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Abstract

Mean-field micro-kinetic modeling is a powerful tool for catalyst design and the
simulation of catalytic processes. The reaction enthalpies in a micro-kinetic model
often need to be adjusted when changing species’ binding energies to model differ-
ent catalysts, when performing thermodynamic sensitivity analyses, and when fitting
experimental data. When altering reaction enthalpies, the activation energies should
also be reasonably altered, to ensure realistic reaction rates. The Blowers-Masel ap-
proximation (BMA) relates the reaction barrier to the reaction enthalpy. Unlike the
Brgnsted-Evans-Polani (BEP) relationship, the BMA requires less data because only
one parameter, the intrinsic activation energy, needs to be determined. We validate this
application of BMA relations to model surface reactions by comparing against density
functional theory (DFT) data taken from literature. By incorporating the BMA rate
description into the open-source Cantera software we enable a new workflow, demon-

strated herein, allowing rapid screening of catalysts using linear scaling relationships
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(LSRs) and BMA kinetics within the process simulation software. For demonstration
purposes, a catalyst screening for catalytic methane partial oxidation (CMPO) on 81
hypothetical metals is conducted. We compare the results with and without BMA-
corrected rates. The heat maps of various descriptors (e.g. CH, conversion, syngas
yield) show that using BMA rates instead of Arrhenius rates (with constant activation
energies) changes which metals are most active. Heat maps of sensitivity analyses can
help identify which reactions or species are most influential in shaping the descrip-
tor map patterns. Our findings indicate that while using BMA-adjusted rates didn’t

markedly affect the most sensitive reactions, it did change the most influential species.
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1 Introduction

Heterogeneous catalysis plays a crucial role in the production of 80% of chemical products
worldwide, and the catalyst market is expected to grow by 4.4% annually from 2020 to
2027.! Designing efficient and cost-effective catalysts necessitates an understanding of the
underlying mechanism. This knowledge enables the optimization of catalyst morphology and
reaction conditions, such as temperature and pressure, to improve catalyst performance. By
manipulating the active sites and reaction conditions based on the reaction mechanism,
catalysts can be designed to achieve higher levels of activity, selectivity, and stability. Mean-
field micro-kinetic modeling (MKM) has proven to be a powerful tool to identify and interpret
intermediates and reactions in processes such as gas-phase combustion®? and catalysis,* ¢

and has been widely used for catalyst optimization. As demonstrated by its widespread and

growing use,” MKM has the potential to help discover and design new catalysts to support



critical industrial processes.®?

Furthermore, the linear scaling relationships (LSR) developed by Abild-Pedersen et al.
enhance the utility of MKM without excessive computational cost by creating a fast and
simple way to predict the binding energy of surface species on different metal surfaces by
using the adsorption energy of a species on one metal and scaling it to any other metal. While
density functional theory (DFT) calculations are commonly used to compute the binding
energies of surface species, performing DFT calculations for species on a large number of
metals is computationally expensive. Consequently, LSRs are a useful approximation for
rapidly estimating species’ thermodynamic properties and screening potential catalysts.

It is important to note that adjusting species’ enthalpies using linear scaling relationships
can alter reaction enthalpies, necessitating the recalculation of transition states to ensure
realistic reaction rates. As a substitute for DFT, and to reduce computational costs, the
Bronsted-Evans-Polanyi (BEP) relationship,'!1? a linear relationship between the reaction
enthalpy and activation energy, is commonly employed in published works. 715 As discussed
by Abild-Pedersen et al.,'° a preliminary catalyst screening can be done by acquiring an
estimate of the full energy diagram of surface reactions on a range of catalysts with linear
scaling and BEP relations. This could be followed by DFT calculations or experiments on
any promising catalyst found in the screening.

However, BEP parameters are not easy to derive due to the scarcity of thermodynamic
and kinetic data for surface reactions. Furthermore, Blowers and Masel *® pointed out that for
certain reaction families, such as the hydrogen transfer reaction family, BEP relations behave
poorly for extremely exothermic and endothermic reactions. They proposed an alternative
approximation which is referred as the Blowers-Masel approximation (BMA) in this study.
In addition to coupling with LSRs for catalyst screening, BMAs can be applied to adjust the
reaction barrier in other situations where the reaction enthalpy needs to be modified, such
as thermodynamic sensitivity analysis,!™!® fitting thermodynamic data from experiments,

and considering coverage effects in which the binding energy of an adsorbate changes with



its coverage.'9 2! Given their convenience and simplicity, BMAs could replace BEP relations
for describing the activation energy as a function of reaction enthalpy.

2 and demonstrated on a study of

In this work, BMAs were implemented in Cantera,?
catalytic methane partial oxidation (CMPO).?3 Mazeau et al.?* investigated the best catalyst
for CMPO? by using LSRs to build micro-kinetic models on 81 hypothetical metals. In their
work, the enthalpy of species on other metallic surfaces were scaled from a platinum surface
using LSRs, but activation energies or reaction barriers were not changed. This work extends
and builds on that study. To elucidate the use of BMAs in MKM, catalyst screening was
conducted by applying LSRs to estimate species’ enthalpies on 81 hypothetical metals for the
CMPO model both with and without BMAs to see the effect of scaling the activation energy.
A CMPO model over platinum was made with Reaction Mechanism Generator (RMG),26:27
an open-source software for creating mean-field microkinetic models. A CMPO-BMA model
was made by converting Arrhenius rate parameters in the CMPO model to BMA parameters
while keeping the thermodynamic data fixed. The models with and without BMA parameters
were then evaluated in a plug flow reactor (PFR) simulation with Cantera. Thermodynamic
and kinetic sensitivity analyses were performed to compare the sensitivity of reactions and
species before and after the Arrhenius parameters were converted to BMA parameters. LSRs
were then used to scale the CMPO and CMPO-BMA models to 81 hypothetical metal
surfaces from which heat maps were generated to compare the descriptor values, such as
CH, conversion and full oxidation yield, and their first order sensitivities. The two sets of
heat maps were then compared to discuss the impact of using BMAs. The screening method
presented in this paper can serve as a starting point for further investigation, such as by

performing DFT calculations on the identified metals.



2 Methods

2.1 The Blowers-Masel Expression

Blowers and Masel!'® have highlighted that the applicability of BEP relations becomes lim-
ited in cases of highly exothermic or endothermic reactions because it can lead to negative
activation energies and poor estimates. They derive a new form of expression we term the
Blowers Masel Approximation (BMA). The derivation follows from a few approximations,
each of which they supported with detailed quantum chemistry calculations.!62%2% First,

consider an abstraction reaction of the form

A+BC — AB+C. (1)

Blowers and Masel proposed that the potential energy surface V' (R) for such a reaction can
be described as

V(R) = Vag + Vpe + VI, (2)
where Vyp and Ve are the potentials of AB and BC, and V; is an interaction potential.
They describe Vap and Vpe using Morse potentials, and find that V; can be described by

Vi =Vhexp (—aqrac) (3)

where V) and «; are fitted parameters, and rac is the distance between atoms A and C.

With ABC colinear the potential in (2) is rewritten as

V(R) =wp({exp [ap(rap — 7ap.cq)] — 1} — 1)
+ wB({eXP [OéB(rBC - TBC,equ)] - 1}2 - 1) (4)

+ Voexpai(rag + re)



where wp is the B-C bond breaking energy, wp is the A-B bond forming energy, 74p ¢qu and
TBC.equ are the equilibrium bond lengths, ap and ap are the force constants for the bonds.
The saddle point is located by setting the derivatives of V' (R) with respect to r4p and rgc

equal to zero. By presuming a form of Badger’s rule where

% o T AB,equ (5)

ap T'BC,equ

and using wy to represent the average of the bond breaking energy and the bond forming

energy,
wp + Wg

=Ty ©)

the analytical expression of the Blowers—-Masel approximation (BMA) can be simplified to

0 for AH,,, < —4F?
Ea = AH,,, for AH,qg, > AE° (7)
w "FAHTZTL Vp—2w +AHrzn 2 .
\ (10 ‘2/}%7215031 N H;m " otherwise
where
wq + Eg
‘/ZD = 2UJOFE2 (8)

E? is the intrinsic activation energy and equals the activation energy when AH,,, = 0, and
wq is, from the derivation which applies to hydrogen transfer reactions, the average of the
bond dissociation energy of the bond being broken and the bond being formed. It was found
that wy does not significantly change the fitting results for surface reactions.

Blowers and Masel'® demonstrated their expression fit well the data of the 151 hydrogen
transfer reactions tabulated by NIST.3? Because the validation data were for gas-phase
reactions, the expression has not previously been shown to be applicable to surface reactions.

To address this, we here use a variety of heterogeneous surface reactions, mostly taking E,



and AH data from Catalysis-Hub,?' an open DFT database for surface reactions.
The weak influence of wy in BMA fitting is demonstrated in Figure 1 using the reaction

CH, + 2 * == CHgy* 4 Hx where the * represents the surface site. The points show £, and

CHs+2*=2CHz* + H*
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Figure 1: Comparison of BMA fitting with wy on 111 facet of different metals

AH values from Catalysis-Hub for different (111) metal surfaces. The lines show a best-fit
BMA curve using wq values corresponding to each metal surface, as well as to a very high wy
value of 1000 kJ/mol. The lines are coincident, showing that wy has little effect on the BMA
fitting outcomes, as no prominent variation is observed. This holds as long as wy > 2E?, so
an arbitrary high value can be used. Due to the insensitivity of BMA fitting to the value of
wo when it is high enough, we henceforth assign it a value of 1000 kJ/mol in the reaction
rate calculation for convenience.

Given the minimal influence of wy on the activation energy, EC is the only parameter
to be determined from the activation energy and enthalpy of a reaction. This dependence
on a single parameter is a major benefit of the BMA approach. Therefore, any Arrhenius
parameters of a reaction can be converted to BMA parameters with only the knowledge
of the enthalpy of the reaction. BMA parameters allow the activation energy to be scaled
accordingly if the reaction enthalpy is changed by LSR or other causes.

Following that, a comparison was performed between the BEP fittings and BMA fittings
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Figure 2: (a) Comparison of BMA and BEP fitting with wy = 1000 kJ /mol;*? (b) Comparison

of BMA and BEP fitting with only one DFT data point;3® BEP fitting is shown in red, BMA
fitting is shown in green, and the DFT data are shown as blue dots

o
o

with wg = 1000 kJ/mol in the BMA fitting. Figure 2a compares the two fittings for carbon
monoxide oxidation reaction COx + Ox == CO, + 2% on metal oxide surfaces, with the
DFT data generated and compiled by Kropp and Mavrikakis.3? This reaction was chosen
for demonstration because the available reaction enthalpy data covers a wide range from
—4FEY to 4E°. The root mean squared error (RMSE) of BMA is 0.22, while RMSE of BEP is
0.32. Note that the BEP fitting would predict negative activation energies at low A H values
(< —1.9 eV), and barriers below the enthalpy of reaction for high AH >1.4 eV, whereas
the BMA predictions do not have this problem. The BMA expression also fits the DFT
data better than the BEP expression does in these extremes, and captures the curvature.
Similar BEP and BMA comparisons were done for 14 reactions in the CMPO model which
have DF'T data on Catalysis-Hub, and the RMSEs all show a high degree of similarity, as
included in supplementary materials Figure S1.

Figure 2b is the comparison between BMA and BEP when there is only one set of enthalpy

and activation energy data available, for reaction CH(s) + H(s) == CH,(s). It is worth



noting that a BMA fitting can still be generated, whereas a BEP fitting is a flat line with an
unknown slope (here assumed to be 0). This derivation of a BMA expression from a single
reaction rate is how the Arrhenius rates are converted to BMA rates in Section 2.2.

The BMA is implemented in Cantera as a rate type which requires the pre-exponential
factor A and accepts a temperature exponent b, like the modified Arrhenius equation in
equation 9.

)
k= AT? exp —2
exp (9)

Instead activation energy F, in the Arrhenius rate, the BMA rate expression requires users
to specify the intrinsic activation energy as Ea0 and the average bond dissociation energy as
w, as defined in equations (7) and (8), while the calculation of reaction enthalpy is handled

internally by Cantera. An example of BMA rate expression input is

- equation: 02 + 2 X <=> 2 0X
id: surfacel-5
rate—-constant: {A:1.89e+11 m~5/mol"2/s, b:-0.5, Ea0:30 kJ/mol
, w:1000 kJ/mol}

type: Blowers-Masel

where the first line is the reaction equation, and the second line represents the reaction index.
The fourth line designates the reaction type, which Cantera reads to select the appropriate
built-in function for estimating the rate coefficient. It is important to highlight that the
BMA rate constant is evaluated on the basis of the enthalpy at the temperature in the
current system, rather than at 298 K. While Cantera generally works internally in SI units,
input values can be provided using many different units. The units can be specified using

a “units” mapping in the Cantera YAML input file3*

or written specifically for individual
values like in this example. Modifications related to BMA were added to both C++ and
Python code in Cantera, to enable the flexibility of using the code in multiple languages for

reactor simulations.




2.2 Model Generation

Reaction Mechanism Generator (RMG)?%27 is an open-source software to automatically build
microkinetic models, with built-in thermodynamic and kinetic estimators and a database.
RMG estimates the enthalpy of formation, entropy, and temperature-dependent heat capac-
ity of a surface species by adding the properties of the gas-phase counterpart of the surface
species and the difference caused by adsorption.®> LSRs!? are used to scale the binding en-
ergy of a surface species from Pt(111), to estimate adsorbate enthlapy on other metals. The
adsorption estimates on Pt(111) are based on 69 species containing C/H/O/N. The data
were calculated by Blondal et al.® using the Vienna ab initio simulation package (VASP)37:38
with the BEEF-vdW functional®® interfaced with Atomic Simulation Environment (ASE).*°
The gas-phase thermodynamic properties are calculated using Benson’s group additivity and
DFT.%6

The reactions are determined by RMG kinetics families which describes the bond con-
nectivity changes from reactants to products. Each reaction family has a hierarchical tree
for rate estimations. Once the reaction family is chosen, the associated tree is searched to
match the species, and the reaction with closest functional groups is used if there is not an
exact match. The rate parameters in the trees are either acquired from a published model or
estimated by averaging the parameters of similar reactions in the same family. 2" Besides the
mentioned methods, published models are incorporated in RMG to provide thermo-kinetic
parameter tables, which are referred to as libraries. The parameters are taken from the li-
braries if an exact reaction or species is found. RMG uses a rate-based algorithm*! for model
generation, which starts by reacting user-defined “core” species, with the product species
being added to the “edge”. During simulations at the user-specified conditions of interest,
if the rate of production of an edge species is higher than the user-specified threshold, then

it will be added to the core. The process is repeated until all edge species have a rate of
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production lower than the threshold. The threshold is set by

Rthreshold = eRcharacteristic (10)

where € is a factor that can be assigned by user and the characteristic rate Roparacteristic Can

Rcharacteristic = Z RJ2 ( 1 1)
\l jEcore

where R; is the rate of production of species j in the core.

be written as

To make the CMPO model in RMG, the methane partial oxidation models developed
by Quiceno et al.*? and Mhadeshwar and Vlachos*® were chosen as the reaction libraries
for modeling the surface reaction network, and the model developed by Burke and cowork-
ers* was used for gas-phase reactions. In order to provide the thermodynamics of the
species, RMG relied on four libraries: SurfaceThermoPt111, primaryThermoLibrary,
thermo DFT_CCSDTF12_ BAC, and DFT_QCI_thermo. These libraries contain ther-
modynamic data for gas and surface species obtained from ab initio calculations. Sur-
faceThermoPt111 has the data for surface species on Pt, and the other three libraries
have data for the gas-phase species. Species thermochemistry and reaction rates not found
in these libraries are estimated by RMG. The model generation was started with 34 species,
identified by Mazeau et al.,?* in the core, as shown in the RMG input file in supplemen-
tary materials. Four surface batch reactors were added to verify the model for input ratios
C/0= 0.6 and C/O= 2.6, both at 600 K and 2000 K. The absolute and relative tolerances
for the ODE solver in RMG were 1 x 107 and 1 x 1072, respectively. The catalyst sur-
face site density was set as 2.483 x 107 mol/cm?,?* and the remaining parameters can be
found in the RMG input file in the supplementary material. Nine carbon binding energies
evenly distributed from —5.5 eV to —7.5 eV and 9 oxygen binding energies from —3.25 eV to
—5.25 eV were combined to define 81 hypothetical metal surfaces. A separate RMG model

was constructed for each hypothetical metal surface, and these individual models were then
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combined into a base model that includes all possible species and pathways that can occur
significantly on any of the 81 hypothetical metals.

The thermodynamic data of species on other metal surfaces were modified from platinum
by RMG using LSR during the model generation,?* so the data were changed back to the
original Pt(111) values when merging into the base model. Cantera was used to validate the
base model. The BMA base model was made by converting all the Arrhenius parameters
to BMA parameters using the enthalpy and activation energy of each reaction at 300 K
and using the non-linear equation solver in the SciPy package®® as described in section 2.1.
The BMA fitting results for each reaction can be found in the BMA Cantera input file in
supplementary materials. Two sets of models for 81 hypothetical metals were generated
using LSRs to scale the species’ enthalpy from the original base model and the BMA base
model. The models scaled from the BMA base model have different kinetics from the other

set because the BMA changes the reaction barrier.

2.3 Reactor Simulation

Cantera was used to simulate the reactive flow through a plug-flow reactor (PFR), which
was represented as a chain of 7000 continuous stirred tank reactors (CSTRs), following the
approach of Mazeau et al.?* This is sufficient to resolve the fast reactions in some of the
simulations. The simulation results on platinum were compared with experimental data.?’

The parameters of the reactor are shown in Table 1.

Table 1: PFR parameters?® used for Cantera simulations

Inlet Gas Temperature 800 K
Reactor Length 7 cm
Reactor Diameter 1.65 cm
Catalyst Porosity 0.81
Catalyst Area Per Volume 160 cm ™!
Inlet Flow Velocity 36.63 cm/s
Catalyst Length 1 cm
Catalyst Start Position 1 cm

12



The composition of inlet gas includes methane, oxygen, and argon, where the C/O ratios
range from 0.6 to 1.4 incremented by 0.1 and from 1.6 to 2.6 incremented by 0.2. The ratio
of Ar to O, is 79 : 21 at each C/O input ratio. The exit temperature, exit conversions of
CH, and O,, and the exit selectivities of CO, CO,, H,, and H,O at each C/O ratio were
used as descriptor benchmarks to compare to experimental data.??

Methane conversion, synthesis gas yield, and full oxidation yield were used to measure
model performance over all the metals. Synthesis gas consists of CO and H, and full oxidation
refers to gas composed of CO, and H,O. A value of 1 would be assigned to denote the
complete synthesis gas yield or full oxidation of one gas species. However, both descriptors
involve two gas products, so the values can be combined, allowing for a maximum possible

value of 2.

2.4 Sensitivity Analyses

Kinetic and thermodynamic sensitivity analyses were performed on all models generated in
this work to explore the influence of the BMA expression on sensitivities. To calculate kinetic
sensitivity, the rate of each surface reaction was perturbed by 1%, one at a time, and the
change of the descriptor of interest at fixed position on the catalyst region was normalized

by the change of the reaction rate, as written in Equation 12

XpertuTbed _Xo'riginal
Xoriginal

Si=

(12)

9
( ki,perturbed_ki,m'iginal )

ki,o'riginal

where S; is the kinetic sensitivity with respect to reaction i, k; originas is the rate coefficient of
reaction %, K; perturbed 1S the rate coefficient of reaction i after perturbation, Xo,gina represents
the value of a descriptor (e.g.CH, conversion), and Xc,1urbea Tepresents the descriptor value
after the rate of reaction ¢ is perturbed. The thermodynamic sensitivity was calculated by
increasing the enthalpy of one adsorbate by 0.05 eV at a time and comparing the descriptor

difference at a position on the catalyst. It is important to note that the enthalpy change is
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not modified proportionally (e.g. by 1%) because the definition of zero enthalpy is arbitrary.
We perturb H; rather than G; because it is more straightforward in Cantera, but since
AG° = AH° — TAS®, if we assume 6S = 0 then G = dH anyway and our analysis is
6

analogous to Campbell’s degree of thermodynamic rate control analysis.*

The expression of thermodynamic sensitivity can be written as Equation 13

Xpe'r'tuTbed 7X07'iginal
Xo'ri inal
9

S; = , (13)

Hj,perturbed - Hj,original

where S; is the thermodynamic sensitivity with respect to species j and Hj opiginar and
Hj perturbea are the enthalpies of adsorbate j before and after perturbation. The kinetic
sensitivity is unitless, while the unit of thermodynamic sensitivity is eV 1.

Adding the BMA expression is expected to improve the accuracy of thermodynamic
sensitivity analysis because the influence of enthalpies on reaction rates can be properly
treated. In the limit of a small perturbation, the thermodynamic sensitivity in Equation 13

can be written as:

i= %g—flj, (14)
where X is the descriptor value and H; is the enthalpy of adsorbate j. Considering that X
is calculated through a large set of ordinary differential equations or differential-algebraic
equations, and the system includes the forward rate constants k£ and species enthalpies H as

parameters, X in Equation 14 can be expressed as X (k, H,...). If k(H) is also a function

of H, then using the chain rule, the partial derivative of X with respect to Hj; is:

0X 0X 0X 0k
= + = (15)
8Hj aHJ k constant ok aHJ
Here %—)k( is the partial derivative of X with respect to k£ holding everything else constant, %

0X

is the derivative of k with respect to H;, and 57 |k constant

represents the partial derivative of

X with respect to H; when treating k as a constant (i.e., ignoring the dependence of k on

14



H;).

The Arrhenius rate expression is not affected by species enthalpy, so the 0k/0H; term of
Equation 15 is zero when using the original model with Arrhenius rates. On the contrary,
reaction enthalpy is considered in the BMA rate expression, and because reaction enthalpy is
a function of species enthalpy, the (0X/0k)(0k/0H;) term in Equation 15 is included. Thus,
models with BMA expressions will give more realistic thermodynamic sensitivity results than
models with only Arrhenius expressions. It is worth noting that because all our models use
reversible reactions, Cantera ensures thermodynamic consistency by deriving the equilibrium
constant from AG,.,,, and so the reverse rate coefficients depend on reaction enthalpy AH,..,
in both CMPO and CMPO-BMA models.

Positive sensitivity values indicate that increasing the reaction rate constant or species
enthalpy leads to an increase in descriptors, while negative sensitivity values represent a
decrease in descriptor values. Reactions happen at an extremely small timescale, and species’
concentrations reach a steady state near the start of the catalyst zone in these simulations, so
the catalyst surface to volume ratio is decreased to 5% of the value in?® when doing sensitivity
analyses and descriptor screenings. As a consequence, the distance from the beginning of
the reactor to reach steady state is extended. This extension ensures that the chemistry
happening at the descriptor sample position remains comparable between models with and
without BMAs.

Calculating sensitivities by a finite difference method requires comparing small changes
between numbers. When the numbers themselves are small (eg. for hypothetical metals
with a strong carbon binding energy that lead to almost no reaction), the comparisons
become noisy, and must be solved with very tight tolerances. The same hypothetical metals
often have binding energies that lead to very stiff systems of ODEs, causing numerical
difficulties converging to tight tolerances. These issues do not plague the main results, but
make sensitivity analysis a challenge in some areas of the discovery space. To address the

convergence issue and numerical noise for kinetic and thermodynamic sensitivity results,
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we averaged the results of multiple Cantera simulations with 6 varying error tolerances,
using relative error tolerances (rtol) of 107" and absolute error tolerances (atol) of 107" for
n = {5,6,7,8,9,10}, at each C/O input ratio in the set {0.6, 1.0, 1.1, 1.2, 1.6, 2.0, 2.6}.
This leads to 6 simulations for each species or reaction sensitivity calculation; simulations
which failed as well as those positioned within the upper and lower quartiles were omitted
from consideration, and the remaining results were averaged for analysis. As a result, the
total number of simulations completed for thermodynamic and kinetic sensitivity analyses

on 81 metals was 432054.

3 Results and Discussion

3.1 BMA Expression Conversion

The reaction pathways of the CMPO model can be found in the work done by Mazeau et al.?*
The conversion of CH, and O,, selectivity of synthesis gas (CO, H,) and full oxidized prod-
ucts (CO,, H,O), and temperature at the exit with respect to C/O input ratio are plotted
against experimental data? for the CMPO and CMPO-BMA models on Pt(111) in Figure
3. The model was initially built and validated on rhodium,?* so there is a distinguishable
disagreement with the experimental data on platinum. Given that the primary objective
of this study is to explore the effect of BMA rates, the model is used as is. Despite the
difference from the experimental data, the trend of descriptors for CMPO and CMPO-BMA
base models are very close by comparing Figure 3a and Figure 3b, which verifies a successful
conversion from Arrhenius rate to BMA rate.

As implemented in Cantera, the activation energy in the BMA expression is calculated
from the reaction enthalpy evaluated at the current system temperature, not a reference
temperature of 298 K. The species’ enthalpies are calculated using NASA polynomials as
a function of temperature. The activation energy in the BMA rate parameters is therefore

slightly affected by the temperature, causing a small deviation from the Arrhenius rates.
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Figure 3: Simulation comparison between CMPO and CMPO-BMA models on Pt, the two
plots in 3a are the species conversion and selectivity change with respect to C/O input ratio
for CMPO model on Pt, and the two plots in 3b are for CMPO-BMA model on Pt. The
square dots represents the reference (experimental) data from previous research,? and the

lines represents the simulation results.
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Thus, minor differences between CMPO and CMPO-BMA models are observed in the syn-

thesis gas conversion and full oxidation yield.

3.2 Sensitivity Analyses for CMPO and CMPO-BMA Models on

Pt
3.2.1 Kinetic Sensitivity on Pt

As discussed in section 2.4, kinetic sensitivity should remain the same for CMPO and CMPO-
BMA base models because only the pre-exponential parameter is modified by 1%. As illus-
trated in Figure 4, the sensitivity of CH, conversion at 1.045 cm (the 1045 CSTR in the
simulation) to reactions with and without BMA rates are evaluated at C/O = 1.0, and the

top 10 most sensitive reactions are plotted.

CH3OPt + Pt = CH3Pt + OPt

CH;0 + HPt = CH30Pt

CH,Pt + CH4Pt = 2 CH3Pt

CHOPt + Pt = COPt + HPt

CHPt + OHPt = CH,Pt + OPt

CH4 + OHPt + Pt = CH3Pt + H,OPt
CHPt + HPt = CH,Pt + Pt

H, + 2 Pt = 2 HPt

CH4 + Pt = CH4Pt

O, +2Pt=2OPt

Reactions

2 0 5
Sensitivity value Sensitivity value

(a) (b)

Figure 4: Kinetic sensitivity of CH, conversion to reactions for CMPO (a) and CMPO-BMA
(b) models on Pt(111). The top 10 sensitive reactions are drawn at C/O= 1.0

O, + 2Pt == 2 OPt is the most positively sensitive reaction at C/O= 1.0 because the
adsorbed oxygen further reacts with adsorbed carbon products to increase CH, conversion.

The CH, physisorption reaction is the second most sensitive reaction, with a negatively
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sensitivity for CH, conversion. Increasing the rate of CH, physisorption reduces the coverage
of atomic oxygen and atomic hydrogen, so the subsequent reactions are slowed down. The
sensitivity analysis of the subsequent reactions, as depicted in Figure 4, reveals a considerable
degree of similarity among them within the CMPO base model, which means that the CH,
conversion is equally sensitive to these reactions. In addition, the CMPO-BMA model has
two reactions with high sensitivity, and the other eight reactions are much less sensitive. It is
worth highlighting that both models agree on the top sensitive reactions, and the rank of most
to least sensitive reactions does not change remarkably. The analogous ranks can be observed
for the kinetic sensitivity of synthesis gas and full oxidation yield in Figure S2. There are
several factors that could cause the disagreement between the two models. The temperature
exerts a subtle influence on the BMA rates, resulting in a slightly deviated reaction rate
change in the CMPO-BMA. This variance, albeit small, can have a marginal impact on
the ongoing reaction pathway within each CSTR. Consequently, the chosen position for the
kinetic sensitivity analysis (the 1045th reactor) does not exhibit precisely identical conditions
for the two models. Another likely reason is the numerical error caused by the solver. The
sensitivity (equation 12) is calculated as the ratio of two small numbers, the numerator being
the small difference between two much larger numbers (in this case the conversion of CH,
in the 1045th CSTR). This amplifies any small discrepancies due to numerical imprecision
within the tolerances of the solver.

Raising the C/O input ratio to 2.6 leads to the same trends, as shown in supplementary
material Figure S4. CH, conversion is not sensitive to most reactions except the dissociative
adsorptions of O, and H,. This is primarily due to the fact that CH, is the species with
majority of coverage on the surface at the higher C/O input ratio, and changing the rates
of these two reactions enhances the coverage of adsorbed atomic oxygen or hydrogen, thus
promoting subsequent reactions. Increasing the rate of O, + 2% == 2 Ox increases CH,
conversion, and increasing the rate of H, + 2% == 2 Hx decreases CH, conversion in both

base models. It is worth emphasizing that the kinetic sensitivity analyses for the CMPO
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and CMPO-BMA base models agree with each other for the most sensitive reactions, while
showing differences in reactions that are relatively insensitive, and the sensitivity ranks of

the two base models are more alike at higher C/O inlet ratio.

3.2.2 Thermodynamic Sensitivity on Pt

Meanwhile, thermodynamic sensitivity analysis (Figure 5) shows that the sensitivity of CH,
conversion with respect to the enthalpy of each adsorbate is quite different between the
models with and without BMA. Conversion is much more sensitive to changes in the en-
thalpy of CH,* with the base BMA-CMPO model than with the base CMPO model at
C/O= 1.0, and the most sensitive species is shifted from CHx to Hx after the rate type is
converted. In addition, increasing the enthalpy of adsorbed CO,* decreases the conversion
of CH, with Arrhenius rates, while it increases conversion with BMA rates. The similar
sensitivity value shifts can be seen for the synthesis gas yield and full oxidation thermody-
namic sensitivity analysis in Figure S3. The thermodynamic sensitivity analysis shows that
the Arrhenius to BMA rate type modification can change the sensitivity of descriptors to
species’ enthalpies and could even lead to an opposite correlation between a descriptor and
a species enthalpy. During the sensitivity analysis, the enthalpy of species was perturbed by
0.05 eV, subsequently impacting the enthalpy of reactions involving these species. Notably,
in the CMPO-BMA model, the forward reaction barriers are enthalpy-dependent, while in
the CMPO model they remain unaffected. Thus, this difference led to a discrepancy in the

thermodynamic sensitivity analyses as shown in Equation 15.

3.3 Descriptor Screening Results

Simulations were repeated for the CMPO and CMPO-BMA models over all the 81 hypothet-
ical metals, and the values of CH, conversion, synthesis gas yield, and full oxidation yield
at 1.045 cm in the PFR, at C/O= 0.6, C/O= 1.0, and C/0O=2.6 are demonstrated in heat

maps in Figures 6, 7 and S5. The main point here is that when using the Blowers-Masel
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HPt
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Species
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Figure 5: Thermodynamic sensitivity of CH, conversion to species for CMPO (a) and CMPO-
BMA (b) models, the top 10 sensitive reactions are drawn at C/O= 1.0

approximation, the “hot spots” on the heat maps (the peaks of the volcano plots) move, and
conclusions about what is the “best” candidate catalyst might change.

Comparing Figures 6a and 6d, the catalyst resulting in the highest CH, conversion at this
point in the reactor move from near palladium and platinum, to a weaker carbon binding
(AE® is less negative) and weaker oxygen binding (AE© is less negative). Comparing
Figures 6b and 6e, the peak in yield of synthesis gas has moved to weaker oxygen binding
(AE9=-3.25 eV). Comparing Figures 6c and 6f, the peak in yield of full oxidation products
(CO, and H,0) has moved from AE“=-6.75 eV, AE®=-3.25 eV, towards stronger binding
metals like Pt and Pd.

The values are plotted at 1.045 cm (the catalyst zone starts at 1.00 cm) to to highlight
differences between simulations. For all cases, by the end of the PFR (7.0 ¢cm) all simulations
were either inert, or had similar high conversion and yield values, as shown in Figure S6 in
the supplementary material.

To investigate the reason for the shift in peak CH, conversion from central to upper-

right area, metals at the two different peaks (AEY = —6.0 eV, AE? = —3.25 eV and
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AE® = —7.25 eV, AE9 = —4.25 eV) were compared for both CMPO and CMPO-BMA
models. The reaction path diagrams showing cumulative flux are shown in the supplementary
material Figure S7 and S8.

For the CMPO-BMA model on the metal with (AE® = —6.0 eV, AE? = —3.25 eV) at
C/0=0.6 (the hot spot in Figure 6d), the CH, conversion is higher because some is converted
to C,Hy and C,H, through gas phase reactions, pathways that are not active at that point
in the CMPO model on the same metal (Figure S7). The gas phase rate constants were
not changed, so this is likely because the temperature is higher in the BMA model due to
faster exothermic reactions upstream in the adiabatic reactor simulation. This made the
CMPO-BMA model consume 30% more CH, than the CMPO model on the same metal.

On the metal with (AE® = —7.25 eV, AE? = —4.25 eV) (the hot spot in Figure 6a),
the main reaction pathways for the CMPO and CMPO-BMA models are similar as seen in
supplementary material Figure S8, but the CMPO model has 12% higher amount of CH,
reacted.

Overall, the CMPO-BMA screening plots at 1.045 ¢m from the beginning of PFRs have
different shapes compared to CMPO plots. The principal cause is that BMA rates make the
catalysis proceed faster in general, so the reaction pathways on certain metals differ from
CMPO to CMPO-BMA models.

After increasing the input C/O ratio to 1.0, a similar story emerges (Figure 7). The
peak of the volcano plot (the hot spot in the heat map) does not move significantly for CH,
conversion or synthesis gas yield, but moves towards more weakly binding metals for the full
oxidation yield (the bright zone moves up and right from Figure 7c to 7f). This is mostly

due to the reaction COx* + Ox == CO, + 2 * being faster in the CMPO-BMA models.

3.4 Energy Diagrams

To visualize the impact of BMA rates on reaction barriers, the energy diagrams of primary

pathways on the metal characterized by AEY = —6.0 eV and AEY = —3.25 eV are com-
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Figure 6: Comparison of CH,, synthesis gas, and full oxidation conversion at C/O= 0.6
between CMPO (a, b, ¢) and CMPO-BMA (d, e, f) models. The third row is the difference
between CMPO-BMA and CMPO models (g, h, i). The y-axis represents the binding energy
of atomic oxygen, and the z-axis represents the binding energy of atomic carbon, each pixel
represents a hypothetical metal interface.
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between CMPO-BMA and CMPO models (g, h, i). The y-axis represents the binding energy
of atomic oxygen and the x-axis represents the binding energy of atomic carbon. Each pixel
represents a hypothetical metal interface.
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pared for CMPO and CMPO-BMA models at C/O=0.6. This analysis aims to explain the
heightened reactivity for that metal in CMPO-BMA models in Figure 6d, contrasting with
the CMPO results in Figure 6a. The pathway flux diagrams on the metal can be found in

supplementary material Figure S7. Figure 8 explores the dominant reaction pathway for
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Energy / eV
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o
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Figure 8: The energy diagrams for the main pathway on CMPO-BMA model on a hypothet-
ical metal with AE® = —6.0 eV and AE® = —3.25 eV. The diagram comparison is drawn

for CMPO model on Pt (yellow line), CMPO model (blue line), CMPO-BMA model(green
line)

the CMPO-BMA model and the energy diagram for the identical pathway for the CMPO
model. The reactions it goes through are listed in Table 2, the Arrhenius and BMA rate
parameters for steps 3, 4, and 5 are written in the reversed direction in Cantera input files.
Some reactions in the middle are omitted from Figure 8 for simplicity.

Gas-phase CH, initially adsorbed on the surface (step 1) before reacting with a vacant site
* to generate CHgx and Hx (step 2). The third step happened through the reverse direction
of reaction given in the model as CHyx +Hx == CHjx+ . The barrier was kept still by the

BMA even though LSR made the reaction (as written) slightly more exothermic, because the
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Table 2: Dominant reactions to generate COx* for the CMPO-BMA model on metal with
AE® = —6.0 eV and AE? = —3.25 eV

Step # Reaction

step 1 CH, + x == CH,x
step 2 | CH * + * == CHjx + Hx
step 3 | CHyx + %« == CH,* + Hx
step 4 | CHyx + *x == CHx* + Hx
step 5 | CHx + Ox == COx* + Hx

reaction enthalpy was smaller than —4F?. The reaction to achieve the fourth step was also
written in the reversed direction in the model, as CHx+H#* == CHy*+*. This reaction was
less endothermic on the hypothetical metal than on Pt, so BMA lowered its barrier (green
line) based on the expression in range —4EY < AH,,,, < 4EY. In contrast, the CMPO model
did not lower the barrier (in the reverse direction) of the Arrhenius expression, leading to a
higher barrier (blue line) for step 4 and slower rate. Additionally, the activation energy in
step 5 was estimated in the reverse, endothermic, direction (from adsorbed COx and Hx to
CHx* and Ox). LSRs altered it to be more endothermic on the hypothetical metal surface
than on platinum. Thus the activation energy is raised by BMA according to the expression
at range AH,,, > 4E°. The CMPO model (blue line) does not raise the barrier for step
5, despite the reaction becoming more endothermic in the direction written, leading to an
unreasonably low submerged barrier, but BMA is able to adjust the barrier to a reasonable
level (green line).

Table 3 shows the main pathway for the CMPO model on the same hypothetical metal,

and the energy diagram is plotted in Figure 9. Step 1 is the same as the main pathway

Table 3: Dominant reactions for the CMPO model on metal with AEC = —6.0 eV and
AEC = —3.25 eV

Step # Reaction

step 1 CH, + x = CH, x

step 2 | CHyx + Ox == CHyx + OHx
step 3 | CHy* + OHx —= CH3;OH + 2

in the CMPO-BMA model in Table 2 and Figure 8. Then CH,* reacted with O to form
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Figure 9: The energy diagrams for the main pathway on CMPO model on a hypothetical
metal with AE® = —6.0 eV and AE® = —3.25 eV. The diagram comparison is drawn for
CMPO model on Pt (yellow line), CMPO model (blue line), CMPO-BMA model(green line)

27



CHy% and OHx (step 2) with a similar barrier in both models. Step 3, which produces
gas-phase CH3;OH, is presented as CH;0H + 2 x == CHj* + OHx with a low barrier on
Pt(111) estimated by RMG (yellow). When scaling to the metal with AE® = —6.0 eV and
AE® = —3.25 eV, the dissociative adsorption reaction becomes more endothermic, but the
Arrhenius CMPO model does not raise the barrier (blue), leading to a too-fast net rate of
progress from CHj* to gas phase CH;OH, and this reaction thus replaced the reaction from
CHg* to CHy* as the primary reaction path. The CMPO-BMA model, however, raises the
barrier (green) slowing the formation of gas phase CH;OH, leaving more CHgx on the surface
to eventually form CO.

In conclusion, the unrealistic rate of progress of the reaction CHs* +OHx — CH;OH+
2 x was responsible for the low reactivity of the CMPO model on metal (AEY = —6.0 eV,
AE® = —3.25 eV), and the BMA is able to raise the activation energy to prevent it. Con-

sequently, a higher overall reactivity is seen on the same metal for the CMPO-BMA model.

3.5 Sensitivity Screening Results

Drawing upon previous investigations,?* the technique of kinetic sensitivity screening has
been established to identify the reactions that govern the abrupt drops in conversions ob-
served in the heat map, i.e. the cliff edges of the volcano. In addition, we perform the
analysis of thermodynamic sensitivity to identify the species accountable for the heat map
pattern. It is anticipated that the BMAs will induce alterations in the results of thermody-
namic sensitivity, as the intervention of BMAs, subsequent to species enthalpy modification
through LSR, can potentially lead to shifts in reaction pathways. Therefore, the kinetic and
thermodynamic sensitivity results for the CMPO and CMPO-BMA models are analyzed to

explore the effect of BMA on the sensitivity screening results.
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3.5.1 Kinetic Sensitivity

The kinetic sensitivity results on the base models identified that CH, conversion is most
sensitive to the adsorption of CH, and O,, so the kinetic sensitivity screening encompassing
CH, conversion, synthesis gas, and full oxidation yield across the set of 81 metals was
centered around these two reactions. As shown in Figure 10a, increasing the reaction rate of
CH, + * == CH,* causes an increase of CH, conversion for both the CMPO and CMPO-
BMA models on metals with carbon binding energy weaker than —6.75 eV. On the contrary,
the metals on the left of the heatmap, in the column where AE® = —7.0 eV, demonstrate
strong negative sensitivity in all the maps in Figure 10. The surface-to-carbon bond grows
stronger from the right to the left of the heatmap, making it harder for carbonacious species
to leave, leading to a higher coverage of carbonacious species. When the coverage is too
high, the overall reactivity of the metal can be increased by slowing the adsorption reaction
CH, + * == CH,*) (negative sensitivity). When coverage is low, however, increasing the
rate of adsorption increases the rate of reaction (positive sensitivity). Therefore, the pixels
on the left of the heatmap have reversed sensitivity compared to the right side. The same
trends can be observed for sythesis gas and full oxidation yields in Figure 10b and 10c.

The sensitivity heat maps of dissociative adsorption of oxygen shown in Figure 11 has a
reversed trend compared to the physisorption of CH,. The chemical process proceeds more
rapidly due to 1% increase in oxygen adsorption rate on metals with strong carbon bonds
(AE® < —7 eV) and weak oxygen bonds (AE® > —4 eV). This acceleration facilitates
enhanced oxygen adsorption on the surface fostering the further reactions. The negative
sensitivities appear only on the metals with strong oxygen bonds and low carbon bonds
(bottom right corner) which have very low values in the descriptor screening maps in Figure
7, indicating that it is one of the reactions limiting the chemical process on these metals,
because the coverage of oxygen is too high.

Because the BMA changes the activation energy of reactions based upon reaction en-

thalpy, the CMPO-BMA reaction rates differ from the CMPO rates on most metals, so the
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Figure 10: The kinetic sensitivity of CH, conversion (a), synthesis gas (b) and full oxidation
yields (c) to the rate of methane physisorption reaction at C/O= 1.0, CMPO models are on
the top, and CMPO-BMA models are at the bottom.
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kinetic sensitivity screening results have slightly different values, but with similar trends. As
discussed in section 3.4, the rate discrepancies also changed the dominant reaction pathways,
which explains the different shapes of the descriptor maps between the two types of model.

The CH, physisorption reaction and O, dissociative adsorption are the most sensitive
reactions, affecting most of the metal surfaces in the carbon and oxygen binding energy
space explored, for both CMPO and CMPO-BMA models. Significant trends can be viewed
across the metals, showing that these reactions are mostly responsible for the shapes of the
descriptor heat maps. This suggests that incorporating BMA rates does not modify which

reactions are the most sensitive reactions that dictate the shape of the descriptor heat maps.

3.5.2 Thermodynamic Sensitivity

In contrast to the kinetic sensitivity, the thermodynamic sensitivity heat maps in Figure
12 and Figure 13 show that species’ thermodynamic sensitivity over the metals can change
significantly after BMA rate substitution. Adsorbed water is negatively sensitive on about
one fourth of the metals which have strong oxygen bonds and weak carbon bonds (bottom
right) on the CMPO thermodynamic sensitivity heat maps of CH, conversion, synthesis gas,
and full oxidation yields in Figure 12. It suggests that the enthalpy of adsorbed water is
one of the factors limiting the descriptor values. However, the sensitivity values on CMPO-
BMA screeing results in Figure 12 are more than 10 times smaller in general compared to
CMPO models, indicating that the the enthalpy of adsorbed water does not contribute as
substantially to the descriptor values.

The disparity is also evident in Figure 13, where the sensitivity of CH, conversion, syn-
thesis gas, and full oxidation yield to the enthalpy of adsorbed hydroxide (OHx) exhibits
pronounced negative values. While this effect is limited to metals in the lower right portion
of the heat maps for CMPO models, a wider range of metals displays negative sensitivity val-
ues for CMPO-BMA models. It’s noteworthy to highlight that for the CMPO-BMA models,

on metals located in the active area (upper central portion) of the heat maps, the descriptors
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Figure 12: The thermodynamic sensitivity of CH, conversion (a), synthesis gas yield (b),
and full oxidation yield (c) to the enthalpy of adsorbed water (H,Ox) at C/O= 1.0, CMPO
models are on the top, and CMPO-BMA models are at the bottom.
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exhibit positive sensitivity (mostly with sensitivity less than 1 eV ™!, except for the metal
at AEC = —7 eV, AEC = —4.25 eV), with respect to the enthalpy of adsorbed hydroxide.
However, in the corresponding area of the CMPO model heat maps, these sensitivity values
are consistently zero.

Despite the outliers caused by the solver imprecision at the bottom right corner of the
thermodynamic sensitivity screening for synthesis yield for CMPO-BMA models in Figure
13b, the screening results of thermodynamic sensitivity of adsorbed hydroxide show that
using BMA rates make the species influential to methane oxidation on more metals compared

to models with Arrhenius rates.
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Figure 13: The thermodynamic sensitivity of CH, conversion (a), synthesis gas yield (b),

and full oxidation yield (c) to the enthalpy of adsorbed hydroxide at C/O= 1.0, CMPO
models are on the top, and CMPO-BMA models are at the bottom.

The thermodynamic sensitivity heat map analysis validates that BMA rates exert con-

siderable impact on the thermodynamic sensitivities of some species engaged in the chemical
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process. The introduction of BMA rates results in a shift in the dominant surface species
governing the progression of methane oxidation across 81 metals. This influence stems from
alterations in species enthalpy, which in turn affect the enthalpies and equilibrium constants
of reactions involving those species. Consequently, the calculations of reverse reaction rates,
relying on equilibrium constants and forward rate constants, are perturbed. Unlike Arrhe-
nius rates, which remain unchanged, BMA rates adjust the forward rate constants, thereby
impacting the overall rates of the associated reactions. This adjustment results in distinc-
tive variations in CH, conversion, synthesis gas production, and full oxidation yields. In
summary, applying BMA rates yields an alternative perspective on which species demand

greater consideration during the optimization or catalyst design of the oxidation.

3.6 Conclusion

The BMA rate expression was successfully implemented in Cantera,?? and CMPO models
with and without BMA rates were compared. DFT data for 11 reactions in the CMPO base
model were extracted from CatHub to validate the application of BMA to surface reactions.
The CMPO base model on Pt was generated using RMG, and the BMA rates were fitted
on the basis of Arrhenius rates to make a CMPO-BMA base model. A catalyst screening
analysis on 81 hypothetical metal surfaces was carried out in Cantera using both CMPO and
CMPO-BMA models to investigate the influence of BMA rates. The hypothetical metals
were characterized using a combination of carbon binding energies of —7.5 eV to —5.5 eV
and oxygen binding energies of —5.25 eV to —3.25 eV.

Simulations for the CMPO and CMPO-BMA base models on platinum were carried out
in a PFR, which was approximated as a series of CSTRs in Cantera, with C/O input gas
ratios from 0.6 to 2.6 to replicate the experimental work.2> The models showed a noticeable
difference compared against the experimental data, but general descriptor trends agreed. As
the goal of this work was to explore the influence of BMA rates, we determined the RMG

model has good enough agreement with experimental results and would be used as a base
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model for comparison. The base model species concentration changes over the PFR were
comparable, and the primary sensitive reactions for CH, conversion remained unchanged
after converting from Arrhenius to BMA rates. The thermodynamic sensitivity analysis
for the base models with and without BMA rates revealed that the BMA rates result in a
significant change (up to 4 times) in the sensitivity of CH, conversion to species’ enthalpies.

The screening results illustrate that when using the Blowers-Masel approximation, the
“hot spots” on the heat maps (the peaks of the volcano plots) move, and the “best” can-
didate catalyst selected by the analysis can be altered. The metals that are most effective
for synthesis gas yield for CMPO models have stronger oxygen bond (more negative binding
energy) compared to the most effective metals for CMPO-BMA models at C/O=0.6. Fur-
thermore, the metals that attain the highest CH, conversion and synthesis gas yield vary
between the CMPO and CMPO-BMA models at low C/O input ratio, while at high C/O
input ratios, active metals and the descriptor screening heat maps exhibit similar patterns.
The difference in the descriptor screening results between CMPO and CMPO-BMA models
primarily arises from certain expedited chemical processes due to the BMA rates.

The kinetic sensitivity heat map helps identify which reactions are most responsible for
the shapes of the descriptor heat maps. The descriptors are most sensitive to the CH,
adsorption and O, dissociative adsorption reactions, with and without BMA rates. This
leads to the conclusion that BMA rates do not affect the most sensitive reactions identified
using kinetic sensitivity analysis. However, the thermodynamic sensitivity heat maps showed
that adsorbed water is a rate-determining species for many CMPO models, while it is not for
CMPO-BMA models over the metals screened. The thermodynamic sensitivity heat maps
of adsorbed hydroxide (OHx), however, showed the opposite. This observation suggests that
the use of BMA rates can alter the conclusions drawn from a thermodynamic sensitivity
analysis.

This work added a new feature to the open-source simulation software Cantera, allowing

reaction kinetics to be specified using the Blowers-Masel approximation (BMA), in which the
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reaction barriers are a function of the reaction enthalpy. Unlike the Brgnsted-Evans-Polanyi
(BEP) expression, this BMA form only requires one parameter (so it can be derived from a
single reaction rate expression), and gives reasonable values when extrapolated to very high
and low reaction enthalpies. We have shown that using BMA instead of simple Arrhenius
expressions (with a fixed forward reaction barrier) during model analysis can lead to different
results — both in the binding energies of the optimal catalyst, and in the relative importance of
specific adsorbate enthalpies. Incorporating the BMA rate description into Cantera enables a
new workflow, demonstrated herein, allowing rapid screening of catalysts using linear scaling
relationships (LSRs) and BMA kinetics within the simulation software, with a single model
input file. This can provide a starting point for a model of interest for further improvements.
The workflow is not limited by the use of LSRs, since the BMA kinetics could equally well
be combined with modern machine-learned predictors of adsorbate energies. This could be
an efficient first step in a catalyst screening investigation, before further investigation (e.g.

with DFT and then experiments) of any identified candidate catalysts.

Supporting Information Available

The Supporting Information is available free of charge at https://doi.org/(to be deter-
mined by publisher). Blowers-Masel approximation fittings for the DFT data extracted
from Catalysis-Hub; kinetic and thermodynamic sensitivity of sythesis gas yield and full
oxidation for the CMPO and CMPO-BMA base Pt(111) models at C/O=1.0; kinetic sensi-
tivity of CH, conversion, synthesis gas yield, and full oxidation for CMPO and CMPO-BMA
base models at C/O=2.6; descriptor screening results for CMPO and CMPO-BMA models
at C/0=2.6; descriptor screening results at the end of PFR for CMPO and CMPO-BMA
models at C/O=0.6; the reaction pathway for the CMPO and the CMPO-BMA model on
the metal at (AEC = —3.25 eV, AE® = —6.0 eV); the reaction pathway for the CMPO and
the CMPO-BMA model on the metal at (AEC = —4.25 eV, AE® = —7.25 e¢V)(PDF); RMG
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input file for the base model, microkinetic model for Pt(111) in Cantera format, microkinetic
models on all the hypothetical metal surfaces with and without BMA rates, Python scripts
and Jupyter notebooks for running the simulations and sensitivity analyses, fitting Blowers-
Masel rates, and reproducing the plots in the paper. (ZIP) More scripts can be found on

the Github repository https://github.com/comocheng/bm project
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Figure S1: BMA fittings for the data extracted from Catalysis-Hub
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Figure S2: Kinetic sensitivity of synthesis gas yield (top plot) and full oxidation (bottom plot) comparison
for the CMPO (left) and CMPO-BMA (right) base Pt(111) models at C/0O=1.0
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Figure S3: Thermodynamic sensitivity of sythesis gas conversion (top plot) and full oxidation (bottom plot)
comparison for the CMPO (left) and CMPO-BMA (right) base Pt(111) models at C/0=1.0



Figure S4: Kinetic sensitivity of CHy conversion (top plot), synthesis gas yield (middle plot), and full
oxidation (bottom plot) comparisons for the CMPO (left) and CMPO-BMA (right) base Pt(111) models at

C/0=2.6
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Figure S5: Comparison of CH4 conversion, synthesis gas yield, and full oxidation yield at C/0=2.6 between
CMPO ((a),(b),(c)) and CMPO-BMA ((d),(e),(f)) models. The y-axis represents the binding energy of
atomic oxygen, and the x-axis represents the binding energy of atomic carbon, each pixel represents a
hypothetical metal interface
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Figure S6: Comparison of CHy conversion, synthesis gas yield, and full oxidation yield at C/O=0.6 at the
end of PFR between CMPO ((a),(b),(c)) and CMPO-BMA ((d),(e),(f)) models over 81 hypothetical metals.
The y-axis represents the binding energy of atomic oxygen, and the x-axis represents the binding energy of
atomic carbon, each pixel represents a hypothetical metal interface.
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Figure S7: Comparison of the reaction paths in the CMPO and CMPO-BMA models on metal at (AEC =
—3.25eV,AE® = —6.0 eV). Line widths and labels indicate the net mass flux integrated from 0 to 1.045 cm
in the reactor. The CMPO model makes lots of gas-phase methanol CH3OH from the adsorbed CHgz*,
whereas on the CMPO-BMA model adsorbed CHs* continues to react via CHa* and CH* to eventually
make CO and COs.
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Figure S8: Comparison of the reaction paths in the CMPO and CMPO-BMA models on metal at (AEC =

—4.25 eV, AE® = —7.25 eV). Line widths and labels indicate the net mass flux integrated from 0 to 1.045 cm
in the reactor. They are quite similar.
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