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First-principles-based microkinetic modeling of
methanol steam reforming over Cu(111) and

17190 Cu(211): structure sensitive activity and selectivityy

Xinyi Zhang and Bo Yang

The development of hydrogen energy is widely recognized as a key approach to addressing the energy
and carbon emission challenges. Methanol steam reforming is a promising hydrogen production scheme
that can provide high-purity hydrogen. In this work, we studied the primary reaction mechanisms of

methanol steam reforming over the Cu(111) and Cu(211) surfaces using density functional theory (DFT)

calculations and microkinetic simulations. A detailed kinetic perspective on the reaction mechanism,

which is often overlooked in previous research that relies solely on DFT calculations, is provided in the

current work. Our findings reveal that under typical experimental conditions, the dominant mechanism

on the Cu(111) surface is the methyl formate mechanism, while the H,COO dehydrogenation mechanism

is dominant on Cu(211). The activity over the Cu(111) surface was slightly higher than that over Cu(211).
Based on the degree of rate control analysis results, a reaction rate equation was derived to quantitatively
explain the trend of activity under different operating conditions. It was also found that CO, selectivity

was significantly higher over Cu(211) than over the Cu(111) surface. Furthermore, based on the Wulff con-

Received 21st June 2024,
Accepted 23rd September 2024

DOI: 10.1039/d4dt01808g

rsc.li/dalton

1. Introduction

As the urgency of the energy crisis intensifies and environ-
mental pollution worsens, the search for novel energy sources
is more pressing than ever."” Hydrogen, a high-energy-
density, clean and renewable secondary energy source, is
widely regarded as a crucial alternative to fossil fuels.”™® It can
be produced through various methods, including methane
steam reforming, coal gasification, electrolysis of water, and
biological methods.” However, the first two methods still rely
on fossil fuel as raw material, and the third method requires
substantial energy input.® Therefore, exploring a new approach
to produce hydrogen with high efficiency and minimal pol-
lution is of the utmost importance.

Methanol serves as an ideal substrate for producing hydro-
gen due to its simple molecular structure and easy accessibil-
ity.> It can be derived from various renewable sources. For
instance, it can be produced through the pyrolysis of biomass,
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struction scheme, copper nanoparticle models with different sizes were constructed, and a detailed
structure sensitivity study was executed. This comprehensive investigation sheds light on the mechanisms
of methanol steam reforming reactions over the Cu(111) and Cu(211) surfaces, providing essential insights
for the design of high-performance catalysts for hydrogen production.

which includes components such as cellulose, hemicelluloses,
and lignin,'° or through the thermal gasification of biomass."*
There are three primary methods to produce hydrogen with
methanol, ie, (1) methanol decomposition, (2) oxidative

methanol steam reforming, and (3) methanol steam
reforming:
CH30H — CO + ZHZ (1)
1
CH3OH + Hzo — COZ + 3H2 (3)

Among the three methods mentioned above, methanol
steam reforming (MSR) holds promise for producing hydrogen
due to its high yield of H, and significant selectivity towards
CO,." This selectivity towards CO, is crucial for further hydro-
gen utilization,"® because even minuscule amounts of carbon
monoxide (CO) can be harmful under many circumstances,
necessitating an exceptionally pure and CO-free hydrogen
source.

In order to design new catalysts that enhance the activity of
MSR and increase selectivity towards CO,, it is essential to
understand the detailed reaction mechanism. Cu-based cata-
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lysts are predominantly used for MSR due to their high activity
and selectivity."* The current mainstream view proposes three
mechanisms for MSR over Cu, with the first step in each
mechanism being the dehydrogenation of methanol to form
methoxy.">'* One of the three mechanisms is the water gas
shift (WGS) mechanism."”>"” This mechanism involves the
decomposition of methanol to CO, which further reacts with
water vapor to yield CO,. However, studies have shown that CO
cannot react with water vapor in the presence of methanol,
despite the WGS reaction being highly active on Cu-based
catalysts.'®

An alternative mechanism was proposed by Takezawa,
which involves formaldehyde reacting with hydroxyl or oxygen
adsorbed on the catalyst surface to produce intermediates
such as HCOOH, HCOO, and H,COO.' These species are
further dehydrogenated and eventually converted to CO, and
H,. This mechanism is referred to as the H,COO dehydrogena-
tion mechanism.

Takezawa also proposed the methyl formate mechanism
suggesting that formaldehyde reacts with methoxy to form
methyl formate, which is then hydrolyzed and dehydrogenated
to form CO,.*° Jiang®' and Peppley** established a kinetic
model based on this mechanism, and their results were highly
consistent with experimental data, indicating that the methyl
formate mechanism is likely responsible for MSR. However,
methyl formate is generally produced at a lower proportion of
water vapor and cannot be detected in the gas phase or on the
surface of the catalyst under MSR conditions.”® Although it
has been demonstrated that the rate of methyl formate hydro-
lysis to CO, is approximately 30 times faster than that of the
overall MSR reaction, which implies that the absence of methyl
formate may be due to its hydrolysis occurring too rapidly to
be observed, the fact that methyl formate is not directly
observed in experiments still raises questions about the auth-
enticity of this proposed mechanism.>

Despite extensive research on the mechanism of MSR over
Cu, this topic remains contentious. Given the inherent chal-
lenges in experimentally elucidating the actual reaction
mechanism of MSR, computational simulation methods, such
as first-principles calculations, have become vital in providing
complementary and often more detailed information about
the reaction mechanism.

Regarding the methyl formate mechanism, the work of Lin
et al** calculated the energy of each intermediate and tran-
sition state involved in this mechanism on the Cu(111) surface
and found that the methyl formate mechanism is energetically
favored. This process was shown to have a lower effective acti-
vation energy than the overall MSR reaction, which is consist-
ent with the experimental observation that the steam reform-
ing of methyl formate is faster than the MSR reaction. Lin
et al. also found that the hydrolysis process of methyl formate
may not be able to effectively compete with the desorption of
methyl formate. Therefore, they concluded that the methyl
formate route is not a competitive mechanism on the Cu(111)
surface. While their study focused primarily on the energetics
over the Cu(111) surface, the exact reaction mechanism over
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different facets of the copper catalyst and the identification of
the most active facet still remain unknown. Thus, it would be
valuable to compare their results with a comprehensive micro-
kinetic study over both the Cu(111) and Cu(211) facets.

In the present study, a comprehensive analysis was con-
ducted. We employed density functional theory (DFT) calcu-
lations to determine the energies of surface species on the Cu
(111) and Cu(211) facets, based on the establishment of a
complex reaction network. Furthermore, detailed microkinetic
analysis was also performed to gain deeper insights into the
reaction system. The dominant reaction pathway under each
set of reaction conditions was determined from the reaction
network under different operating conditions. The activity of
the MSR reaction, CO, selectivity, and the detailed reaction
mechanisms were also systematically studied and compared
on both the Cu(111) and Cu(211) surfaces.

2. Methods
2.1 DFT calculations

All the DFT calculations performed in this study were carried
out using the Vienna Ab initio Simulation Package (VASP.5.4)
and the projector augmented wave (PAW) method.>>’ The
Bayesian error estimation functional with van der Waals
correlation (BEEF-vdW) exchange-correlation functional was
employed,”® which can account for long-range dispersion forces
and has been widely used in the simulation of surface catalytic
reactions.”*” The plane-wave basis set had a cutoff energy of
500 eV, and the convergence criteria were set to 1 x 10™* eV for
energy and 0.05 eV A" for the force on each relaxed atom. The
3 x 3 Cu(111) slab model consisted of 5 atomic layers, with the
atoms in the top 2 layers allowed to relax during the optimiz-
ation process. For the 3 x 4 Cu(211) slab model, there were 12
atomic layers, and the atoms in the top 3 layers were allowed to
relax during the optimization. The Brillouin zone was sampled
using a 4 x 4 x 1 Monkhorst-Pack k-point grid with Methfessel-
Paxton smearing of 0.1 eV for the Cu(111) surface,*® and a 4 x 2
x 1 k-point grid for the Cu(211) surface.

The transition states were determined using the con-
strained minimization method.*>*® This approach allows for
the identification of a transition state when the force on the
relaxed atom diminishes and the energy is maximized along
the reaction coordinate but minimized with respect to all
remaining degrees of freedom. The constrained minimization
method has been developed for more than twenty years and is
widely used by many groups and verified by frequency
calculations.*’™* All transition states were verified by
vibrational frequency analysis, and the obtained vibrational
frequencies were also used to calculate the associated free
energies. The adsorption enthalpy of CO over Cu(111) calcu-
lated by DFT data is —0.656 eV. According to the adsorption
energy measured experimentally (—0.549 eV),*” the gas-phase
energy of molecular CO was corrected by —0.107 eV. The reac-
tion free energy of methanol steam reforming calculated by
CatMAP under 298 K temperature and standard pressure is
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—0.3177 eV. The energy of gaseous CO, was corrected by 0.278
eV to align with the experimental value*® (—0.0397 eV) of the
Gibbs free energy of reaction for the methanol steam reform-
ing reaction.

2.2 Microkinetic modeling

The reaction kinetics of the MSR process were analyzed using
the CatMAP package developed by Norskov’s group.*” This
Python-based simulation package applies the mean-field
approximation to obtain the kinetic results of surface catalytic
reactions. According to the experimental conditions, simulations
were performed at 5% CH;OH conversion, with a temperature
range of 498-598 K and a total pressure of 1 bar. The steam-to-
methanol partial pressure ratios (S:M) were set to 1:1, 1:2,
1:3, and 1:4 to investigate the variation of the reaction mecha-
nism under different S: M ratios. In this study, the variation in
the S:M ratio was achieved by altering the partial pressure of
water vapor, while keeping the partial pressure of methanol con-
stant at 0.15 bar, the remaining composition was inert gas. The
partial pressure of the inert gas was adjusted to compensate for
the varying partial pressure of water vapor, ensuring that the
sum of the partial pressures of all gaseous species remains con-
stant. The free energies of the surface species and transition
states were calculated using the following equation:

G(T) = Eprr + Ezpg +

harmonic DOF hl/l'
{m—} -T-5(T) (4)

i eksT — 1

where Eppr is the DFT energy, Ezpg is the zero-point energy, v;

is the vibrational frequency along the harmonic degree of

freedom (DOF), kg is the Boltzmann constant, and # is the

Planck constant. S(T) is the entropy of the surface species,

which can be determined using the equation:

harmonic DOF hu
i

hy;
i kBT(ekBT — 1)

S(T) = ks

The free energies of the gaseous species were determined
by the equation:

T
0

where the heat capacity C, and entropy S(T') can be obtained
using the Shomate equation and the corresponding
parameters.*®

The degree of rate control (DRC) analysis method developed
by the Campbell group*®*® was also employed in this study.
The DRC value quantifies the effect of changing the free
energy of a surface intermediate or transition state on the
overall reaction rate. Specifically, the DRC value X; for the con-
sidered intermediate or transition state { can be obtained
using the following equation:

0 In(r)

=G W 7

Gjzi
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where r is the rate of the full reaction, G; represents the free
energy of species i, and T is the reaction temperature. For tran-
sition states, the DRC value is typically positive because lower-
ing the energy of the transition state or the corresponding acti-
vation free energy increases the turnover frequency (TOF). The
transition state with the highest DRC value is known as the
rate-controlling transition state (RCTS). For surface-adsorbed
intermediates, the DRC value is usually negative and is equal
to the opposite of the product between the fraction of reaction
sites required to complete the reaction and the coverage of
that intermediate. The intermediate with the largest DRC in
absolute value is referred to as a rate-controlling intermediate
(RCI).

3. Results and discussion
3.1 Reaction network of the MSR process

In the present study, a complex reaction network was estab-
lished, consisting of 24 surface intermediates, 51 transition
states, 5 gaseous species, and 54 elementary steps. A full reac-
tion network containing all surface species can be found in
the ESI.¥ We found that the reaction network includes most
of the intermediates considered in previously published
theoretical works,>**'>* including intermediates and tran-
sition states for the methyl formate pathway, the H,COO
dehydrogenation pathway, and the water-gas shift pathway.
The energies of all possible reaction intermediates and tran-
sition states involved in the networks were calculated for
further analysis, and the activation free energies and reaction
free energies for each elementary step are listed in the ESI as
Table S1.7

3.2 Dominant reaction pathways for MSR

Microkinetic simulations were conducted using the estab-
lished reaction network on the Cu(111) and Cu(211) sur-
faces at the temperatures and pressures employed in
experiments, specifically 498 to 598 K and 1 bar. The
dominant reaction pathways were identified under these
conditions through running the microkinetic simulations
and removing the elementary steps with the lowest reaction
rates iteratively, as introduced in our previous work.’® In
this previous work, a systematic description of the algor-
ithm for reaction network generation and pruning was pro-
vided, using the concept also proposed by our group.’” The
dominant reaction pathways for MSR are merged into a
pruned reaction network shown in Fig. 1(a), where the
elementary steps and surface species unique to pathways A
and B are shown in blue and red, respectively. Fig. 1(b)
presents the dominant reaction pathway under different
conditions over the Cu(211) and Cu(111) surfaces. The reac-
tion energies and activation energy for the elementary
steps involved in the dominant pathways are provided in
Table 1. The configurations for the intermediates and tran-
sition states in the elementary steps are presented in the
ESI as Fig. S1.f

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (a) Pruned reaction network of the methanol steam reforming to CO and CO, on Cu(211) and Cu(111) after reaction network pruning, surface
species and elementary steps only exist in pathway A are denoted by blue color, while those only exist in pathway B are denoted by red color. (b)
Dominant reaction pathways over Cu(111) and Cu(211) under 2 different temperature and 4 different S: M ratios; different dominant reaction path-
ways are represented by A and B. (c) The variation of reaction rates of (1) CH,O* + O* — H,COO* + * and (2). CH,O* + CH30* — CH,OOCH3* + *.
Over different temperatures and S: M, while the reaction (1) contained in mechanism A is denoted by color blue and reaction (2) characteristic of
mechanism B is denoted by color red.

Table 1 Activation energies (E,) and reaction energies (AE), both in eV, for the elementary steps in the dominant reaction pathways of methanol
steam reforming to CO and CO, on Cu(211) and Cu(111)

Cu(111) Cu(211)
Elementary steps E,/eV AE/eV E,/eV AE/eV
2* + CH,0H(g) — CH;0* + H* 1.03 -0.31 1.03 -0.36
H,0(g) + 2* — OH* + H* 1.20 -0.17 1.14 -0.35
OH* +* - O* + H* 1.82 0.63 1.76 0.94
CH;0* + * - H* + CH,0* 1.42 0.99 1.28 1.10
CH,0* + O* - H,COO* + * -0.15 —0.66 0.04 —0.99
H,COO* + * - HCOO* + H* 0.89 -0.79 0.96 -0.73
HCOOH* + * - HCOO* + H* 0.71 —0.39 0.69 —0.66
HCOO* +* — CO,(g) + H* + * 1.19 0.70 1.52 1.14
CH,0* + * - HCO* + H* 0.96 0.38 1.00 0.28
HCO* + * —» CO* + H* 0.31 -0.75 0.38 —0.42
CH,0* + CH;0* - CH,O0CH;* + * 0.24 —0.43 0.10 —0.57
CH,OO0CH;* + * - HCOOCH;* + H* 1.01 0.02 1.17 0.32
HCOOCH;3* + OH* - HOOHCOCH;;* + * 0.56 0.27 0.70 0.23
HOOHCOCH;* + * - HCOOH* + CH;0* 0.37 —0.29 0.38 —0.10
H* + H* - Hy(g) + 2* 0.96 0.27 0.95 0.15
CO* - CO(g) + * — 0.55 — 0.50

This journal is © The Royal Society of Chemistry 2024 Dalton Trans., 2024, 53,17190-17199 | 17193
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Analysis of the pruned reaction network shown in Fig. 1(a)
reveals that pathway A is consistent with the methyl formate
mechanism proposed by Takezawa,>® while pathway B
resembles the H,COO dehydrogenation mechanism. Our
results indicate that the methyl formate mechanism only
exists at low temperatures and low S : M ratios, which is con-
sistent with the experimental observations.>®> Since both
mechanisms start with the O-H bond breaking of methanol,
followed by the dehydrogenation of methoxide to form for-
maldehyde, the main difference arises from the two elemen-
tary steps: CH,O* + O* - H,COO* + * and CH,0* + CH;0* —
CH,OO0CH,* + *.

Fig. 1(c) shows the variation of reaction rates at different
temperatures. It can be seen that at low temperatures, the
elementary step of formaldehyde reacting with methoxy is
dominant, while at higher temperatures, the oxidation of for-
maldehyde is dominant. The rates of these two elementary
steps exhibit a crossing behavior at a specific temperature,
and this temperature is lower when the S:M ratio is higher.
This trend coincides with the observed change in the domi-
nant mechanism. To further validate this trend, we also per-
formed microkinetic simulations at an S: M ratio of 0.1, and
the result (see Fig. S2 in the ESI}) is consistent with the
observed trend, demonstrating the self-consistency of our
findings.

3.3 Activity over Cu(111) and Cu(211)

Microkinetic simulations were further conducted to analyze
the impact of reaction conditions on the overall reaction
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activity. Specifically, simulations were performed on the Cu
(111) and Cu(211) surfaces at varied temperatures ranging
from 498 K to 598 K and S: M ratios from 1 to 4. The reaction
rate and the degree of rate control for methanol conversion
were analyzed, as depicted in Fig. 2(a) and (b), respectively.
The sum of the DRC coefficients under all conditions are pro-
vided in the ESI as Fig. S5.1 The value of this sum fluctuates
around 1 within the tolerance of numerical error. It was found
that the elementary step of the dehydrogenation of methanol
to form methoxy is the rate-controlling step under all reaction
conditions, and therefore, its rate can be considered equal to
the TOF for the methanol steam reforming process.

We derived a rate equation for the MSR reaction, as
expressed in the following equation:

_ Ga
r = kpcu,oufs” = A BTpcy,onbds’ (8)

where r represents the TOF, k is the rate constant for the dehy-
drogenation of methanol to form methoxy, 6. is the coverage
of free active sites, A is the pre-exponential factor, G, is the
activation free energy, and pcp,on is the partial pressure of
methanol. Based on this equation, we were able to calculate
the TOF under different conditions. The results were then
compared with the TOF values calculated using the CatMAP
software, as shown in the ESI as Fig. S3.f It was observed that
the two sets of results matched well over both the Cu(111) and
Cu(211) surfaces and under all the S: M ratios. This suggests
that it is reasonable to represent the TOF with the reaction rate
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Fig. 2 (a) TOF of methanol over Cu(111) and Cu(211), as a function of temperature with different S: M ratios. (b) Degree of rate control for the
elementary step of the dehydrogenation of methanol to form methoxy over Cu(111) and Cu(211) as a function of temperature with different S: M

ratios.
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Fig. 3 (a) Coverage of free site; (b) logarithm of coverage of surface OH
temperature with different S : M ratios.

of the dehydrogenation of methanol to form methoxy, which
will greatly simplify the further analysis.

The derived rate equation demonstrates that the overall
reaction activity is determined by several key factors, including
the activation free energy of the dehydrogenation of methanol
to form methoxy, the reaction temperature, the coverage of
free active sites, and the partial pressure of methanol.
Additionally, the free energy remains unchanged with vari-
ations in the S:M ratio. As a result, at a specific temperature
and over a particular catalyst surface, the reaction activity
becomes a function of the coverage of free active sites. Fig. 3
illustrates the logarithm of coverage of free active sites under
different reaction conditions.

As shown in Fig. 2(a), the TOF over the Cu(111) surface
remains relatively constant across different S:M ratios.
However, over the Cu(211) surface, the TOF decreases signifi-
cantly with higher S:M ratios. This observation aligns with
the fact that the coverage of free active sites remains nearly
constant under different S:M ratios over Cu(111), but
decreases substantially with higher S : M ratios over Cu(211).

To further investigate the reason for the decrease in the cov-
erage of free active sites with increasing S: M ratios, we exam-
ined the coverage of all surface species. Our analysis revealed
that surface-adsorbed OH is the dominant species over these
two surfaces. Therefore, we focused our study on the coverage
of OH. Fig. 3 demonstrates that the change in OH coverage
under different S: M ratios is minor over Cu(111), but signifi-

This journal is © The Royal Society of Chemistry 2024
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cant over Cu(211). According to the energies of the elementary
steps, the reaction Gibbs free energy of H,O + * — OH* + 1H,
is 0.24 eV higher over Cu(111) than over Cu(211), which may
explain why OH* prefers to adsorb on the Cu(211) surface. The
increasing coverage of OH* with higher S: M ratios is likely
due to the higher water partial pressure, which leads to an
elevated rate of H,O dehydrogenation and subsequently
results in a higher surface OH coverage. These are further sup-
ported by the detailed derivation for the coverage of free sites
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and their relations with the reaction order and apparent acti-
vation energies as shown in the ESL.}

The activity over different catalyst surfaces is a function of
both the free site coverage and the activation free energy at a
particular temperature. Fig. S4 in the ESI} displays that the
activation free energy of the dehydrogenation of methanol to
form methoxy is slightly higher over the Cu(211) surface
than over the Cu(111) surface. Additionally, Fig. 3 shows that
the free site coverage is generally lower over the Cu(211)
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Fig. 5 (a) Structures of Cu nanoparticles with various sizes, where (211) and (111) surface sites highlighted in yellow and blue, respectively. (b)
Logarithm of ratio of CO; yield over Cu(211) and Cu(111) under variant circumstances.
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surface, which contributes to the fact that the activity over
the Cu(111) surface is slightly higher than over the Cu(211)
surface. Notably, the TOF over both surfaces at 498 K is on
the order of magnitude of 107> per s per site, which is quite
low. This result is consistent with the experimental obser-
vations that the maximum TOF based on surface sites of the
MSR reaction over polycrystalline Cu foil is too low to be
readily detected.’®

3.4 Product selectivity and structure sensitivity

The CO, selectivity is another crucial property to consider for
the MSR process, as CO is a poisonous byproduct that can de-
activate the catalysts used in downstream hydrogen utilization.
The selectivity of CO, under different reaction conditions over
each catalyst surface is plotted in Fig. 4. The results indicate
that the selectivity of CO, is higher over the Cu(211) surface
than over the Cu(111) surface. In the research conducted by Li
and co-workers,”® CO, selectivity over Cu(111) ranges from
approximately 10% to 40%, while over Cu(211) it varies from
60% to 90% at temperatures between 500 K and 600 K, the
temperature range considered in our work. Meanwhile, our
study reports a CO, selectivity ranges from 0 to 40% over Cu
(111) and from 75% to 80% over Cu(211), which aligns closely
with the findings presented by Li and co-workers. Over both
surfaces, the selectivity increases with increasing S:M ratio.
Furthermore, we found that although the activity of the MSR
reaction over the Cu(111) surface is slightly higher than over
the Cu(211) surface, the low CO, selectivity over the Cu(111)
surface makes it less advantageous for further application in
hydrogen production. Thus, it would be insightful to study the
structure sensitivity of the catalytic performance to determine
the optimal facet for practical applications. It should be noted
that we selected these two surfaces because they represent
typical surface step and flat sites that are extensively studied in
the majority of theoretical and surface science works.
Consequently, our comparison focuses solely on the preference
between these two sites.

To study the structure sensitivity of the MSR reaction, we
constructed Cu nanoparticle models with different sizes
according to the Wulff construction method, and the corres-
ponding structures are presented in Fig. 5(a). We then accu-
rately determined the number of both Cu(111) and Cu(211)
surface sites. In order to assess the catalyst performance more
comprehensively, we employed the formation rate of CO, as a
metric of activity, as it can effectively capture both the activity
of reactant consumption and the selectivity of CO, production.
The logarithm of the ratio of the CO, formation rates over
different S:M ratios, temperatures, and nanoparticle sizes,
denoted as 7, was calculated using the following formula:

n = log (M) )

7(CO2)yqq - Ma11

where r(CO,),1; and 1(CO,),1; represent the formation rates of
CO,, over the Cu(211) and Cu(111) facets, respectively, and 7,4,
and n,,; denote the number of Cu(211) and Cu(111) surface
sites, respectively.

This journal is © The Royal Society of Chemistry 2024
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The results are presented in Fig. 5(b). According to
Fig. 5(b), a positive value of the logarithm of the ratio indicates
a greater contribution from the Cu(211) facet. In most scen-
arios, the Cu(211) facet exhibits a more substantial contri-
bution than the Cu(111) facet. The figure reveals that at lower
S: M ratios, lower temperatures, and smaller particle sizes, the
CO, yield over the Cu(211) facet is notably higher compared to
that over the Cu(111) facets.

4. Conclusions

In this study, we investigated the trends of reaction activity,
product selectivity, and mechanism selectivity under various
reaction conditions over both the Cu(111) and Cu(211) sur-
faces. Throughout the study, the reaction mechanism over
the Cu(211) surface was found to be the H,COO mechanism.
In contrast, over the Cu(111) surface, both the methyl
formate and H,COO mechanisms were observed, with the
former occurring only at low temperatures and low S:M
ratios. These findings are consistent with the available experi-
mental observations. The reaction activity over the Cu(111)
surface was slightly higher than over the Cu(211) surface.
Since the rate-controlling transition state for the entire reac-
tion could be identified through the DRC analysis, we were
able to derive a rate equation that can quantitatively explain
the trend of activity under different reaction conditions.
Furthermore, we found that the CO, selectivity was signifi-
cantly higher over the Cu(211) surface than over the Cu(111)
surface. The copper nanoparticle models of different sizes
built based on the Wulff construction scheme make the cal-
culations of the amounts of the (211) and (111) surface sites
for each nanoparticle possible. After carrying out a detailed
structure sensitivity study, we found that at lower S: M ratios,
lower temperatures, and smaller particle sizes, the CO, yield
over the (211) facet is higher compared to that over the (111)
facet. This finding will be instructive for the future design of
improved catalysts.
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