion / %

Figure C.14: Affinity-averaged stoichiometric number as a function of methane
conversion calculated by Eq. C.6.

The forward rate may now be calculated by

R R R
R = = [C.7]

_ * 1/6
1— [lizapcpzi 1-— ZO(,G

and appropriate spatial-averaging described in Section 3.4 in our previous report (95).

Spatial averaging of 2(1“/,6, as is necessary for flow reactors, gives Eq. C.6, a particular

form of Eq. C.7 which holds provided that for all t™o at least one of the following is true:
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(1) < zg‘/,a > « 1 and/or (ii) d—R)/drM0 ~ 0. Inspection of Figs. 4.4 and 4.5 show these

conditions hold for all tvo; R ~ R in the non-pseudo-steady state regime and Ris essentially
constant once the DHA network achieves a PSS. In general, we surmise forward rate is
calculable by Eq. 4.6 provided z.fr << 1 and/or kinetic product inhibition is weak compared
to thermodynamic product inhibition (i.e. the influence of z.fr).

C.6 Ethane hydrogenolysis on H-ZSM-5 zeolite

Figure C.15 shows time on stream data for ethane hydrogenolysis reactions performed
on H-ZSM-5 zeolite at identical conditions as performed on DHA-deactivated Mo/H-ZSM-
5 catalysts. The steady-state H'-catalyzed ethane hydrogenolysis turnover rate is 1.25 - 10°
5> molc (molu+s)!, 0.56% of the Mo-normalized ethane hydrogenolysis turnover rate, 2.24
- 1073 molc (molmo s)!, determined from data presented in Figs. 4.6 and 4.7. The maximum
contribution of Brensted-acid catalysis to measured ethane hydrogenolysis rate is
calculable from the maximum measured H™-to-Mo ratio and is 0.56% - (H"/Mo0)max ~ 6%,

which we regard negligible.
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Figure C.15: Methane formation rate (e) as a function of duration of ethane
hydrogenolysis on 0.10 g H-ZSM-5 (Si/Al = 11.5, [H"] = 7.9 - 10 molu: g' per DME
titration). Reaction conditions: 750 K, ~120 kPa total pressure, total flow of 0.49 cm? s™!
with composition 46% C2He/49% Ha/balance Ar.

C.7 Regeneration of Mo/H-ZSM-5 catalysts
Mo/H-ZSM-5 catalysts are regenerated in 1%02/He for re-use in DHA reactions and
subsequent ethane hydrogenolysis or DME titration. Figs. C.16 and C.17 show that time-

on-stream behavior and product distribution of Mo/H-ZSM-5 catalysts is reproducibly

regenerable.
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Figure C.16: Methane conversion as a function of duration DHA catalysis. Reaction
conditions: 973 K, ~115 kPa total pressure, total flow of 0.21 cm?® s with composition
90% CH4/10% Ar. Mo/Al = 0.25, gear = 0.30. Different symbol shapes indicate separate
DHA reactions after O»-regeneration.
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Figure C.17: Carbon selectivity of Cz hydrocarbons and benzene as a function of methane
conversion over deactivating Mo/H-ZSM-5 catalysts with time-on-stream behavior shown
in Fig. C.10. Reaction conditions: 973 K, ~115 kPa total pressure, total flow of 0.21 cm?® s°
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! with composition 90% CHa4/10% Ar. Mo/Al = 0.25, gea = 0.30. Different symbol shapes
indicate separate DHA reactions after Oz-regeneration.
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D Supporting Information for Kinetic description of site ensembles on catalytic

surfaces

D.1 1%-order descriptions of rate equations reaction sensitivity and related kinetic

descriptors

Tables D.1-D.5 list 1%-order rate equations for heterogeneous two-site events on a 2D

square lattice.

Table D.1: Rate equations for monomer -sorption (M) + o

%
spectators, s

—_—
=

m) in the presence of

Monomer adsorption (0 — m) Monomer desorption (m — 0)
One-site rate equations
deo de, do; dé,, ag, dés
dr dr  ° dr dt dt m dr
Two-site rate equations
dae deé daeé daeé
d?:m =20, d‘r:u = 650 = Omo dn;m = —20mm d?[w = Omm — Omo
daeo do daé daé
d;m = 2000 dls_o = _050 d,f_o = ngo d_f_o = gms
dbs; Abps p dOgs dbps 0
dr dr ~ %° dr dr ~— ™
Rate balances (Eq. 5.17)
do,,; _ 0 —o de,,  do, deJ z 0 dé,, dé,
Zdr _Z jo = Yo T dr T dr m =0 ==
J J

Table D.2: Rate equations for dimer -sorption (D) + 0o = dd) in the presence of

sk
spectators, s

Homogeneous dimer adsorption (0o — dd) Homogeneous dimer desorption (dd — o00)
One-site rate equations
de, dae, do do, do, do,
—_— = =40 =0 — = 40 =0
dt dt 00 dr dr dr dd dt
Two-site rate equations
dedd dedo _ d@dd dedo
dt drt dt dr
604, 00 6 6644 040 O
(7] (1 ) 36 (ﬂ d") =_0 (1 + ) - 30 ( dd clo)
o 6, °\g, 8, ad 04 1\, "0,
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de,, db,,
dr dbs, Bs0 drt dfg, O4s
60 00 660 dd
— _000 (1 + oo) dt 90 — Hdd (1 + do) dt Hd
00 ed
dbgs 0 b, _ 39 & dbss 0 dfs _ 3 %
dr dt 9, dvr dr g,
Rate balances (Eq. 5.17)
de 200 deo, dae, dfy; Y 0aj dé, dé,
=0,|1+3—— | =——=— — = 0Opull1+3— )| =—=—
Z dt °°< + 0, dt dt o dt aa {1+ 6, dr dr
j j

*Time, ¢, is made non-dimensional; T = kt where k is the rate constant of the considered process. s generally
refers to all spectators.

Table D.3: Rate equations for dimer -sorption (BDg + oo = bd) in the presence of
spectators, s~

Heterogeneous dimer adsorption (00 — bd) Heterogeneous dimer desorption (bd — 00)

One-site rate equations

de, de, de, do, do, do, do, do,
=-2—=-2——=-80,,;, — =-2—=-2——=2860,,4 —=0
dt dt dt ' dr dr dr dr ba dr
=0
Two-site rate equations
dbyy 0po d0gq 40 dOpy Opp d0aq O4a
=60,,— =60,,— = —60p;— = —60p;—
dt %9, dr %9, dr bdg, dr bd g,
db,, dbg, A0y dbg,
dr dr dr dr
36,0 69bo> 3000 6040 Oy Oba  Opo Oaa  Oba Bao
) | o) |analfe et %) | sl -
( 0, 0, o\ g, 6, bd\ g, + 6, 6, bd\g, + 0, 0,
deds eso dabs Hso dgds Hds debs ebs
=30,,— =30,,— = —30ps— = —30ps—
dt °g, dt %09, dr bd g, dr bdg,
dBs,
dess dgso _ HSO dess dt
F =0 dt - _66006_0 ? =0 _ 36b5 36(15
= 30pq4 +
O, 64
do,, dOpa A6y, Abpa
dr dr dr dr
120,, 36, 39d0> ( 606y, 66d0) ( 30p4 39bd>
—0,,(2 O,0(1 Opa |2 —0pq |1
°°<+00> °°(+90+eo bd +0b+9d bd +9b+9d
Rate balances (Eq. 5.17)
do,; %00 do, ddy; % Obj dao,
=0,1+3——)=40,, = — — =0 |1 +3—— | =—-460,y = —
Z dt °°( + 0, %~ dr o dt ba |t 0, bd ™ g
J j
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de,;

0 do
o= 000(1+32’0 "’> =40,, = —2

T

df,; 2 04j dé,
=—0pg|1+3—/—= ) =40,y = —
' o dr Z dt bd( + 04 bd = gr
Jj j
do; 2. 0; do do; i 0y T de,
jo _ _ jZjo\ _ 4% jo _ jYbj jY%j\ _ 4%
rra 000(2+6 00) e Z 7 Hbd(2+3 +3
J j

0, 0, dr

"Time, ¢, is made non-dimensional; T = kf where k is the rate constant of the considered process. s generally
refers to all spectators.
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Table D.4: Rate equations for reaction ab — co in the presence of spectators, s

Doubly-heterogeneous two-site reaction (ab — co)

One-site rate equations

d6, do, do.  do, 40, - e,
dt  dr dr  dt b dr
Two-site rate equations
dellll eaa deCC HG.C
Tar = %0wg, ar ~ 0w,
deac — (% _ %) dabb - _ be
dt ®\'g, 0, dt a’g,
debo ebb ebo dgoo Hbo
_ 30,, (%2 - 90) e
dt e\, 6, dt abg,
Do _ g, (%2 - o) Looc _ 39, (222 c)
dt *\e, 6, dt @\g, 6,
de,, 30, 304 dé., 304 305
= a1 ) =6 1 )
dt ab 0, 0, d ab 6, 6,
deas - _ % dabs - _ gbs
dt g, dt abg,
dBCS Bas dgso Hbs
— =130 =364 —
dt g, dt g,
do,
dr
Rate balances (Eq. 5.17)
do,; 204 de.; % 0aj do,
= - =- =0, (1+3=———) =40, =
Z dr Oap (1 +3 0. 46, . dr ap |1+ 0 ab = -
j j
_de,
T odt
de] Z,Bb] d@m Z} Hb] dgo
=—04,u|1+3——|=-40 Z =0 |1+3—F— | =40, = —
Z dt ab( + 0, ab o dt ab + 6, ab dr
Jj j
_de,
T odr

"Time, ¢, is made non-dimensional; T = kf where k is the rate constant of the considered process. s generally
refers to all spectators.
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Table D.5: Rate equations for surface diffusion ao — oa in the presence of spectators, s

Surface diffusion (a0 — oa)

One-site rate equations

dea_deo_d()s_
dr ~ dr  dt =

Two-site rate equations

deaa 0“0 0“(1) ngO (9(10 600)
—=60,,|— —— —— =604 |0 ———
dr ao ( 6, 6, dt “\e, 0,
DOuo _ 5 (eaa+h_%_%> s _ 34 (eﬂ_%>
dr e, 6, 6, 0, dt 6, 6,
405, _ ., (% _ &) doss _
dr ao 0, 9, dr
Rate balances (Eq. 5.17)
deajzeao Bw_:;% :():dea dejozeao 32]9‘1}_3% =0=d00
~ dt 9, 9, dr - dt 0, 0, dt
J

"Time, ¢, is made non-dimensional; T = kf where k is the rate constant of the considered process. s generally
refers to all spectators.
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The sensitivity of step i is the fractional change in turnover rate, r, per fractional change

in rate constant k;

B ( olnr )

Yk Jj#i
The sum of the forward and reverse sensitivity of step i is the kinetic degree of rate control,

Xrc,i, of the shared transition state, 7,7, given by

dinr
Sl S L RC,l <a(—G¥S’l/kBT)>GO [D.102]

TS,j#TS,i
Recall, the reaction order of species j, given by
_(Olnr
¥, = i [D.1.3]
J A j
is the fractional change in turnover rate per fractional change in the thermodynamic activity
(ideally, partial pressure) of species j, a;. The reaction order is readily calculated from

sensitivities by

¥j=- Z sivij[vij < 0] [D.1.4]

i=steps
where v;; is the stoichiometric coefficient of species j in step 7 and brackets in Eq. D.1.4 are
per Iverson Bracket notation where [v;; <0] is unity if the enclosed inequality is true and
zero if false (140).
The reversibility of step 7 in a fluid-phase or Langmuir-Hinshelwood reaction is related

to the forward and reverse sensitivity of step i by the relation

5 =2z [D.1.5]

Proof of Eq. D.1.5 (/40), however, requires that s; and s.; refer to a single reversible rate

expression for all instances of k; and k., — which is not true in models of order greater than
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zero since distinct 7;[;; engender distinct attendant k; ;). Therefore, we surmise there must
be a unique sensitivity identifiable for each independent k;[; and k;[;;. We note here that
ki ;) are numerically-equivalent for all j and are distinct only in the sense that each ki
refers to a rate expression unique to site ensemble j. The only site ensembles which share
identical rate expressions are single-site configurations j/ — the only configurations
considered by the Langmuir-Hinshelwood model.

We derive the distinct sensitivities s;[;; in the following. The reaction sensitivity may

be re-expressed using the chain rule as

<6lnr) z (6lnr> (6ln rm>
S; = =
i dln k; Kjei Zﬁ’;‘égi dinr, _— dln k; Kjas [D.1.6]

where m is an index over all rate processes, or elementary steps (/40). In the Langmuir-
Hinshelwood formalism, all stoichiometric coefficients are numeric, and, therefore, all
instances of k; refer to a single, degenerate rate expression for step i

dinr dinr
- 3, () o)
‘ 4 \dlnry/, T \alnr/, [D.1.7]

= n*t

process

We therefore conclude

(6lnr> _ (6lnr>
olnk;/, ~ \olnr/) [D.1.8]
Jj#i

as is also derived from the limit definition of the derivative in the Supporting Information
of the recent work of Foley and Bhan (/40). In higher-order models, we must re-write Eq.
D.1.6 in terms of the distinct 7;[; and k;

_ Z dinr Oln 1 )
0T L\ m dln ki)

mn,j Tv,[w]=m,[n] plql=i[j]
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_ Z dlnr z dinr
B 0ln 1y alnr Tilj

mn,j Tv,[wlzm,[n] Jj T [wlsi[j]
Z dlnr Z
= = Siri
dln k) o i1 (D.1.9]
J kp lq1=i )] j=independen

site configs.
where index j refers to all independent site configurations to avoid over-specification of
the reaction system. We note here that the contribution of independent site ensemble j to
the degree of rate control of step i may simply be defined by
dinr

XRC,i,[j] = Si[j) + S-i[j] = (aln ki ] [D.1.10]

plal=i [ Ki

From Eq. D.1.9, we see that the sensitivity of reaction, s;, is a sum of sensitivities of
the reaction with respect to each site configuration, s;[;;. Eq. D.1.5 may now be correctly

reformulated in terms of distinct reversibilities and sensitivities

= Zj[j] [D.l.ll]

From Eq. D.1.11 we see that z;, the reversibility for all single-site configurations, is not
generally equal to the ratio of —s.; and s; — which are now sums over sensitivities of all
independent site configurations. Section D.3 hereinafter will demonstrate the veracity of
Egs. D.1.9 and D.1.11 and the ostensible violation of Eq. D.1.5 when combinatorial non-

idealities are accounted for in the 1%%-order model and kMC method.
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D.2 Incorporating adsorbate interactions into 1%-order Kinetic descriptions

The 1%-order description of catalysis of mobile Langmuirian adsorbates is readily
modified to include lateral adsorbate interactions. Considering thermodynamic non-
idealities leaves only two conditions of the Langmuirian adsorption on which the 1%-order
formalism relies

(I) The absorbent is a perfect, flat 2-D lattice

(IT) Each adsorption site can be occupied by at most one occupant

Condition (I) can be relaxed by quantitative consideration of surface heterogeneity

following the work of Boudart and Djega-Mariadassou (76) which considers catalysis to
occur over a distribution of energetically-distinct active sites. Since rate equations,
including those for multi-site ensembles, are linearly proportional to the pertinent active
site density, the formalism detailed by Boudart and Djega-Mariadassou is applicable to the
higher-order kinetic description presented herein.

Condition (II) can be readily relaxed by enumerating rate equations for multi-layer
adsorption; each adsorption layer will be associated with layer-specific overall and
component site balances which are coupled to site balances for the layers immediately
above and below.

Condition (III) of the Langmuir adsorption model — that the surface is
thermodynamically ideal — can be relaxed by inclusion of any local or mean-field adsorbate
interaction model into the 1%-order formalism. Change of adsorption or activation
enthalpies with total coverage is readily incorporated in the same fashion as in modified
Langmuir-Hinshelwood mechanisms, and nearest-neighbor adsorbate interaction energies
can be accounted for by re-derivation of 1%-order rate equations tabulated in Section D.1

with special attention paid to statistical distribution of site occupants which are nearest
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neighbors to the -sorptive/reactive/diffusive configuration. In this section, in the context of
Case Studies I and II, we first explicate the procedure by which 1%-order lateral adsorbate
interaction terms are derived, then compute the consequences of nearest-neighbor
adsorbate interactions.

Table D.6 summarizes the reaction network of the 4 + 4 — A> reaction discussed in
Case Studies I and IL

Table D.6: Homogeneous bimolecular catalytic reaction

# Step Rate constants
1 Agyto—-a Kads

-1 a-Ag to kaes

2 aa - 00 + Ayy) ke
n/a ao — oa kaifr

"kaas is the product of the rate constant of adsorption and the thermodynamic activity (ideally, partial pressure)
OfA(g).

D.2.1 Single-site rate equations

We first derive single-site rate equations for 4y desorption in the 4 + 4 — A reaction
system (Table D.6). Recall that, in the absence of adsorbate interactions, the desorption
rate is simply

d6, do
— dta = dto = KgesO4 [D.2.1]

In order to explicate the effect of adsorbate interactions on rate, we re-express kdes in terms

of the pre-exponential factor A4es and activation energy barrier Eges

d9 de _Edes
— dta = d_to = Agese *8T O, [D.2.2]

where kg is the Boltzmann constant, 7' is temperature, and Eqes is the activation energy of

desorption in the absence of lateral interactions. Nearest-neighbor interactions affect
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reaction kinetics by (de-)stabilizing initial and transition states — thereby changing the
effective activation energy of each elementary step and biasing the distribution of surface
species (i.e. effecting adsorbate clustering and/or isolation). We refer to the interaction
energy between any two nearest-neighbor site occupants 7 and j as ¢;; and, we refer to the
interaction energy between a site occupant i and nearest-neighboring transition state j* as
e;. For example, we refer to the -sorption transition state as a*; so, the interaction energy
between nearest-neighbor a species and the -sorption transition state is £q4*.

We now re-derive Eq. D.2.1 by enumerating all configurations relevant to desorption

de, de, E
_ —_—_— = k
dt ~ dt Adese

des
BT |0 a +40 a +60 a +40 a +0 o [D.2.3]
aaa aaa aao 0ao 0ao

a o o o o

where the desorbing a-species is highlighted in red and each ensemble in the bracketed
sum represents all configurations with the same number of a-neighbors. The numeric factor
adjoining each bracketed term is the number of distinct configurations with the same
number of a species nearest-neighboring the desorbing a species. For example, there are
six distinct microstates in which the desorbing a species is neighbored by exactly two a
and two o species. The bracketed sum is simplified in terms of coverages of one- and two-
site configurations by executing the 1%-order truncation scheme. We explicate this

procedure for a select bracketed term, 6 a , for the reader’s reference
aao
o

truncate 040
0 a =9a)(a :>9a)(0_,o=9a—
aao aa " aao aa aa Ha
0 0 s 0 0
0. Y« Hao truncate 04 e an — 0.4 <an)2
aa ag Ha aa "o Ha aa . [D.2.4]
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uata (222) TS g (%) g (G e
= UgaX a 9 aa)(g 0, = Yaa 0, 0,

_ ea 9 eao 2 Haa 9 egaego
- aa Qa a X 93

6, N
In general, each bracketed coverage term in Eq. D.2.3 with n nearest a neighbors reduces

t0 Oa X Oaa" Oa20*102~%. Therefore, Eq. D.2.3 becomes

_ dod, _ @ _ Adese_il;e’lfea Oaa + 403,040 + 605,02, + 464405, + 05, [D.2.5]
dt dt 03
The bracketed term is recognized as a binomial expansion; therefore,
an + 493(100,0 + 606%06!4950 + 49(1(106130 + 930] — (Qaa; 9(10)4 — 1 [D.2.6]
a a

since 0, = Gua + Bao. If we include nearest-neighbor interactions, however, each nearest
neighbor j to the desorption center carries an energetic contribution

A€gesj = €qtj — €qj [D.2.7]
which is the difference in the interaction energy contributions in the transition state and in
the initial state. Accounting for these energetic contributions, Eq. D.2.3 is now

_Aedes,a _Aedes,o 4
do, de, _Eges  |@uqe” R8T +6,e  aT
- = —— = Agese kBTea
dt  dt 0,

[D.2.8]

The bracketed term compendiously captures the propensity of lateral adsorbate interactions

to affect the activation energy of desorption and is referred to in the following as

_Aé€des,a _Aé€ges,o
_ Bgqe *BT +0i,e KksT [D.2.9]
Fdes - 0
a

Egs. D.2.8 and D.2.9 demonstrate that accurately accounting for lateral adsorbate

interactions requires a rigorous means of counting site pairs. Attractive (repulsive)
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energetic interactions will naturally bias clustering (isolation) of surface species, rendering
the Hinshelwood assumption incompatible with the inclusion of adsorbate interactions. In
the limit of infinitely-fast surface diffusion, the distribution of interacting adsorbates is not
random (i.e. u;; # 1); rather, site occupants energetically-equilibrate in accordance with
nearest-neighbor interaction energies, giving site pair coverages determined by ¢g;. The
quasi-chemical approximation (QCA) describes exactly this case by assuming diffusion
events such as
aa + 00 < 2ao [D.2.10]

are equilibrated. Equilibration of Eq. D.2.10 algebraically constrains coverages of aa, oo,
and ao site pairs based on the energy change of the diffusion event

2
Hao

— p—(2€q0—€00—€aa)/kBT [D.Z.ll]
e
EaaE 00

If we regard vacant sites as non-interacting, as is most common, Eq. D.2.11 simplifies to

2
0(10

— g€aal/ksT [D.2.12]
Haa 000

We note that if e, = 0 (i.e. if all adsorbates are non-interacting), then the QCA collapses
exactly to the Hinshelwood assumption. In this sense, the Hinshelwood assumption is a
special case of the QCA — both of which rely on surface diffusion of each species being
arbitrarily-fast compared to all -sorption/reaction events.

Use of the QCA provides an algebraic constraint on site-pair coverages which permits
calculation of steady-state coverages and rates without the need for explicit rate equations
for multi-site ensembles. Much like the Hinshelwood assumption, however, the QCA is

inappropriate if diffusion is not arbitrarily-fast and results in miscalculated rates,
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coverages, reaction orders, and degrees of rate control — as we demonstrate in the context
of the 4 + A — A reaction in this section.

In the succeeding subsection, we derive single-site rate equations for adsorption and
reaction — identical in both the 1¥-order and QCA formalism. We will then derive two-site
rate equations inaccessible to the QCA formalism and compare the predictions of the 1°'-

order method with those calculated by use of the Hinshelwood approximation and QCA.

D.2.1.1 Single-site adsorption rate equations

The single-site rate equations for adsorption are derived similarly to those for
desorption with appropriate change of occupant at the -sorptive center from a to o. The
interaction energy change from the initial to the transition state contributed by each nearest
neighbor j = {a, o} is

A€qqs,j = €qtj — €oj [D.2.13]

where &, is identical in the adsorption and desorption rate equations because the
directional steps share a transition state. We now derive the single-site rate equations by

enumeration of all adsorptive configurations

d@a B dQO B _iaqrs _4A;az;‘s,a 3A€adsié1+TA€ads,o
=———= Ay qs€ BT |0 a e BT  +40 o e B
dt dt aoa aoa
a a
24€q4s,at24€q4ds,0 A€ggs,at34€ads,o
+60 0 e kT +40 o e kT
aoo aoo
a o
_4AEads,o
+6 0e ksT
000 [D.2.14]

Truncating each five-site coverage term to the 1%-order, we find
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dé aé _Eads _44€ggs,a
dta = _d_to = Agase kpT 0o [90_4 (Hgoe kpT

34€qds,atA€ads,o 24€q4s,at+24€q4s,0

+ 4'Qagoeooe kgT + 69509306 kgT [D.2.15]

A€qds,at34€qds,o _4‘A6ads,o
+46,,03,¢e kgT +6%e ksT

The bracketed term is again a binomial expansion; therefore, Eq. D.2.15 simplifies to

_Aeqds,a _Aeqqso 4
Do o= oo g, Yoo T Ot 2
o [D.2.16]
_Eads

= Agqse *BT eoraltis
where Iags 1s identified as the compendious measure of the influence of lateral adsorbate
interactions. We note that ['.qs = 1 if all site-occupants are non-interacting — giving the

canonical Langmuirian rate expression for monomer adsorption.

D.2.1.2 Single-site surface reaction rate equations

The single-site rate equations for surface reaction again require enumeration of all
reactive configurations and the attendant energetic contribution of nearest-neighbor
interactions. Each nearest neighbor j = {a, o} to a reacting a species carries energetic
contribution

A€rynj = €rtj — €qj [D.2.17]

where 7+ indicates the transition state of the surface reaction event. We distinguish 7+ and
a* because lateral interactions with transition states for surface reaction and -sorption
events are not necessarily the same — even if both transition states are composed
exclusively of a species.

Each surface reaction event also inherently carries a contribution
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Erxn = Epipt — €gqq [D.2.18]
which we consider accounted for by E,.,,, since this energy contribution is intrinsic to the

elementary step activation energy barrier.

Enumerating reactive configuration and the pertinent energetic contributions gives

dga _ deo _ —irx,}} _GAIi-”frnla SAETxniél"'TAerxn,o
— = = 4A,ne *BT |0 aa e BT+ 60 ao e B
dt dt aaaa aaaa
aa aa
4A€rxnat+24€rxn0 34€rxn,at34€rxno
+ 156 a0 e kT + 200 ao e kT
aaao aaao
aa ao
24€rxn,at44€rxno A€rxn,at54€rxno
+ 1560 ao e kT 4+ 60 ao e kT
aaao oaao
00 (o]0)
_6A5rxn,o
+6 oo e kBT
0aao [D.2.19]

Executing the 1%-order truncation scheme and recognizing the bracketed term is, again, a

binomial expansion, Eq. D.2.19 simplifies to

_A€rxna _A€rxn,o
_db, _ de, _aA e_’;;?:%le Ogae  KBT +6,,e ksT
dt dt rxn aa ea
_Eren
= 44, ,me *8T 0,05 [D.2.20]

which a stronger function of lateral adsorbate interactions than single-site rate equations
for A(g) -sorption steps which only require one site and therefore have four, rather than six,
nearest neighbors with which to interact.
D.2.1.3 Single-site surface diffusion rate equations

Surface diffusion events do not affect the coverage of single-site configurations;

therefore, all single-site rate equations are equal to zero in all kinetic descriptions.
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The single-site rate equations derived in this section — along with the appropriate site-
pair coverage algebraic constraints — complete Langmuir-Hinshelwood and QCA
descriptions of the 4 + A — A> reaction. Explicitly treating site pair coverages requires re-
derivation of two-site rate equations following an analogous procedure by which we
derived thermodynamically non-ideal one-site rate equations.

D.2.2 Two-site rate equations

The following subsections derive two-site rate equations for aa, ao, and oo site pairs in
the A + A — A reaction. We intend to re-derive all general rate equations tabulated in
Section D.1 with the consideration of nearest-neighbor lateral interactions in a subsequent
study.

D.2.2.1 Two-site adsorption rate equations
Recall the two-site rate equation for A4 adsorption in the absence of thermodynamic

non-idealities

dao
—2% = 2kgasbao D.2.21]
deo
" — Kaas(Bao — Bao) D.2.22]
dé
—22 = ~2K 4600 D.2.23)

Incorporating lateral interactions requires enumerating all adsorptive configurations which
contain the ensembles relevant to each ensemble-specific rate equation. For example
dB.q./dt 1s only concerned with adsorptive configurations with at least one a species

neighboring the adsorption center. The rate equation for aa pairs is thusly
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deaa Eqds 44€qds,a 34€qds,atl€ads,o

=2A44.e ¥8T (@ ae kT +30 0 e kgT
dt ads aoa aoa
a a
24A€q4s,at24€q4ds,0 A€qds,at34€qds,o
+30o0e kT +0 o0 e kT
ago ago [D.2.24]

which does not include the five-site configuration exclusively populated by vacant sites.

A€ads,a
Each term in Eq. D.2.24 contains an energetic contribution e *BT because each

configuration is required to have at least one ao pair. Executing the 1%-order truncation

_4€ads,a
scheme, separating the term e  *8T | and simplifying the binomial expansion gives

A€qds,a A€qds,o 3

E Ae
dBg, —cads _cadsa Oaoe  *BT +6,,e kBT
= 2A,4s¢ *BTe kBT Q,,
dt 0,

[D.2.25]

_Egds _Aeads,a 5
= 24gq5e *BTe kBT 0,40

which, as we expect, collapses to Eq. D.2.21 if adsorbates are non-interacting. Eq. D.2.25
explicates the distinct, ensemble-specific kinetic description proffered by the 1%-order

formalism. Retaining terms of the 1%-order captures the unique omnipresence of the

A€ads,a
energetic term e ¥BT in adsorption rate equations for the aa ensemble. Pairs of a species

can only be generated by adsorption if the adsorption center neighbors an a adatom;

A€ads,a
therefore, the rate equation for the aa ensemble must always carry a contribution e kBT

— regardless of the occupancy of the three remaining nearest-neighbor sites. Ensemble-
specific lateral interaction terms such as these enable description of catalysis of
thermodynamically non-ideal adsorbates without the requirement that surface diffusion be

equilibrated with respect to each ensemble.
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The adsorption rate equation for oo pairs is derived similarly to that for aa with the
requirement that each adsorptive configuration contain at least one vacant site neighboring

the adsorption center.

d@oo _Eggs 34€qds,atA€ads,o 24€q4s,at24€qds,0
= —2A44s€ BT 16 o e kpT +360 0 e kpT
dt aoa aoo
a a
A€qds,at34€qds,o _4’Aeads,o
+30 0 e kT +6 0e keT
@00 090 [D.2.26]

which does not include the five-site configuration populated by four a species. Each term

4€44s,0
in Eq. D.2.26 contains an energetic contribution e *BT because each configuration is

required to have at least one oo pair. Executing the 1%-order truncation scheme, separating

_Aeads,o

the term e k8T , and simplifying the binomial expansion gives

_Aégds,a _Aéqqdso 3
dHOO _Eads _Aeads,o Haoe kgT + 9003 kgT
= —2A4445e *BTe kBT §,,
dt 0,

[D.2.27]

_Eggs _Aeads,o 3
= —2Aq4se *8Te k8T 0,1

The adsorption rate equation for ao pairs is simply the sum of the adsorption rate
equations for aa and oo pairs multiplied by a factor of — /% since (i) each annihilation of an
00 pair generates an ao or oa pair, (ii) each generation of an aa pair annihilates an ao or oa
pair, and (ii1) the ao configuration is heterogeneous and is therefore only counted in half of

adsorption events, with the other half affecting the oa pair. Enumerating all the relevant

configurations gives
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dgao _Eggs 34€qds,atA€ads,o 24€q4s,at24€q4s,0

= Ayqse BT |0 o e kT +30 0 e kT
dt ads aoa aoo
a a
A€qds,at34€qds,o _4‘A€ads,o
+30 o0 e kT +6 o0 e kT
aoo 000
o (o]
_44€ggs,a 34€qds,atAl€ads,o
—|0Bae kBT +300ce ksT
aoa aoa
a a
24€qgs,at24€q4ds,0 A€ggs,at34€ads,o
+30 0 e ksT +0oe kT
a0 a0 [D.2.28]

Executing the 1%-order truncation procedure and collecting terms gives

E A€gds,o A€gds,a
d@ao ads ) _ ,

dt

= Agase FETIys|e KeT 0,, —e K8T 6, [D.2.29]

We demonstrate the two-site rate equations conform to component rate balance by sum of

dO../dt and db,./dt
dgaa d@ao _Eaas 3 _Aeads,a _Aeads,o
dt + dt = Aadse kBTFads 2e  ksT eao +e ksl 900
_Aeads,a
—e kBT an
Eqds A€gdsa A€qds,o

_Aé€gds,a _Aé€ads,o0
Eac’lfq 3 e kgT 0a0+e kgT 000
_Aadse B radseo 0
o
Eqds dea

ar [D.2.30]

which agrees with Eq. D.2.16.
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D.2.2.2 Two-site desorption rate equations

Desorption rate equations can be derived from adsorption rate equations by subscript
interchange of ‘0’ and ‘a’ and by replacement of subscript ‘ads’ with ‘des’. We also provide
explicit derivation of two-site rate equations for desorption if the reader is not satisfied
with the subscript interchange method.

Recall the two-site rate equation for A(g) desorption in the absence of thermodynamic

non-idealities.

dé
2% = ~2Kgesbaa D2.31]
deo
d;w = Kges (eaa — 640) [D.2.32]
do
—22 = 2K o5 [D.2.33]

We modify these rate equations by incorporation of lateral interactions dependent on the
occupancy of sites neighboring the desorbing a species. Each site ensemble is associated
with a unique set of desorptive configurations relevant to the annihilation and/or creation
of the considered ensemble.

For example, the desorption rate equation for aa pairs is derived by considering all

desorption events in which there is at least one aa pair annihilated by desorption

d@aa _Eges _4A€des,a 34€gdes,atA€des,o
= —2Ag4c.s¢ BT |0 ae kT +30 0 e kpT
dt aaa aaa
a a
24€ges,qat24€geso A€ges,at34€ges,o
+30 0 e ksT +0o0e kT
ago ago [D.2.34]
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_Aedes,a

Each term in Eq. D.2.34 contains an energetic contribution e #*BT because each

configuration is required to have at least one aa pair. Executing the 1%-order truncation
scheme and collecting terms gives

_Aé€des,a _A€geso 3
dgaa _Eges _Aedes,a Qaae kgT + ane kgT
= —2Ag.5e *8Te kBT 6,
dt 0,

[D.2.35]

_Edes _A4€desa 3
—_ — kgT kgT
= —2Ag4ese “Ble BT Baaliies

The rate equation for oo pairs is derived similarly to that for aa with the requirement
that each desorptive configuration contain at least one vacant site neighboring the

desorption center.

d@oo _Eges 34€gdes,atA€des,o 2A€g4esat24€deso
= 2A40s¢ BT [0 o e kgT +360 0 e kpT
dt aaa aao
a a
A€des,at34€des,o _44€ges,0
+360 0 e ksT +6 o e kT
ago 0ao [D.2.36]
A€ges,o

Each term in Eq. D.2.36 contains an energetic contribution e *8T because each
configuration is required to have at least one ao pair. Executing the 1%-order truncation
scheme and collecting terms gives

_Aé€ges,a _A€geso 3
d@oo _Eges _Aedes,o Qaae kgT + ane kgT
= 2A4es€ *BTe kBT @,
dt 0,

[D.2.37]

_Eges _Afdes,o 5
— kgT kgT
= 2A4.5¢ *BTe BT 0ol es

The desorption rate equation for ao pairs is simply the sum of the rate equations for aa
and oo pairs multiplied by a factor of — %2 since (i) each annihilation of an aa pair generates

an ao or oa pair, (ii) each generation of an oo pair annihilates an ao or oa pair, and (iii) the
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ao configuration is heterogeneous and is therefore only counted in half of desorption

events, with the other half affecting the oa pair. Enumerating all the relevant configurations

gives
d@ao _Eges _4‘Aedes,a 34€g4es,atA€des,o
= Agese BT |{0 a e kBT +360 0 e kpT
dt aaa aaa
a a
2A€g4es,at24€deso A€ges,at34€des,o
+30 o0 e kT +60 0 e kT
aao aao
a o
34¢€g4es,atl€des,o 24€ges,qat24€ges,o
—|(08 oe ksT +360 0 e kT
aaa aao
a a
A€ges,at34€des,o _44€ges,o
+30 o0 e kgT +6 0 e ksT
ago 0ao [D.2.38]

Executing the 1%-order truncation procedure and collecting terms gives

E A€ges,a A€ges,o
d@ao des ! _ ,

dt

= Agese *8TT3, (e KT O, —e k8T @, [D.2.39]

We demonstrate the two-site rate equations conform to component rate balance by sum of

dB.q/dt and dO,./dt
dgaa d@ao _Eges 3 _Aedes,a _Aedes,a
t—= Adese kBTFdes —2e kBT eaa +e ksl Haa
dt dt
_Aedes,o
—e kgT an
Edes A€des,a _Aedes,o

— “keT 13 -
__Adese kBTFdes e kpT Qaa+e kpT an

_Aedes,a _Aedes,o
e e k8T O, +e KT G,
= —Agese ¥BTI}j,s0, 0
a

[D.2.40]
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which agrees with the rate equation for a species provided in Eq. D.2.8.

D.2.2.3 Two-site surface reaction rate equations
Two-site rate equations for aa, ao, and oo pairs are derived in the following by
enumerating the pertinent reactive configurations for each site pair. First, recall the un-

truncated form of thermodynamically-ideal surface reaction rate equations

déd
=k, (Baa + 20000 + 49;&) [D.2.41]
do
d?o - kr (Haaa + 20(1((11 ~ Yaao = zea(c)z) [D.2.42]
dao
d;o —k, (eaa + 20,4 + 40(1?1) [D.2.43]

Site pairs aa and oo are respectively annihilated and created in each surface reaction event,
giving rise to the 6., term in the rate equations for aa and oo. This term is identical to that
in single-site rate equations and allows for any distribution of site occupants neighboring
the reactive aa pair. All other coverage terms in Eqs. D.2.41-D.2.43 describe populations
of three-site configurations and capture the nearest-neighbor occupancy requirements for
creation or annihilation of the considered ensemble. For example, the last two terms in the
rate equation df../dt are only concerned with reactive configurations with at least one a
species neighboring the reactive center.

We modify Eq. D.2.41 to capture nearest-neighbor lateral interaction effects by

considering all configurations described by each term enclosed in parenthesis
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dé,, _Erxn 64€rxn,a 54€rxn,atA€rxn,o

=—A,pe BT |0 aa e kBT 466 ao e kpT
dt aaaa aaaa
aa aa
44€rxn,at24€rxn,o 34€rxn,at34€rxn,o
+ 156 a0 e kT + 200 ao e kT
aaao aaao
aa ao
24€rxn,at44€rxn,o A€rxn,at54€rxno
+ 1568 a0 e kpT + 60 ao e kT
aaao oaao
oo oo
_64€rxn,o
+6 oo e ksT
oaao
oo
_GAErxn,a 54€rxn,atA€rxno
+(2+4)0 aa e kT +50 a0 e kT
aaaa aaaa
aa aa
44€rxn,at24€rxn,o 34€rxn,at34€rxn,o
+ 100 ao e kT + 100 ao e kT
aaao aaao
aa ao
2A€rxn,at44€rxno A€rxn,at54€rxn,o
4+ 560 ao e kpT +0 a0 e kT
aaao oaao
00 00 [D.2.44]

Executing the 1%-order truncation procedure and collecting terms, we have

d0,q —);;’”—x%l 6 844 _A—jcrx’;l,a 5
n = —A,me k8TO,, Frxn+69_ae B Tian [D.2.45]

The rate equation for oo pairs is derived similarly to that for aa with the final two terms

of Eq. D.2.43 requiring at least one ao pair rather than requiring at least one aa pair
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dé,, _Erxn 64€rxn,a 54€ryn,atA€rxn,o

= Ayyne BT |0 aa e kBT + 60 ao e kpT
dt aaaa aaaa
aa aa
4A€rxn,at24€rxno 34€rxn,at34€rxno
+ 156 a0 e kT + 200 ao e kT
aaao aaao
aa ao
2A€rxn,at44€rxno A€rxn,at54€rxn,o
+ 1568 a0 e kT + 60 ao e kT
aaao oaao
00 00
_64€rxn,o

4+0 oo e kT
oaao
00

54€rxn,atA€rxno

+(2+4)(0 a0 e kgT
aaaa
aa
4A€rxnat+24€rxn0 34€rxn,at34€rxno
4+ 560 ao e kT + 100 ao e kT
aaao aaao
aa ao
2A€rxn,at44€rxno A€rxn,at54€rxno
+ 100 ao e kT +560 ao € kT
aaao oaao
00 00
_6A6rxn,o
+6 oo e ksT
oago [D.2.46]

Executing the 1%-order truncation procedure and collecting terms, we have

db,o —E,;r—x}l 6 ao _Ajcrx;‘l'o 5
R = A, me kBT 0,, Frxn+60_ae B Irxn [D.2.47]

The surface reaction rate equation for ao pairs is simply the sum of the rate
equations for aa and oo pairs multiplied by a factor of - % since (1) each annihilation
of an aa pair generates an ao or oa pair, (ii) each generation of an oo pair annihilates
an ao or oa pair, and (iii) the ao configuration is heterogeneous and is therefore only
counted in half of surface reaction events, with the other half affecting the oa pair.

Enumerating all the relevant configurations gives
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Erxn 64€rxn,a 54€rxn,atA€rxn,o
a0 ~EsT “TReT kT
= Apne BT [(14+2)|6 aa e BT  +50 ao e B
dt aaaa aaaa
aa aa
44€rxn,at24€rxn,o 34€rxn,at34€rxn,o
+ 100 ao e kT + 1060 a0 e kT
aaao aaao
aa ao
24€rxn,at44€rxn,o A€rxn,at54€rxn,o
+560 a0 e kgT +6 a0 e kpT - (1
aaao oaao
oo oo
5A€rxn,atA€rxn,o 44€rxn,at24€rxn,o
+2)(60 ao e kpT + 560 a0 e kpT
aaaa aaao
aa aa
34€rxn,at34€rxno 2A€rxn,qat44€rxn,o0
+ 100 ao e kgT + 1060 ao e kT
aaao aaao
ao 00
A€ryxn,at+54€rxn,o _64€rxn,o
+560 a0 e kgT +0 oo e kBT
oaao oaao
00 00 [D.2.48]

Executing the 1%-order truncation procedure and collecting terms, we have

E A€rxn,a A€rxn,o
anO _Erxn ) _ ,

ao
dt

LErxn _Afrxna 0
= Arxne kBT@aa 3ﬂe kpT I—;‘g’cn —3—e kBT I;‘%cn
Oq 0a [D.2.49]

We demonstrate the two-site rate equations conform to component rate balance by sum of

dB.q/dt and dBO,./dt
do dé _Erxn 0 _A€rxna
aa ao 6 aa 5
+ - Arxne kpT eaa _Frxn -6 e ksT Frxn
dt | dt 0,
gaa _Aérxn,a 2o _Aé€rxn,o
$3eT T 5, —3-2e kT LS,
0a 0a
Erxn A€rxna A€rxno
= Ayyne k8T 0 r%,—3——e ksT [5, —3——e ksl [;3
= Apxn€ "B Ugg |\ —lrxn — 0 e B rxn 0 e B rxn
a a
_Erxn [a) _Aerxn,a _Aerxn,o
= Arxne kpT Haa _rr?cn - 31;’%571 %e keT  + %e kpT
a a [D.2.50]
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_Erxn dé,
= —4A,pe ksT I;”?cngaa = E

which agrees with the rate equation for a species provided in Eq. D.2.20.
D.2.2.4 Two-site surface diffusion rate equations
Two-site rate equations for aa, ao, and oo pairs are presented in the following by

considering all pertinent diffusive configurations for each site pair. First, recall the un-

truncated form of thermodynamically-ideal surface diffusion rate equations

do
=== kaigy (26400 + 46 @ — 20400 — 4930) [D.2.51]
de,,
=k (aaoo +26 0+ Oaao + 200 — 100 = 20 @ = Opo — 2930) [D.2.52]
do
=k (26000 + 400 — 20400 = 40 o ) [D.2.53]

where the diffusive a species is highlighted in red and diffuses to the right in each
configuration.

We modify these rate equations by incorporation of lateral interactions dependent on
the occupancy of sites neighboring the diffusing a species and the vacant site to which the
a species diffuses.

Each nearest neighbor j to the diffusing a species carries an energetic contribution

A€giffarj = €atj — €aj [D.2.54]
and each nearest neighbor ;j to the vacant site accepting the diffusing a species carries an
energetic contribution

A€giffo+rj = €qtj — €oj [D.2.55]
where d* indicates a site occupied by the diffusion transition state. Note that Aeg; ffota *

A€qifr a+os the subscript before the + sign indicates whether the pairwise interaction
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is with the diffusion-donating a species or diffusion-accepting o species. We consider
eq; identical for nearest-neighbor lateral interactions with the diffusion-donating or
diffusion-accepting site. Each surface diffusion event also inherently carries a contribution

€diff = €qtat — €ao [D.2.56]
which we consider accounted for by Euiy since this energy contribution is intrinsic to
the elementary step activation energy barrier.

The heterogeneity of the diftusive ao configuration significantly increases the
number of relevant configurations for each ensemble-specific rate equation. The site
occupants neighboring the diffusion-accepting and diffusion-donating site carry
distinct energetic contributions because the diffusion-accepting and diffusion-
donating sites are distinctly occupied. For example, enumerating all relevant diftusive

configurations for the aa ensemble gives
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df,, Eqifr 34€qiffo+at34€diffata
= 6Adlff

e kT (60 aa e kgT
dt aaoa
aa

3A€4iffo+at24€diff atratA€diff,ato

+ 360 oa e kpT
aaoa
aa

34A€giffo+atA€diffatat24€diff ato

4+ 0 oa e kpT
aaoa
oa

4+ 0 oa e kpT
oaoa

3AEdvfp+a+3AEdvfﬂ+o>
oa

0 ao e kpT
aaoa

24A€qiffo+atA€diffo+ot34€diffata
+
aa

2A€qirfo+atB€difforot24€qiff avatA€diffato

4+ 30 o0 e kpT

2A€qiffo+atA€diffo+otA€diffarat24€diffato

4+ 60 oo e kpT
aaoa
oa

4+ 60 oo e kpT
oaoa
oa
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[D.2.57]

which we regard unremunerative to show in full (Eq. D.2.57 only lists % of all relevant
diffusive configurations). Suffice to say, the diffusive events which generate aa pairs are
of the form aoa — oaa and the events which annihilate aa pairs are the microscopic reverse
events of the form oaa — aoa. The diffusive configurations capable of creating aa pairs
contain lateral interaction contributions from (i) the three nearest neighbors to the diffusing
a species, and (ii) the three nearest neighbors to the diffusion-accepting o species — one of
which must be a-occupied. The diffusive configurations capable of annihilating aa pairs

contain lateral interaction contributions from (i) the three nearest neighbors to the



diffusion-accepting o species, and (ii) the three nearest neighbors to the diffusing a species

— one of which must be a-occupied. The diffusion rate equation for aa pairs is thusly

db,, _Eqifr 040 _A€diffo+a
= 6Agsre k8T O40 | ——€ kpT Fdziff,OFdBiff,a
dt 0,
[D.2.58]
0,4 _4€gdifrata 5 5
- Ee *eT  Ihirroldiff.a
where
_A€giffota _4€diffo+o
Ogoe K87 4+ 0,0 kBT [D.2.59]
Laifro = 7
(o]
_A€diffa+a _4€diffa+o
O *BT  +0,e  KeT [D.2.60]
Laiffa = )
a

account for nearest neighbor lateral interactions with the diffusion-accepting and diffusion-
donating site, respectively. The first bracketed term in Eq. D.2.58 represents the diffusive

events which generate aa pairs and contains (i) 6.0/6, to account for the necessity of an a

_4€diffo+a
species neighboring the diffusion-accepting site, (i) e *8T to account for the

interaction energy of the necessary ao pair, (iii) F(fifﬂ o to account for the interaction
of the diffusion-accepting site with the other two neighboring sites which may have
any occupancy, and (iv) ngff’a to account for the interaction of the diffusing a species
with the three neighboring sites which may have any occupancy. The second
bracketed term inEq. D.2.58 represents the diffusive events which annihilate aa pairs and

contains (i) G../0. to account for the necessity of an a species neighboring the diffusion-

_Aédiffa+a
donating site, (ii) e ~ ¥8T  to account for the interaction energy of the necessary aa

pair, (iii) T, to account for the interaction of the diffusion-donating site with the
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other two neighboring sites which may have any occupancy, and (iv) ngfﬁ o to account
for the interaction of the diffusion-accepting site with the three neighboring sites

which may have any occupancy.

The diftusion rate equations for oo and ao pairs are similarly derived and are

db,, _Earr [0, -_Afdiffaro
= 6Agsre k8T Q40 | o—€ kpT ngiff,ordziff,a
dt 0,
[D.2.61]
B0 _A€difro+o 5 s
—0_09 *sT  Tiirroldiffa
and
dBq0 Edigr 1, _A¢diffoto
=3Agirse *BT O4o |2—€ K87 Ijcr Iiier,
dt 0,
0,4 _4€gdifrata
+—e kBT rd3iff,ord2iff,a
a
[D.2.62]

6,40 _4€diffaro
—kgT |3 2
———e KT TGirrolidifra

a

6,40 _4€diffo+a

—keT 2 3

—3.¢ " Liroliirra
o

We demonstrate the two-site rate equations conform to component rate balance by sum of

d@aa/dt and d@ao/dt
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db,, dby, _Eaifr 0,, _Acdiffoto
= . kpT - kgT 2 3
at T ar - SAarre 10w |pme ®T Liigroliirra

0,4 _4€gdifrata
3 2
—5 ¢ 8" Turpoliifra

a

640 _4€difrato
3 2
———e T Thirroliifra
a
640 _A€diffo+a
2 3
to-e T Tigrelirra

(o]

Eqify
— - 3 3
= 3Adiff€ k8T 640 [Fdziff,ordiff,a ’ Fdiff,o - Fdiff,ordziff,a

- de,
Tairral =0=— [D.2.63]

In the following section, we compare the Langmuir-Hinshelwood, QCA, and 1%-order
kinetic descriptions in the case of the 4 + 4 — A reaction system with thermodynamically
non-ideal adsorbates.

D.2.3 Case Studies I and IT with repulsive adsorbate interactions

Table D.7 summarizes the reaction network of the 4 + 4 — A> reaction discussed in
Case Studies I and II and lists the values of rate constants we consider in this section.
Desorption and surface reaction rate constants take the same values as in Case Studies I-II,
and adsorption and diffusion rate constants span similar range as in Case Studies I-II. We
incorporate thermodynamic non-idealities by accounting for adsorbate-adsorbate
interaction between nearest-neighbor a surface species which interact with energy &.. For
the sake of simplicity, we regard transition states and vacant sites as non-interacting — as

is commonly assumed (33—-35). With this approximation, the set of 1%'-order rate equations
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is greatly simplified; we tabulate 0"~ and 1%-order rate equations in Tables D.8 and D.9
respectively

Table D.7: Homogeneous bimolecular catalytic reaction

# Step Rate constants
1 Ag+o-a kaas' = 1076~ 10
-1 a— A(g) +o0 kdes =1

2 aa — 00 + Ayy) k=50
n/a ao - oa kaiyr =0, 1, or ©

*kaas is the product of the rate constant of adsorption and the thermodynamic activity (ideally, partial pressure)
OfA(g).

Table D.8: Thermodynamically non-ideal 0"-order rate equations

Quasi-chemical approximation

Step adsorption desorption reaction diffusion

Rate Kas6s K gos O, k0, KaiprOa0l™

Ensemble-Specific Stoichiometric Coefficients

de,/dt 1 ] . "
de,/dt -1 1 4 5
d6,,/dt
de,,/dt No explicit rate equations.

- eaaeoo(eao)_z = e~ €aa/kT
de,,/dt

Rate equations for each ensemble and each elementary step are constructed by product of the fundamental
rate of the step (e.g. kussf, for A adsorption) and the corresponding ensemble-specific stoichiometric
coefficient (e.g. 1 for a for A() adsorption). The algebraic constraint for two-site coverages is defined in Eq.
D.2.64. The interaction parameter /" is defined in Eq. D.2.69.

Table D.9: Thermodynamically non-ideal 1¥-order rate equations

1%t-order formalism

Step ads. desorption reaction diffusion

Rate | k.6, KgesOal™ k,0oa"® KaiffBaol™

Ensemble-Specific Stoichiometric Coefficients

de,
dt

1 -1 -4 0
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a6, -1 1 4 0
dt
€aa €aa faa
d04q 2840 204, €kT 604, €kT 6 % _ % . _e e
dt 0, T, T Ty, T 6, 6, T
€aa
€aa €aa 3 (gaae kT — gao) 1
dBy, | Boo = 0ao | ek —06,, 1 3 00 kT —6,, 1 . =
dt % 0 r 0 r 4 3000 = 6a0)
0,
A0, | _ 2000 2000 1 14800 1 6<6ao.l_0ﬂ>
dt 0, 6, T 6, T 6, I 6,

Rate equations for each ensemble and each elementary step are constructed by product of the fundamental
rate of the step (e.g. kuas6o for A adsorption) and the corresponding ensemble-specific stoichiometric
coefficient (e.g. 264,/6, for aa for Ay adsorption). The interaction parameter /" is defined in Eq. D.2.69.

The QCA algebraically constrains the coverage of site pairs in terms of &, which is the
only non-zero interaction energy if vacant sites and transition states are non-interacting

2
0(10

Haa 900

— eCaa/ksT [D.2.64]

To evaluate the accuracy of the QCA in cases where surface diffusion is not arbitrarily fast,

we define an approach to quasi-chemical equilibrium
Zoca =gz [D.2.65]
ao

which is unity if the QCA is valid and deviates from unity if adsorbate distribution is not
chemically-equilibrated.
In Case Studies I and 11, for kuas < 107, ttao = 100 = 1 due to the very low coverages of

a. Therefore, as kuas — 0, Eq. D.2.65 becomes

62 1
_2 _ eeaa/kBT = — [D.2.66]
044 Haa

Recall that, as kaas — 0, A(g) adsorption equilibrates and, if adsorbates are immobile, piaq

asymptotically approaches a value of (1 + Zkr/kdes)? = 1/26. Therefore, in order to
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compare the kinetic descriptions of the QCA, Langmuir-Hinshelwood, and 1%-order
models at conditions of quasi-equilibrated adsorption, we choose eu./ksT = In(1 +
Zki/kades) which, if surface diffusion is arbitrarily fast and k.i; — 0, will give paa = 1/26
— the same value of paa calculated by the 15t-order model in the case of immobile
adsorbates. Engendering isolation of infinitely-mobile a species (ie. aa = 1/26) at
low coverage therefore requires strong repulsive a-a interactions. For example, at 500
K, a value of e“@*8T = 26 = 15~ requires &4, = 13.5 kJ mol™.

Considering transition states and vacant sites to be non-interacting, the 1%-order rate

equations for aa and ao are

dOgq Eag Opq Eaa
~% — 2heqasOao — 2eaesOaal >R — rOg (r + 69—ekBT)
a
[D.2.67]
0.0 0,0 Sfaa
+ 6kdiff0a0['2 (_F - _ekBT)
6 Oq
and
dé,, 3 %
dt = Kaas (800 — a0) + KaesI” <9aae Bl — Hao)
5 Opa <aa a0
+ 3k, 0., (3 H—QkBT — 39—> [D.2.68]
a a
6 faa 6 6
4 3krierl. T2 (ﬂekgr+ﬂp_ﬂp_ﬂ)
dlff ao Ha 90 00 Qa
where
€aa
_ Gaa€®s" + 64, [D.2.69]
Oq

captures the kinetic influence of a—a nearest-neighbor energetic interactions. Coverages
for the three remaining ensembles (i.e. @, o, and o0o) are solved for by site balance (i.e. ,=
Oua + eao, Go=1- ea, and 6,0= 0, — eao)-
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In the following, we compare the predictions of the (i) Langmuir-Hinshelwood
formalism and (ii) quasi-chemical approximation with those of the 1%-order model (iii)
with and (iv) without adsorbate interactions in the case that adsorbates are immobile, as in
Case Study I. Comparing these four kinetic descriptions illustrates and juxtaposes the
kinetic consequences of ensemble site requirements, adsorbate mobility, and adsorbate
energetic interactions in the context of the 4 + 4 — A reaction.

Figure D.1 shows rates, coverages, and mean-field metrics calculated for each of the
four cases with kaes = 1 and k- = 50. The 1%-order description of immobile interacting and
non-interacting adsorbates agrees, respectively, with the QCA and Langmuir-Hinshelwood
descriptions for kuss > 10 since 6, becomes sufficiently large to guarantee statistical or
chemical equilibration of adsorbate distribution. The choice of €. /ksT = In(1 + Zkr/Kdes)
for interacting-adsorbate models successfully effects agreement in rate (Fig.
D.2.1(A)) and p.q (Fig. D.2.1(C)) in the low coverage regime. If interacting adsorbates are
immobile, however, combinatorial and thermodynamic non-idealities compound —
resulting in g ~ 0.02 which is roughly half that predicted by the QCA method.
Consequently, 42 formation rates calculated by the QCA method are roughly half that

calculated by the 1%"-order formalism with kgzp= 0.
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Figure D.1: (A) Turnover rate of Az formation, (B) fractional coverage of a, 6., (C)
mean-field metric of aa pairs calculated by using the QCA (- - -), 1¥-order method with
kaig= 0, eaalksT = In(1 + 2ki/kdes) (—), Langmuir-Hinshelwood formalism (- - -), and 1

order method with kur = 0, cad/ksT = 0 (—). Calculations are of the reaction network in
Table D.7 with rate constants kges = 1, k- = 50.

Fractional coverages of a agree for all four cases in the low a coverage regime because
equilibration of single-site A« adsorption is unaffected by thermodynamic or
combinatorial non-idealities. For kaas > 1072, however, the four models predict qualitatively
different increasing trends in 6,. Langmuir-Hinshelwood and 1%-order description of
immobile, non-interacting adsorbates give different 6, in the regime of large |duua/dkaas|, as
discussed in Case Study L. For kuss > 107!, interacting adsorbate coverages 6, and 0.,
increase weakly because repulsive interactions preponderant on high-coverage surfaces
promote (i) desorption and surface reaction events which eliminate a species and (ii)
dissuade formation of energetically-unfavorable aa pairs. The distinct high-coverage
behavior of repulsively-interacting adsorbates and the compound effect of thermodynamic
and combinatorial non-idealities at low coverages profoundly affect A4 reaction orders

and elementary step rate-control as a function of kqgs.
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Figure D.2 shows reaction orders and degrees of rate control calculated for each of the
four cases with k4s = 1 and k- = 50. The 1%-order model, with and without lateral
interactions, and QCA method predict quantitatively similar ¥4 for ks < 10! because, in
all three cases, (4« < 1 demand similar replenishment of aa by A(e) adsorption. The coverage
of aa pairs is over-predicted by the Langmuir-Hinshelwood model and, therefore, reaction

order in A4 is underestimated in the moderate coverage regime.

3.0—-—-—-—-—-—-—-—- g el Bk Bk Bt ki Bk By |

(A) - ==-QCA -(B) = ==QCA 11.4
15tord. 15t-ord.
2.5} - ==LH 1t ===LH 11.2

15tord., ¢,,= 0

1%tord., £,,= 0

0_0 PR R RN T R TP SR R | mm—oo
10° 10° 10" 10" 10%® 10°5 102 10" 10' 10°
k.4 a.u. k.4 ! a.u.

Figure D.2: (A) Reaction order in A and (B) degree of rate control of Ay adsorption
calculated by using the QCA (- - -), 1%-order method with kaiy = 0, ea/ksT = In(1 +
2ki/kaes) (—), Langmuir-Hinshelwood formalism (- - -), and 1*-order method with kay
= 0, €w/ksT = 0 (—). Calculations are of the reaction network in Table D.7 with rate
constants kges = 1, k= 50.

Unlike A reaction orders, Xzc ads is profoundly affected by the magnitude of surface
diffusion both with and without adsorbate interactions. As discussed in Case Study I, the
Langmuir-Hinshelwood and 1%-order models identify antithetical rate-determining steps in
the low-coverage regime because the Hinshelwood assumption is ignorant to the isolation
of a species. Similarly, the QCA incorrectly identifies the surface reaction step to be rate-
determining at low coverage (i.e. Xrc,» = 1 — Xrcaas = 1). In actuality, as the 1%'-order model

identifies, Xrcr ~ Xrcass = Y2 because the dearth of aa pairs responsible for rate-
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determination of 4 adsorption in the immobile, non-interacting case is partially assuaged
by repulsive a—a interactions which lower desorption energy barriers and therefore increase
the ensemble-specific reversibility zaus[4q to shift rate control to surface reaction.

Degree of rate control, however, appear to be the only kinetic descriptor which is
significantly affected by immobility of interacting adsorbates. In the following example,
we demonstrate that the ostensible insignificance of adsorbate immobility for rate, reaction
order, and clustering/isolation behavior is not general and manifests in this particular
example because both combinatorial non-idealities and thermodynamic non-idealities bias
isolation of @ adatoms.

D.2.4 Case Studies I and II with attractive adsorbate interactions

We now compare the QCA and 1%-order descriptions of the 4 + 4 — A5 reaction in the
case of attractive adsorbate interactions — quantified by e./ksT = —2 < 0. In order to
quantify the effect of surface diffusion rates, we calculate kinetic descriptors using the 15'-
order method with kajr = 0 and kajy = kaes = 1 — the condition for which surface diffusion
was most kinetically-relevant in Case Study II. Desorption and surface reaction rate

constants are the same as in all previous examples.
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Figure D.3: (A) Turnover rate of Az formation, (B) fractional coverage of a, 6., (C)
mean-field metric of aa pairs calculated by using the 1%-order method with k=0 (- - -)
and kaiiy=1 (—) and the QCA method (- - -). Calculations are of the reaction network in
Table D.7 with rate constants kqes = 1, k- = 50 and with gq/ksT = 2.

Figure D.3 illustrates the distinct kinetic behavior of immobile (k4 = 0), moderately
mobile (ks = 1), and infinitely-mobile (kuziy = ©) a species with attractive adsorbate
interactions. Attractive interactions between nearest-neighbor a—a pairs (i) promotes
clustering of a species at all coverages and (ii) induces a kinetic phase transition (KPT)
from 6, <<'1 to 0, =1 at critical value of kuss ~ 1. The propensity of attractive adsorbate
interactions to engender islanding of a species results in pq, = e~ «*8T = ¢2 > 1 for kuas <
107 if adsorbates are infinitely-mobile (see - - - in Fig. D.3(C)). If a species are immobile
(kair = 0) or moderately mobile (ks = kaes = 1), combinatorial non-idealities conferred by
ensemble site requirements of surface reaction supersede thermodynamic non-idealities
and effect isolation of a species (ua« < 1). Therefore, the isolation of a pairs at low
coverages illustrated in Figs. D.1-D.2 and in Case Studies I and II can manifest even with
strong attractive adsorbate interactions. Surprisingly, combinatorial non-idealities
dominate even with ostensibly moderately-fast diffusion rates — as demonstrated by paa <

1 in the low a coverage regime for ki = kaes = 1. The converse combinatorial non-ideal
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effects in the 1%-order and QCA models results in rates and coverages which differ by

orders of magnitude (Fig. D.3(A-B) and in disparate reaction orders and degrees of rate

control — as shown in Fig. D.4.
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Figure D.4: (A) Reaction order in A and (B) degree of rate control of surface reaction
calculated by using the 1¥-order method with kuip=0 (- - -) andkayy=1 (—) and the QCA
method (- - -). Calculations are of the reaction network in Table D.7 with rate constants

Figure D.4(A) demonstrates that the magnitude of surface diffusion affects (i) the
reaction order in A(g) in the moderate coverage regime by as much as ~0.80 and (ii) the
identity of the rate-determining step. The implicit infinite-mobility of adsorbates in the
QCA method results in an accumulation, rather than a dearth of aa pairs. Consequently, (i)
A(g) adsorption bears less of a kinetic burden to generate aa pairs which are plentiful on a
chemically-equilibrated surface and (ii) surface reaction is rate-determining because self-
annihilated aa pairs are immediately replenished by diffusion. Even if kg is similar in
magnitude to ks, surface diffusion fails to ally isolated a species with enough regularity

for attractive interactions to effect adsorbate islanding. Therefore, surface reaction is
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kinetically-irrelevant for ks < 1 in the low coverage regime and the QCA and 1%-order
formalisms identify distinct rate-determining steps.

The antithetical clustering/isolation of a species per the QCA and 1%-order formalisms
demonstrate the distinct kinetic influences of combinatorial and thermodynamic non-
idealities. Depending on elementary step site requirements and rate constants,
combinatorial non-idealities may engender isolation (ua ~ 0.038 in Case Studies I and II)
or clustering (un+.n+ ~ 10° in Case Study III) of low-coverage species; and, depending on
the repulsive or attractive nature of energetic interactions, thermodynamic non-idealities
may engender isolation (ew/ksT > 0) or clustering (e./ksT < 0) of surface species.
Ensemble-specific rate equations captured by the 1%-order formalism are especially
required in cases wherein combinatorial and thermodynamic non-idealities antithetically

bias adsorbate distribution.
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D.3 Case Study I: A + 4 — 42 with immobile adsorbates
D.3.1 Rank of the 0™- and 1*-order models

We address briefly the relative number of independent equations and site
configurations in the 0- and 1%-order truncation schemes. In the Langmuir-Hinshelwood
model, the overall site balance provides the only constraint on site coverages, reducing the
number of independent site configurations by one from the total number of site occupants,
N. In addition to the N single-site configurations, the 1¥-order model considers T two-site
configurations, where Ty = % N(N+1) is the N triangle number. The number of site
constraints (i.e. linearly-independent equations) is N+1 since there is an overall site balance
and an additional site balance for all N site occupants. The number of independent site
configurations is therefore 7n + N — (N+1) = Ty — 1. Since the number of independent rate
equations per elementary step is equal to the number of independent site configurations,
we see that the number of required differential equations in the Langmuir-Hinshelwood
model is A(N) and in the 1%-order model is O(N?).

The number of independent site requirements is not only of importance for
computational cost; the rate equation for each independent site configuration is
accompanied by a unique rate constant which, in the 1-order model, is no longer identical
to every other appearance of the rate constant in rate equations for other site configurations.
The number of independent site configurations therefore determines the number of
independent variants of the same rate constant — each of which has a unique reaction
sensitivity.

D.3.2 Closed-form rate expressions with quasi-equilibrated adsorption

A(g) adsorption is equilibrated in both the Langmuir-Hinshelwood and 1%-order models

if
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kdesea
=—-=1 D.3.1
Zads kads 90 [ 3 ]

as is true in Case Study I for sufficiently low k.qs. Eq. D.3.1 provides an algebraic constraint

on 6, which, in tandem with overall site balance 1 = 6, + 6,, gives

Kads

=— D.3.2
1+ Kggs [ !

a

where Kuds = kads/kaes and kaas 1s the product of the thermodynamic activity of 4) and the
intrinsic adsorption rate constant. The Hinshelwood assumption also algebraically-fixes
site-pair coverages, giving 0., = 0,°. Therefore, in the Langmuir-Hinshelwood model, the
rate of A consumption is

2
Kads

S YA [D.3.3]

>) faa = 4k

in the regime of equilibrated adsorption. If the surface is bare, K. << 1 and the rate
expression is
r =4k, K2 [D.3.4]
In the 1%-order treatment, the equilibrium condition kugs(1 — 04) = kaesOs still holds, but
0uq is no longer incorrectly taken to be equal to 6,2. We can determine 6., by examining its

steady-state sum of rate equations

dOgq
dt

60,4,
=0 = 2ky450u0 — 2K gesOaq — KrBOaa (1 += ) [D.3.5]
a

By use of the component site balance for a, we substitute G, = 6, — 0aq in Eq. D.3.5

66
0 = 2kqq56q — gaa(ZkadS + dees) — k04 (1 + 9aa> [D.3.6]

a

Collecting terms, we find
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2kads ga

Opa =
D.3.7
Zkads + dees + kT (1 + _6gaa) [ ]

Writing in terms of Kuas gives

9 = Kads . Kads
aa — D.3.8
1 + Kads + 2;;;35 (1 + 63;1(1) 1 + Kads [ ]
and, thusly,
Kads Kads
r = 4k,0,, = 4k, :
k, 6020\ 1+ K,g [D.3.9]
1+Kads+Tdes(1+9_a) aas

The largest possible value of 0.a/0s 1s unity; therefore, k- << 2/.kaes 1s a rigorous criterion
for combinatorial ideality if adsorption is quasi-equilibrated. However, in the case of a bare
surface (i.e. Kuas << 1; Oad/0a << 1/6) and k, >> 2kqes, Eq. D.3.9 becomes

1 = 8KaesKzas = 8kaasKaas [D.3.10]
Egs. D.3.4 and D.3.10 communicate the disparate kinetic descriptions of the Langmuir-
Hinshelwood and 1%-order formalism and the provenance of the antithetical rate-
determining steps predicted by each.

D.3.3 Ensemble-specific sensitivity, reversibility, and degree of rate control

In Section D.2, we demonstrate that the sensitivities and degree of rate control of each
elementary step i are, in fact, a sum of ensemble-specific s;[;; and Xrc,[) for each
independent ensemble j. We also purport that the existing relationship between elementary
step reversibility and sensitivities, z; = —s_i/s; is incorrect in the 1%-order model which
correctly identifies the distinct reversibilities and sensitivities of each ensemble specific
path. Instead, we propose, in Eq. D.1.11, that each ensemble-specific elementary step

reversibility is related to the corresponding sensitivities by zi[;; = —s_i[/sip)- In this
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subsection, we demonstrate the veracity of Eq. D.1.9- D.1.11 and the ostensible violation
of Eq. D.1.5 in the context of the 4 + 4 — A reaction.

Figure D.5 shows ensemble-specific and overall sensitivities and reversibilities for A4
adsorption calculated by the 1%-order and kMC methods. Figs. D.5(A) and D.5(B)
demonstrate that the ratio of ensemble-specific sensitivities does indeed equal —z;,
thereby evincing the veracity of Eq. D.1.11. Figure D.5(C) demonstrates that the sum of
ensemble-specific sensitivities does indeed equal the overall sensitivity — in agreement with
the derivation of s;[;) in Eq. D.1.9. Ensemble-specific rate constants are not definable in the
kMC method; therefore, ensemble-specific sensitivities and degrees of rate control cannot
be calculated — obscuring profound physical insight regarding the kinetic-significance of

each ensemble identifiable in the 1%-order formalism.
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Figure D.5: (A) 1%-order-calculated A4 adsorption sensitivity ratio (- - -) and 1%-order-
and kMC-calculated 4 () adsorption reversibility (—, ©) for aa site configuration. (B) 1°'-
order-calculated A, adsorption sensitivity ratio (- - -) and 1¥-order- and kMC-calculated
A(g) adsorption reversibility (—, 0) for ao site configuration. (C) 1%-order-calculated ratio
of sum of Ay adsorption reverse and forward sensitivities (- - -) and 1%-order- and kMC-
calculated Ay adsorption total sensitivity ratio (—, 0). kKMC error bars are the standard
error of the mean (SEM) and are only shown if larger than the corresponding symbol.
Calculations are of the reaction network in Table 5.3 with rate constants kzes = 1, k- = 50.
Distinct k;[; are not definable in kMC simulations and therefore distinct s;[; are not
calculable.
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The sum of directional ensemble-specific sensitivities yields the ensemble-specific
degree of rate control of the considered elementary step (i.e. Xrc,i[j; = sifj; + 5-i[;], as stated
in Eq. D.1.10). Figure D.6 shows ensemble-specific degrees of rate control for adsorption
and surface reaction for both independent ensembles aa and ao and confirms that the sum
of ensemble-specific degrees of rate control is equal to the overall degree of rate control
for each elementary step (i.e. Xzci= XrC,ifaa] T XRCi[a0])-

g Bk Bk Bl Bk Bk ki Bl e Bk Bkt Bk By Bobions B Bk | 2-0

(A) (B)
1.5 [— -XRC,ads,[aa] XRC,ads 1%t-ord. | L~ -XRC"'X"'[""] XRC"X" 15‘-ord._ 1.5
_XRC.ads,[ao] O XRC,ads kMC XRC.rxn.[ao] o XRC.rxn kMC
= = *Z; Xpcads = = "L Xrcnnpy
_1.0f
P
: 2
T (3]
> 5
g 3
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" g

0.5
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N [N [ e | . - | p— | . . - W [ [ _1.0
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k. .. /a.u. k., /a.u.

ads

ads

Figure D.6: (A) Ensemble-specific degrees of rate control of 4 adsorption for aa (- -)
and ao (—) and their sum (- - -) compared to Xzc.ads calculated by the kMC (o) and 1%-
order (—) methods. (B) Ensemble-specific degrees of rate control of surface reaction for
aa (- -) and ao (—) and their sum (- - -) compared to Xzc - calculated by the kMC (o) and
1%-order (—) methods. kKMC error bars are the standard error of the mean (SEM) and are
only shown if larger than the corresponding symbol. Calculations are of the reaction
network in Table 5.3 with rate constants kues = 1, k- = 50. Distinct k; ;) are not definable in
kMC simulations and therefore distinct Xzc ;) are not calculable.

For kuas < 1073, the rate-determining nature of A adsorption is entirely attributable to
the kinetic bottleneck of aa pair generation by adsorption (i.e. Xrcads = XrC.ads,jaa] 1N Fig.
D.6(A)). Interestingly, as k.qs increases, the ao ensemble contributes a greater fraction of
rate-control without appreciable change to Xzcass. We interpret the shift in ensemble-

specific Xgc ads,j] in the range 1072 <kuqs < 10% as a manifestation of the de-equilibration of
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A(g) adsorption which results in zads,[aa] ~ Zads,jao] < 1 instead of aa being the only ensemble
which experiences irreversible 4 adsorption.

Figure D.6(B) confirms Xgc mnjaa] = —XRCrwnfao] fOI Kaas < 107} XrCrwnfaa) < O in this
regime because the rapidity of surface reaction is responsible for the dearth of aa pairs
which limits the formation of 4. As rate-control shifts to surface reaction, Xrc rn,aa] ~
Xrc,mn because kags is sufficiently large to replenish aa pairs and the kinetically-relevant

event is simply the self-annihilation of increasingly preponderant aa pairs.
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D.4 Case Study II: 4 + A — A2 with adsorbate surface diffusion
From Table 4, the diffusion rate equations for all five ensembles in Case Study II are

de,

e [D.4.1]
ddio 0 [D.4.2]

dzza — (% _ %) [D.4.3]

dszo — (%o B %) [D.4.4]

dsgo Sk 0 < 9000 N % _ %) _ %o) [D.4.5]

The rate equations for single-site configurations a and o are zero because surface diffusion
cannot change the total coverage of adsorbed species. The non-zero rate equations of multi-
site ensembles communicate the propensity of surface diffusion to randomize the surface
and bias all mean-field metrics towards unity. Note that, if all x;; = 1, coverage-dependent
stoichiometric coefficients in Eqgs. D.4.3-D.4.5 equal zero — indicating the surface has
achieved an ergodic state.

In kinetically-relevant regimes of slow or moderately-fast surface diffusion, we are
interested in defining a metric which quantifies the approach to randomness, or “statistical
equilibrium”, for each site ensemble. The definition of ensemble-specific reversibility, or
approach to equilibrium, of surface diffusion becomes evident in deriving each of Egs.
D.4.1-D.4.5 beginning from enumeration of diffusive configurations relevant to each site

ensemble.
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Let us first consider the microscopic, elementary step events which affect
configurations a and o. Since a and o are the only site-occupants in this system, both are
affected by each diffusion event represented by reversible elementary step

ao Soa [D.4.6]

which occurs with net rate

Taiff = Taiff — Taiff
[D.4.7]
= KaiffOao — Kairrboa = 0

which is zero, as we expect, because Ga, = foa. From Eq. D.4.7, the reversibility of surface

diffusion is evidently

Zairf = ?; =o—=1 [D.4.8]
dif f ao

indicating surface diffusion is always equilibrated — as expected for an elementary step
which, by definition, always occurs with zero net rate. As Egs. D.4.3-D.4.5 demonstrate,
surface diffusion does not always occur with zero net rate with respect to multi-site
ensembles; following the same procedure used to derive Eq. D.4.8, we now derive
ensemble-specific diffusion reversibilities for aa, ao, and oo.

We first consider the microscopic, elementary step diffusion events which affect
configuration aa. The site pair aa can be (i) consumed if the diffusing a adatom neighbors
another a species or (ii) created if the diffusion-accepting vacant site neighbors a non-
diffusing @ adatom. These two directional events are the microscopic reverse of one
another, as shown by Eq. D.4.9 in which the diffusing adatom is highlighted in red.

aoa =aao [D.4.9]
All diffusion events which affect aa pairs take the form of Eq. D.4.9, save for

configurational variance. We can now readily derive the net rate and reversibility of
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diffusion with respect to aa pairs with omission of numeric statistical factors which do not

affect reversibility.
Tdifflaa]l = Fdiff,[aa] - Fdiff,[aa]

= kdiffgaoa - kdiffeaao

040 Oaa
=kyire0, 0 — —kgipe0, ——
diffYao 0, diffYao 0, [D.4.10]

From Eq. D.4.10, the reversibility of surface diffusion for aa pairs is evidently

Haa

. _ Tairrlaa) O,
aifflaal Fdiff,[aa] Bao

6o

_ HaqBa _ :uﬂ

HaoBa  Hao [D.4.11]

which explicitly demonstrates that all a-relevant mean-field metrics must be unity for
surface diffusion to be equilibrated with respect to aa pairs. We note that x4, and pa, cannot
be equal unless both are unity because component site balance constrains puafs + paobo =
1.

The reversibility of surface diffusion with respect to ao and oo pairs is derived by an
analogous method by which we derive zajf.q). The reversible microscopic diffusion step
relevant to oo pairs is

0ao =ooa [D.4.12]
where, again, the diffusion adatom is highlighted in red. Heterogeneous ao pairs are
affected by both Eqs. D.4.9 and D.4.12. The choice of direction of Egs. D.4.9 and D.4.12
is, of course, arbitrary; however, we consistently consider the production of homogeneous

ensembles as the ensemble-specific forward step so as to bound all reversibilities between
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zero and unity — rather than o and unity. From Eqs. D.4.9 and D.4.12, the ensemble-

specific diffusion reversibilities of oo and ao are respectively

Ooo/00
T [D.4.13]
%ﬁ%ﬂ 0 + Uaal B0 + Haq¥
Hoobo T HaaVa _ HooY T HaalVa
. _ o _ _ D.4.14
diff,lao] % N % Hao (B, + 64) Hao [ ]
0, 6,

which, again, are only rigorously unity if all mean-field metrics are unity; however, if 6, >
Ou, the constraint qoba + toobo = 1 permits both ua, and uo, to be very near unity since taos
~ 0 requires oo ~ 1 to satisfy uoofo ~ 1.
D.5 Ammonia synthesis on Ru (0001) step sites

We assess the kinetic consequences of combinatorial non-idealities in the industrially-
relevant ammonia synthesis reaction using kinetic parameters calculated via density
functional theory (DFT) on Ru (0001) step sites, as reported by Logadéttir and Nerskov
(147). The lattice coordination of (0001) step sites is unclear; we present results calculated
on a 2D square lattice, but 1D and hexagonal 2D lattices give similar rates, coverages,
reaction orders, and degrees of rate control. In general, lattice coordination is only
consequential if adsorbates are interacting — in which case the number of nearest neighbor
sites significantly affects reaction energetics. Table D.10 lists the sequence of elementary
steps and attendant kinetic parameters for catalytic NH3 synthesis from N> and Ho.
Calculation of pre-exponential factors, 4, and activation energies, E4, for -sorption and
reaction steps from DFT values (/47) and transition-state theory (TST) is detailed in the
Supporting Information of the recent work of Foley and Bhan (/72). Activation energies
for N*, H', and NH;" diffusion are taken from computational (148, 149) and experimental

studies (32, 145, 150). Pre-exponential factors reported in these works (32, 145, 148—150)
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are in the range 10— 10" s7!; we compute pre-exponential factors of 1.46:10"3 s7! for
each diffusion step via TST calculations using DFT values from Logadottir and Nerskov
(147) and following the work of Foley and Bhan (/72). We were unable to find calculated
or measured values of activation energies for NH™ or NH," diffusion. We therefore estimate
the diffusion barriers for NH* or NH>" by linear interpolation of diffusion barriers for N°
and NH;" based on the degree of hydrogenation of the diffusing species.

We calculate steady-state coverages and reaction sensitivities of the catalytic sequence
in Table D.10 via the Langmuir-Hinshelwood and 1%-order models to determine kinetic
significance of combinatorial non-idealities at industrial ammonia synthesis conditions:
200 bar, 20% N2/60% H2/20% NH3, 623 K — 823 K (231). 1%-order rate equations are
constructed by use of Tables D.1-D.5.

Table D.10: Ammonia synthesis elementary-step reaction sequence on Ru (0001) step sites

E,/

Step c Als! A/s! E4lev eV

1 Ny(gy + *+ = 2N* 1 23910 14610 04 1.2

2 N*+ H* 2 NH* +x* 2 146:10° 146107 1.1 1.1
3 NH* 4+ H* 2 NH} +x 2 14610°  14610° 13 1.46
4 NH; + H* & NH;} ++ 2 146107 146107 12 0.75

5 NH3 = *+ NHz(, 2 146107  24610° 085 0

6 Hy(gy + *x= 2H" 3 3.8910°  1.4610" 0 1.1
7 N*+ 2%+ N* na 146107 146107 094*  0.94°
8 NH* + * = % + NH* n/a  14610° 14610° 068"  0.68¢
9 NH; + + = + NH; na  14610° 14610° 0419 0419
10 NH; + = * + NH; n/a 14610 1.4610° 015  0.15°
11 H* +*2++H* n/a  146:10"° 1.4610° 021°  0.21°

333



- <
o is the stoichiometric number, A and A are forward and reverse pre-exponential factors,

and EA and EA are forward and reverse activation energies of the corresponding step.
“Measured by scanning tunnel microscopy on Ru(0001) (/50) "Measured by optical
second- harmonic diffraction on Ru(0001) (32) “Calculated by variational transition state
theory with a semiclassical tunneling method (/49). “Activation energy barriers for NH
and NH," diffusion are estimated by linear interpolation of measured N* and NH;

activation energies.
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Figure D.7: (A) Fractional coverages 6;+ calculated by the Langmuir-Hinshelwood (— —)
and 1%-order (—) models. (B) Reversibility of step 1, Nz adsorption, calculated by the
Langmuir-Hinshelwood (- —) and 1¥-order (—) models. Calculations are of the reaction
network in Table D.10 at 200 bar total pressure with composition 20% N2/60% H2/20%
NH;.

Figure D.7 compares adsorbate coverages and Nx(g) adsorption reversibilities calculated
by the Langmuir-Hinshelwood and 1%-order models. Both methods predict similar
adsorbate coverages (Fig. D.7(A)); however, surface diffusion is insufficiently-fast to
randomize the distribution of N* and NH" species — resulting in an accumulation of N'-N"
pairs which enhances the reversibility of N2(g) adsorption by ~2 orders of magnitude (Fig.
D.7(B)). Consequently, rate-control shifts to N* hydrogenation and diffusion which are the
only two steps capable of segregating preponderant N'—N" pairs. We note that this case

study demonstrates that surface diffusion can profoundly affect reaction kinetics even on
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highly-covered surfaces so long as at least one low-coverage species is not infinitely-

mobile.
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E Supporting Information for A generalized Butler-Volmer equation and an
equation for Tafel slope applicable at all overpotential

E.1 Derivation of specific results from Eq. 7.32

We demonstrate the utility of a general, microkinetic formulation of transfer coefficient

Z.
a= E Xre,ini (.Bi +T— Z_) [7.32]
™ L
l

by derivation of select case-specific expressions for a directly from Eq. 7.32.

E.1.1 Proof of Eq. 7.9

Measured Tafel slopes are commonly claimed to reflect the identity of the rate-

determining step (rds) based on interpretation per Eq. 7.9:

& = Brastras + 1 /6,4, [7.9]
where y is the number of electrons transferred before the rate-determining step (rds) and
Bras»> Nras, and 0,4 are, respectively, the symmetry factor, number of transferred electrons,
and the stoichiometric number of the rds. We contend that Eq. 7.9 is only valid if (i) the
rds is irreversible, (ii) all steps preceding the rds are equilibrated, and (iii) the surface is
bare. We derive Eq. 7.9 from Eq. 7.32 under these conditions in the following.

We first separate Eq. 7.32 into two terms respectively corresponding to kinetic (f5;) and

thermodynamic (Z;(1 — Z;)™1) contributions to transfer coefficient

Z:
a= E Xrc,inifi + E Xreii —— [E.1]
. . 1-2;
l L

Since Xpcrgs = 1 and Xpc j+rqs = 0, the kinetic contribution to « is entirely determined
by the rate-determining step

A
a = BrasMras + Z Xre,ini 1——lZl [E.2]
i
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From Eq. E.2, we see that if all non-rate-determining steps were not equilibrated (i.e. if
Zizrq * 1), then the thermodynamic contribution to & would also be entirely determined
by the rds. However, if other steps are equilibrated, then Z;.,.4s = 1 causes an ostensible
pole which must be addressed by recasting the degree of rate control in terms of reaction

sensitivity (i.e. by substitution of Xz ; = s4;(1 — Z;))
a = BrasNras + Z S+iMiZ; [E.3]
i

We simplify Eq. E.3 by recognizing that (i) Z,45 = 0 since the rate-determining step is
irreversible, (i1) Z;<-qs = 1 because all steps preceding the rds are equilibrated, and (ii)
Stisra = 0 because forward half-steps succeeding the irreversible rds are kinetically-

irrelevant. Therefore, Eq. E.3 becomes

a = Prashras + Z Syl [E.4]

i<rds

demonstrating that the thermodynamic contribution to « is entirely determined by the steps
preceding the rate-determining step. This thermodynamic term is re-expressed in exclusive
terms of reaction stoichiometry by evoking the condition that the surface is bare —
implying that the thermodynamic degree of rate control of all intermediates is zero (i.e.
Xrre,m* = 0 for surface intermediates m™ between the first step and the rate-determining
step). Dumesic and coworkers (85) have proven that the condition X7gc ,,» = 0 confers a

constraint on forward reaction sensitivities, s, ;, in terms of reaction stoichiometry

S+i 0 (E.5]

S+@+1)  Oi+1

which is crucial to recasting Y;<rqs S+i<ra Ni (Eq. E.4) as y /0,45 (Eq. 7.9).
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We begin by considering Eq. E.5 for the case of i = rds — 1 (i.e. the step before the
rate-determining step) to find

S+(rds-1) _ Ords—1

[E.6]
Strds Ords
which is simplified by recognizing S;rqs = Xgrcras(1 — Zras) ™' = 1, giving
Ords—1
St(ras—1) =~ [E.7]
Ords
Now, applying Eq. E.Stoi = rds — 2, we have
Ords-2
St(rds-2) = S+(rds-1) X # |E.8]
rds—1
which, after substitution of Eq. E.7 for s (451 18
Ords-2
Stras—2) =~ [E.9]
Ords

entirely analogously to Eq. E.7. Indeed, repeating this procedure indefinitely demonstrates

that

0i
Sti —
e Ords [E9]

for all i < rds. Substituting Eq. E.9 into Eq. E.4 gives

Z. O—.n.
a = BrasNras + berds v [E.10]
Ords

which is identical to Eq. 9 recognizing that

V= Z oainy [E.11]

i<rds

which is the total number of electrons transferred before the rate-determining step. The
derivation of Eq. E.10 directly from Eq. 7.32 is, we contend, further justification of the
felicity of the general formulation of a to formalize and re-interpret mechanistic and kinetic

understanding of composite electrochemical reactions.
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E.1.2 Disproof of Eq. 7.9 for non-equilibrated kinetically-irrelevant steps

The derivation of Eq. 7.9, identically Eq. E.10, in Section E.1.1 is only valid if
kinetically-irrelevant steps are equilibrated. If steps preceding the rate-determining step are
not equilibrated, then the specific formulation of the transfer coefficient is entirely
different. We derive this distinct formulation of @ and demonstrate the invalidity of Eq. 7.9

by first returning to Eq. E.2:

YA

a = BrasNras + Z XRC,ini 1—_1Zl [E.2]
i

If Z; # 1, then there exists no pole in the final term of Eq. E.2, and kinetic degrees of rate

control can be directly substituted. Since there is a sole rate-determining step, Xgc rqs = 1

and Xgc jxrqs = 0. Therefore, Eq. E.2 reduces

Zra
@ = (Bras + 75— s [E.12]

which is the general formulation of a (Eq. 7.32) with a single non-zero term from i = rds.
Eq. E.12 is evidently distinct to Eq. 7.9 and demonstrates that the
thermodynamic/stoichiometric contributions to the transfer coefficient are fundamentally
different depending on the reversibility of kinetically-irrelevant steps. Identification of a
sole rate-determining step is therefore insufficient to determine the functional form of the
transfer coefficient. The transfer coefficient, and Tafel slope, are functions of both the (5;)
and thermodynamic (Z; (1 — Z;) 1) contributions of each step; we therefore caution against
the association of kinetic-irrelevance (Xgc; = 0) and equilibration (Z; = 1) of elementary
steps — these conditions are distinct and disparately impact a.

E.2 Details and derivations for Case Study I
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We provide derivations for closed-form expressions of surface coverages, elementary
step reversibilities, and kinetic degrees of rate control for the HOR mechanism in Case
Study L.

E.2.1 Surface coverages in Case Study I

Steady-state surface coverages are derived by examination of the PSSH condition for
each surface species, H* and *. Since surface coverages are constrained by site balance,
0, = 1 — Oy~, we provide only derivation of the closed-form expression for 8y+. The PSSH

condition for hydrogen adatoms is

d@H*
dt

- 0 - T+1 - T_l - T+2 + T_Z [E'13]

In terms of rate constants, fluid-phase activities, and surface coverages, Eq. E.13 is
0 =kyiap,aon-0. — k_1ay,00n — ki200n-0n+ + k_2am,00. [E.14]
Substituting 6, = 1 — O+, we have
0 =kyian,aou-(1 = Oy+) — k_1ay,00y — ki2aop-Op + k_2au,0(1
[E.15]
— Oy+)
which, after rearrangement, gives

kiiag,aop- + k_zau,0

0, [E.16]

a kiiaou-apy, +k_1ay,0 + kizaou- + k_zap,0
which is the closed-form expression for the steady-state coverage of hydrogen adatoms.
Correspondingly, 8, = 1 — Oy~ is

k_1ay,0 + kiza0u-

6. [E.17]

kiiaou-au, +k_1ay,0 + kiza0n- + k_zap,0

E.2.2 Elementary step reversibilities in Case Study I
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The reversibilities of step 1 and 2 in Case Study I are facilely determined by substitution
of the closed-form expressions for surface coverage (Egs. E.16-E.17) into the definition of
reversibility:

T—1 k_10m,004"

= E.18
1 kyiag,apy-06. [ ]

and

T k_,ay o0,
Z,=—2t= 20" [E.19]
Tho  ki2@oy-Oy-

Substituting surface coverages, the reversibilities are

7 = k_104,0(Ks10u,00n- + k_zau,0)
1

K1, aop- (k-0 + kizaon-)

[E.20]

and

7. = k_zap,0(k-1au,0 + Kiz00n-)
2

— [E.21]
ki20ou-(Ki10u,a0n- + k_204,0)

E.2.3 Degrees of rate control in Case Study I

Kinetic degrees of rate control of step 1 and 2 in Case Study I are derived by application
of the derivative definition of Xp¢; (Eq. 7.13) to the closed-form expression for the rate of

HOR (Eq. 7.38)

¥ _( dlnr )
REL=\oInk,,

Kikiz,k—2
[E.22]

_ k+1< 0 [ kyikiy —k_1k_ )

r NOkyg kgt kot Ry ko

where all fluid-phase activities are unity and Xgc, = 1 — Xpc 1 is not shown in detail. In
the irreversible forward/anodic regime, reverse/cathodic half-step rate constants are

negligible and Eqs. E.22 simplifies to
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k+1+k+2< d [ kyikyo ])

Xrc1 = E.23
ReIT Ty ok U + ke (.23l
Evaluating the derivative in Eq. E.23,
ki1 +k ko1 +kio)ki, —kiqk
XRC’l — +1 +2 <( +1 +2) +2 - +1 +2> [E.24]
kiz (ki1 + ky2)
which, after simplification, is
kiz
Xpe1 =7 E.25
R = [E.25]
identically to Eq. 7.40. From Eq. E.25, Xgc, = 1 — Xpcq 15
K
Xpep = ———— E.26
RCZ = T [ |

identically to Eq. 7.41.

E.3 Unidirectional TST rate functions

We derive TST rate functions for the overall forward/anodic and reverse/cathodic
reactions by an identical procedure to formulation of rrgr using definitions of

unidirectional sensitivities

, [ 0n? _ ([ 0ln?
Si = dlnry) “\dlnky; e [E.27]
Ty = kikyj
and
. _[0lnr _ [ dln7
Si = dlnry) \dlnky; e [E.28]
Ty = kikyj

With the definition of unidirectional reaction sensitivity in-hand, we approximate the
forward (7) and reverse () reaction rate by Taylor expansion about a steady-state reaction

condition X. In the following, we present only the derivation of 7rg; — derivation of ¥rgr
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follows an entirely analogous procedure with each equation identical upon exchange of

~and ‘7 . The first-order Taylor expansion of 7 about X is

. . . dlnt
Int = Inrpgr = Inv|y + Z inre i (ln Ty —In rJ_ri|X) [E.29]
Tl - + j

Fil+j
We simply by substituting the definition of forward reaction sensitivity (Eq. E.27) and

separating vector (Inry; ) and scalar (In ry; | X) terms

Intrer = In7lx + Z Spilnry — Z Syiln Til-lx [E.30]
+i +i
which, after exponentiation, is

S = | | Sii | | St
Trst —T'|X>< rii X< T'ii

+i +i

-1
) [E.31]
X

Akin to the formulation of rrgr, the collection of scalar terms into a single parameter

reveals that the forward rate is a sensitivity-weighted geometric average of the rates of all

half-steps

- - s i
Trsr = Rapp 1_[ i [E.32]

+i
2 1 -1
where Kq,, = Tlx (Hii risiil|x) is a scalar quantity less interpretable than kg, — the

apparent TST transmission coefficient of the composite reaction. We reserve physical
interpretation of ¥4, and Ky, for a subsequent investigation with particular focus on
unidirectional rates of electrochemical reactions.

Expression of 7rgr in terms of ry; facilitates the derivation of Eq. 7.43 — the
formulation of forward reaction rate in a TST-form analogous to that for a forward half-

step. Substitution of half-step TST rates per Eqgs. 7.21 and 7.22 into Eq. E.32 yields
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TrsT = Kapp h

kT _53,.(60% +3:v,y;iG0—ayeq(E- Y Vi
o kT —3sii(aRs 3 vaij6f ~asieo(E Eref))/kgrl—[ajzsilvilj (E.33]
j

which is simplified by substituting (i) unidirectional degrees of rate control defined

recently by Foley and Bhan (/72)

> olnr
et <a(_G$5'i/kBT)>Ggs. o i [E.34]
J#L
and
> 0ln7
X = Iy a— = Z SV
e <a(—G]~O/kBT)>G£ L StiVeij [E.35]
*] -

and (i1) the definition of forward transfer coefficient

i = Z iy = g [E.36]
to give
kgT (ZYRc,iGgg,#Z YTRc,jG?) Zﬁeo(E—Eref) 7 '
Pror = Rgpp —— € kgT e  ksT a, TR [E.37]
TST app h j .

j

where the apparent rate-controlling transition state and initial state for the forward reaction
path are 5’IQS,app = ZX)RC,i G?S,i and 5105,app = - ZXTRC,]' Gjo-
E.4 Microscopic reversibility of composite electrochemical reactions

In Section 7.4.4 we detail the formulation of rgy_yg¢ = Frgr — Frer under the condition
of stoichiometric regularity (i.e. that g; = 1 for all steps i) which permits the extension of
the principle of microscopic reversibility beyond on the scope of an elementary step. In
this section, we reproduce the construction of rgy_ more generally and in further

mathematical detail.
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We first elaborate upon the definition of Z, ¢ in Eq. 7.48 by expression of Z, ¢ in terms

of the more familiar and experimentally-measurable overall reversibility of reaction

Zoy = nzf i [E.38]
i

Crucially, Z,, is not generally equal to

Zerr = nzi [E.39]
i

which we regard the more pertinent thermodynamic descriptor of a composite reaction

because Z,;; = /7 intimately connects reaction thermodynamics and kinetics. Z,,, and

Z¢sr are relatable in terms of the affinity-averaged stoichiometric number

2 Aio;
g = [E.40]
2iA;
where the affinity of step i is
A; = —AG; + njegn [E.41]

where AG; is the chemical free energy change of step i. For a step irreversible in the
forward/anodic direction, A; = oo; for a step irreversible in the reverse/cathodic direction,
A; = —oo; and, for an equilibrated step A; = 0. We therefore see that, if there exists a sole,
rate-determining step away from equilibrium, ¢ = g, 45. In this sense definition of &
generalizes the concept of the stoichiometric number of the rate-determining step and
affords a rigorous relationship between Z,,, and Zf:
Zopr = Zah? [E.42]

which recasts Z.sr in explicit terms of the measurable deviation of the reaction from

thermodynamic equilibrium, A = —AG + neyn.

From Eq. E.42, we can now more generally state Eq. 7.49 as
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1/5

v
ST _ g = Ija; [E.43]
frsr TN <_AG° — neon> ’

P\T 7 ksT

accounting for the affinity-averaged stoichiometric number, &, no longer assumed to
be unequivocally unity per the condition of o; = 1 for all i. The inclusion of &, however,
confers a functional path-dependence to the right-hand-side of Eq. E.43. That is to say that
o is, in general, a function of the kinetic- and thermodynamic-relevance of each constituent
elementary step and therefore is not a purely thermodynamic, path-independent entity in
the same fashion as Z,,,. Essentially, for Z, ;¢ to be a purely thermodynamic entity, akin to
Z oy, the relationship between Z, ¢ and Z,,, must be scalar. That is to say that ¢ must be a
well-defined number with no local functional dependence (i.e. all derivatives of &, for
example da/0n, are zero). Foley and Bhan (/72) have recently identified one condition
wherein ¢ is a scalar: the case of entire equilibrium, for which Z. s = Z,, = 1 = Z; for all
i. We identify two further conditions: (i) the case of stoichiometric regularity, for which &
is unequivocally unity because o; = 1 for all i and (ii) the case of a single non-equilibrated,
rate-determining step, for which Eq. E.40 collapses to 6 = g, .

We refer to 6 under any of these three cases as oyr — the scalar, functionally-
independent affinity-averaged stoichiometric coefficient of a composite reaction to which
the principle of microscopic reversibility can be applied. With ¢ = Gy, the right-hand-
side of Eq. E.43 is purely thermodynamic — as described for Eq. 7.49. Relationships
between forward, reverse, and net microkinetic descriptors prescribed by the principle of
microscopic reversibility can now be derived by substitution of the full functional forms of

FTST and FTST into Eq E.43
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Kapp Zi(XRC,i — Xgre,i )G7QS,i + Zj(XTRC,j — XrRe,j )Gjo — (@ —a)eyn
exp| —

’Zapp at [E.44
1/omr
_ . Ma’ ]
x 1_[ —(Xrrcj—XTRC)) _ ] 7
a. =
177 ox (_ AG® — neon)
J p kBT

and equation of the functional dependencies of the left-hand and right-hand sides of Eq.
E.44. For example, the right-hand-side of Eq. E.44 has no dependence on the standard state
free energies of transition states or intermediates. Therefore, the terms multiplying G(T)S,i
and G2 for intermediates m must be zero, implying
Xnci = Xnc, [E.45]
)?TRC,m = )?TRC,m for intermediates m [E.46]

The functional dependence of the right-hand side on the activity of reactants and products

k is determined by the exponent v, /d)z and the dependence of the left-hand-side on the
activity of reactants and products is determined by the exponent —()? TRCk — X TRC k )

Therefore,

N P 14
Xrrek — XtrRek = 5—" for reactants and products k [E.47]
MR

Similarly, equation of the functional dependence of the left- and right-hand sides of Eq.

E.44 on overpotential implies

- <« n
aQ—a=— [E.48]
OMR

which is identical to Eq. 7.10 with oz = 0,45 for the case of a single non-equilibrated,

rate-determining step. Eqs. E.45-E.48 are the mathematical manifestations of the principle
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of microscopic reversibility applied to an appropriate composite electrochemical reaction
and enable formulation of 75, _¢r for any condition that ensures ¢ = oyp.

Indeed, evaluation #rgr — Trgr for any of the conditions which ensure & = Gz gives
an identical formulation of the generalized Butler-Volmer equation

Gegn Yk XTRCKGK @eon  XjXTRCKGK
Tgv—TsT = Kpy—_rsr [€*BT e kpT —eksTe kpT [54]

where G, = Gp + kgT In(ay) and the Butler-Volmer rate constant is

0
kgT YiXRrciGrsi YmXTRCmGm
kT e kgT [55]

-

kgy_rst = Kapp n e
where
Kapp = Kapyp [E.49]
since the right-hand-side of Eq. E.44 does not depend on Ky, or Kgpp.

E.5 Details for Case Study II

Case Study II in Section 7.4.1 details the fidelity of unidirectional kinetic descriptors

(e.g. rPQHZ) for mechanistic study of reversible electrochemical reactions near equilibrium

(i.e. 0.1 < Z.5r < 10). We provide comparison of unidirectional (e.g. a, and rPQHZ) to net
(e.g. @ and Wy, ) descriptors in Figure E.1 to reinforce our contention that unidirectional
descriptors are more suitable for physical interpretation at reversible conditions. Figure E.1
demonstrates the divergent behavior of a and Wy, near equilibrium which renders these
conventional kinetic descriptors unsuitable for mechanistic interpretation. Rather, at
reversible conditions, forward/anodic descriptors @, and l—ﬁHz take more familiar,
interpretable values which straightforwardly communicate the identity of rate-determining

steps and influence of ay, on reaction kinetics — as is detailed in Section 7.4.1.
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Figure E.1: (A) Forward/anodic transfer coefficient (a,) and net transfer coefficient (a).
(B) Forward/anodic reaction order in Hy (Wy, fwa = @;,2) and net reaction order in H,

(Ph,)-
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