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ABSTRACT: Bimetallic nanoparticles have gained great interest due to their
potential applications in catalysis. By combining Lattice Boltzmann Modeling
(LBM), Density Functional Theory (DFT) calculations, and kinetic Monte Carlo
(KMC) simulation, here we rationalize the superior performance of supported Pt−
Ni alloy nanostructures over Pt and Ni alone during the reverse Water Gas Shift
(rWGS) reaction, which was observed previously. The LBM simulation including the
diffusion and flow of the reacting gas molecules within the supporting nanoporous
channels in SBA-15 indicates that the simple combination of contributions from Ni
and Pt alone is not enough to result in the observed promotion in rWGS activity and selectivity of the Pt−Ni alloy. Instead, the
synergy between Pt and Ni via a unique intermetallic motif is responsible according to the DFT and KMC simulation. Compared to
the monometallic counterparts, the intermetallic-introduced ensemble effect at the low-coordinated Pt−Ni hybrid site of Pt−Ni alloy
nanocatalysts enables the enhanced activation of CO2 and promoted removal of CO/H2O as gas phase product.

■ INTRODUCTION
Supported alloy nanocatalysts have a very wide range of
chemical and electrochemical applications including reforming
processes, water purification, selective hydrogenation/oxida-
tion, and lowering CO2 emissions.

1−4 Experimental evidence
has demonstrated that the effects of the two metal components
are often synergistic in nature, and they cannot be expressed by
a simple superposition of activities at each metal site.5−8 This
offers an attractive opportunity to depart from the Sabatier
principle for improving the activity and selectivity of catalysts.
The interplay among the ligand effect (modified electronic
structure of metal atoms by alloying), strain effect (modified
metal−metal bond length by alloying) and the ensemble effect
(modified atomic arrangement at the active sites by alloying)
has been proposed to be essential.9−14 However, rational
design of such synergistic catalytic species is currently difficult
due to the limited understanding of the geometry and
dynamics of these bimetallic catalysts at nanoscale as well as
the effects caused by their restructuring in reaction conditions.
To enable the design of bimetallic catalysts, a key challenge

is to narrow down the relevant structures of catalytically active
species and active sites that are not known a priori due to the
large number of possible configurations on the surface of real
catalysts. In recent work,15 we described the operando
characterization results obtained during the reverse water gas
shift (rWGS) reaction catalyzed by a bimetallic PtNi catalyst
supported on the mesoporous silica, SBA-15. The rWGS
reaction (eq 1) is the reversible hydrogenation of CO2
producing CO and H2O. Experiment shows that the reaction
is pressure independent, and according to Le Chatelier’s

principle, as the reaction is endothermic, it is thermodynami-
cally favored at elevated temperatures. The rWGS reaction is
accompanied by CO2 methanation over the catalysts because
of its excessive hydrogenation under ambient pressure. In
addition, methanation is exothermic, favored at lower temper-
atures, as shown in eq 2.

HCO H CO H O; 41 kJ/mol2 2 2 298K+ + ° = +
(1)

HCO 4H CH 2H O; 165 kJ/mol2 2 4 2 298K+ = + ° =
(2)

One important result emerging from that work, based on the
combination of the multimodal characterization tools, was
concerned both stoichiometry and intermetallic motifs of the
nanoscale Pt−Ni catalyst.15 It was demonstrated that the
catalyst has enhanced selectivity for reduction of CO2 to CO
without significant competitive levels of methanation com-
pared to pure Pt and Ni catalysts supported on SBA-15. A
Density Functional Theory (DFT) study using a face centered
cubic nanowire (NW) model confirmed that the intermetallic
Pt−Ni alloy shows lower potential energy surface than the pure
Pt and Ni catalysts for rWGS reaction.16 That study focused on
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the specific 110/111-edge site, which binds to CO2 strongly.
Yet, the competing behaviors of the other sites and their
contributions to the overall rWGS rates of the NW under the
reaction condition remains elusive. In addition, the catalyst
structure and chemical environments considered in the DFT
calculations are too simplified to describe the complex impacts
from diffusion and flow of reacting gases through mesoporous
framework measured experimentally.
To bridge theory16 and experiment,15 a combined modeling

approach was conducted to understand how the Pt−Ni
bonding framework on the catalyst surface and the flow/
diffusion processes within, and on the surface of, nanoporous
SBA-15 affect the apparent rWGS rates. We began by
estimating the effects of diffusion and flow of the reacting
gas molecules within the nanoporous channels in SBA-15 on
the apparent rates using the Lattice Boltzmann modeling. This
was followed by the DFT calculations and kinetic Monte Carlo
(KMC) simulation to describe at an atomic level the catalytic
behaviors of different catalytic sites available over a Pt−Ni
nanostructure and the corresponding contributions to the
overall rate under the rWGS condition. The combination of
these theoretical methods at different scales resulted in direct
evidence of the essential role that Pt−Ni synergy can play for
the enhanced activity and selectivity observed during the
rWGS reaction over intermetallic Pt−Ni catalyst.

■ THEORETICAL METHODS
Lattice Boltzmann Modeling. The Lattice Boltzmann

method (LBM) is a meshless method that has been widely
used to research on fluid flow in porous materials and can be
highly parallelized.17 Here, space and time were discretized
into nodes and intervals by using a regularly spaced lattice
geometry. Particles were confined on nodes and are
represented by density distribution in different directions
( f i). Applying Bhatnagar, Gross, and Krook (BGK) dynamics,
the discrete lattice Boltzmann equation becomes

x e

x x x

f x t t

f t t f t f t

( , )

( , ) ( ( , ) ( , ))

ii

i i i
eq( )

+ +

=
(3)

where δx and δt are space resolution and time resolution,
respectively. In this paper, all LBM timesteps are in lattice unit
(δt). ei is discrete speed of lattice, and τ is the relaxation time.
The equilibrium distribution function for convective fluid flow
is defined as

x
e u e u uf t w
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Here cs is the speed of sound in the lattice, fi i= is local
density, u is the macroscopic velocity, and wi is the weight
function for different directions.
In the experiments reported by Liu et al.,15 the reactant

gases CO2 and H2 flow into a 6.35 mm inner diameter quartz
tube reactor under atmospheric pressure and pass through the
catalyst bed. The rates of CO2 and H2 coming into the tube are
in the 1:2 ratio. The conversion (X), yield (Y) and selectivity

(S) are defined using the flow rate of reactant (F, mol/min) as
follows:15

X
F F

F

inlet outlet

inletCO
CO CO

CO
2

2 2

2

=
(6)

X
F F

F

inlet outlet

inletH
H H

H
2

2 2

2

=
(7)

Y
F

F
CO
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=
(8)
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CH

CO
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4

2

=
(9)

S
Y
XCO

CO
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=
(10)

S
Y

XCH
CH

CO
4

4

2

=
(11)

To model this system, we needed to develop a chemical
reaction model and combine it with LBM which allows us to
include kinetic transport. Since our model resolves concen-
tration fields, we adopt an approach in which we model the
processes using the overall chemical reaction:

a b c dA B C D+ + (12)

The kinetic equation for this reaction rate takes the form

r kc cn n
A B

A B= (13)

Here ni is the reaction order in the ith reactant
18 and k is the

reaction rate constant. If, at the beginning of the experiment,
there are only reactants and no product and the reactant
concentrations were in stoichiometric proportions, this
expression can be rewritten as follows:

c
t

k c
d
d

nA
1 A=

(14)

Here n is the overall reaction order (n = nA + nB) and

k ka bn n
1

1 B B= (15)

We can examine the overall reaction order and the constant
k1 from the form of the concentration time curve.

c c
n k t n

1
( )

1
( )

( 1) , for 1n n
A

1
A
0 1 1= +

(16)

and

c c k t nln ln , for 1A A
0

1= = (17)

We first tested whether we could implement the reaction
kinetics into the LBM model by modeling a reaction in a
flowing reactor. We used a three-dimensional lattice with
periodic boundary conditions in all directions and no obstacle
or structure. We coupled the gas velocity field to all
components in the simulation, i.e. all components have the
same velocity (using the values from the experiments) as they
are flowing through the lattice. We initialized A and B using a
concentration ratio of 1:1 for A + B → C, and 1:2 for A + 2B
→ C. The initial concentration of the C component was set to
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0. The reaction formula (eq 13) was performed at each time
step on each lattice node. Our model is shown to be able to
recover the correct dynamics (Figures S1 and S2) for the
evolution of the reaction, in perfect agreement with analytical
predictions. We also confirmed that in the presence of
obstacles and limited reaction sites (Supporting Information)
our model results matched theoretical predictions.
To simulate the inlet and outlet flow of rWGS according to

the experimental conditions, we used the SBA-15 structure and
same experimental conditions as reported in ref.15 The catalyst
support SBA-15 has pores that are cylindrical.19 Based on the
paper and the details of the structure, we were able to
construct the appropriate LBM structure as shown in Figure 1.

According to the experimental process,15 approximately 50
mg of sieved catalysts (40−60 mesh) were used for steady-
state experiments. H2 and CO2 were set at a 2:1 ratio (10 mL/
min H2 with 5 mL/min CO2) and diluted with 25 mL/min of
Ar. The inlet flow was switched to reactants and held for at
least 14 h. The concentrations of gas products were analyzed
online by a gas chromatography instrument. In our model, to
construct the appropriate boundary condition to generate the
same steady inlet flow as experiments, we used bounce-back
boundary conditions on SBA-15 boundaries, a fixed density
boundary condition at the inlet to give a steady inlet flow at
every time step, and Neumann boundary (outflow) condition
at the outlet.
The rWGS is a reversible reaction. But in our simulation, the

initial concentrations of products are zero, and the reaction
does not reach chemical equilibrium. Hence we can view it as a
forward reaction instead of a reversible process. Thus, we could
derive the reaction rate as
(A) rWGS:

r k C C( ) ( )A 1 CO H2
1

2
1= (18)

(B) methanation:

r k C C( ) ( )B 2 CO H2
2

2
2= (19)

Table 1 shows the parameters that we needed. The reaction
orders α, β are determined by the reaction path, and the value
has been determined by the literature.20,21 The rate constant k
is derived by fitting the yield from the simulations to the
experiment.

Pt is not a good catalyst for CO2 methanation, which is
consistent with experiment. As there is no literature reporting
reaction order for the Pt methanation, we assume that it has
the same reaction order as Ni. We expect this to be an upper
bound on the effect of Pt on methanation. When we reduced
this reaction order, no appreciable change was observed in our
results. Since our model starts off with only reactants and no
product, we run the simulation to achieve steady state by
checking our results every 200 timesteps, until our conversion
rate does not change. All results reported here are at the steady
state.
DFT and KMC Modeling. Following our previous study,16

Pt3Ni, Pt, and Ni NWs in 20 Å diameter and octahedral shape
were constructed, which were interconnected by the closed-
packed facets and described well the experimentally observed
difference in chemical property among the three nanostruc-
tures (Figure S3). The edge between {111} facets and {100}
facets (100/111-edge in our notation) and the edge between
{111} facets and {110} facets (110/111-edge) were studied for
the rWGS pathway, which was identified as the most active on
the NWs by our previous study.16 In addition, the center of
{111} facets (111-terrace) was also included, which corre-
sponds to the larger surface area and thus provides more active
sites than {100} and {110} due to its lower surface energy. The
clean NWs and NWs with reaction intermediates were relaxed
to the most stable configuration, and the adsorption energies of
all intermediate species are referenced to the clean NW and gas
phase reaction CO2 and H2 molecules.
The structural optimization was performed with spin-

polarized DFT calculations, using the Vienna Ab Initio
Simulation Package (VASP)22−24 with Perdew−Burke−
Ernzerhof (PBE)25 functional to describe electronic exchange
and correlation. A minimum of 15 Å vacuum was placed
between adjacent NWs to avoid possible lateral interactions. A
1 × 1 × 2 Monkhorst−Pack grid and first order Methfessel-
Paxton with a smearing width of 0.2 eV were used to integrate
over Brillouin zone. Structural optimization was finalized at an
electronic convergence of 1 × 10−6 eV and ionic convergence
of 0.02 eV/Å Hellman−Feynman force on each ion, using the
Conjugate Gradient ionic relaxation algorithm26 and the
RMM-DIIS ionic relaxation algorithm27 with a plane wave
cutoff energy of 400 eV.
Climbing image nudged elastic band method (ciNEB)28−31

were used to search the transition states (TS) between key
intermediates of rWGS pathway, the convergence level of each
image of the pathway was 0.02 eV/Å in force-based RMM-
DIIS algorithms.27 Saddle points were confirmed by vibrational
frequency calculation that was only applied to adsorbate
molecules and metal atoms directly interacted with the
adsorbates, while other atoms in the system were constrained.
The KMC simulation was performed on a planar matrix,

which was presented by a 111-terrace interconnected by a
100/111-edge and 110/111-edge (Figure S4). All active sites
were sampled on a 16 × 16 matrix in 100 μs to ensure the

Figure 1. SBA-15 structure model implementation of the LBM lattice.

Table 1. Reaction Orders for rWGS and Methanation
Reactions from the Literature20,21 and Rate Constants to Be
Fitted

k1 α1 β1 k2 α2 β2
Pt,
monometallic

From
fitting

0.70 0.53 From
fitting

0.17 0.32

Ni,
monometallic

From
fitting

0.50 0.82 From
fitting

0.17 0.32

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.3c05655
J. Phys. Chem. C 2023, 127, 22067−22075

22069

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c05655/suppl_file/jp3c05655_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c05655/suppl_file/jp3c05655_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c05655/suppl_file/jp3c05655_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c05655/suppl_file/jp3c05655_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c05655?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c05655?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c05655?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c05655?fig=fig1&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.3c05655?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


steady state, where both the forward and backward reactions
were included. For the initial step of rWGS reaction is the
activation of CO2, both Langmuir−Hinshelwood (LH)
mechanism and Eley−Rideal (ER) mechanisms was included
depending on the binding of CO2. The LH mechanism
followed the collision theory,32,33 in which the adsorption rate
of CO2 was determined by

r
T A P

m k T
E

k T

( , )

2
expads

site
0

CO

CO B

a

B

2

2

=
i
k
jjjjj

y
{
zzzzz

(20)

where rads is the CO2 adsorption rate constant. σ0(T, θ) is the
sticking probability which is approximated as 1. Asite is the
adsorption site area. PCOd2

is the partial pressure of CO2 of 0.1
atm according to the experimental condition.15 mCOd2

is its
molecular weight, kB denotes the Boltzmann constant, T is the
temperature, which is constant 673 K in this case, and Ea is the
reaction barrier which is 0 in the case of chemisorbed CO2.
The rate constants in ER mechanism of CO2 activation and

surface reactions were calculated according to the transition
state theory:34

r
k

h

G

k
T

exp
( )

Tc
T P
TS IS

B ( , )

B
=

i

k
jjjjjj

y

{
zzzzzz (21)

The reaction rate rc is a function of temperature T and
activation free energy ΔG, where h denotes the Planck
constant. The total free energy of gas phase molecule was
calculated as G0 = E0 + ZPE − TS + ΔHT + kBT ln(PCOd2

/P0),
where for chemisorbed surface species, the last two terms were
negligible. The total energy E0 and zero point energy (ZPE)
were calculated from DFT, the entropy TS at T = 673 K was
obtained from the NIST Computational Chemistry Compar-
ison and Benchmark Database (CCCBDB)35 that matched the
same level of theory with our calculations. The enthalpy
difference ΔH673 K was obtained from the NIST-JANAF
thermodynamic table,36 the reference P0 was 1 atm. We
assumed chemisorbed *H was readily available and easy to
diffuse on the NWs under the rWGS at 673 K. As reported
previously, the dissociative adsorption of hydrogen was facile
on both Ni and Pt, the dissociative barriers could be as low as
0.06 eV on Ni and 0.03 eV on Pt surfaces.37−40 The diffusion
barrier of *H was reported to be 0.2 eV on Pt at 100 K41 and
0.38 eV on Ni at 220−330 K,42 ensuring the high mobility of
*H on the NWs at 673 K. Note that the lateral interactions
between the surface species involved in the rWGS condition
was not considered, as the contribution to the overall activity
was found to be limited by the low coverage according to the
KMC results.
To identify the elementary step that controls the overall

rWGS activity, sensitivity analysis was performed on the KMC
model. Using a finite differential method with five sampling
points, we evaluated the sensitivity (Tn) of the overall CO
production rate (r) in response to the perturbation of the

energy of the nth intermediate or transition state. The details
of the method can be retrieved from our previous studies.33,43

T
r
1

n
r

E En
m n

=
i
k
jjjjjj

y
{
zzzzzz

(22)

Results of the LB Modeling. Following the same data
analysis methods (eqs 6−9) as in the experiment,15 we
calculated conversion/yield. That allowed us to obtain the
range of rate constant values, k, for each catalyst by testing a
range of various attempted values and finally converge on a
value that has the best fit to the experiment data. According to
the experiment, the amount of catalyst could have significant
influence on conversion and yield. This is reasonable because
the reaction does not reach chemical equilibrium. Hence, the
longer SBA-15 channel, the more nanoparticles are located
along the flow-direction (+x) that gas could contact, the larger
is the conversion/yield. Therefore, we use the quantity
“conversion/yield per unit length” to compare our results to
the experiments. In the experiment a length of 5 mm of catalyst
in quartz tube was used. If we simulate a tube with a 50 nm
long channel, then the target conversion/yield would be a
factor of 105 smaller than the experimental conversion/yield.
Table 2 shows the fitted parameter and its conversion/yield
versus experiment conversion/yield. We also ran a simulation
to confirm our assumption that conversion is linear with tube
length is reasonable for this system and a doubling of the tube
length leads to a doubling of the conversion and yield as
expected. The results are shown in Table S1.
Finally, using the fitted values for the Pt and Ni catalysts we

then designed the reaction in Pt−Ni bimetallic catalyst as a
simple mixture of Pt and Ni to check whether the overall
reaction is based on a simple mixing effect. Based on the
semiquantitative schematic model reported in the literature,
there are 37 atoms in a single nanoparticle. Twenty-seven of 37
are on the surface and are accessible for gas molecules.15 15
out of 27 surface atoms are Pt (56%), another 12 are Ni
(44%). If there is no synergy between Pt and Ni, the Pt−Ni
bimetallic nanoparticle should have 55.56% catalysis ability of
Pt, and 44.44% catalysis ability of Ni. This should be reflected
on the value of rate constant, k. Using the values of the fitted k1
and k2 (Table 2), we then simulated a Pt−Ni bimetallic system
assuming no synergy between them, and we could compare the
experiment result and our simulation result under the no
synergy. As shown in Figure 2, only few combinations give
selectivity more than 10, and no combination has selectivity
even at the same order of magnitude as the experimental
results reported.15,16 This seems to strongly indicate that any
proportion of a simple combination of Pt and Ni cannot result
in both high yield and high selectivity as in the experiment, and
therefore, a synergistic effect must take place in this bimetallic
catalyst.
DFT and KMC Results for the rWGS Reaction over Ni,

Pt and Pt3Ni Nanocatalysts. As indicated above, the
superior behaviors of Pt−Ni alloy nanocatalysts observed

Table 2. Results from Fitting the Reaction Parameters and Its Conversion/Yield vs the Experiment Conversion/Yield

k1 k2 CO2 conversion (×10−5 %) H2 conversion (×10−5 %) CO yield (×10−5%) CH4 yield (×10−5 %)

Pt, simulation 4.29 × 10−9 1.29 × 10−11 6.11 3.15 6.03 0.06
Pt, experiment − − 6.14 3.28 6.08 0.06
Ni, simulation 6.75 × 10−9 1.14 × 10−9 21.25 18.50 15.96 5.50
Ni, experiment − − 21.26 19.04 15.96 5.29
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experimentally for the rWGS reaction cannot be described by
the simple combination of Pt and Ni in spite of including the
description of diffusion and flow of reacting gases wihin the
supporting SBA-15 in the LB model. Thus, we hypothesize that
at atomic level the active site should feature some kind of
synergy between Pt and Ni in their bimetallic form. Wherein,
the ligand, strain and ensemble effects were considered to
pinpoint the promoting mechanism of Pt3Ni over Ni and Pt
alone.
We previously screened the CO2 and CO adsorption on

both Pt3Ni and single metal NWs with the same size and shape
using DFT, and considered the rWGS reaction at the site of
strongest CO2 adsorption: 110/111-edge on Pt3Ni and 100/
111-edge on the single metal NWs.16 On Pt3Ni, the active site
is featured with the unique single atom Ni surrounded by Pt at
the low-coordinated edge, being able to enhance the
chemisorption of CO2 and the C−O bond cleavage by
ensemble effect but weakening the binding of *OH and *CO
by ligand and strain effect to promote the productions of CO
and H2O. However, these studies only considered the reaction
at the strongest CO2 adsorption site, the overall activities of
NWs under reactive conditions and the actual rate limiting
steps remain elusive.
Here, we calculated the potential energy diagram of rWGS

using DFT at both types of edges and the 111-terraces on each
NW via a typical reaction pathway (Figure 3 and Table S2−
S4) including:15,44 (1) CO2 adsorption as *CO2; (2)
Activation of CO2 to the carboxyl *HOCO intermediate via
either the Langmuir−Hinshelwood (L−H) mechanism or the
Eley−Rideal (E−R) mechanism; (3) *HOCO scission into
carbon monoxide *CO and hydroxyl *OH; (4) *CO
desorption; (5) *OH elimination by hydrogenation to water
*H2O; and (6) desorption of *H2O. The overall reaction rate
of entire NW under the experimental conditions was then
predicted by combining with KMC simulation. According to
the desorption rate of CO produced from the rWGS reaction
at the steady states (Figure 4), among the three types of sites
considered (e.g., 100/111-edge, 110/111-edge, and 111-
terrace, Figure S2) the lower coordinated edges are more
active to drive the rWGS reaction instead of the terraces for Pt,
Ni, and Pt3Ni NWs. Specifically, the 100/111-edge is identified
as the most active site for Pt and Ni, which is followed by 110/
111-edge and 111-terrace in a decreasing sequence. While on

Pt3Ni the rWGS activity decreases going from 110/111-edge,
100/111-edge, and 111-terrace (Tables S2−S4). The most
active 110/111-edge on Pt3Ni NW provides the *CO
desorption rate of 8.19 × 106 molecules·site−1·s−1, which is

Figure 2. Predicted selectivity of different Pt−Ni linear combinations.
The red line is drawn to show the trend.

Figure 3. Potential energy diagram for the rWGS pathway on (a) Pt
NW, (b) Ni NW, and (c) Pt3Ni NW. Blue: 100/111-edge. Red: 110/
111-edge. Gray: 111-terrace.

Figure 4. KMC-simulated CO desorption rate (molecules·site−1·s−1)
from the step edges during the rWGS on Ni, Pt, and Pt3Ni NWs at
673 K.
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decreased by 2.5 times on Pt NW and 400 times on Ni NW
with the 100/111-edge as the most active site (Figure 4).
According to the KMC results, the contribution from the

most active sites is found to dominate the overall CO
production on Pt3Ni (95.3%) and Ni (100%) NWs. By
comparison, it decreases to 66.6% for Pt NW, where the
secondary active site, the 110/111-edge, also potentially
contributed (33.4%). The DFT results show that the 110/
111-edge of Pt NW behaves similarly to the 100/111-edge
(Figure 4) with the CO desorption rate slightly differing
according to the KMC simulation, while a more significant
drop in rate going from the most active to other sites was
observed for Pt3Ni and Ni NWs. The preference in rWGS
activity at the most active site, 100/111-edge than that at the
secondary active site, 110/111-edge, of Pt NW is related to the
strain effect. The 100/111-edge of Pt NW shows higher
structural fluxionality than 110/111-edge, which helps to
accommodate chemisorbed species. No contribution from the
111-terrace is observed for three NW systems due to not only
the higher enthalpic barrier of CO2 activation via the E-R
mechanism than that via the L-H mechanism at the edges, but
also the additional entropic contrition for gas phase CO2

35 at
673 K. Nevertheless, the overall sequence in rWGS activity
including the contributions from both step edges and 111-
terrace remains the same as that only from the most active
edge sites: Pt3Ni > Pt > Ni. Therefore, the most active sites are
adequate to demonstrate the synergy between Pt and Ni in
bimetallic form, which are considered for mechanistic
understanding as follows.
The predicted sequence in rWGS activity based on DFT

calculations and KMC simulation not only agrees well with the
observed trend for the monometallic systems in the experiment
and LB modeling, but also captures the superior activity of the
bimetallic over the monometallic systems. More importantly, it
can pinpoint the origin of the promoting effect of the
bimetallic system, which is essential for the further develop-
ment of bimetallic-derived catalysts for the rWGS reaction.
According to the results of DFT and KMC simulation, the
intermetallic Pt−Ni synergy in Pt3Ni to promote the rWGS
activity is rather complex. Depending on the type of
intermediates and elementary step, the interplay among ligand,
strain, and ensemble effects can make the alloy behave like Ni
or Pt, or differently (between Ni and Pt, or beyond Pt and Ni),
and the combination leads to the superior rWGS activity over
Ni and Pt.
Sensitivity analysis was performed at the most active site,

100/111-edge for Pt NW, 100/111-edge for Ni NW, and 110/
111-edge for Pt3Ni NW, aiming to identify the rate-controlling

step following our previous studies.33,43 The results show that
the rate-controlling steps differ among the three systems. Both
*CO2 adsorption and its hydrogenation to *HOCO (TS1) are
identified as the rate-controlling steps for the rWGS reaction
over Pt (Figure 5a). Specifically, the rWGS rate can benefit
from enhanced binding of *CO2 and lowered reaction barrier
to form *HOCO. While in the case of Ni (Figure 5b), the
increase in the CO production rate dominantly depends on the
weakened *OH binding with the lowered barrier for sequential
hydrogenation to *H2O (TS3) as the secondary. By contrast,
on Pt3Ni (Figure 5c) no obvious rate-limiting step is identified.
Wherein, the binding energy of *H2O contributes slightly
more than the others, but it is much less significant than the
rate-controlling steps identified for Pt and Ni, thus a faster
rWGS is observed (Figure 4).
Compared to Pt, the promoted rWGS rate on Pt3Ni is

associated with the enhanced binding of *CO2 (adsorption
energy or Eads = −0.30 eV for Pt3Ni, −0.20 eV for Pt) and
lowered reaction barrier to form *HOCO (TS1: activation
barrier or Ea = 0.16 eV for Pt3Ni, 0.79 eV for Pt, Table S2), so
that these steps do not limit the overall rWGS conversion
anymore (Figure 5). While the weakened *OH binding Eads =
0.10 eV for Pt3Ni, −0.65 eV for Ni) and the facilitated
elimination of *OH in the form of H2O on Pt3Ni (TS3: Ea =
0.22 eV for Pt3Ni, 0.95 eV for Ni, Table S2) are responsible for
the higher rWGS activity than Ni (Figure 4).
The promoting effect of bimetallic Pt3Ni as compared to

parent monometallic Pt and Ni depends on the alloy-
introduced variation in the active site (Figure S5), binding
property (Figure 3), and reaction kinetics (Figures 5). The
ensemble effect introduces the Ni single atom site at the most
active 110/111-edge, where Pt and Ni act as active anchors for
C and O, respectively (Figure S5). According to the calculated
the partial density of states (PDOS) of the adsorption sites,
with the higher-lying d-band center (εd) of Ni (εd = −1.51 eV,
Table S5) at the 110/111-edge of Pt3Ni than that of Pt (εd <
−2.40 eV, Table S5), the electron back-donation from Ni site
to asymmetry O 2π* of CO2 is more significant according to
the d-band theory,45,46 being able to stabilize the molecule
more and facilitate the sequential hydrogenation to *HOCO
on Pt3Ni. Yet, it is not as significant as that of pure Ni due to
the lack of high symmetric Ni sites.45−48

The high-lying εd of Ni (εd = −1.61 eV, Table S5) at the
100/111-edge of Ni enables the strongest binding to the
reaction intermediates including CO2 among the three systems
studied (Eads = −0.44 eV for CO2, Figure 3). However, a much
lower amount of *CO2 is converted to *CO as compared to Pt
and Pt3Ni (Figure 4). This is associated with the overstabilized

Figure 5. Sensitivity analysis of CO production rate based on the developed KMC model at the most active site: (a) Pt NW 100/111-edge, (b) Ni
NW 100/111-edge, and (3) Pt3Ni NW 110/111-edge. Longer bar indicates higher sensitivity of CO production rate in response to the perturbation
in energy of intermediate or transition state. The error bar presents the uncertainty of the finite difference derived from 5 discrete data points.
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*OH, and thus difficult removal, which hinders the overall
rWGS reaction (Figure 5). It causes the high accumulation of
*OH on edge sites of Ni NW (Figure 6), which reaches 0.5

monolayer (ML) of coverage. As a result, a drastic drop of
rWGS activity to zero is observed at the 110/111-edge (Figure
4) due to the highly difficult *OH removal (Ea = 1.36 eV,
Figure 3b). While the most active 100/111-edge sites of Ni are
also poisoned by *OH, *OH can be slowly removed with a
lower barrier (Ea = 0.95 eV) followed by a facile *H2O
desorption (Ea = 0.47 eV). Yet the CO desorption rate and the
overall rWGS activity is much lower than Pt and Pt3Ni (Figure
4). No *OH accumulation is observed for Pt3Ni (Figure 6),
where *OH prefers the Pt−Ni hybrid bridge at the 110/111-
edge instead of high Ni symmetric sites as seen for Ni alone
(ensemble effect, Figure S5).16 Thus, although a direct Ni−
OH bond is formed, the binding of *OH (Eads = 0.10 eV,
Table S5) is weakened and the *OH removal is facilitated (Ea
= 0.22 eV). The slightly lower coverage of *OH observed for
Pt3Ni than Pt (Figure 6) is associated with the direct
participation of a single Ni atom (ensemble effect) to stabilize
TS3 more significantly and thus lower the reaction barrier (Ea
= 0.22 eV for Pt3Ni, 0.41 eV for Pt). Note that, the strain and
ligand effects introduced by forming Pt−Ni alloy also
contribute by tuning the stability of reaction intermediates
and transition states, yet it is less significant than the
contribution from the ensemble effect as demonstrated
previously.16

Overall, Pt can carry out the rWGS reaction at both the
100/111-edge and 110/111-edge, though the conversion can
be limited due to the weak CO2 binding. Ni alone can bind
CO2 strongly and hydrogenate CO2 actively at both edges,
while it interacts with *OH species too strongly, which leads to
the complete or partial poisoning of active sites and hinders the
overall reaction. The alloy outperforms both monometallic
systems via the single Ni site surrounded by Pt at the 110/111-
edge, being active enough to stabilize *CO2 and facilitate the
further hydrogenation but still moderate enough to allow the
facile removal *OH and prevent the surface poisoning. Here,
the promoting effect by forming Pt−Ni alloy strongly depends
on the ensemble effect intermediate and transition state
species. The contribution from strain and ligand effects is
relatively subtle. We note that this combined multiscale

modeling methodology may be helpful for explaining enhanced
activity and stability in other intermetallic systems, such as
recently reported intermetallic PtNiN catalysts.49

■ CONCLUSIONS
A combined multiscale modeling was performed to rationalize
the synergistic effects in multicomponent catalytic systems,
where the promoted activity and selectivity, observed
previously, during the rWGS reaction over a Pt−Ni bimetallic
nanocatalyst were taken as a case study. First, the experimental
system including the diffusion and flow of reacting gas
molecules within the supporting nanoporous channels of
SBA-15 was simulated using the LBM and a good match
between the theoretical and experimental yields for Ni and Pt
catalysts alone was obtained. However, the linear combination
of contributions from Ni and Pt alone was found to be not
enough to result in the observed promotion in the rWGS
activity and selectivity of the Pt−Ni alloy, and the Pt−Ni
synergy could be necessary. Indeed, a combined DFT and
KMC simulation on a NW model revealed the superior rWGS
activity of the Pt−Ni alloy NW over the monometallic parents
via the synergy between Pt and Ni. The alloy can take
advantage of each parent monometallic system to promote
activity and selectivity via the single Ni site surrounded by Pt at
the 110/111-edge introduced by the ensemble effect. The
multiscale methodology presented here can be easily extended
for screening other bimetallic and multimetallic catalytic
systems for possible synergistic effects related to their activity
and selectivity in heterogeneously catalyzed reactions.
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