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ABSTRACT: In heterogeneous catalysis, bifunctional catalysts
often outperform one-component catalysts. The activity is also
strongly influenced by the morphology, size, and distribution of
catalytic particles. For CO, hydrogenation, the size of the active
copper area on top of the SrTiO; perovskite catalyst support can
affect the activity, selectivity, and stability. Here, a detailed
theoretical study of the effect of bifunctionality on an important
chemical CO, transformation reaction, the reverse water gas shift
(RWGS) reaction, is presented. Using density functional theory
computation results for the RWGS pathway on three surfaces,
namely, Cu(111), SrTiO;, and the Cu/SrTiOj; interface between
both solid phases, we construct the energy landscape of the
reaction. The adsorbate—adsorbate lateral interactions are taken
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into account for catalytic surfaces, which show a sufficient intermediate coverage. The mechanism, combining all three surfaces, is
used in mesoscale kinetic Monte Carlo simulations to study the turnover and yield for CO production as a function of particle size. It
is shown that the reaction proceeds faster at the interface. However, including copper and the support sites in addition to the
interface accelerates the conversion even further, showing that the bifunctionality of the catalyst manifests in a more complex
interplay between the phases than just the interface effect, such as the hydrogen spillover. We identify three distinct effects, the
electronic, cooperative, and geometric effects, and show that the surrounded smaller Cu features on the set of supporting SrTiO;
show a higher CO formation rate, resulting in a decreasing RWGS model trend with the increasing Cu island size. The findings are in
parallel with experiments, showing that they explain the previously observed phenomena and confirming the size sensitivity for the

catalytic RWGS reaction.
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B INTRODUCTION

In the field of heterogeneous catalysis, the quest for the
“perfect” catalyst has been the central topic since time
immemorial. Through more than a century of experiments
and several decades of simulations, we have learnt that
choosing the right catalytic material is only one part of the
puzzle. The effectiveness of a catalyst is in large part
determined by the structural and geometric parameters of
the surface, such as the facet exposed, the abundance of
crystallite boundaries, the aggregation (sintering) in multi-
component catalysts, and so forth. Bifunctional catalysts often
outperform pure catalysts, where the interface between
different components is believed to play a decisive role. The
amount of interface active sites is intimately connected to the
dispersion of both active phases. In extreme cases, the behavior
of nano-sized catalytic particles is completely different from the
large-scale activity of the same material.

The effect of the size of the active region, whether in terms
of metal particle size or coverage, has been extensively studied
in the literature in the context of catalytic activity and
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selectivity.' ™ Several studies have shown that there is a
correlation between the turnover frequency (TOF, measured
as the number of product molecules produced per second on
an active site) and the size of the catalytically active region
(structure sensitivity). It has been argued that the nanoscale
metal particles alter the structure to the point such that more
surface is exposed for smaller sizes, resulting in a higher
concentration of active sites. For instance, it has been shown
that smaller PdZn particles in the Pd/ZnO catalysts lead to a
higher TOF for the CO formation in the RWGS (reverse water
gas shift) reaction.” Conversely, for methanol synthesis over
Cu-type catalysts, several copper atoms increase the TOF for
methanol formation, whereas smaller copper particles (below 8
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nm) decrease the TOF because of the lack of step-edge
defects,” which are shown to be more catalytically active.®

In this study, we focus on the RWGS reaction because of its
importance in the carbon society. CO, can be used as a
teedstock to produce fuels or bulk chemicals for the chemical
industry. Also, carbon capture and utilization represents one of
the mitigation processes for preventing further increases in the
CO, concentration in the atmosphere. Catalytic CO, hydro-
genation and conversion to carbon fuels, in particular via CO
as an intermediate for the Fischer—Tropsch process, are of
particular industrial importance.””'” Because a selective
reduction of CO, at high temperatures via heterogeneous
catalysis is an energetically expensive process, the use of
optimized catalysts or an attractive alternative approach is
essential."

The RWGS reaction is one of the primary reactions to form
CO from CO,.'*" Because the RWGS reaction is an
endothermic reaction, it is typically carried out at higher
temperatures (up to 1000 K) and lower pressures (1 bar).
However, the RWGS reaction at temperatures in the range of
500—650 K is also possible provided a suitable catalyst is
used.'”"” Catalysts for the RWGS are usually bifunctional and
based on Cu or noble metals, which is also the case for
methanol synthesis. At higher temperatures and lower
pressures, RWGS is the dominant pathway.'®'"” On bifunc-
tional metal—metal oxide catalysts, CO is formed primarily via
the C=0 bond cleavage.”’ Hydrogen spillover from the metal
to the interface-support surface engages the CO, hydro-
genation at the interface region.”"** Similarly, CO formation is
promoted at the interface, which commonly acts as a step-edge
defect, lowering the activation energy for intermediate
dissociation and enhancing the catalytic activity.

In this paper, we provide a theoretical first-principles and
kinetic explanation of an experimentally well-known phenom-
enon that the catalytic activity of bifunctional catalysts exceeds
that of monometallic catalysts and is also dependent on the
dispersion and/or sintering. As a model system, the RWGS
reaction on a Cu/SrTiO; catalyst proved ideal. In addition to
being an industrially and scientifically important reaction, there
are abundant experimental data on it. Although Cu is a well-
known catalyst for CO/CO, reactions, SrTiO; in the
perovskite structure has its own useful properties. Supported
perovskite oxides have been used for the low-temperature
RWGS reaction, showing the potential for industrial-scale
applications.”> SrTiO; is a suitable candidate for studying
RWGS also because of its tendency toward CO, adsorption,
favoring CO, activation, while at the same time, CO as the
final RWGS product is known to adsorb weakly on SrTiO;.**
Although experiments show that TiO, binds CO, more
strongly, the reaction proceeds faster on SrTiO3.>* SrTiOj; also
harbors a great potential for the future. It had already been
studied for photocatalysis applications because of a suitable
band gap.* It is considered as a gold standard for catalytic
wastewater treatment and solar water splitting reaction.”’
Thus, combining SrTiO; with various metals can extend its use
to heterogeneous catalysis, electron transport material in solar
cells, solid fuel cell electrodes, and so forth.”**° Copper was
modeled as the Cu(111) surface, which is the most stable facet
and appears most abundantly under relevant conditions.’'
Moreover, the (111) facets of face-centered cubic (fcc) metals
are most often used in computational studies to investigate
general observations and trends.*”~>*
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We study the effect of the active site region in a bifunctional
Cu/SrTiO; catalyst for the RWGS reaction. The superior
activity of bifunctional catalysts is shown to be caused by three
effects: the electronic effect, the cooperative effect, and the
geometric effect. We first show that the interface is inherently
more active than each of its constituent phases alone
(electronic effect). We then show that its connection to the
copper phase further increases the activity (cooperative effect).
Last, we show that the size of Cu “islands” on the perovskite
support is crucial for the activity (geometric effect).

We employ a first-principle-based multiscale modeling,*
consisting of density functional theory (DFT) and kinetic
Monte Carlo (kMC) calculations. DFT is used to characterize
the material properties and geometry and to assess the
energetics, kinetics, and thermodynamics of the RWGS
reaction. Three regions, present in the bifunctional catalyst,
were investigated: the copper Cu(111) surface acting as an
active surface, the interface region between the Cu and SrTiO;
perovskite, and the SrTiO; perovskite acting as a support
material. Catalytic activity was calculated from kMC
simulations. In particular, the transport of the adsorbed
particles between the three regions was explicitly modeled.
For a veracious description, the adsorbate—adsorbate nearest-
neighbor lateral interactions are taken into account. We show
that the SrTiO; support material is catalytically inactive for the
RWGS reaction. The metal Cu surface is active for the
dissociative adsorption of hydrogen, which spills over to the
Cu/SrTiO; interface, where further reactions take place,
ultimately leading to the formation of CO. The results are
consistent with the existing experimental data and provide an
atomistic and structural underpinning for them.

B METHODS

Ab Initio DFT Calculations. We used Vienna Ab Initio
Simulation (VASP) package (v 5.4.1) to perform plane-wave
DFT calculations.**™*® To describe the interaction between
valence electrons and cores, projector-augmented wave
pseudopotentials were used,””* using the Perdew—Burke—
Ernzerhof exchange—correlation functional.”’ The van der
Waals interactions were taken into account via the zero
damping DFT-D3 dispersion correction of Grimme.*” Based
on convergence testing, the kinetic energy cutoff of 450 eV was
used. All structures were relaxed until the forces dropped
below 0.01 eV/AA, while for the transition states, the threshold
was set to 0.03 eV/AA. A vacuum thickness of at least 12 A
above the surface was used to prevent spurious slab
interactions along the z direction. Depending on the surface,
the sampling of a Monkhorst—Pack k-point grid** with 4 X 4 X
1,2 X 4 X 1,and 2 X 2 X 1 points was used for Cu(111),
SrTiO;, and Cu/SrTiO; surfaces, respectively, as the unit cells
were of different sizes. The transition-state search was
performed using the nudge elastic band method, "™ and
the obtained saddle points were refined using the dimer
method.”’ ™’

The vibrational frequencies of adsorbates and transition
states were obtained by calculating the Hessian matrix with a
finite difference approach, using a step size of 0.02 AA. The
obtained frequencies were used in the calculations of the
partition functions, in the pre-exponential factors of the rate
equations, and for the zero-point energy (ZPE) correction,
calculated as
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Figure 1. Three surfaces were theoretically modeled for the RWGS reaction. From left to right: Cu(111) (island surface), Cu/SrTiO; (interface

surface), and SrTiO; (support surface).

1
E,op = —hc) v
e = 5 Z i W

where v; represents the vibrational mode wavenumber (in
cm™). Spin-polarized calculations have been performed on
StTiO; and Cu/SrTiO;, while on Cu, magnetic moments are
quenched. Dipole corrections in vacuum were used to
counterbalance the errors due to periodic boundary con-
ditions.”"** XersDen (v 1.5.6) was used for visualization and
structure plots.”

Mesoscale kMC Simulations. We used a graph-
theoretical kMC algorithm as implemented in the Zacros
package (v 2.0) to perform kinetic mesoscale simulations.”*>”
The simulations included three distinct types of active sites:
the copper surface (modeled as Cu(111) in DFT), the
interface site on the Cu/SrTiO; surface (modeled as an infinite
copper slab on SrTiO;), and the perovskite surface [modeled
as SrTiO;(001)]. For each surface, the energies of the optimal
adsorption site for each species are included (see the
Supporting Information). Thus, the kMC setup uses one
variety of active sites per surface type (ie. we do not
differentiate between the fcc, hexagonal close-packed (hcp),
bridge and atop adsorption on Cu(111) but include the most
stable variety for each adsorbate). For the sake of simplicity,
the kMC lattice was modeled as a hexagonal lattice with
periodic boundary conditions (neighbor—neighbor connectiv-
ity is 6). To estimate the statistical uncertainty of the
simulations due to its stochastic nature, 10 kMC simulations
with different initial random seeds were run for each set of
parameters.

In total, four different types of reactions were considered:
nonactivated (simple) adsorptions, activated (dissociative)
adsorption of hydrogen, surface (Langmuir—Hinshelwood)
reactions, and direct reactions of gaseous species on the surface
[Eley—Rideal (E—R)]. In general, the kinetics follow the
Arrhenius law

t=a Xp(_&]

kT )
where E,(c) is the activation energy depending on the
neighboring adsorbate configuration ¢ (lateral interactions
influence it) and a is the pre-exponential factor calculated
according to the transition-state theory (as a function of the
vibrational, rotational, and translational partition functions,
which in turn also depend on the temperature and in the case
of adsorption pressure). Kinetic parameters are obtained from
the DFT calculations, as described in the previous section.
Detailed expressions for the reaction rates have already been
published.”"**™>? In general, for Langmuir—Hinshelwood
surface reactions, the pre-exponential factor is of the order of
kgT/h ~ 10" s7! for both forward and reverse reactions. For
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the reactions involving gaseous species (adsorption and E—R
reactions), the pre-exponential factor is also strongly depend-
ent on partial pressure, molecule size, and the reaction site area
(i.e. surface density). The sticking factor was assumed to be
unity for all reaction rates.’” All simulated reactions are
considered reversible. The simulations were run for 3 X 10° s,
which sufficed for ~10° elementary steps. The reaction time
progressed to ~10% to 10% s, depending on the lattice size and
operating temperature, which was sufficient to reach a steady-
state operation (typically after ~1 s). The system was
simulated at 600 and 900 K to study low- and high-
temperature laboratory conditions at pressure 1 bar with a
gas molar fraction H,/CO, = 3:1.

B RESULTS AND DISCUSSION

First-Principles Catalyst Structure. Copper and perov-
skite catalysts were modeled as four-layer slabs of Cu(111) and
SrTiO;(001), which are the preferred and most stable surface
facets.”®> The bottom two layers were frozen in their bulk
position in the DFT simulations, while other layers and
adsorbates were left free to relax. Bulk calculations yielded
lattice constants of 3.63 A for copper and 3.93 A for SrTiO;,
which is consistent with experimentally determined values to
within ~1%. According to our convergence testing, a 4 X 4
supercell and a 4 X 2 supercell for copper and perovskite,
respectively, were sufficient for well-converged results. The
complete energetics for the Cu/SrTiO; interface was obtained
from our previous work.”” All DFT parameters were consistent
across the calculations on all three surfaces. There was 12, 19,
and 15 A of vacuum between the Cu(111), SrTiO;(001), and
Cu/SrTiO; slabs, respectively.

Cu/SrTiO; was modeled as in our previous work.”” On a 4
X 2 supercell of SrTiO5(001), which is commensurate with the
copper lattice, an infinitely long copper deposition, cut along
the (100) and (111) surfaces from the bulk copper structure,
was placed. The reaction is modeled at the (111) surface of the
copper rod. Several positions were considered to find its global
minimum, which was verified by molecular dynamics. For
more information, the reader is referred to our previous
work.>”

Figure 1 shows the optimized structures that were studied.
Throughout the text, we assume the following notation: the
catalytically active Cu(111) sites are named “islands”, the Cu/
SrTiO; surface active sites are termed as the interface sites, and
the SrTiO; surface sites are termed as the support sites. For
each species, several adsorption sites on each surface were
tested (such as bridge, hep, fcc, and atop). In each case, the
optimal configuration with the lowest total energy was used for
further calculations.

Reaction Pathway and Energetics. There are two main
pathways for CO, hydrogenation: the formate pathway
consisting of CO,, HCOO, H,COO or HCOOH, H,COOH

https://dx.doi.org/10.1021/acscatal.9b05303
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or H,CO, H;CO, and CH;OH and the RWGS pathway
consisting of CO,, t-COOH, ¢-COOH, CO, and, if run in
methanol producing conditions, HCO, H,CO, H;CO, and
CH;OH. A direct dissociation of CO, to CO and O is unlikely
on the Cu(111)®® or the Cu/SrTiO; interface.’” Thus, a five-
step reaction mechanism was chosen for this work.

First, hydrogen molecules are activated in a dissociative
adsorption step, which can occur on island or interface sites.
Although the activation barrier on Cu(111) is larger than on
the interface (0.26 vs 0.11 eV), hydrogen is still predominantly
activated on them, as shown later on. This effect has a purely
thermodynamic cause. The energy of adsorption on Cu(111)
is more favorable than on interface sites (—0.64 vs —0.52 eV).
More importantly, the repulsive lateral interaction between two
coadsorbed H* is negligible on copper (0.04 eV) and
considerable on the interface (0.30 eV). As a consequence,
hydrogen is preferentially adsorbed on Cu(111). A fraction of
it then spills over to the interface sites, where hydrogenation
reactions occur. The perovskite itself is inactive toward
hydrogen dissociation.

In the RWGS reaction, a direct cleavage of one C=0 bond
in CO, has a prohibitively large activation barrier and was
omitted from the reaction pathway. As shown by Grabow and
Mavrikakis,®® this reaction has a barrier of ~1.8 eV on
Cu(111). If CO, cannot bind in a bent orientation (such as on
Cu(111)), the barrier for its dissociation is of the order of ~3
eV.%* Therefore, this reaction is usually not included in the
reaction networks on extended surfaces, such as Cu(111).*>%°
It has been shown, however, that on more rugged Cu surfaces,
the barrier is lower.®®

We thus follow the hydrogenation route of CO,. As shown
computationally for different copper-containing catalysts, CO
forms upon the hydrogenation of CO, on the oxygen atom,
yielding t-COOH.**®” Theoretically, CO, could also be
hydrogenated on the carbon atom to yield the formate species
(HCOO), but this reaction has been shown to be a
mechanistic dead-end, relevant only for methanol produc-
tion.”® Our results corroborate and extend these findings. On
island sites, the barrier for the formation of t-COOH was
found to be 0.91 eV with respect to the gaseous reactant (1.31
eV for the adsorbed site), which agrees well with the value
from Zhao et al.®® (1.27 eV). This reaction is much more
favorable on the interface, where the activation barrier drops to
0.31 eV and the reaction energy is only +0.18 eV. On the
support, this reaction is prohibitively endothermic with a very
large barrier (1.69 eV).

Because of geometric constraints, t-COOH cannot decom-
pose directly. Instead, its isomerization yields c-:COOH, which
can then easily dissociate into CO and OH. The isomerization
step can occur on all three types of sites (island, interface, and
support). The reaction is almost thermoneutral and has a low
activation barrier. However, as other hydrogenation reactions
occur primarily at the interface, there is insufficient t-COOH
for isomerization elsewhere. The dissociation of c-COOH has
very low activation barriers on copper and support sites, which
is consistent with the literature data.> However, the reaction
can also happen at the interface, where the concentration of c-
COOH is expected to be much higher. CO is the product of
this dissociation and é)referentially desorbs as opposed to be
further hydrogenated.”” The ensuing OH species further reacts
with hydrogen to form water, which also desorbs.

A tabular representation of the calculated adsorption
energies and activation barriers is shown in Tables 1 and 2,
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Table 1. Adsorption Energies (with ZPE Corrections) for
the Adsorbates in the RWGS Reaction for All Three
Surfaces (Labeled as in Figure 1)

Exe [eV]
adsorbate Cu(111) Cu/StTiO4 SrTiO;
H —0.32 —-0.26 —-0.04
CO, 0.40 —0.42 —0.10
t-COOH —1.69 —2.49 -1.02
¢-COOH —1.80 —2.37 —1.20
CO —-1.04 —-1.03 —0.22
OH -3.03 -3.57 —-2.81
1,0 —0.30 —1.03 -035

respectively. In Table 2, all included elementary reactions with
their activation and reaction energies are summarized. As
diffusion is of paramount importance when studying the
interplay of different regions, special emphasis was placed on
incorporating its effects. As shown in Table 2, only the
diffusion of adsorbed hydrogen atoms was required. Namely,
H, is dissociatively adsorbed and H* is then allowed to diffuse
between neighboring active sites or migrate (hop) from the
island site to the interface site and vice versa, allowing for the
hydrogen spillover.

We rationalize the inclusion of hydrogen diffusion only, as
follows. CO, can adsorb on all surfaces. On the other hand, it
can even react via the E—R mechanism directly from the
gaseous phase. Other species were found to be not mobile
within the reaction time frame. Being unstable species in the
bulk, their adsorption is so exothermic and their diffusion
barrier is so high such that they can be considered immobile
without the loss of accuracy. For instance, the barrier of the
decomposition of c-COOH is ~1 eV lower than its diffusion
barrier. It was also not necessary to include the diffusion of CO
and its spillover as it is the final product, which ultimately
desorbs. As explained above, further hydrogenation of CO was
not included based on the thermodynamic grounds for the
reaction at the given conditions. In Figure 2, the potential
energy diagrams for all three surfaces are shown.

Adsorbate—adsorbate interactions can play a crucial role in
the ultimate performance of a catalyst, (dis)favoring reactions
differently than one would expect from the potential energy
diagrams. Thus, we include the lateral interactions explicitly in
the model. Preliminary testing showed that truncating the
cluster expansion®” after the INN (first nearest-neighbor) term
sufficed for reliable results. As shown by DFT calculations and
kinetic modeling, respectively, the surface coverages are low
enough and further terms are small enough for the assumption
to be warranted. Moreover, as atomic hydrogen is the most
abundant species on the surface, only pairwise interactions
including H* were considered. The interaction energy was
calculated as

Elateral = EH*+X* - EH“ - EX* + E (3)
where Ey- is the total energy of the system with adsorbed H¥,
Ey:« is the total energy of the system with an adsorbed
intermediate X*, and Ey,y+ is the total energy of the system
with H* and X* coadsorbed on adjacent sites. E, is the
total energy of the empty catalyst. In Table 3, the DFT
calculated pairwise interaction energies are listed. Because of
the exceedingly high reaction barriers on the support sites,
prohibiting hydrogenation reactions, lateral interactions did
not have to be calculated for these sites.

catalyst
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Table 2. ZPE-Corrected Activation Barriers (E5"F) and Reaction Energies (AE“F) of the Simulated Elementary Reaction

Steps for the RWGS Mechanism on All Three Surfaces”

Cu(111)

reaction E%PE AE?PE
Hy(g) o H+H 026 —0.64
CO, + H & t-COOH 091 0.27
t-COOH < ¢-COOH 0.31 —-0.04
¢c-COOH < CO + OH 0.09 —0.60
OH + H < H,0 1.07 0.15
H (Cu) < H (Cu) 0.11 -

H (Cu) - H (Cu/SrTiO;) 0.24 n/a
H (Cu/StTiO;) - H (Cu) n/a n/a
H (Cu/StTiO;) < H (Cu/SrTiO;) n/a n/a

Cu/SrTiO; SrTiO;

ELPE AEZPE ELPE AEZE
0.11 —0.52 1.65 0.37
0.31 0.18 1.69 0.88
0.51 0.20 0.32 —0.11
0.83 —0.40 0.07 0.01
0.82 —0.25 0.95 —0.78
n/a n/a n/a n/a
n/a n/a n/a n/a
0.01 n/a n/a n/a
0.30 - n/a n/a

“The lower part of the table lists the activation energies for the hydrogen diffusion and spillover (hopping) between the different active site types at
the copper/interface region. All values are in eV. Surfaces labeled as in Figure 1.

= CU(111) island = CU/SrTiO3 interface = SrTiO3 support

2.0
1.5
1.0

0.5

ZPE-corrected energy [eV]

b3
(/O

-2.0

Reaction coordinate

Figure 2. Potential energy surface diagram for the CO formation on
all three studied surfaces. Gray shaded regions represent the transition
states and orange shaded regions represent the gas adsorption/
desorption steps.

Table 3. Pairwise 1NN Interactions on the Cu Island and
Cu/SrTiO; Interface

e [EM]

cluster configuration Cu(111) Cu/SrTiO;
H*..-H* 0.04 0.30
H*..-CO* 0.10 0.09
H*..-OH* 0.08 0.38
H*.-H,0% 0.04 0.05
H*.-t-COOH* 0 0.17
H*..-c-COOH* 0 0.12

Generally, lateral interactions at the interface sites are
stronger than on island sites. This is a purely geometric effect.
On Cu(111), the lattice can “reconstruct” and relax to easily
accommodate two adjacent coadsorbates, while on the
interface, this relaxation is much more constrained. This is
consistent with the existing experimental and theoretical work.
Experimentally, hydrogen—hydrogen lateral interactions are
known to be small.®’ On this account, theoretical models often
wholly omit lateral interactions. A complex treatment of lateral
interactions on several metals by Frey et al. has shown that
hydrogen adggrption energy on Cu(111) is weakly dependent
on coverage.

Kinetic Modeling and Size Effect. In this section, we
turn our focus to the essential part of this study. With kinetic
modeling (kMC), the effect of varying the size of Cu islands on
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the perovskite support is investigated. It is clear from
geometrical considerations that upon varying the island size,
the relative fraction of the interface sites changes. This has
potentially large effects on the overall activity of the catalyst.
Our kinetic model for the RWGS pathway consists of seven
lattice adsorbates, four elementary surface reactions, and four
adsorption/desorption reactions (one dissociative and three
nonactivated kinetic), each for all three surfaces (islands,
interface, and support).

To investigate the effect in question, the kMC simulations
were carried out on differently sized lattices. Namely, we vary
the dimensions of the copper islands, which results in a change
in the size of the interface sites, as well. We fixed the width of
the interface area to two active sites, which is according to the
DFT data, a reasonable approximation. The width of the
support (perovskite) was kept at one active site, as shown in
Figure 3, because no catalytic activity was observed there in the

Perovskite support
O Cu/SrTiOs interface
Cu(111) surface

F 900060600
500000000/

DA S SR A
e ity F
R SN S W

- o R ks

fOQ000000
000 00000

Figure 3. Lattice example for 4 X 4 Cu islands on top of the SrTiO;
perovskite support. The interface region width was fixed to two active
sites. The support region was confirmed to be catalytically nonactive
and its width was fixed to one active site.

preliminary testing. This assumption does not impact the
results as the lattice is considered periodic and the TOFs are
normalized to the number of active sites. The island sizes vary
between 2 X 2 and 55 X 55. A 50 X 50 Cu(111) lattice without
the interface and support was used as a benchmark to simulate
infinitely large islands (or a pure Cu surface), and similarly, a
hypothetical 50 X 50 lattice with only interface sites was used
to simulate a catalyst where copper island sites would be
catalytically inactive.

We first tested whether the bifunctional catalysts are in fact
more active (i.e., having a higher TOF) than the monofunc-
tional catalysts. At 500 K, a catalyst with only support
(perovskite) and island (Cu) sites, lacking the interface, has a
TOF of 2 X 107% 5. A (physically meaningless) catalyst with
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Figure 4. Lattice snapshot for a 10 X 10 Cu island (left) and the temporal evolution of the lattice coverage for 10 X 10 and 50 X S0 islands (right),
all for T = 600 K (top) and T = 900 K (bottom). The most abundant lattice species is hydrogen, and the coverage is in most cases below 10%. The

coverage is normalized to the number of active sites.

only interface sites and support sites has a TOF of 6.5 X 107°
s™". As the electronic density at the interface region is different,
we call this effect the electronic effect. In both cases, the
support proved inert. A catalyst with all three types of sites
(with an island size of 10 X 10) outperformed both cases with
a TOF of 1.1 X 107* s7. Because this additional speed-up
occurs when the interface and Cu sites are present, we call this
effect the cooperative effect. In these cases, the trends are more
important than absolute values. Nevertheless, experimental
TOFs for CO, hydrogenation on copper also range from 107*
to 1072 s71.7"

The simulations showed that the steady state is reached at a
time scale on the order of seconds (varies slightly with the
system size). In the steady state, the surface coverage of the
island and interface sites is low, typically below 10% (see
Figure 4), which is con51stent with the microkinetic models of
CO, activation on copper.”> The most abundant intermediate
is H*, followed by an order of magnitude lower concentratlon
of OH*, as also observed by Grabow and Mavrikakis.”> At a
higher temperature (T = 900 K), the surface coverage is lower
based on thermodynamic grounds. As every adsorption is an
exothermic event, higher temperature favors desorption.
Moreover, at higher temperatures, the reactions proceed faster,
quickly consuming any surface intermediates. Consequently,
the E—R mechanism becomes more important.

The reason why a bifunctional catalyst is more active can be
explained by analyzing the reaction steps occurring on each of
the active surfaces. In Figure S, the reaction frequencies per
different types of active sites (copper island or interface) are
shown. The results clearly show that hydrogen is by an order of
magnitude more likely to be dissociatively adsorbed on the
copper islands than at the interface region. Experimentally, the
importance of copzper for the hydrogen activation has been
noted many times.””’*’

However, Cu(111) alone cannot function as an efficient
catalyst for CO, activation. Although theoretically often
researched because of the simplicity of the model, which
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H, dissociative adsorption
H diffusion

H hopping between regions

CO; adsorption

COS + H* & tCOOH* (L-H)
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Figure S. Step frequency histograms for 600 K (left) and 900 K
(right), using a 10 X 10 Cu island. Hydrogen adsorption is faster on
the Cu island, spillover (hopping) occurs to deliver hydrogen to the
interface sites, where CO, activation takes place at a higher rate. CO,
activation dominantly occurs via the E—R-type mechanism.

allows for an easy determination of the effect of conditions and
modifications (dopants and defects),*””*~"° experimental data
unequivocally show that combined catalysts are required for
practical operation.”* Our model manages to capture this effect
and explain it. Namely, CO, activation is faster at the interface
region for almost 2 orders of magnitude. Moreover, the
dominant CO, hydrogenation mechanism is of the E-R type.
At lower temperatures, small amounts of CO, also react via the
Langmuir—Hinshelwood route.

Also, a high frequency of hydrogen diffusion, both intra- and
interphase, is discovered. This is the microscopic picture of the
hydrogen spillover in action.”” Although hydrogen is present at
both phases due to the spillover, CO, is hydrogenated
predominantly at the interface. The majority of CO is
therefore produced at the interface, confirming that the
perovskite support markedly improves the catalytic activity
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for the RWGS mechanism. The support sites, although
explicitly included into modeling, were devoid of any activity.
Only some adsorption and desorption reactions of CO, and H,
occurred at the support with negligible equilibrium coverage,
not being able to sustain any spillover. The CO hydrogenation
activation barrier is very high for subsequent reactions on the
support.

Last, we turn our attention the effect of the island size.
Changing the island size also changes the amount of interface
sites, as shown in Figure 3. This changes the ratio between the
island and the interface sites on the catalyst. For the island size
of 10 X 10, this ratio is ~1 and quickly increases as the islands
get larger. In Figure 6, we plot the TOF versus the size of the
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Figure 6. CO TOF as a function of the size of the Cu island. Lattice
images below correspond to the marked points in the plot (A—D),
representing the lattices with 0 X 0 (hypothetical surface with only
interface sites), 4 X 4, 30 X 30, and apparently infinite Cu island sizes
(from left to right). The green (red) points show the TOF at T = 900
K (T = 600 K). The fraction of the interface sites to all sites is plotted
with a blue solid line, with y axis on the right hand side, scaled to
match the CO TOF span on the left hand size.

island at two different temperatures. Expectedly, TOF is larger
at higher temperatures. More important is the size effect,
where a clear trend is shown. Out of scale, the TOF for an
infinitely large island is also shown. There, the effect of the
support, which is required for the formation of the interface, is
apparent because the TOF is 3 orders of magnitude smaller
than on the bifunctional catalyst.

As the island size decreases, the TOF monotonically
increases. This is a consequence of a larger fraction of interface
sites. Only at the smallest size at the higher temperature (900
K), the TOF drops as a very small Cu surface cannot provide
enough dissociated hydrogen for the quick reaction (the effect
is absent at 600 K). As discussed before, the TOF is also
smaller for a hypothetical interface-only lattice, where the Cu
island size is zero. There is no specific trend in the mechanism
behavior as the island size varies, hinting at the fact that the
size dependence of TOF is predominantly a geometric
phenomenon. This is further corroborated in Figure 6, where
the fraction of interface sites is plotted on the secondary axis.
The TOFs follow the same trend.

The error bars in Figure 6 show the standard deviation (10)
from the median value of all TOFs obtained at the same island
size, at different initial random seeds for each kMC run.
Statistically, there are no large discrepancies from the median
value for most of the island sizes. Except for hypothetical
surface with only interface sites and for an island size of 50 X

4098

50 at T = 600 K, the 1o error bars are significant, but this is
purely a statistical outcome because of the discrepancies in the
simulation end times for these particular cases.

Experimental Perspectives. Several studies on methanol
synthesis and the RWGS reaction have linked the catalytic
activity with the structure sensitivity and catalyst particle size
on different catalytic materials. A study of the effect of PdZn
crystallite particle size for the RWGS reaction at temperatures
between 250 and 400 °C showed that smaller PdZn particles
result in higher CO formation rates.” The RWGS reaction
studied on the Pt/TiO, catalyst also showed that the catalytic
activity was dependent on the crystallite size of the TiO,
support but not on the structure of the Pt catalyst. As the
crystallite size of TiO, increased, the reaction rate decreased.”®
Similarly, the rate of CO production for the RWGS reaction is
higher for Cu-/ZnO-type catalysts with higher Cu dispersion,
that is, smaller Cu nanoparticles are more active.”” The RWGS
reaction has also been studied on Ni/SiO, catalysts, where it
has been shown that lower Ni loading and smaller Ni particles
lead to a higher catalytic activity for the CO formation.*” CO
yields were also higher on Ru/Al,O;, when Ru was highly
dispersed.®’

Our results are consistent with these experimental trends,
barring some caveats that stem from fundamental differences
between any theoretical first-principles model and experiments.
For instance, it has been shown that on Cu—ZnO and CuO—
ZnO/Al, O, catalysts, the total activity for the RWGS increases
with an increase in the total Cu metal surface area.®” This
increase in the activity comes from the total amount of metallic
sites, while in this study, the activity is normalized to the
amount of metallic sites. In experiments, catalyst particles
cannot be arbitrarily small. For Cu particles smaller than ~4
nm, the rate of CO production is 3 times smaller than for
larger particles (~10 nm).*’

Different effects are important in an experimental setup,
which cannot be simply reproduced in first-principles models.
The structure of the synthesized catalyst varies in particle
dispersion on the support, porosity, and so forth. Different
preparation methods and varied precursors result in catalysts of
different surface morphologies. For instance, it has been shown
that Cu/ZnO catalysts derived from the aurichalcite precursors
with lower Cu content form homogeneously distributed CuO
particles on the ZnO support, leading to a higher CO
formation rate. This links the catalytic activity with the
interface composition, brought about by the precursor and its
thermal post-treatment.**

Catalyst structure sensitivity has also been studied
thoroughly for methanol synthesis, which is a related CO,
activation reaction. Ultrafine particles on a deposition—
precipitation-prepared CuO/ZrO, catalyst exhibit a higher
catalytic activity with a similar activity versus size trend as for
the RWGS reaction.”> On the contrary, for Cu(Zn)/SiO, and
Cu/ZnO catalysts, a structure-sensitivity study showed that for
Cu particles smaller than 10 nm, the activity decreases arguably
because of the fact that very small particles lack a sufficient area
of step-edge sites.”*’ Another study showed that although the
methanol formation rate was independent of the Cu particle
size (below ~40 nm) on Cu/ZnO catalysts, a very high Cu
loading, leading to a very large Cu cluster (200 nm), can in fact
cause a higher activity. This is again a consequence of the total
amount of metallic sites. On Cu/ZnO/AlLO; commercial
catalysts, it has been shown that a large dispersion of Zn sites
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on top of the Cu surface (smaller particles) results in an
increased rate of methanol production.®*

B CONCLUSIONS

In this work, we have explained the synergies in a bifunctional
catalyst for CO, hydrogenation. We took the RWGS reaction
as a model reaction for CO, hydrogenation and a copper/
perovskite substrate (Cu/SrTiO;) as a model catalyst. Metal-
alloyed supported perovskites are prospective candidates for
low-temperature industrial catalytic processes, including
RWGS. To shed light on the processes on this catalyst, we
conducted DFT calculations to construct a pathway of
elementary reactions leading to CO. Adsorption energies for
all intermediates and reaction barriers for their interconversion
were explicitly calculated for three different catalytic surfaces: a
Cu(111) facet, a Cu/SrTiO; interface region, and a
SrTiO;(001) perovskite surface. The kMC lattice included
three types of active sites: the Cu island, the Cu/SrTiO;
interface, and the SrTiO; support with separate energetics and
kinetics for each of them. Lateral interactions were taken into
account. We studied the catalytic activity in terms of the TOF
of CO using mesoscale kMC simulations.

We present two main findings. First, the existence of the
interface region itself has a favorable effect on the rate of the
reaction. Artificially limiting the reaction to the interface results
in higher reaction rate than on copper and perovskite sites.
This effect is already used heavily in the industry, where
bifunctional catalysts are the most common type of catalysts.
However, allowing the reaction to proceed on all three types of
sites concomitantly and enable the transfer of species across
the phases via diffusion yielded an even higher reaction rate.
The analysis of the relative frequencies of individual reaction
steps on each surface showed that copper acts as a hydrogen
source, providing sufficient amounts of atomic hydrogen that
spills over to the interface. There, further hydrogenation
reactions occur. No reactions occurred on the support.

Second, the size of the copper islands (a measure of
sintering) has a strong effect on the reaction rate. Stemming
mainly from the geometric effects, smaller copper islands result
in a larger fraction of the interface sites. The increase in the
reaction rate follows this relation. We varied the size area of the
Cu island, which enabled us to study the TOF dependency.
We show that smaller Cu islands lead to higher CO rate, with a
decaying trend at larger Cu islands, explaining various similar
experimental results from the literature. At T = 900 K, the
TOF is 1.6 X 10" s™" at a Cu island size 4 X 4, dropping to 2.7
X 1072 at a Cu island size 5SS X S5, and ultimately resulting in
4.2 X 10™* s™" when using only copper as a catalyst (apparently
infinite size limit). A similar trend was observed at T = 600 K.

Experimental results, although mostly supporting the notion
that smaller particles catalyze reaction better, are more
complex than any first-principles model can predict. These
trends also do not always hold at extremely small sizes. For
many reactions and catalysts, it has been shown that defects,
steps, kinks, and other deviations from a flat surface catalyze
reactions much better than a (111) surface. Small particles can
accommodate only a small number of such motifs. Second, it is
important that the results are reported in a uniform fashion.
Theoretically, they are usually normalized to the number of
active sites. Experimental results often show a positive
correlation between the amount of metallic copper and
catalytic activity. Thus, such samples appear more active
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because of the total amount of active sites despite copper
deposits being larger.

In this work, we have explained the promoting effect of the
bifunctional catalysts in terms of its three constituent
components. The increase in TOF is decomposed into the
electronic effect, the cooperative effect, and the geometric
effect. The electronic effect stems from the change in the
electronic density at the interface in comparison with pure
Cu(111) and SrTiO;(100). The reaction is faster on the
interface sites than on the copper or support sites (combined).
The cooperative effect is evidenced by an additional increase of
the reaction rate when copper sites are added to the interface
sites. Although the reaction is slower on pure Cu(111), having
them adjoining to the interface sites increases the reaction rate
further. The last effect is purely geometric—smaller copper
islands have a larger interface/copper ratio. As a larger
proportion of the sites is the interface sites, which are more
active per se, the reaction rate is higher. This offers unique
insights into the RWGS reaction on bifunctional copper/
perovskite catalysts.
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