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The rational design of Pt-based catalysts for the low-temperature water-gas-shift (LT-WGS) reaction is an
active research field because of its important role played in the fuel cell-based hydrogen economy,
especially in mobile applications. Previous theoretical analyses have suggested that Pt alloys, leading to
a weaker CO binding affinity than the Pt metal, could help alleviate CO poisoning and thus should be
promising catalysts of the LT-WGS reaction. However, experimental research along this line was rather
ineffective in the past decade. In the present work, we employed the state-of-the-art kinetic Monte
Carlo (KMC) simulations to examine the influences of the electronic effect by introducing sub-surface
alloys and/or core-shell structures, and the synergetic effect by introducing single atom alloys on the
catalytic performance of Pt-alloy catalysts. Our KMC simulations have highlighted the importance of the
OH binding affinity on the catalyst surfaces to reduce the barrier of water dissociation as the rate
determining step, instead of the CO binding affinity as has been emphasized before in conventional
mean-field kinetic models. Along this new direction of catalyst design, we found that Pt—Ru synergetic
effects can significantly increase the activity of the Pt metal, leading to Ru;_z@Pt alloys with
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1 Introduction

The water-gas-shift (WGS) reaction (CO + H,O = CO, + H,) is
one of the most important catalytic processes in the hydrogen
economy, because of its indispensable role in hydrogen gener-
ation and purification.® The WGS reaction is mildly
exothermic (AH = —41 kJ mol ™), and, in practice, it is typically
carried out in two steps: a high temperature WGS (HT-WGS)
step, which is favorable for reaction kinetics (faster reaction
rate), and a low temperature WGS (LT-WGS) step, which is
favorable for thermodynamics (higher CO conversion ratio). In
large scale industrial hydrogen production, the HT-WGS and
LT-WGS processes often employ Fe,0;-Cr,O; and Cu-ZnO
catalysts, respectively, while in fuel cell applications, one pillar
of the hydrogen economy, only LT-WGS is applicable, and the
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catalysts must be active over a wide range of temperature, air-
insensitive, non-pyrophoric, and stable during frequent shut-
down-restart operation cycles.>* Noble metal catalysts, in
particular Pt-based catalysts, meet these criteria, and, therefore,
they have attracted most of the interest in recent years.**®

It has been proved that the Pt species can be highly active
under the reaction conditions of LT-WGS, if its oxidized state
can be properly modified by introducing oxidized ligands,>” or
reducible supports such as TiO, or CeO,.*° Along this line,
a significant breakthrough has been achieved in experi-
ments.**'** However, confirming the active sites, as well as
understanding the reaction mechanisms on these composite
catalysts, is quite difficult in both theoretical and experimental
approaches, because of the complexity of metal-ligand/support
interactions,*>***> which has become an obstacle for the rational
design of new catalysts.

Alternatively, a rational way of catalyst design is to modify
the metal composition of the catalyst.’*” On one hand,
chemical reactions usually follow the same mechanism on
transition metal surfaces."®>° On the other hand, the adsorption
energies of key intermediates, as well as the energy barriers, on
metal surfaces often linearly correlate with the electronic
structure of surface metal atoms,*"** which can be conveniently
controlled by alloying different metals.*® Therefore, in both
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theoretical and experimental approaches, metallic Pt alloys
provide not only a clean model to investigate the promoting
effects, but also a practical way to systematically improve the
catalytic performance of Pt-based catalysts.*

As an essential process in chemical industry, the reaction
mechanism, active sites, and reaction kinetics of WGS have
been widely investigated by various theoretical and experi-
mental techniques.’>**?* It is believed that, on transition metal
surfaces, the WGS reaction generally follows the carboxyl
mechanism, and the rate-determining step (RDS) is the
decomposition of H,O into adsorbed H and OH species.”>* In
the catalyst design, reducing the energy barrier of the RDS
should drastically increase the reaction rate in general. There-
fore, the metals on which H,O decomposes easily are expected
to be helpful in enhancing the LT-WGS reaction.” Meanwhile,
Pt-group metals would be poisoned by CO soon under the LT-
WGS reaction conditions, which can completely block the
H,0 decomposition and thus shutdown the whole reaction
network on metal surfaces.”?® As a result, decreasing the CO
adsorption energy, which mitigates the CO poisoning, has been
considered as an effective way to improve the catalytic perfor-
mance of Pt catalysts.”

The concern of CO poisoning has remarkably affected the
direction of rational design, especially in the theoretical
understanding, of alloy catalysts for the LT-WGS reaction in the
past few years.>**' Alloys such as Pt-Cu or Pt-Re, which
significantly reduces the CO binding affinity without notably
increasing the barrier of the RDS, were therefore predicted as
promising candidates.****** However, despite that some
promoting effects have been observed in LT-WGS experi-
ments,** the direct influence of decreasing CO adsorption
energy on the catalytic performance is rather limited,*>'* and
there is still a large discrepancy between the theoretical expec-
tation and experimental achievement up to now.

After reviewing the theoretical approaches for investigations
of the LT-WGS reaction in the last decade, 24293932736 we real-
ized that these approaches perhaps have overemphasized the
influence of CO poisoning on the Pt metal. Most of the existing
theoretical approaches in kinetic studies rely on density func-
tional theory (DFT) calculations and mean-field microkinetic
modeling (MF-MKM).">?” It has been found that the generalized
gradient approximation (GGA) functionals such as Perdew-
Burke-Ernzerhof (PBE)*® and PW91,*>*° which were frequently
utilized in investigating the LT-WGS reaction,>*>%***>3¢ can
significantly overestimate the adsorption energy of CO on the Pt
metal surface.*** Moreover, the conventional MF-MKM can
result in an unphysically high CO coverage and an incorrect
description of CO poisoning on the Pt metal surface because of
ignoring the adsorbate-adsorbate interactions.** Although
some corrections on CO adsorption energy were made by hand
in some of the investigations,***° the overemphasis on the effect
of CO poisoning would have shaded the impacts of other key
properties, which might have led to an improper design of
catalysts over the past decade.

Nowadays, more advanced DFT functionals and more
sophisticated MKM methods, which are expected to capture
the essence of CO adsorption on metal surfaces more correctly,
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have been developed and become more and more popular in
the catalyst design.*”*® Therefore, a comprehensive investiga-
tion of accurate reaction kinetics, as well as the key properties
that can improve the activity of Pt-based catalysts, is manda-
tory both from a fundamental and a practical point of views. In
the present work, we employed the state-of-the-art scaling
relation kinetic Monte Carlo (KMC) simulations,*” which offer
an accurate description of all elementary reactions and
adsorbate-adsorbate interactions on catalyst surfaces, to
investigate the activities of Pt alloys. The energetic parameters
needed in KMC simulations were calculated by using the more
recently developed Bayesian error estimation functional with
van der Waals corrections (BEEF-vdW)*® that can accurately
reproduce experimental CO adsorption energy on Pt metal
surfaces.*>** Furthermore, the time-consuming KMC simula-
tions were powered by the recently developed extended
phenomenological kinetic (XPK) method if applicable,* which
extends KMC simulations to more complex reaction networks.
On the basis of simulation results, we tried to understand the
influence of the electronic structure of surface Pt atoms by
introducing sub-surface alloys and/or core-shell structures, as
well as synergetic effects between the host Pt and the promoter
metals by introducing single atom alloys (SAAs), on the cata-
Iytic performance, and to screen the most active catalyst
candidate.

2 Methods and models

In the present work, all DFT calculations and KMC simulations
were performed on the Pt(111) surface, which is one of the most
commonly used models of close-packed structures in catalyst
design. In the investigations of Pt alloys, promoters could
replace some of the Pt atoms in the model. In the electronic
calculations for all gaseous species and surface intermediates
including adsorbate states and transition states, the BEEF-vdW
functional was used.*® For some key energetic parameters, three
DFT functionals, including the PBE functional,®® the extended
Perdew-Burke-Ernzerhof (xPBE) functional®® and the van der
Waals Density Functional (vdW-DF),** were employed to
confirm the results of BEEF-vdW calculations. The zero-point
energy (ZPE) corrections were considered through harmonic
analysis for both gaseous species and surface intermediates.
Besides, the entropy corrections for surface reactions and the
strong adsorption of CO were considered in harmonic approx-
imation, while for the adsorption of H,O, the entropy correction
was calculated by using the Campbell-Sellers equation. All
DFT calculations in the present work were carried out by using
the Vienna ab initio simulation package (VASP).>*** More
computational details can be found in Section S1.1 in the ESL.}

Following the carboxyl mechanism, there were six elemen-
tary chemical reactions in total, as shown in eqn (1)-(6). These
elementary reactions were taken into account in the KMC
simulations.

CO(g) + * = CO* (1)

H,O(g) + * + * = OH* + H* 2)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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CO* + OH* = COOH* + * (3)
COOH* + *=CO,* + H* (4)
CO,*—CO,(g) + * (5)
H* + H* — Hyg) + * + * (6)

Here an asterisk (*) stands for an empty adsorption site, and
a surface intermediate is labeled with an asterisk superscript,
while species in the gas phase are labeled with the letter “g”. It is
worth noting that the adsorption of H,O on the Pt surface is
relatively weak, and the adsorbed H,O molecule becomes
unstable in DFT calculations when getting close to the adsorbed
CO molecule due to their repulsive interaction. Therefore, in the
present work we have assumed a dissociative adsorption of
a gaseous H,0 molecule that requests a couple of neighboring
empty sites, as shown in eqn (2). Considering that, under
experimental conditions, the partial pressures of CO, and H,
are relatively low,”® we neglected their re-adsorption for
simplicity. The adsorbates on the surface were allowed to move
from one adsorption site to their neighboring sites, which
results in three surface diffusion reactions.

CO* + * = * + CO* )
COOH* + * = * + COOH* (8)
H*+* = * + H* 9)

Because of the very small adsorption energy of CO,, it is quite
easy for CO, to desorb from the surface, and thus its diffusion
was not taken into account in the present work. More details for
the reaction model are discussed in Section S1 in the ESL{

We employed subsurface alloys PtMPt (M = Ag, Au, Cu, Ir,
Os, Pd, Pt, Re, Rh and Ru), which modify the subsurface with M
but leave the Pt atoms on the surface intact (see S1.2 and Fig. S1
in the ESIT), to investigate how the electronic structure of
surface Pt atoms is influenced by the subsurface atoms M to
affect the catalytic activity. To carry out the scaling relation KMC
simulations, the linear scaling relations between the adsorption
energies of different adsorbates,* as well as that between energy
barriers and reaction heats, ie. the Brensted-Evans-Polanyi
(BEP) relations,* were built on different subsurface alloys. In
the construction of the activity map, we chose the adsorption
energies of two adsorbates as the energetic descriptors; they are
the adsorption energy of CO that represents the CO poisoning
effect, and the adsorption energy of OH that is closely related to
the energy barrier of the RDS. This choice is in line with that
suggested in previous MF-MKM studies.***® Then, a two-
dimensional (2D) volcano-shaped surface was built on the
basis of reaction rates obtained in the KMC simulations, to
understand the electronic effect on activity and to screen the
potential catalysts following the idea of the Norskov-Bligaard
method.">**

The synergetic effects between the host Pt and the promoter
metal atoms were studied by introducing six types of metal
atoms on the Pt(111) surface, in which one surface Pt atom is

© 2022 The Author(s). Published by the Royal Society of Chemistry
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replaced by a promoter metal M to form SAAs, denoted as
M;@Pt (M = Au, Ag, Cu, Ru, Rh, Pd). Because different
elementary steps may prefer different active sites on SAAs, the
net rate of the RDS associated with a surface atom was
considered as its TOF in the analysis of the KMC results, as
suggested in our previous work.”® For simplicity, we further
assumed that the electronic and synergetic effects are additive,
i.e. the activity of promoter M is determined by the energy
difference between M and the host Pt on the surface. In this
manner, the promoting effect of the promoter M was described
by an additional 2D activity map.

On the basis of the analysis of SAAs, we picked up the most
active candidate, and discussed the influence of the chemical
environment on the activity. Finally, the predictions of the
volcano-shaped surfaces, which were based on the linear
scaling relations, were confirmed in the explicit DFT calcula-
tions and KMC simulations. In the present work, the XPK
approach was employed to accelerate the time-consuming KMC
simulations if applicable, and all the kinetic simulations were
carried out by using the XPK code.?” We refer to Section S2.1 in
the ESIT for more details of the simulations.

3 Results and discussion
3.1 Thermodynamics of the WGS reaction

The calculation of the thermodynamic parameters is the first
step in applying KMC simulations. The calculated results with
the BEEF-vdW functional with respect to the empty surface,
gaseous CO and H,O are summarized in Fig. 1a. It can be seen
that on the Pt(111) surface, the adsorption of CO (eqn (1)) is
strongly exothermic with an adsorption energy of —1.46 eV. As
compared to the PBE result (—1.76 eV), this value is significantly
lower in magnitude and much closer to the experimentally
measured value (—1.43 eV) reported in the literature.*® Mean-
while, the dissociative adsorption of H,O (eqn (2)) is mildly
endothermic with a dissociative adsorption energy of 0.55 eV,
while the energy barrier of this step is 0.83 eV. The formation of
COOH* (eqn (3)) and its decomposition into H* and CO,* (eqn
(4)) are both exothermic, with the reaction heats of —0.18 and
—0.12 eV, respectively, and the energy barriers of 0.37 and
0.59 eV, respectively. The adsorption energies of the final
products, CO, and H,, are —0.18 and —0.41 eV, respectively. The
consideration of entropic corrections would significantly
decrease the free energies of the adsorption processes, but has
little impact on the reactions that involve surface species only.
The detailed values of thermodynamic parameters and their
calculations are summarized in Section S3.1 in the ESLft
According to the landscape of the energy curve, we may
conclude that CO with the highest adsorption energy is the
major surface species, and the dissociative adsorption of H,O
with the highest energy barrier is the RDS.

Under the LT-WGS reaction conditions, the strong CO
binding affinity of Pt would result in a high CO coverage on the
catalyst surface, which could poison the Pt catalyst. Yet, the
high CO coverage on the surface would lead to a strong adsor-
bate-adsorbate interaction, which, in turn, influences the
thermodynamic parameters. On one hand, as shown by Eco+ in

Chem. Sci., 2022, 13, 6385-6396 | 6387
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Fig. 1

(a) Electronic potential energy curve for the WGS reaction on the Pt(111) surface. (b) The influence of CO coverage on the energy barrier of

the RDS (blue circle) and the CO adsorption energy (red square). (c) Comparison of the apparent activation energies on the Pt(111) surface
obtained from the experimental data (black line) and from the theoretical simulations (red line) in the present work. (d) The linear scaling relations
between reaction heats and the combined energetic descriptor (see the main text for the definition). (e) The linear scaling relations between the

energy barriers and the combined energetic descriptor.

Fig. 1b, the CO-CO interaction decreases its adsorption energy
in magnitude as the CO coverage increases, i.e. the adsorption
energy of CO on the Pt surface with a high CO coverage is lower
in magnitude than the one at the zero-coverage limit in
a common DFT calculation, which keeps the CO coverage at
about 2/3 monolayer (ML), instead of blocking all active sites on
the Pt(111) surface, under the LT-WGS reaction conditions, and
thus partly provides a way of self-cure for the CO poisoning. On
the other hand, the interactions between CO and the other
surface intermediates change the reaction heats and energy
barriers. As shown by E, in Fig. 1b, for instance, the energy
barrier for the dissociative adsorption of H,O increases as the
CO coverage increases, which inhibits this reaction on the Pt
surface with a high CO coverage. These observations on top of
BEEF-vdW calculations are consistent with DFT calculations
reported in the previous literature,*** which are also confirmed
by calculations using other functionals as PBE, XxPBE and vdW-
DF. More details and discussion on the adsorbate-adsorbate
interactions can be found in Section S3.2 in the ESL

To validate/test the settings and calculations in our model,
we performed KMC simulations on Pt(111) surfaces at different
temperatures in the range from 525 K to 675 K, and compared
the calculated kinetic properties with the experimental data. It
is usually difficult to directly compare the calculated turnover
frequency (TOF) with the experimental one,**** as the values of
the TOF are very sensitive to the errors associated with both DFT
calculations and experimental measurements. Therefore,
instead of the TOF, herein we focused on the systematic varia-
tion of the TOF, i.e. the apparent activation energy, which has

44,59

6388 | Chem. Sci., 2022, 13, 6385-6396

been concluded to be a more robust criterion for benchmarking
theoretical modeling.?**® The apparent activation energy was
obtained from an Arrhenius plot, as shown in Fig. 1c. The
experimental data reported by Williams et al* in the same
temperature range are plotted for comparison. It can be seen
that, despite that the current KMC simulations systematically
underestimated the TOF by about two orders of magnitude, the
theoretically predicted apparent activation energy, 1.01 €V, is
very close to the experimentally measured value, 0.99 £ 0.03 eV.
The good agreement between the calculated and the experi-
mental apparent activation energy verifies the reliability of the
present kinetic model.

The linear scaling relations between the thermodynamic
parameters and the energy descriptors were then built by
a series of DFT calculations on the subsurface alloys. We
assumed a bilinear dependence of the parameters on the
adsorption/binding energies of CO* and OH*,

AE; = a(xEcox + yEon+) *+ b, (10)
where E; is the reaction heat of the i-th step, and a, b, x, and y are
some parameters that are determined in a fitting procedure. As
suggested in the literature,* here we take the combination of
XEco+ + YEou+ as the energetic descriptor, and the linear
dependences of steps 2, 3, and 4 are plotted, respectively, in
Fig. 1d. According to the linear dependence of the energy barrier
on the reaction heat as indicated in the BEP relationship,
a similar form is used to describe the dependence of the energy
barrier on the combined descriptor, as shown in Fig. le. It can

© 2022 The Author(s). Published by the Royal Society of Chemistry
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be seen that in Fig. 1d and e, the dependences of reaction heats
and barriers on the combined descriptor are well described by
linear fitting. We refer to Section S3.3 in the ESIf for more
details of the fitting procedure.

3.2 Influence of the electronic structure on activity

Using the knowledge of all the thermodynamic parameters and
their dependences on the energy descriptors, Eco+ and Eqg+, we
carried out KMC simulations to construct a 2D volcano-shaped
activity map as shown in Fig. 2a. In these simulations, only the
electronic energies varied according to their dependence on
Eco+ and Eoy+, while the other energetic and kinetic settings
such as thermodynamic corrections, temperature, partial pres-
sures, etc., were kept the same as that on the Pt(111) surface.
Therefore, the 2D activity map, which represents the activity of
different subsurface/core-shell alloys, reflects the electronic
effects of surface Pt atoms on activity influenced by introducing
the subsurface atoms. On the activity map, the location of the

View Article Online

Chemical Science

Pt(111) surface is labeled with a black cross, while its contour
line of activity is colored in gray. The core-shell structured PtRe
alloy and the subsurface PtCuPt alloy, which have been sug-
gested as promising candidates of LT-WGS catalysts due to their
lower CO adsorption energies in magnitude,”?" are also marked
for comparison. It is surprising that the activities of PtRe (red
square) and PtCuPt (yellow triangle) are distinctly different as
compared to the Pt metal, even though, for both of the former,
the CO binding affinities are much weaker than that for the Pt
metal based on DFT calculations. It can be seen that, in Fig. 2a,
the core-shell structured PtRe is about 65.4 fold more active
than the Pt metal, which is consistent with the experimental
observation in the literature.** In contrast, the PtCuPt subsur-
face alloy is inactive as compared to the Pt metal, which is quite
different from the conclusion in a previous theoretical study.*
It is worth noting that in the BEEF-vdW calculations, the CO
adsorption energy on PtCuPt is 0.25 eV lower than that on Pt,
which is close to the corresponding result from PW91 reported
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Fig. 2

(a) 2D activity map of Pt alloys for the LT-WGS reaction obtained in KMC simulations at 400 K. The triangles refer to the subsurface alloys

PtMPt, while the squares and circles refer to the core—shell structured alloys of Pt—M and Pt—MPt3, respectively. The contour line of Pt is shown
in gray. (b) Dependences of the logarithmic TOF on the OH* binding energy (black line) and the CO* adsorption energy (red line) along the
corresponding arrows on the activity map of (a). (c) Dependence of the energy barrier of the RDS on the CO* adsorption energy. The dark cyan
line and the yellow line stand for the contributions from linear scaling relations and repulsive interactions with CO*, respectively, while the red
line shows the total effect. The total effect is evaluated by accumulating the effect of linear scaling relations, which is calculated with respect to
the energy barrier on the Pt(111) surface, to the repulsion contribution. (d) 2D activity map constructed by MF-MKM. (e) Dependences of the
logarithmic TOF on the OH* binding energy and the CO* adsorption energy corresponding to (d). (f) Linear correlations between the d-band
center of the surface Pt atoms and the OH* binding energy (in red) and the CO* adsorption energy (in blue).
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in the literature (0.33 eV),* as well as the values from PBE (0.20
eV), XPBE (0.24 eV), and vdW-DF (0.31 eV) calculations in the
present work (see Table S10t for more details). Therefore, the
discrepancy between the present calculation and the previous
prediction in the literature indicates that the CO adsorption
energy alone does not determine the activity in this region of the
volcano-shaped surface.

To investigate the influences of energy descriptors on
activity, we plotted the dependence of the logarithmic TOF on
Eco+ and Egy+ in Fig. 2b, where the activity of the Pt metal is
labeled with a vertical dashed line, which is taken as the
reference. The red/black line in Fig. 2b represents the change of
activity when Eco+/Eon+ varies along the direction of the red/
black dashed arrow in Fig. 2a. Hence, the CO*/OH* binding
affinity is decreased/increased from left to right in Fig. 2b. As
indicated by the red line, in the region where the CO adsorption
is stronger than that on Pt (i.e., on the left side of the vertical
dashed line), decreasing the CO* binding affinity would
monotonically increase the TOF, while a further decrease of
Eco+ in magnitude beyond that on Pt has a limited impact on
the TOF. In comparison, the increase of the OH* binding
affinity would dramatically increase the TOF on the activity map
as indicated by the black line, and its slope is much larger than
that of the red one. Considering that Eqy+ is closely related to
the energy barrier of the RDS, it is concluded that decreasing
the energy barrier of the RDS, i.e. the decomposition of H,0, is
the key to improving the performance of Pt-based catalysts by
tuning their electronic structure. Any trade-off between the
energy barrier of the RDS and the CO adsorption energy, such as
what occurs on the PtCuPt alloy, is unfavorable for the LT-WGS
reaction. In fact, we found that the impact of the CO binding
affinity can be roughly interpreted by its energetic effect on the
barrier of the RDS, as shown in Fig. 2c. On one hand, the yellow
line shows that the energy barrier of the RDS is linearly
dependent on the CO adsorption energy; on the other hand,
a stronger CO adsorption results in a higher CO coverage and
thus higher repulsive interactions, which changes the energy
barrier of the RDS, as represented by the dark cyan line. The
overall effect of these two contributions on the energy barrier of
the RDS was shown by the red line, in which the net effect of
linear scaling relation with respect to the barrier on the Pt(111)
surface was accumulated to the barrier with repulsive interac-
tion. It can be seen that the trends of these two contributions
are in the opposite directions, leading to a minimum of the total
impact on the energy barrier of the RDS at about —1.3 eV. This
minimum is close to the location of the top for the volcano-
shaped surface, —1.30 eV, at which it can be seen that the
landscape of the energy barrier curve is in good agreement with
the logarithmic TOF shown in Fig. 2b. A detailed analysis
showed that the influence of the spatial correlation of empty
sites for H,O dissociation is responsible for the deviation of the
activity from the energy barrier curve in the high CO adsorption
energy region. Other details in constructing the activity map are
summarized in Section S4.1 in the ESL.{ Nevertheless, for the
purpose of improving the activity of Pt catalysts, we focus on the
region that is more active than Pt, i.e. the region with lower Ego+
in magnitude than that on Pt (—1.46 eV in BEEF-vdW
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calculation), and therefore the energy analysis is sufficiently
effective in the present discussion.

These observations are distinctly different from that ob-
tained in the MF-MKM without considering the adsorbate-
adsorbate interactions. To illustrate the difference between MF-
MKM solutions and KMC results, the 2D activity map given by
MF-MKM based on the same thermodynamic parameters is
shown in Fig. 2d. It is clear that decreasing CO binding affinity
does increase the activity drastically, and the PtCuPt alloy is
shown to be indeed more active than Pt from Fig. 2d in the MF
picture. As shown in Fig. 2e, the slope of the red line is larger
than that of the black line, which means that the influence of
Eco+ on activity is more significant than that of Eqy+, such that
Eco+ dominates the activity on this activity map. As a result, in
the case of MF-MKM, it seems reasonable to decrease the OH*
binding affinity a bit in exchange for a lower CO* binding
affinity in the catalyst design. This improper conclusion from
MF-MKM can be understood by comparing the MF-MKM and
the KMC results shown in Fig. 2b and e. It is clear that the MF-
MKM solution provides a linear dependence of activity on Eqg+
similar to the KMC simulations, i.e. the logarithmic TOFs in
KMC and MF-MKM increase by 10.7 and 11.6, respectively, as
Eou+ changes from 1.10 to 0.10 eV. In contrast, the MF-MKM
significantly overestimates the influence of Eco+« on activity,
i.e. the MF-MKM predicts that the logarithmic TOF increases by
22.3 as Eco+ changes from —1.80 to —0.80 eV, while the corre-
sponding increase from KMC simulations is only 2.43. Accord-
ing to the discussions above and those in Section S4 in the ESI,{
it is concluded here that the neglect of the adsorbate-adsorbate
interactions, which leads to an inappropriate description of the
spatial correlation of the empty sites at a high CO coverage, is
responsible for the failure of MF-MKM.

With the messages delivered by KMC simulations, we are
now able to understand the observations in experiments and to
screen more active Pt alloys. It is easy to find that the higher
activity of the core-shell structured PtRe alloy than Pt should be
primarily attributed to its higher OH binding affinity, while its
lower CO binding affinity has only a minor contribution,
whereas the PtCuPt alloy is less active than Pt due to its lower
OH binding affinity, in spite of its lower CO binding affinity. The
latter, to the best of our knowledge, coincides with the fact that
a highly active PtCuPt alloy has not been reported for LT-WGS
yet after years of effort. The screening of more active alloys,
however, is much more difficult. We calculated the CO
adsorption energies and the OH binding energies for a number
of subsurface and core-shell structured bimetallic alloys, and
projected them onto the activity map shown in Fig. 2a. It is
found that moving towards the top of activity map located at
Ecox = —1.30 eV is highly difficult, if not impossible, by tuning
the electronic structure of the surface Pt atoms alone. Most of
the subsurface and core-shell structured alloys are located in
the rectangular region enclosed by the dashed lines in black,
indicating that modifying the electronic structure of surface Pt
atoms results in a movement along the diagonal line of the
activity map from right bottom to left top. The observation can
be understood via d-band center theory. As shown in Fig. 2f,
both CO adsorption energy and OH binding energy show a good

© 2022 The Author(s). Published by the Royal Society of Chemistry
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linear correlation with the position of the d-band center, while
they vary in the opposite direction versus the change of the d-
band center, which is undesired for moving towards the top
of the activity map located at Eco+ = —1.30 €V from the Pt(111)
surface. As suggested by Xin and co-workers,*** the unusual
dependence of the OH binding energy on the d-band center is
attributed to the repulsion between the adsorbate states and the
d-states of the metal such as Pt.

From Fig. 2a, the activity of the PtRePt alloy looks promising,
which has the highest OH* binding affinity, and whose activity
is 3.95 orders of magnitude higher than that of the Pt metal. To
confirm this prediction from scaling relation KMC simulations,
we then carried out explicit DFT and KMC simulations. Unfor-
tunately, this validation simulation refuted the prediction. It
was found that, as compared to DFT calculations, the linear
relationship underestimated the barrier of the RDS by 0.26 eV
on PtRePt, while it overestimated the barrier of the RDS by
0.10 eV on Pt. The accumulation in the error of the RDS, 0.36 eV,
is large enough to reverse the relative activity of PtRePt and Pt,
which was proved in the following KMC simulations by showing
that the DFT corrected TOFs of PtRePt and Pt are 4.6 x 10 ° and
1.4 x 107° site™" per s, respectively. Hence, it is important to
carry out this prediction-validation procedure in the rational
design of catalysts.

3.3 Improving catalytic performance by the synergetic effect

For the purpose of further improving the activity of Pt alloys, we
considered the synergetic effect between the surface Pt atoms
and the promoter metal M by using the SAA model, denoted as

(@)

Py
XX

Cu,@PtXx

romoter
EQromoter_ghost (a\/)

-04 -02 0.0

?Ru; @PtRePt
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M,;@Pt. The additional 2D activity map relative to the Pt metal is
shown in Fig. 3a. It is seen that the top activity is located at the
right bottom of the map, which coincides with discussion in
Section 3.2 that the RDS prefers to occur on surface sites with
a lower CO* binding affinity and a higher OH* binding affinity
as compared to Pt. As marked with the crosses in Fig. 3a, most
transition metal atoms on the surface show stronger binding
with both CO* and OH*. The increase of the OH* binding
affinity reduces the energy barrier of the RDS, which promotes
the reaction from one side of the influencing factors, whereas
a higher CO* binding affinity than that on Pt leads to specific
CO poisoning on the promoter atom M, which seriously
decreases the appearance of the empty site from the other side
of the influencing factors. As a result, the SAAs are distributed
near the white region, in which the activity is close to that of the
Pt host.

Similar phenomena can be observed in the calculations of
promoters on the subsurface alloys M;@PtM’Pt, as shown in
Fig. 3b, c and 3d. Here the promoter atom M replaces one
surface Pt atom on the subsurface alloys PtM'Pt. The corre-
sponding subsurface alloys PtCuPt, PtRePt, and PtRuPt, as well
as the Pt metal, are projected onto the activity map shown in
Fig. 3e. As can be seen from Fig. 3 a-e, the change of subsurface
metal M’ simultaneously influences the electronic structures of
both the promoter atom M and the Pt host. Thus, the activities
of surface promoter M atoms relative to the respective host are
similar on different subsurface alloys. Again, the distribution of
the activity of different promoters can be explained by d-band
center theory. As shown in Fig. 3f, the CO adsorption energies
on different promoters follow a unique linear relation with
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Fig.3 2D activity map of the promoter atoms in the SAA model relative to the host of (a) the Pt metal, (b) the PtCuPt alloy, (c) the PtRePt alloy, and
(d) the PtRuPt alloy. Although the top activity is located at the right bottom of each map, the SAAs are distributed near the white region, in which
the activity is close to the respective host. (e) The activities of these four hosts. (f) Linear dependences of the OH* binding energy (in red) and the
CO* adsorption energy (in blue) on the d-band center of the promoter atoms.
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respect to the d-band center of the promoter, while different
linear correlations between the OH binding energies and the d-
band center of the promoter are observed on these four hosts.
Both the CO* and OH* binding affinities decrease as the d-band
center upshifts toward the Fermi level. Therefore, they vary in
the same direction when the d-band center moves, which leads
to specific CO poisoning as the side effect of lowering the energy
barrier of the RDS, and the promoters are distributed along the
diagonal from left bottom to right top.

With the knowledge of electronic and synergetic effects, it is
time to screen active Pt alloys. Considering the difficulties in the
theoretical modeling and the experimental synthesis of a multi-
component alloy, here we focused on bimetallic alloys,
including transition metal promoters on Pt, i.e. M;@Pt, and the
subsurface alloys with the same promoter metal, ie.,
M;@PtMPt. It is interesting to note that the exposure of the Cu
atom on the surface would increase CO* and OH* binding
affinities and thus enhance the catalytic performance of the
host Pt, especially on the PtCuPt subsurface alloy (see Discus-
sion in $5.3 in the ESIT for more details). This enhancement,
however, cannot compensate for the loss of activity for the host
PtCuPt as compared to the Pt metal, such that the PtCu alloy is
excluded. The PtRePt alloy has been considered as the best
subsurface alloy before due to its high OH* binding affinity,
which is a good starting point of design. However, the Re atom
on the surface would be oxidized soon owing to its high oxygen
affinity.*” Such an oxidation tendency would complicate the
study, and the discussion of metal oxide formation is out of the
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scope of this work. Finally, we noticed that the surface Ru atom
can significantly increase the OH* binding affinity on both Pt
and PtRuPt hosts, which indicates that PtRu is a promising
catalyst candidate for LT-WGS, if the specific poisoning
problem on the Ru surface atoms can be reduced by adjusting
its ratio and its environment.

3.4 Rational design of the PtRu alloy catalyst

The final step of the present theoretical catalyst design is to
explore the influence of the environment on the activity of the
Ru surface atoms, and look for the most active sites that can be
reached in experiment. Recalling the analysis in Section 3.3 and
S5.4 in the ESI,} our task is to diminish the difference of Eco+
between the promoter Ru and the host Pt, while keeping a high
OH* binding affinity on Ru to promote the RDS. It is known that
a subsurface Ru atom can decrease the CO* binding affinities
for both surface Ru and Pt simultaneously. Therefore, a non-
uniform subsurface layer mixed with Ru and Pt is necessary to
achieve this target. Starting from the Pt metal host, it is expected
that the existence of a neighboring subsurface Ru atoms can
decrease the CO* binding affinity of the surface Ru, as shown in
Fig. 3a, d, and e. To illustrate the influence of the neighboring
atom on the Ego+ of a surface Ru atom, we calculated E¢o+ in
different surface chemical environments and the results are
summarized in Fig. 4a. It can be seen that the introduction of
the neighboring Ru in the subsurface significantly decreases the
CO* binding affinity, while the effect of the neighboring Ru on
the surface is considerably small. Furthermore, a linear
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Fig. 4

(a) CO* adsorption energy on a surface Ru promoter in different chemical environments. The influence of the neighboring surface Ru

atoms is labeled with blue squares, while the influence of the neighboring Ru in the subsurface is marked with red circles. (b) Locations of
different types of PtRu alloys on the 2D activity map relative to the Pt metal. (c) Activities of the PtRu alloys calculated by explicit DFT and KMC
simulations. The Ru;_z@Pt alloy with a tetrahedron site of one surface-three subsurface Ru atoms on the Pt host is predicted here as the most
active Pt alloys, showing a turnover frequency of about five orders of magnitude higher than the Pt metal for LT-WGS.
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correlation was observed between Eco+ and the number of
neighboring Ru atoms, which could be understood by realizing
the linear dependence of Eco+ on the d-band center as shown in
Fig. 3f. According to the discussion above, the most active site
for LT-WGS is the surface Ru single atom located at the hollow
site constituted by three subsurface Ru atoms. This Ru tetra-
hedron site on the Pt host is labeled Ru,_;@Pt, and its location
on the activity map is shown in Fig. 4b. As a comparison, the
activities of other types of PtRu alloys are also marked in Fig. 4b.
It can be seen that using a surface Ru atom as the promoter, the
CO* binding affinity significantly decreases as the number of
subsurface Ru atoms increases, while the OH* binding affinity
only increases slightly. As a result, the locations of these alloys
move towards the top on the activity map, and Ru,_;@Pt is ex-
pected to be the most active site of the PtRu alloys.

To confirm this prediction from scaling relation KMC
simulations, we now carried out explicit DFT and KMC simu-
lations to evaluate the activities of different types of PtRu alloys.
The results are summarized in Fig. 4c. As expected, the activity
increases with the increase of the number of neighboring Ru
atoms in the subsurface, and Ru;_;@Pt is the most active site,
whose activity is about five orders of magnitude higher than
that of the Pt metal. It is interesting to note that the activities of
the surface PtRu alloys, Ru,@Pt and Ru;@Pt, in which two and
three neighboring surface Pt atoms are substituted by Ru
atoms, showed higher activity than Ru;@Pt (4.27 and 74.4 fold
higher, respectively), though their values of Eco+ and Eqy« are
almost the same. The enhancement of Ru,@Pt and Ru;@Pt is,
therefore, attributed to the spatial correlation effect of the
neighboring surface Ru atoms, which reduces the poisoning by
CO-CO interactions (more detailed description is given in S5.4
in the ESIt). Nevertheless, the direct decrease of the CO*
binding affinity by modifying the electronic structure of Pt is
more efficient, e.g. the activity of the Ru, ,@Pt alloy is 4-fold
higher than that of Ru;@Pt, although both of them contain
three Ru atoms in the active site. We also examined the stability
and availability of these candidates in experiment. The DFT
calculations showed that a Ru atom that appeared in the
subsurface is 0.61 eV more stable than that exposed on the
surface, which is consistent with the observation reported in the
literature.®* Moreover, the Ru-Ru bond is more stable than the
Ru-Pt bond, and thus the agglomeration of Ru atoms in the Pt
host is energetically favorable (see discussion in Section S5.5 in
the ESIt). Considering that the mix of Ru and Pt atoms in the
PtRu alloy also increases the entropy contribution, the PtRu
alloy with small Ru clusters embedded on the Pt surface is
practically feasible in experiment if the concentration of Ru is
well controlled.

4 Concluding remarks

In the present work, we have performed the state-of-the-art
scaling relation KMC simulations on top of thermodynamic
parameters calculated by using the BEEF-vdW functional, to
investigate the reaction kinetics of the LT-WGS reaction on Pt-
alloy catalysts. A 2D map of activity was constructed to eval-
uate the electronic effects of the surface Pt atoms on the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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catalytic performance influenced by the subsurface atoms. It
was found that the shape of the activity map is significantly
influenced by the adsorbate-adsorbate interactions and the
spatial correlations between adsorbates, while microkinetic
modeling that does not contain all these messages, such as
traditional MF-MKM, would lead to qualitatively incorrect
predictions of the reaction kinetics. The 2D activity map showed
that decreasing the energy barrier of the RDS is the most
effective way to enhance the activity of the surface Pt atoms,
while the influence of decreasing the CO adsorption energy,
a key conclusion from MF-MKM, is much smaller. As a result,
the PtCuPt alloy, which has been suggested as a promising
catalyst candidate of LT-WGS due to its low CO adsorption
energy,” is actually much less active than the Pt metal. On the
activity map, the PtRePt alloy is predicted to be the most active
subsurface alloy owing to the highest OH binding affinity,
which indicates the lowest energy barrier of the RDS by linear
scaling relations. Our results resolve the long-standing disparity
between the theoretical prediction and the experimental
observation that whether reducing CO binding affinity alone
holds the key to significantly improving the catalytic perfor-
mance for LT-WGS on Pt-based alloy catalysts.

The synergetic effect between the Pt host and the transition
metal promoter atoms exposed on the surface has been inves-
tigated by using the SAA model. A good promoter atom was
found to have a lower energy barrier of the RDS, as well as
a lower CO adsorption energy to avoid specific poisoning.
Among the studied alloys modeled by using SAAs, the PtRu alloy
was suggested to be the best catalyst candidate for LT-WGS,
which was confirmed in explicit DFT and KMC simulations.
Moreover, we found that the Ru atoms in the PtRu alloy tend to
agglomerate into small clusters, which further increases the
activity if a small portion of Ru atoms are exposed on the
surface. It is worth noting that the synergetic effect between the
Ru and the Pt atoms, which can promote the catalytic perfor-
mance of Pt, has already attracted some attention in recent
experiments.®>*® In particular, the promoting effect of Ru on the
performance of the Pt catalyst supported on reducible CeO, has
been observed in the WGS reaction,®” while the CO methanation
reaction, a side reaction that often occurs on the Ru metal
under the WGS reaction conditions, is negligible. Therefore, we
predict here that the PtRu alloy would be a promising candidate
for the LT-WGS reaction.

Finally, a prediction-validation framework has
employed in the current investigation, showing its applicability
in general and is expected to be a powerful tool in the under-
standing of reaction mechanisms and in rational catalyst design.
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