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ABSTRACT: Methanol synthesis via catalytic CO, hydrogenation
is an important reaction where a valuable fuel and chemical is
produced from a greenhouse gas. In,O;3- and Pd-promoted In,O;
have experimentally shown promising activity and selectivity,
although the nature of the active sites remains under debate. In this
study, the kinetic behavior of potential active sites in Pd-promoted
In,O; toward methanol synthesis and the competing reverse
water—gas shift reaction is assessed by exploring pristine In,O; and
a PdIn intermetallic phase by using first-principles mean-field
microkinetics. The PdIn intermetallic phase is modeled with
PdIn(310) and In,O; with In,0;(110). The results are compared
to Zn-decorated Cu(211), representing the commercial Cu/ZnO-
based catalyst. PdIn shows better performance than both the

Pdin

CuZn

Temperature

unpromoted In,O; and Zn-decorated Cu at conditions relevant to the industrial process. For all three systems we find that
stabilization of adsorbed hydrogen enhances activity toward methanol, which provides insights for further catalyst development.

1. INTRODUCTION

Direct methanol synthesis using carbon dioxide as a feedstock
is an important process, which utilizes CO, for production of a
valuable platform and fuel molecule.'™® However, the
commercial Cu/ZnO/AlL,O; catalysts are optimized for a
mixed feed of CO and CO," and suffer from low selectivity and
stability with a CO,-only feed due to the competing reverse
water—gas shift (RWGS) reaction and water formation.*™
Recent focus has therefore been to explore novel materials that
can selectivel?f convert CO, to methanol while maintaining
high stability.

Indium oxide-based materials have been put forward as
promising candidates for methanol synthesis catalysts, and they
have been shown to outperform the commercial Cu-based
catalysts in terms of selectivity and stability.”'® Moreover, the
performance of In,O;-based catalysts can be further enhanced
by promotion with palladium.®™"* Different alternative active
sites have been proposed to explain the observed promotion:
(1) Formation of an active PdIn intermetallic phase,”"" (2)
active Pd nanoparticles on In,O5,"> (3) highly dispersed Pd
single atoms on In,03,'>"® (4) synergestic activity between
In,0; and PdIn,” and (§) formation of a reactive Pd/In,O,
interface.'” The Pd derived sites in the Pd/In,O; materials are
usually suggested to promote the reaction by lowering the
barrier for hydrogen activation,'”' although Pd-only catalysts
show poor activity'' and selectivity”'® toward methanol
despite nonactivated H, dissociation. It should be noted that
Pd and In,O; interact strongly, and the intermetallic PdIn
phase is readily obtained in the presence of hydrogen by a

© 2022 The Authors. Published by
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WACS Publications 15235

reactive metal—support interaction (RMSI) at moderate
temperatures.'*~'°

Methanol synthesis has previously been studied over the
PdIn (110), (211), and (310) surfaces using Density
Functional Theory (DFT) calculations and mean-field micro-
kinetic (MFMK) modeling.'”'® The PdIn(310) surface was
identified as a possible active phase. The preferred pathway
from CO, to methanol was found to be the formate route, with
HCOOH hydrogenation to H,COOH being the rate-
determining step. However, desorption of CO into the gas
phase was not included in these studies, which excludes the
evaluation of selectivity toward methanol synthesis with
respect to the RWGS reaction. The behavior of the
unpromoted In,O; material toward methanol synthesis and
RWGS was recently studied using a first-principles based
microkinetic model,.'” The reaction was also in this case found
to proceed through the formate route, and the main rate
controlling step was found to be the dissociation of the
H,COOH intermediate into H,CO (formaldehyde) and an
OH group. Several DFT and microkinetic studies have been
conducted for the commercial Cu/ZnO/AlOj; catalyst using
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the Cu(211) and Zn decorated Cu(211) to model the active
sites.”°”** On the CuZn model sites, the reaction can occur via
the formate route from CO, or the formyl route from CO. The
rate controlling steps for the formate and formyl pathways have
been found to be HCOOH hydrogenation and HCO
hydrogenation, res.pectively.z‘?”24 Although the involvement of
other active sites such as metal-oxide interfaces”>*° also could
contribute to the activity of the catalyst, the alloy models have
been used to achieve good agreement between kinetic models
and experiments.” It is clear that the Cu/ZnO/ALO; system
serves as a good point of comparison to assess the performance
of the PdIn(310) and In,O; models.

The performance of PdIn nanoparticles, unpromoted In,Os,
and commercial Cu/ZnO/Al,O; samples have been compared
experimentally for liquid phase methanol synthesis.'" The Pd
promoted In,O; nanoparticles showed considerably higher
activity (70% higher) and superior methanol selectivity (over
90%) compared to the commercial catalyst at 210 °C. In,O,
showed modest activity, whereas metallic Pd particles did not
show any activity for neither methanol synthesis nor RWGS.
For gas-phase methanol synthesis, the PdIn intermetallic
catalyst supported on SiO, have been measured to outperform
the unpromoted In,O; supported on SiO,, reaching activities 3
to 6 times higher than that of In,O; and higher selectivities of
23—61% (compared to 24%).” However, it is often difficult to
compare the intrinsic activities of multicomponent catalyst
samples experimentally due to uncertainties with respect to the
number of active sites. A comprehensive comparison of
experimental activity and selectivity over promoted In,O;
and Cu-based catalysts was presented in ref 27. To the best
of our knowledge, no direct comparison has been previously
attempted between the PdIn alloy, unpromoted In,O; and the
commercial catalyst using computational methods. From the
diverging reports, it is clear that a more fundamental
understanding of the reaction mechanism over the possible
active sites present in these materials is required.

In this study, we employ density functional theory
calculations and mean-field microkinetic simulations to analyze
the reaction mechanism, activity, and selectivity of the
methanol synthesis reaction over the PdIn intermetallic
compound. Furthermore, we directly compare the performance
of the PdIn(310) model system to that of In,05(110) and
CuZn(211), which serve as models for the unpromoted oxide
and the commercial Cu/Zn0O/Al,Oj catalyst, respectively. Our
results show that the PdIn(310) surface has the highest
methanol activity in the 200—240 °C temperature regime
followed by CuZn and In,0;. The RWGS reaction is not active
on the PdIn and CuZn systems at the studied temperatures,
indicating that a different site could be responsible for the
unwanted side reaction experimentally. On the PdIn system,
the inactivity toward RWGS is due to the strong adsorption of
CO to the Pd sites. In contrast to the two alloys, a switch-over
from methanol to CO selectivity is observed over In,O;.
Methanol is over all systems mainly produced from CO, via
the formate pathway. In addition, CO hydrogenation
contributes to methanol formation via the formyl pathway
on CuZn and on the Pd site on PdIn. On all systems, the most
abundant surface intermediate is formate, which inhibits the
reaction rate by site blocking. Increasing the hydrogen
adsorption strength is found to enhance the reaction rate on
all systems regardless of the overall reaction mechanism and
the rate-determining step. However, the activation energy for
H, dissociation has no appreciable kinetic control, even in

cases where the barrier is high. The kinetic dependence on
hydrogen adsorption energy is likely common to many other
systems that catalyze the CO,/CO hydrogenation to methanol,
and we propose that the activity in many cases could be
enhanced by the presence of sites that stabilize hydrogen
adsorption.

2. COMPUTATIONAL METHODS

The electronic structure calculations were performed using the
Vienna Ab initio Simulation Package (VASP; version
5.4.4).”* 7! The BEEF-vdW functional was used, as dispersion
forces have been previously found to have a significant effect
on the energetics of the methanol synthesis reaction on metal
surfaces.”” The metal bulk structures were optimized using a
800 eV plane-wave cutoff and a 16 X 16 X 16 Monkorst-Pack
mesh. The optimized lattice constant for the PdIn, which
adopts the CsCl structure, is 3.34 A, and the Cu fcc lattice
constant is 3.66 A. Both values are in fair agreement with the
e)gperimentally determined parameters of 3.24 A** and 3.62
A for PdIn and Cu, respectively. Vibrational analysis was
performed by finite differences. Transition states were obtained
using climbing-image nudged elastic band (CI-NEB) meth-
od,”* and verified by the presence of a single imaginary mode
along the reaction coordinate.

The PdIn(310) surface was modeled with a p(4 X 4) surface
slab of 13.23 X 10.50 A lateral dimensions with five atomic
layers. The three top layers were allowed to relax whereas the
two bottom layers were fixed to the bulk positions. The (310)
surface has two step-edges; one with a row of Pd atoms, and
one with a row of In atoms (see Figure 1a). The (310) surface
has a similar active site as the fcc metal (211) surface as the
edge combines microfacets with 4-fold and 3-fold hollow
sites."”

The commercial Cu-based catalyst was modeled either with
Cu(211) or a Zn-decorated Cu(211), see Figure 1b. The two
models were treated with (3 X 1) surface cells of lateral
dimensions 6.34 X 10.40 A with five atomic layers, with the
three bottom layers fixed at the Cu bulk positions. Cu(211)
and Zn substituted Cu(211) slabs have been used in previous
studies”™* as the pure Cu edge and the fully Zn substituted
edge represent the limiting cases for the atomic composition of
the substitutional CuZn alloy. The slabs were separated by at
least 12 A vacuum in the direction perpendicular to the surface.
The active site of the unpromoted In,O; was modeled with a
(1 X 1) InyO4(110) surface cell with lateral dimensions 14.60
X 10.30 A, see Figure 1c. The DFT results for the In,0,(110)
model were taken from our previous study.'” It has previously
been suggested that oxygen vacancies affect the methanol
synthesis reactions from CO, over In,O;.” The presence of
vacancies have been inferred from X-ray photoelectron
spectroscopy (XPS) measurements showing a positive shift
in the O 1s binding energy compared to binding energy of
oxygen in the bulk oxide. However, we have recently shown
that oxygen vacancies do not result in positive shifts in the O
1s binding energy.ss’36 Instead, we suggest that the higher O 1s
binding energies originates from a hydroxylated surface.
Oxygen vacancies are probably present experimentally,
however, the correlation between the amount of vacancies
and the In,O; activity appears to be unclear at this point. It
could be noted that surface hydroxylation as well as the
presence of oxygen vacancies change the oxidation state of In.

As the DFT data is used in a microkinetic model, it is
important that the overall gas-phase thermodynamics is

https://doi.org/10.1021/acs.jpcc.2c05715
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Figure 1. Structural models with adsorbed formate in top (left) and
side (right) views of a) PdIn(310), b) CuZn(211) and c)
hydroxylated In,O5(110). The In, Pd, Zn, Cu, O, C and H atoms
are colored beige, light blue, blue, orange, red, gray, and white,
respectively. For clarity, the adsorbate atoms and topmost In and O
atoms are shown with balls and sticks, while the rest are shown with
lines. The surface cells are indicated with white/black rectangles in
the top-view.

properly described. In particular, it is important that the
enthalpy changes in the methanol synthesis and RWGS
reactions are close to the experimental values.”” To obtain
reasonable enthalpy changes for the overall reactions, a
correction to the DFT values was introduced for the gas-
phase species. The corrections were evaluated by minimizing
the mean absolute errors between the experimental and DFT
calculated reaction energies for a set of gas-phase reactions, see
Supporting Information (SI). A similar approach has been
employed in previous DFT-based microkinetic studies of
methanol synthesis from CO,.'"™>' The explored reaction
network consists of 15 reactions (see Table 1). Reactions
R1-R10 are the formate pathway for CO, to methanol,
R11—R13 are the RWGS reaction, and R14 and R15 are steps
included to form methanol from CO via the formyl route.

The potential energy surfaces connected to the 15 reactions
were evaluated for the different catalyst models. Two separate
dual site microkinetic models were constructed to describe the
reaction over PdIn and CuZn, respectively. Diffusion between
Pd and In sites or Cu and Zn sites was not considered in the
final model. The reactants were not allowed to react “across
sites”, for example, a reaction between a formate on an In site
and a hydrogen on a Pd site was not allowed. This is a
reasonable approximation given the large distance (ca. S A)
between the edges. For the PdIn system, the microkinetic
model was constructed with 27 reactions. As CO does not
adsorb on the In site, reactions R13, R14, and R15 were not
included for the In site. Thus, R12 was modified for the In site
so that CO desorbs to the gas-phase after the reaction. For the
CuZn system, the microkinetic model consisted of a total of 30
reactions, as all 15 reactions can take place on either the pure
Cu or the Zn-decorated step-edge.

Table 1. List of Elementary Reactions Occurring on Active
Site * (= Pd, In, Cu, Zn); Occupation of Two Sites is
Indicated by **

reaction
H,(g) + 2* = 2H* (R1)
CO,(g) + H* + * 2 HCOO™  (R2)
HCOG™ + H* 2 HCOOH™ + *  (R3)
HCOOH"™ + H* 2 H,COOH" + *  (R4)
H,COOH" = H,CO* + OH*  (RS)
OH* + H* @ H,0" +*  (R6)
H,0* = H,0(g) + * (R7)
H,CO* + H* @ H,CO* + *  (R8)
H,CO" + H" & CH,0H* + *  (R9)
CH,0H" & CH;0H(g) + *  (R10)
CO,(g) + H* + * 2 COOH”  (R11)
COOH™ = cO* + oH*  (R12)
CO* = CO(g) +* (R13)
CO* + H* = HCO* + *  (R14)
HCO* + H* = H,CO" + * (R15)

Each individual site in the model has a site balance according

to
Zn@i= 1-0,
i (1)

where 6, is the fractional coverage of surface species i, s is the
coverage of the empty site (In, Pd, Zn, Cu), and n is the
number of sites that species i occupies on the surface (n = 1 for
small species such as H, and n = 2 for bulky bidentate species
like HCOO, see Table 1).

The rate constants for activated surface reactions were
calculated according to transition state theory:

AE*
kB

AS*
kB

kT
k= 2" exp| —

I exp| —

)

where kg is the Boltzmann constant, T is the temperature, h is
Planck’s constant, AE* is the energy between the initial state
and the transition state, including the zero point energy
correction, and AS® is the corresponding change in entropy.
For surface species, the entropy was evaluated in the harmonic
approximation, whereas the gas-phase species were treated
with the ideal-gas approximation.

The forward rate constants for adsorption were calculated
according to the collision theory:

pAads
kg = s(0) —==
A 2mmkg T (3)

where A, is the area of the site (area of the surface slab
divided by the number of surface layer atoms), p is the partial
pressure of the gas, and m is the mass of the gas molecule. The
sticking coefficient s(@) was in all cases set to unity. To ensure
that the model remains thermodynamically consistent, the
reverse rate constant for each elementary step was calculated

https://doi.org/10.1021/acs.jpcc.2c05715
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by dividing the forward rate constant with the equilibrium
constant.

The mean-field microkinetic model was solved numerically
using a Python based code. The numerical integration was
performed usin_; the solve ivp function implemented in the
Scipy package®” scipy.integrate. The microkinetic results for
the In,05(110) surface were taken from ref 19.

The simulations were performed at differential conditions of
30 bar of H,, 10 bar of CO,, and 1 bar of each of H,0, CO,
and methanol. The gas-phase compositions correspond to
typical experimental conditions during methanol synthesis at
low CO, conversion. The integration was performed for long
time intervals (typically 10° s) to ensure that a steady-state was
reached. Furthermore, the changes in surface concentration
were checked against a criterion that the rate of change in

surface concentration i—(i was below 0.00001 s at the end of

the simulation.

The microkinetic results were analyzed by calculating the
degree of rate control (DRC)*® of each elementary step i
toward the total rate r:

k.
DRCi = i
r\ ok,
ks K

’ (4)
where r is the rate of the net reaction and k; is the rate constant
of elementary step i. The rate constants of all other reactions
and all equilibrium constants were kept unchanged while the
derivative was taken against k. The rate constants were
changed by 1% from their initial values. The DRC sum rule’® is
upheld at all temperatures, that is, the DRC of all steps sum to
~1.00. The reaction kinetics were also analyzed with respect to
the reaction orders. Reaction order n; of a gas-phase species i
with respect to the net rate r is defined as

_dlnr
dlnp ()

n;

where p; is the partial pressure of the gas. The reaction orders
were calculated with respect to the rate of methanol
production.

3. RESULTS

The reaction network for the methanol synthesis process
comprises three net reactions with experimental reaction
enthalpies:>

3H, + CO, = CH,0OH + H,0 AH = —53 kJ mol"
2H, + CO = CH,OH AH = —95 kJ mol’
H,0 + CO, = H, + CO AH = +40 kJ mol "

The first two reactions are methanol synthesis from CO, and
CO, whereas the third reaction is the competing RWGS. The
reaction network for the three net reactions is presented
graphically in Figure 2. CO, hydrogenation to methanol
follows the formate (HCOO) pathway, whereas CO hydro-
genation to methanol proceeds via the formyl (HCO)
pathway. The explored reaction pathways are based on
suggestions in the literature and should capture the main
routes although additional pathways and side reactions are
possible.

Both formate and formyl pathways start with the dissociative
adsorption of hydrogen. In the next step, CO, or CO adsorbs

pubs.acs.org/JPCC
CH;0H(g) tz(Q) CO,(g) Ha(g)
* CO,(9) 2H*
H1CO* \ZH*\L : % ~
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Figure 2. Catalytic cycle for methanol synthesis from CO, and CO
showing the formate pathway (blue), formyl pathway (pink), and the
reverse water—gas shift reaction (black).

on the surface and reacts with the adsorbed hydrogen forming
HCOO (formate) or HCO (formyl), respectively. The rest of
the pathways comprise several hydrogenation steps. The
formate species is hydrogenated twice forming a H,COOH
species, which dissociates into H,CO (formaldehyde) and an
OH group. The OH group reacts with hydrogen to form water,
which desorbs. In the formyl pathway, the formyl species is
converted directly into H,CO by reacting with hydrogen. The
two pathways coincide after the formation of H,CO, and
methanol is produced from H,CO via subsequent hydro-
genation of its carbon and oxygen atoms. The third net
reaction in the cycle is the unwanted RWGS reaction, which
lowers the selectivity toward methanol. The RWGS pathway
starts with the reaction between surface hydrogen and CO,,
forming a COOH (carboxyl) intermediate instead of HCOO.
The COOH intermediate dissociates into OH and CO, with
OH reacting with H to produce water, whereas CO desorbs.

Potential Energy Landscapes. The calculated energy
landscapes for methanol synthesis (3H, + CO, - CH,OH +
H,0) on PdIn(310) and Cu(211)/CuZn(211) are shown in
Figures 3 and 4 together with structural models of selected
intermediates.

Hydrogen Dissociation. The first step in the reaction is H,
adsorption. The barrier for H, dissociation on PdIn(310) is
very different on the Pd and In sites. Hydrogen dissociation on
the Pd site has a barrier of 0.45 eV, and the adsorption energy
is —0.14 eV. The barrier on the In site is 1.01 eV and the
reaction is endothermic by 0.47 eV. On the Cu and Zn step-
edge, the dissociation barriers are 0.71 and 1.27 eV,
respectively, whereas adsorption energies are —0.06 and 0.29
eV, respectively. Compared to the hydrated In,0,(110)
surface from our previous study (E,. = 0.84 eV, E, =
—0.02 eV)," dissociative adsorption of hydrogen proceeds
with a lower barrier and is more exothermic on the Pd and Cu
sites, whereas it is less facile on the In and Zn sites.

Formate Pathway. The next step in the potential energy
landscape is CO, adsorption. CO, adsorbs by reacting directly
with hydrogen forming formate. On all four investigated
surface sites, as well as on In,05(110), formate adsorbs in a
bidentate configuration atop two metal atoms. The barrier for
the reaction is low on the Pd and In edge (0.38/0.47 eV on
Pd/In), which indicates that formate should form easily on the
surface. The reaction energy is AE = —0.52 eV on the Pd edge,
and AE = —1.05 eV on the In edge, although the stability of
formate with respect to the gas-phase is similar. The formate
formation barrier is low also on the Cu and Zn edge sites
(0.29/0.40 eV for Cu/Zn), and is strongly exothermic (—1.11/

https://doi.org/10.1021/acs.jpcc.2c05715
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Figure 3. Zero-point corrected energy landscape of the CO, + 3H, — CH;OH + H,O reaction on PdIn(310). All energies are with respect to the
clean surface and CO, and 3H, in the gas phase. The atoms in the structure images are colored using the same scheme as in Figure la.
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Figure 4. Zero-point corrected energy landscape of the CO, + 3H, — CH;0H + H,O reaction on Cu(211)/CuZn(211). All energies are with
respect to the clean surface and CO, and 3H, in the gas phase. The atoms in the structure images are colored using the same scheme as in Figure

la.

—0.93 eV for Cu/Zn). Compared to the alloy sites, formate
formation is even more favored on the In,0;, as the barrier is
only 0.17 eV and the reaction is highly exothermic (AE =
—1.17 eV).

The hydrogenation of formate into HCOOH (formic acid)
has a large barrier of 1.02 and 0.93 eV on the Pd and In edge
sites, respectively, and is endothermic (AE = 0.42 and 0.53 eV,
respectively). The subsequent hydrogenation of formic acid
into H,COOH is less favorable on the Pd site compared to the
In site as the barrier is substantially higher (1.04 vs 0.35 eV)
and is thermodynamically disfavored (AE = 0.56 vs —0.33 eV).

15239

Formate hydrogenation is energetically costly also on
CuZn(211), with a barrier of 1.30/1.21 eV and a reaction
energy of 0.69/0.63 eV on the Cu/Zn edge site. The next
hydrogenation step is more favorable on the Zn site compared
to the Cu site; the barrier is 0.56 compared to 0.81 eV and the
reaction energy is —0.22 compared to 0.14 eV. On In,0;,
hydrogenation of formate has a large barrier (0.72 eV) and is
endothermic by 0.65 eV. The subsequent hydrogenation of
formic acid to H,COOH on In,0; has a barrier and reaction
energy of 0.24 and —0.32 eV, which is similar to the In edge of
the PdIn(310) system.
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All reactions on PdIn and CuZn occur at the edge and the
dissociation of H,COOH proceeds by detaching OH from the
H,CO fragment. The barrier is 0.34 eV on the Pd edge and the
reaction is endothermic by 0.31 eV. The barrier is low (0.12
eV) on the In edge, and the reaction is thermoneutral. The OH
group prefers to adsorb in a bridging position on both edges,
however, in different configurations. OH adsorbs perpendicular
to the In step-edge, whereas OH is parallel to the Pd step-edge.
The reaction energetics are similar on the two metal edges on
CuZn and the In edge of PdIn. The barriers are low (0.20 and
0.22 eV on Cu and Zn, respectively) and the reaction is
thermoneutral. The OH group binds in the parallel bridging
position on both Cu and Zn step-edges.

The last two steps in the formate pathway are the two
hydrogenation steps of the H,CO species to form methanol.
The energetics for the Pd edge are different compared to the
three other alloy sites. For Pd, the hydrogenation of the carbon
atom on H,CO is thermoneutral, and the subsequent
hydrogenation of the oxygen atom is strongly exothermic.
The situation is reversed on the In, Cu, and Zn sites, where the
first hydrogenation step is strongly exothermic with a low
barrier, whereas the last hydrogenation reaction has a larger
barrier and is close to thermoneutral. On In,0;, the
dissociation step was found to be associated with a barrier of
0.90 eV, which is the highest along the reaction pathway.

Formyl Pathway. The direct reaction between CO and
adsorbed hydrogen is the first step in the formyl pathway. The
reaction is not feasible on the In edge, as CO does not adsorb
to the In site. CO binds strongly on the Pd site, and formyl
formation has a barrier of 1.05 eV and is endothermic by 0.76
eV. As the barrier for formyl formation is the same as the
highest barrier in the formate route on the Pd site, the formyl
pathway could contribute to the overall mechanism. The
formyl route may contribute on CuZn(211) as well, as the
highest barrier (formyl formation) in the formyl pathway on
CuZn(211) is 0.96 and 0.38 eV on the Cu and Zn sites,
respectively.

Reverse Water—Gas Shift Reaction. A competing reaction
for CO, hydrogenation to methanol is the reverse water—gas
shift reaction, where CO, is first hydrogenated at the oxygen
forming a COOH intermediate instead of formate. The
formation of the COOH (carboxyl) intermediate from
adsorbed hydrogen and CO, has a barrier of 1.15 and 1.10
eV at the Pd and In edge sites, respectively. The reaction is
slightly endothermic (0.23 eV) on the Pd site, and
thermoneutral on the In site. Carboxyl formation has high
barriers of 1.30 and 1.32 eV on the Cu and Zn edge sites,
respectively, and is thermoneutral. As carboxyl formation is
associated with a much higher barrier and is less stable than
formate on all four alloy sites, as well as on In,05(110),"”
formate formation is expected to dominate over carboxyl
formation at low temperatures. However, the dissociation of
carboxyl has a low barrier of 0.25 eV on the Pd edge site, and is
exothermic by —0.51 eV. Therefore, RWGS may compete with
methanol synthesis at the Pd edge, as the highest barriers in
the RGWS, formate, and formyl pathways are comparable, 1.15
€V (carboxyl formation), 1.04 eV (HCOOH hydrogenation),
and 1.05 eV (formyl formation).

Microkinetic Analysis. Rates, Coverages, and Apparent
Activation Energies. The microkinetic analysis was performed
at 30:10:1:1:1 bar of H,/CO,/CH;0OH/H,0/CO and reveals
how the activity toward methanol synthesis and the RWGS
differ between the three surfaces, see Figure 5. On PdlIn, the
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Figure S. Left: Methanol and CO turnover frequencies (TOF) as a
function of temperature for PdIn (top), CuZn (middle), and In,O,
(bottom). Right: Corresponding coverages. Only surface species with
coverage above 0.01 ML are shown. Note that the coverage of HCOO
at each site is scaled up by a factor of 2. The microkinetic simulations
were performed at 30:10:1:1:1 bar of H,/CO,/CH;0OH/H,0/CO.
Note that the methanol originates from both CO, and CO
hydrogenation.

methanol production starts slightly below 300 °C, and
continues to increase over the studied temperature range.
The rate for methanol production is higher on Pd than In.
However, all methanol produced on the Pd site originates from
CO through the formyl pathway, whereas CO, is the preferred
reagent on the In site. Approximately 10% of methanol is
formed through the CO, hydrogenation pathway on In. CO is
consumed in the reaction. Thus, the TOF of CO production
remains negative in the shown temperature range, which
means that the methanol selectivity is 100%.

For PdIn, the In site has a high formate coverage at low
temperatures, and the onset of the methanol production from
the In site coincides with the formate coverage falling below
half a monolayer. The Pd site is completely blocked by CO at
200 °C, however, the CO coverage decreases with temper-
ature, enabling methanol production once the CO coverage is
below 0.7S ML. A low coverage of hydrogen is observed at
temperatures where CO does not poison the Pd site. At
temperatures higher than presented in Figure 5, a switch-over
in selectivity toward RWGS is observed at about 600 °C. At
this temperature, the selectivity toward methanol is 96% on the
In site, whereas the selectivity toward CO is 73% on the Pd
site, that is, Pd is the active site for RWGS.

The rate of methanol production on CuZn starts at a higher
temperature than on PdIn, and the maximum TOF is
approximately a 0.25% of that of PdIn at 400 °C. The TOF
of CO production is also negative on the CuZn system, that is,
CO is consumed to produce methanol. At the Cu site, the rate
of the CO to methanol pathway is higher than the rate of the
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CO, to methanol pathway below 360 °C, after which the CO,
to methanol rate dominates. At the Zn site, the CO, to
methanol pathway dominates at all temperatures. The
difference between Cu and Zn sites in the preference for CO
versus CO, as the reactant has been previously reported for
similar microkinetic models over the Cu(211) and CuZn(211)
surfaces.”’ Both Cu and Zn sites are completely covered by
formate at low temperatures, and the formate coverage
decreases at a higher temperature compared to the PdIn
case. The high formate coverage is related to a stronger
adsorption energy and a higher barrier for formate hydro-
genation. On the Cu site, the only additional surface species
with a non-negligible coverage is hydrogen.

In contrast to the two alloy systems, the methanol synthesis
reaction over In,O; starts at a much lower temperature of
about 200 °C and goes through a maximum at approximately
270 °C. The switch-over in selectivity toward RWGS occurs at
about 300 °C, which is a lower temperature than for PdIn and
CuZn. As for the metals, In,O5 is occupied mainly by formate
at low temperatures, and the onset of the methanol synthesis
coincides with a lowering of the formate coverage, similarly to
the metallic systems.

The TOF of methanol production at 240 °C, a temperature
relevant to the industrial process, increases in the order In,O;
< CuZn < PdIn. The PdIn system clearly outperforms the
other two systems in terms of activity toward methanol
synthesis, with the TOF on PdIn being 30 times higher than
on CuZn and 95 times higher than on In,O;. The computed
selectivity toward methanol is at 240 °C 88% on the In,0;,
whereas it is 100% on the PdIn site. However, methanol is
produced both through CO hydrogenation and CO, hydro-
genation on the PdIn and CuZn. Comparing the rate of only
CO, hydrogenation, the TOF increases in the order CuZn <
In,0; < PdIn at 240 °C. The CO, hydrogenation rate is about
3 times higher over PdIn than over In,O; and about 6 times
higher than over CuZn.

Our calculated apparent activation energies for the PdIn,
CuZn, and In,0; systems are 157, 135, and 156 k] mol™},
respectively (see SI for Arrhenius plots). The apparent
activation energies for PdIn and CuZn are larger than what
has been previously experimentally determined for liquid phase
methanol synthesis (35 and 41 kJ mol™, respectively'). It
may seem surprising that the apparent activation energy for
CuZn is lower than for PdlIn, given that the TOFs are higher
on PdIn. However, the apparent activation energies contain the
effect of the coverages as well as the barriers of elementary
surface reactions. The value for In,O; is in good agreement
with a previous computational and an experimental estimate,'’
although a lower value of about 92 kJ mol™" have also been
reported for experiments on In,O;."” Furthermore, it has been
found that there is no correlation between the reaction rates
and apparent activation ener%ies for many In,O; supported
metal single-atom catalysts,'” indicating that some other
processes, such as transport phenomena, which do not have
the same temperature dependence, also control the reaction
rate.

Rate Control and Reaction Order Analysis. The kinetic
bottlenecks in the potential energy surface can be obtained by
doing a degree of rate control analysis. The results of the
degree of rate control and reaction order analysis are shown in
Figure 6. The three systems show large differences in their rate
controlling steps. On the In site of the PdIn system, the
methanol synthesis reaction proceeds through the formate
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Figure 6. Degree of rate control (DRC) and reaction orders for the
methanol synthesis reaction as a function of temperature for PdIn
(top), CuZn (middle), and In,O; (bottom). The DRC values for the
PdIn and CuZn are presented separately at each site for the methanol
production reaction. The Pd and Cu sites are shown with dashed
curves and In and Zn sites with solid curves. The degree of rate
control and reaction orders are shown only for steps/species with
DRC/reaction order value larger than 0.0S. The simulations were
performed at 30:10:1:1:1 bar of H,/CO,/CH;0OH/H,0:CO.

pathway, and the sole rate controlling step at all temperatures
is hydrogenation of HCOOH. At elevated temperatures, the
formate formation reaction starts to have slight rate control
(not shown). On the Pd site, the reaction follows the formyl
pathway, and several hydrogenation steps have rate control,
although hydrogenation of H;CO to methanol has the highest
rate control.

The situation on CuZn is more complex, which is expected
because of the nested contributions from the formate and
formyl pathways on both sites. On the Cu site, the
hydrogenation of formyl to H,CO controls the rate at low
temperatures, whereas hydrogenation of HCOOH has a rate
control at higher temperatures. The switch over in rate control
is associated with the change in relative contributions from the
formate and formyl pathways. On the Zn site, hydrogenation of
HCOOH is dominating throughout the investigated temper-
ature range. Hydrogen dissociation has some rate control on
the Zn site, especially at low temperatures, which is related to
the high dissociation barrier.

Over In,0; the two rate controlling reactions are the
hydrogenation of H,CO, which dominates at temperatures
below 200 °C, and the dissociation of the H,COOH, which is
the sole rate controlling step at temperatures above 250 °C.

The reaction kinetics could experimentally be characterized
measuring reaction orders. Over PdIn, the reaction order of
hydrogen is always positive and varies only slightly from 1.75
to 1.79 in the studied temperature range. The CO, reaction
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order over PdIn is close to zero starting at —0.01 at low
temperature, crossing over to positive values around 300 °C,
and reaching a value of 0.08 at the highest temperature. The
reason why the methanol production rate is insensitive to CO,
is that the reaction rate is dominated by the formyl pathway at
the Pd site. The reaction order of CO varies from —0.92 to
0.61. The negative reaction order at low temperature is
explained by the high coverage of CO, and that increasing the
CO pressure leads to site blocking. Over PdIn, we find that the
reaction order with respect to H,O and methanol are zero in
the studied temperature range, which is a consequence of the
low adsorption energies.

On CuZn, the reaction order in hydrogen varies between
0.52 and 0.93. The reaction order with respect to CO is
positive, as it is a reactant in the formyl pathway and does not
block any sites, unlike on PdIn. The reaction order of CO
starts from 0.92 and gradually decreases with increasing
temperature to reach a value of 0.34. The decrease in the
reaction order is explained by the decreased importance of the
formyl pathway when temperature is raised. The behavior of
the CO, reaction order mirrors that of CO, varying from —0.95
to —0.07 with increasing temperature. The trend in the
negative reaction order of CO, is due to the decreased site
blocking by formate at higher temperatures.

The hydrogen reaction order over In,O; has a minimum
(with a positive value of ~1) and increases at higher
temperatures to a constant value of 1.5. The reaction orders
of CO, and H,O are both strongly negative at low
temperatures. In similarity to CuZn, an increased CO, pressure
leads to formate blocking of the surface at low temperatures.
The CO, reaction order reaches a value of 1.0 as the
temperature is increased. The negative reaction order of H,O
is due to site blocking by the created OH groups. This effect is
reduced as water desorbs at high temperatures.

Simplified Rate Expression. Based on the results of steady-
state coverages, degree of rate control, and reaction orders
analyses, it is possible to formulate a simplified rate expression
for methanol production over the surfaces. In the simplified
form, the TOF is proportional to the product of the coverage
of the most abundant surface species, coverage of empty sites,
hydrogen pressure raised to (approximately) the power of the
reaction order in hydrogen, and an exponential term
containing the free energy of the transition state with the
highest degree of rate control. The TOF at each active site in
the studied models could in this way be expressed as
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where Py is the partial pressure of hydrogen, 0, is the steady

state coverage (obtained from the full microkinetic model) of a
species i, whereas 0 is the coverage of unoccupied sites.
Guzcon is the free energy of the transition state of the
methoxy hydrogenation reaction with respect to CO on the
surface and two hydrogen molecules in the gas-phase, whereas
Gucoomn.u is the free energy of the transition state of formic
acid with respect to formate on the surface and one hydrogen
molecule in the gas-phase. Gy cop is the free energy of the

H,COOH dissociation transition state with respect to HCOO
on the surface and one hydrogen molecule in the gas-phase.
This analysis is similar to an energy span model,*’ including
the effect of surface coverages. The simplified models are
compared to the full microkinetic models in the SI. As reported
in Figure S, the coverage of CO and empty Pd sites on PdIn
change faster with temperature than the coverage of HCOO
and empty Cu on CuZn, resulting in a stronger temperature
dependence, i.e. higher apparent activation energy. Meanwhile,
the hydrogen pressure has a larger effect on the PdIn system
(in line with the higher reaction order of hydrogen), resulting
in a higher TOF. Another contributing factor to the higher
observed TOF on PdIn is the free energy of the rate
controlling transition state, which is slightly lower for PdIn
than CuZn at low temperature. For the In,O; system, the
agreement between the TOF from the simplified rate
expression and the full microkinetic model starts to deviate
after the onset of the RWGS reaction, with the simplified
expression being an overestimation of the full model result.

4. DISCUSSION

Having access to kinetic models for the three systems enables
detailed comparisons of the kinetic behaviors and factors
governing the reactions. Here we explore aspects of the kinetic
model which could have a large effect on the behavior of the
systems, namely the role of CO in the gas mixture, adsorbate
stability, and coverage effects. Models for CO, hydrogenation
have previously been constructed using reservoir sites, "~ >*!
that is, sites where H, can adsorb without competing with
other adsorbates. Here we discuss the effect of hydrogen
reservoir sites. The findings from the microkinetic models are
also compared to previous experimental and computational
studies.

Effect of Gas-Phase Composition. The presented
microkinetic simulations were carried out at a gas-composition
corresponding to about 10% yield for both methanol and CO.
This enables methanol production from CO in addition to
CO,, mainly at the Cu and Pd sites. Additional microkinetic
simulations were performed to explore the effect of removing
CO from the gas-phase by setting the CO partial pressure close
to zero (107" bar) while keeping the other pressures the same
(30:10:1:1 bar of H,/CO,/CH;0H/H,0).

For PdIn, the simulations show that the Pd sites stay mainly
unoccupied with a low coverage of hydrogen across the
temperature range studied in the absence of CO in the gas-
phase, and no methanol production from the Pd site is
observed. In contrast to the case with CO in the gas-phase,
production of CO is observed together with MeOH
production. The selectivity to MeOH drops from virtually
100% across the studied temperature range to below 83%
when only a trace of CO is allowed in the gas-phase. This
indicates that at low conversions, the desorption of CO is
favored over CO hydrogenation, which allows for the RWGS
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reaction to compete. Additionally, in a CO, only feed, the In
site is the main site for methanol synthesis. On the CuZn
system, the absence of CO in the feed does not alter the
selectivity toward MeOH or CO, however, the TOF for
methanol synthesis is lowered because CO is the reactant in
the formyl pathway. On CuZn, the RWGS reaction is limited
by the high COOH formation barrier, and is therefore not
enhanced by CO removal from the gas-phase. Unlike PdIn and
CuZn, neither the activity nor selectivity toward methanol
synthesis is affected by the presence of CO in the feed on
In,O;, which is a consequence of the weak interaction between
CO and In,0;.

Effect of Intermediate Stability. In our previous study, it
was found that stabilizing certain intermediates, especially
hydrogen, had a large enhancing effect on the methanol
production rate."” Furthermore, the DRC analysis shows that
the rate of reaction is highly dependent on hydrogenation
reactions on all studied systems. The effect of intermediate
stability on the methanol production TOF was here
investigated by performing additional microkinetic simulations
with modified equilibrium constants for some selected
reactions. The analysis was performed for hydrogen
adsorption, formate formation, formate hydrogenation, formic
acid hydrogenation, CO hydrogenation, and formyl hydro-
genation. The stability of the product species of the selected
reactions were increased by 0.1 eV, and the response in the
methanol production rate was calculated. The TOF as a
function of temperature for the simulations with modified
intermediate stabilities are presented in Figure 7. The modified
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Figure 7. Effect of stabilizing selected intermediates on methanol
synthesis TOF, calculated under the same conditions as the data in
Figures 5 and 6. HCO* + H¥*< H,CO* + * did not change for CuZn
and is not reported.

TOFs show that stabilizing hydrogen on the surface has the
largest effect on the methanol synthesis activity on both PdIn
and CuZn. The same result was obtained for the In,O,
system.'” Besides hydrogen stabilization, the stabilization of
formic acid (HCOOH) also leads to a significant increase in
the methanol production rate. On the CuZn system,
stabilization of formic acid leads to the preferred reagent

switching from CO to CO,. In a recent study, it was found that
stabilization of formic acid could be achieved via hydrogen
bonding to coadsorbed formate on the Cu(211) step edge,
which resulted in an increased rate of methanol synthesis from
CO,.** The formate formation reaction has an appreciable
effect on the TOF on all three model systems. On PdlIn, the
stabilization of the formate leads to a slightly increased TOF at
high temperatures. Closer inspection shows that increasing the
equilibrium constant of formate formation results in a lower
TOF at low temperatures (not visible in Figure 7). On the
CuZn system, the stabilization of formate always leads to a
lower TOF, due to the general higher coverages of formate on
CuZn. On both alloy systems, CO hydrogenation to formyl has
a positive effect on the TOF as it enhances the rate for the
formyl pathway. On PdIn, increasing the formyl hydrogenation
equilibrium constant has a similar positive effect on the TOF.
In summary, despite the large differences in the dominating
mechanisms and activities over the three catalyst models,
hydrogen stability is always a key factor for overall methanol
synthesis activity, even in the absence of kinetic rate control by
the hydrogen dissociation step. This is consistent with the fact
that the reaction order is always positive with respect to the
partial pressure of hydrogen.

Coverage Effects. The steady state coverages of formate
(on In, Cu, and Zn sites) and CO (on Pd site) are high,
especially at low temperatures. In the case of formate, the onset
of methanol production is observed on all three surfaces at
temperatures when formate coverage has dropped below 0.75
ML. The effect of the coverage on the potential energy
landscape should therefore be investigated at high adsorbate
coverages. In a previous first-principles study on the
PdIn(310), formate coverage effects were included by
calculating all intermediate energies and reaction barriers
with a precoverage of 0.50 ML of formate on the surface,
which resulted in a change in the preferred reaction
mechanism from carboxyl pathway on clean PdIn(310) to
the formate pathway.'® Moreover, as already mentioned, the
presence of formate enables a hydrogen bond assisted reaction
path on Cu(211) which lowers the overall barrier to produce
methanol from CO,.** As shown in Figure S, the CO coverage
is high on the Pd site of PdIn. Generally, repulsive lateral
interactions between neighboring CO molecules weaken the
adsorption energy, which may lead to lower CO coverages.
Interestingly, it has been found that the coverage of CO had
little effect on the stability of other intermediates and transition
states on Cu(211)* and PdIn(310)."® Here, we investigate the
effect of formate and CO coverage at the PdIn(310) edge sites.

We calculated the differential adsorption energies for
formate on the In site and CO on the Pd edge site, as these
are the most abundant surface species according to the
microkinetic simulations (Top panel of Figure 8. The
differential adsorption energy Eyg is defined as

Egt = Egapan — Egabr(n—1) — Ere(g) (11)

where Eg,,y is the total energy of the surface slab with N
adsorbate molecules (with N = 4 defined as 1 ML), Egp,(n-1)
is the total energy of the surface slab with (N — 1) adsorbate
molecules, and E, {g) is the gas-phase reference energy. For
formate, the reference is the total energy of CO, and half a
hydrogen molecule in the gas phase, whereas for CO it is the
total energy of a CO molecule in the gas phase. The second
molecule of formate (0.50 ML) on the In site has a virtually
identical differential adsorption energy to the first molecule.
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Figure 8. Top: Differential adsorption energies of formate on In step-
edge, and CO on Pd step-edge as a function of coverage. Bottom:
Differential adsorption energy of a hydrogen on the In step-edge site
as a function of formate coverage and hydrogen on the Pd step-edge
site as a function of CO coverage.

Note that due to their preferred bidentate adsorption
configuration, two formate molecules occupy all four top
sites on the In edge. In our microkinetic model, this is
accounted for in the site balance, that is, formate formation
requires one empty site in addition to the site occupied by the
reacting hydrogen. To achieve a higher coverage of formate,
some of the molecules have to adsorb perpendicular to the
edge to free up a top site, which makes the adsorption less
favorable. Strict mean-field approaches to reaction micro-
kinetics do not account for local ordering of adsorbates. The
adsorption energy of CO has a low coverage dependence on
the Pd site, indicating that it is possible for CO to achieve a full
monolayer coverage at the Pd edge. The results in Figure 8 are
consistent with a previous study.'®

As the stability of hydrogen has a major influence on the
methanol production rate, it is important to consider how the
coverage of formate and CO affect the adsorption energy of
hydrogen. The differential adsorption energy of a hydrogen
atom was evaluated with varying coverages of formate and CO
at the In and Pd step-edge sites on PdIn(310) (Figure 8,
bottom panel). The differential adsorption energy Egq of
hydrogen defined as

1
Eysr = Equprien — Egapin — EEHZ(g) (12)

where Egp, 1,y is the total energy of the surface slab with one
hydrogen atom and N adsorbate (HCOO or CO) molecules
(with N = 4 defined as 1 ML), Eg,, +(v) is the total energy of
the surface slab with N adsorbate (HCOO or CO) molecules,

and Ey (g) is the energy of a hydrogen molecule in the gas

phase. The hydrogen adsorption energy is unchanged in the
presence of one formate molecule compared with the clean
surface. When two formate species occupy all In top sites at the
edge, hydrogen must adsorb in an In—In bridge site, which is
unfavorable. For higher formate coverage, the differential
adsorption energy of hydrogen increases, due to the change in
formate adsorption configuration (formate is adsorbed
perpendicular to the edge). When one or more formate
species are perpendicular to the edge, the hydrogen can adsorb
on the Pd atom close to the row of In atoms. This adsorption

site is not available when two formate species are adsorbed
parallel to the edge.

On the Pd edge, the presence of CO has a destabilizing
effect on hydrogen, and the differential adsorption energy of
hydrogen decreases linearly with CO coverage. With a CO
coverage above 0.50 ML, the adsorption energy of hydrogen
becomes similar to that of the clean In edge. At a CO coverage
of 1.0 ML the hydrogen atom is incorporated into the Pd edge.
The computed coverage effects suggest that our calculated
TOF for the methanol synthesis from CO at the Pd edge could
be an overestimation as compared to the case when the effect
of CO coverage is included. On the In edge, the effect of
formate on the hydrogen adsorption is related to site blocking
rather than repulsive interactions.

Hydrogen Reservoir Sites. Hydrogen reservoir sites,
which exclusively dissociate and bind hydrogen, are often
included in microkinetic models for methanol synthesis on
alloy surfaces."®*"***! To compare with such models, we have
considered the use of hydrogen reservoir sites. There are, in
principle, two ways a reservoir site could be included: (I)
Hydrogen dissociates at the reservoir site and diffuses to the
other active sites where it reacts further. (II) Dissociated
hydrogen reacts directly from the reservoir site with other
intermediates without a diffusion step. The effect of the two
types of reservoir site was investigated for the PdIn system (see
SI for details and TOF plots). For both approaches, hydrogen
dissociation and adsorption was defined as taking place on a
separate reservoir site using the barrier and reaction energy
calculated for the Pd site. For type I, the diffusion reactions
from the reservoir site to the In and Pd sites were given a low
barrier of 0.1 eV, and the reaction energy in each case was the
difference in relative stability of the hydrogen atom at the
reservoir site and the active site. This type of reservoir site does
not have any appreciable effect on the overall behavior of the
PdIn system. On the Pd site, the overall reaction is limited by
the high CO coverage, which prevents diffusion from the
reservoir site to the Pd site. On the In edge, the diffusion from
the reservoir site to the In site is prevented by the relative
instability of hydrogen at the In site.

In previous models, the reservoir site has been included with
hydrogen reacting with other species directly from the
reservoir site (type II).'**"***!' We find that removing the
requirement for diffusion from the reservoir site to the active
sites leads to an enchanced methanol production TOF for the
PdIn system. However, the physical interpretation of such a
reservoir site remains unclear. Our calculations on the coverage
dependence of hydrogen with respect to formate and CO
shows that there are no sites available exclusively for hydrogen
dissociation at or near the Pd and In edges. This indicates that
to obtain a further enhancement in activity requires some other
type of site to be present near the alloy edge sites. One
possibility for a hydrogen reservoir site could be In,Oj islands
on the PdlIn, the presence of which have been correlated to the
enhancgeﬁ performance of PdIn alloy catalysts in experi-
ments.”’

5. CONCLUSIONS

We have presented DFT-based microkinetic models for the
methanol synthesis reaction over PdIn, CuZn, and In,O;.
These systems represent possible active sites for the PdIn
intermetallic compound, the commercial Cu-based catalyst,
and the unpromoted In,O; catalyst, although the experimental
catalysts include other potential active sites such as interface
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sites. The systems were modeled with PdIn(310), Cu(211)/
CuZn(211), and In,05(110) surface slabs. On the PdIn(310)
surface, the methanol synthesis from CO,/CO takes place on
the In and Pd edge, respectively. At low temperatures, a high
selectivity toward methanol production is achieved owing to
the hindering effect of CO on the RWGS reaction at the Pd
site. The onset of RWGS is observed only on the Pd site at
very high temperatures. Both Cu and Zn sites of the
CuZn(211) surface can catalyze the MeOH synthesis, and
both sites preferentially bind formate, which inhibits the
reaction at low temperature. The onset of the methanol
production occurs when the coverage of formate is lowered,
with the methanol being produced via both the CO, and CO
hydrogenation pathways. RWGS over CuZn(211) occurs only
at very high temperatures. In contrast to the two alloy systems,
In,O; is active toward both methanol synthesis and the RWGS
reaction at the investigated temperatures. The onset of
methanol production as well as the switch-over in selectivity
toward CO occur at lower temperatures on In,0;(110) than
on PdIn(310) or CuZn(211). The mechanism for methanol
synthesis follows the formate pathway on In,05(110), and the
In and Zn sites of the PdIn and CuZn systems. In the typical
methanol synthesis temperature range of 200—300 °C, the
PdIn system clearly outperforms In,O; in terms of the activity
and selectivity toward methanol production. Therefore, the
presence of PdIn intermetallic sites could enhance the
performance of Pd promoted In,O; catalysts. The results
also suggest that enhancing the stability of hydrogen on the
surface would increase the methanol synthesis activity.
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