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ABSTRACT: Preferential oxidation of CO in excess H2 (PROX) has been extensively explored
for selective removal of CO with minimum H2 consumption to prevent CO poisoning of the Pt-
based anode in a proton-exchange-membrane fuel cell (PEMFC). Unmodified platinum group
metal catalysts are widely used for this reaction, yet they still show unsatisfying activity for CO
oxidation at low temperatures, because their stronger adsorption of CO would poison the active
site. Cu-based catalysts are alternatives, but they suffer from structural instability. Therefore,
designing a more efficient catalyst for PROX is highly required. In this work, a bimetallic Cu/Rh
catalyst is designed that facilitates significantly weakening the CO poisoning effect due to its
comparable adsorption strengths of O2 and CO. As compared to the dissociative mechanism, CO
oxidation via the OCOO-mediated associative mechanism on this catalyst is found to be more
favorable, and the barriers of the steps in the catalytic cycle are modest, suggesting a high low-temperature activity for CO oxidation.
Moreover, it is found that a Cu/Rh catalyst exhibits lower selectivity for H2 oxidation than that for CO oxidation. Additionally, the
systematic studies of the surface segregation of Cu/Rh induced by the adsorption of species in PROX show that a Cu/Rh catalyst
exhibits a good structural stability under the typical PROX conditions. These results demonstrate that the designed bimetallic Cu/
Rh catalyst is promising for the PROX reaction at low temperatures.

1. INTRODUCTION

Proton-exchange-membrane fuel cells (PEMFCs) that effi-
ciently convert chemical energy to electric energy have
attracted considerable attention as an alternative power source
for vehicles and other applications.1 These electrochemical
devices utilize H2 as a fuel for the anode reaction, while the
traditionally used Pt electrocatalysts can be seriously poisoned
by a CO byproduct derived from the current mainly used H2
production processes, such as reforming of hydrocarbons.2,3

To purify H2, preferential oxidation of CO in excess H2
(PROX) while minimizing H2 consumption is a promising
technology,4,5 while the development of more active and
selective catalysts exhibiting efficient performance at the
operating temperatures of PEMFCs (∼80 °C) remains a
challenge. As a typical kind of monometallic catalyst for the
PROX reaction,6,7 supported platinum group metal (PGM)
nanoparticles (e.g., Ru, Rh, Pt, Ir) have been widely studied.
However, CO oxidation on these unmodified PGM catalysts
requires a relatively high temperature (>120 °C),8−19 because
their much stronger CO adsorption would lead to a limited
free active site for O2 adsorption and dissociation. Enhanced
catalytic activity of PGMs at low temperature by promoters has
been intensively studied, such as reducible metal oxides,20−29

alkali cations,13,30−34 and the second metallic component.35−45

Cu-based catalysts are promising alternatives for the PROX
reaction due to their abundance, accessibility, and low cost.
Moreover, different from PGMs, the unique oxophilicity of Cu

is effective for its active site free from CO poisoning at low
temperatures. However, Cu-based catalysts suffer from their
instability owing to the well-known sintering of Cu nano-
particles at their Hüttig temperature,46−48 leading to a
significant decrease in the content of their surface active sites
and, consequently, a low CO conversion at low temper-
atures.49−57 On the other hand, the metallic Cu is facially to be
oxidized to Cu+ or Cu2+ cations under PROX reaction
conditions, which also impacts its activity and ambiguates
the active phase.56,58−63 Therefore, maintaining the structural
stability and chemical state of Cu-based catalysts is crucial for
their long-term applications. Fabricating bimetallic core−shell
structure via depositing an overlayer of active Cu component
on a second metal substrate with a stronger Cu-metal bond
formation is a potential way to prevent the sintering of Cu.
Meanwhile, in this structure, the ligand effect from the
different orbital hybridization and the strain effect from the
lattice difference also provide an opportunity in manipulating
the reactivity of Cu. Additionally, the uniform surface structure

Received: May 27, 2021
Revised: August 9, 2021
Published: September 1, 2021

Articlepubs.acs.org/JPCC

© 2021 American Chemical Society
19697

https://doi.org/10.1021/acs.jpcc.1c04645
J. Phys. Chem. C 2021, 125, 19697−19705

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 S

C
IE

N
C

E
 A

N
D

 T
E

C
H

N
O

L
O

G
Y

 C
H

IN
A

 o
n 

D
ec

em
be

r 
29

, 2
02

1 
at

 0
6:

14
:3

0 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chuwei+Zhu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiang-Kui+Gu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wei-Xue+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcc.1c04645&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c04645?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c04645?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c04645?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c04645?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c04645?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jpccck/125/36?ref=pdf
https://pubs.acs.org/toc/jpccck/125/36?ref=pdf
https://pubs.acs.org/toc/jpccck/125/36?ref=pdf
https://pubs.acs.org/toc/jpccck/125/36?ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c04645?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org/JPCC?ref=pdf


of Cu overlayer catalyst takes advantage of exposing larger
amounts of identical active sites as compared to the supported
catalysts with interface being the active site.
In this work, a bimetallic Cu/Rh(111) overlayer structure by

supporting a copper monolayer on Rh(111) is constructed,
and its catalytic performance for the PROX reaction is
investigated and compared with Rh(111) and Cu(111). The
energetics associated with the elementary steps for CO
oxidation occurring via dissociative and associative mecha-
nisms are calculated using density functional theory to study
the activity of CO oxidation. The energetic comparison
between CO oxidation and H2 oxidation is used to determine
the catalytic selectivity. The energetics of the surface
segregation with and without adsorbate inducing are system-
atically calculated to determine the structural stability of the
promising Cu/Rh.

2. COMPUTATIONAL METHODS
Periodic density functional theory (DFT) calculations were
performed using Vienna Ab Initio Simulation Package (VASP).
The Perdew−Burke−Ernzerhof (PBE) functional64 within the
generalized gradient approximation (GGA) regime was used to
describe the electron exchange-correlation interaction. The
core−valence interactions were modeled with the projector
augmented wave (PAW) method.65,66 The Kohn−Sham
equations were solved in a plane wave basis set with a kinetic
energy cutoff of 400 eV. The convergence criteria for the
electronic self-consistent iteration and force were set to be
10−4 eV and 0.02 eV/Å, respectively. Transition states were
located using the climbing image nudged elastic band (CI-
NEB)67,68 and dimer69 methods. The convergence criterion
was 0.05 eV/Å and the obtained saddle points were verified to
have only one vibrational mode with a negative curvature in
the direction of bond forming or breaking process.
To model the Rh@Cu catalyst with a core−shell structure, a

five-layer Cu/Rh(111) slab was constructed including a
monolayer (ML) Cu supported on a four-layer Rh(111) with
a (2 × 2) unit cell. The five-layer slabs of Rh(111) and
Cu(111) were also constructed as comparable systems. For the
stability assessment and surface segregation evaluation induced
by adsorbates at different coverages, a series of slab models of
(111) surfaces with different unit cells were utilized. Models
including one adsorbate in a (3 × 3), one in (2 × 2), one in (2
× 1), and two in (2 × 1) unit cells were used for the coverages
of 1/9, 1/4, 1/2, and 1 ML, respectively. During the
optimization, the bottom two layers were fixed in their bulk
position whereas the other layers and adsorbates were allowed
to relax. A 20 Å vacuum was introduced with correction of
dipole moment between the artificially repeated slabs. The
Brillouin zone was sampled by a (7 × 7 × 1) k-point mesh.
The adsorption energies were calculated as

E E E E(molec)ads molec/slab slab molec(g)= − −

where Emolec/slab, Eslab, and Emolec(g) are the total energies of
adsorbed system, clean slab and adsorbate in the gas phase,
respectively. The activation barrier (Ea) and reaction energy
(Er) were calculated with respect to the separately adsorbed
species.

3. RESULTS AND DISCUSSION
3.1. Adsorption Properties. The calculated adsorption

energies of reactants, intermediates, and products involved in

PROX on Rh(111), Cu(111), and bimetallic Cu/Rh(111) are
listed in Table 1, and the optimized corresponding geometries

are shown in Figure S1. It is generally found that Rh exhibits
the strongest adsorption, while Cu is the weakest. This is
because the intrinsic activity of Rh is higher than Cu. As
mentioned above, the competitive adsorption of CO and O2 is
crucial for the efficient PROX at low temperatures. On
Rh(111), Table 1 clearly shows that the adsorption strength of
CO (−1.95 eV) is stronger by 0.43 eV than that of O2 (−1.52
eV), indicating that the active site would be mainly covered by
CO, leading to a limited active site for O2 adsorption and
dissociation and a lower activity for CO oxidation at low
temperatures. On Cu(111), it is found that the adsorption of
CO (−0.83 eV) is just slightly stronger than that of O2 (−0.70
eV), suggesting that the CO poisoning on the Cu catalyst can
be significantly weakened as compared to that on the Rh
catalyst. Nevertheless, the adsorption strengths of CO and O2
reactants on Cu(111) are remarkably weaker than that on
Rh(111), implying that their adsorption and the subsequent
activation would be relatively challenging, affecting the entire
PROX performance. In addition, the Cu catalyst can also suffer
from its poor structural stability under the operating
conditions.47,52,70,71 These suggest that pure Cu is not a
potential efficient catalyst for PROX.
As compared to Cu(111), Cu/Rh(111) exhibits a stronger

adsorption strength, providing a relatively sufficient driving
force for CO and O2 species adsorption and activation, leading
to a potentially improved activity for PROX at low temper-
atures. More importantly, Cu/Rh(111) shows the comparable
energetic nature for CO and O2 competitive adsorption (−1.09
and −1.04 eV), facilitating to prevent CO poisoning the active
site. These results indicate that Rh@Cu core−shell structured
catalyst is promising for PROX. The stronger adsorption
nature of Cu/Rh(111) than Cu stems from the lattice strain
and ligand effects. The calculated in-plane Cu−Cu distance is
2.566 Å on Cu(111), while it is expanded by 5.38% on Cu/
Rh(111) (2.704 Å), leading to a tensile strain effect. The
ligand effect involves the heterometallic bonding interaction
between the surface Cu and the underneath Rh atoms, which
results in an orbital hybridization and charge redistribution on
the interface of Cu and Rh (Figure S2). Both the strain effect
and the ligand effect contribute to the modification of the
electronic structure of the surface Cu, as evidenced by the
calculated d-band center (−2.27 eV) of surface Cu on
Cu(111) exhibiting an upshift toward the Fermi level to
−2.00 eV for surface Cu on Cu/Rh(111). This d-band center

Table 1. Calculated Most Stable Adsorption Energies (in
eV) of Species Involved in the PROX Reaction on Rh(111),
Cu(111), and Cu/Rh(111) Surfacesa

species Rh(111) Cu(111) Cu/Rh(111)

CO −1.95 −0.83 −1.09
O2 −1.52 −0.70 −1.04
O −2.13 −1.68 −1.91
CO2 −0.02 −0.01 −0.02
H −0.55 −0.21 −0.34
OH −3.10 −3.07 −3.47
H2O −0.31 −0.15 −0.22

aThe adsorption energies of atomic O and H are with respect to 1/
2O2 and 1/2H2 in the gas phase, respectively.
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upshift results in a stronger adsorption for species on Cu/
Rh(111) than that on Cu(111).
3.2. Activity of CO oxidation. 3.2.1. Dissociative

Mechanism for CO Oxidation. The dissociative mechanism
for CO oxidation involves the direct dissociation of molecular
O2 to form the atomic O, followed by the CO reaction with
atomic O to produce CO2. The reaction energies and
activation barriers associated with these two steps on
Rh(111), Cu(111), and Cu/Rh(111) surfaces are shown in
Figure 1 and Table S1. It is found that O2 dissociation exhibits
very low activation barriers (0.15, 0.12, and 0.14 eV on
Rh(111), Cu(111) and Cu/Rh(111), respectively) on these
clean surfaces (Figure 1a, left panel), due to the much
exothermicity of this reaction on these systems (Table S1).
The activation barriers for CO reaction with atomic O formed
to produce CO2 are much higher than that for O2 dissociation
(Figure 1a, right panel). On Cu(111) and Cu/Rh(111), the
calculated respective activation barriers of 0.85 and 0.97 eV are
modest, while the barrier of 1.44 eV on Rh(111) is much
higher than that on Cu-based metal surfaces, owing to the
stronger adsorption energies for CO and atomic O on Rh
surface.
As compared to O2, the CO reactant exhibits stronger or at

least comparable adsorption strength on these surfaces,
implying that the coadsorption of CO and O2 is inevitable
and the coexistence of CO on the surface would affect the
dissociation of O2. To study this effect, the activation barriers
for O2 dissociation with coadsorption of 1/4 ML CO on these
surfaces are calculated for example (middle panel of Figure 1a
and Table S1). As expected, the CO coadsorption can increase
the dissociation barrier. In the case of Rh(111), it is found that
the O2 dissociation barrier is higher by 0.11 eV on the CO
coadsorbed surface than that on the clean surface, and the
similar transition states are observed in both cases, where one
oxygen atom is at the top site and the other one is at the bridge
site (Figure 1b). The slight increase in the O2 dissociation
barrier on the CO coadsorbed Rh(111) surface mainly stems
from the fact that O2 is more activated in the transition state
with a longer O−O bond distance (1.79 Å) than that on a
clean Rh surface. On Cu(111) and Cu/Rh(111), the CO
coadsorption can significantly increase the O2 dissociation
barriers by 0.54 and 0.63 eV, respectively, due to the CO
coadsorption can change the transition state structures. In the
transition states for O2 dissociation on the clean Cu(111) and
Cu/Rh(111), the two oxygen atoms are both located at two

adjacent bridge sites with an O−O distance of 1.69 and 1.83 Å,
respectively (Figure 1b). On CO coadsorbed surfaces with a
CO molecule at a top site, the transition state involves one
atomic O at a fcc hollow site and the other one at a top site. It
is expected that the O2 dissociation barrier would further
increase with an increase in the coverage of coadsorbed
CO.72,73 While it is found that the maximum CO coverage on
Cu-based catalysts, such as on Cu/Rh(111), is 1/4 ML under
the typical PROX conditions (the same coverage used here), as
discussed below. This suggests that the reaction of CO with
atomic O is still the rate-determining step for CO oxidation via
dissociative mechanism on CO coadsorbed Cu-based metal
surfaces. Moreover, the relative lower barriers for CO reaction
with atomic O on Cu(111) and Cu/Rh(111) than that on
Rh(111) suggest that the Cu-based catalysts are promising for
PROX at lower temperatures.

3.2.2. Associative Mechanism for CO Oxidation. The CO
coadsorption on the surface will decrease the amount of free
active site for O2 dissociation, limiting the O2 direct
dissociation to two atomic oxygen, which requires more free
active surface sites. Thus, an alternative associative mechanism
for CO oxidation is considered on the promising Cu(111) and
Cu/Rh(111). In this mechanism, the molecularly adsorbed O2
directly binds to CO to form OCOO species, followed by the
scission of the O−O bond to produce an oxygen atom and a
CO2 molecule.74−76 This will decrease the requirement of the
number of free sites for O2 dissociation, and the oxygen atom
formed can react with a second CO molecule. On Cu(111),
the O−O bond distance in OCOO transition state is elongated
to 1.66 Å, which is longer by 14.5% than that in an adsorbed
O2 molecule (Figure 2a). The length of the C−O bond formed
is 1.47 Å and the O−O−C angle is 104.86°. On Cu/Rh(111),
the O−O bond is elongated to 1.69 Å in the OCOO transition
state, and the formed C−O bond length is 1.47 Å with the O−
O−C angle to be 107.22°. The more activated O−O bond on
Cu/Rh(111) results in a slightly higher barrier of 0.58 eV for
OCOO formation, as compared to that of 0.51 eV on
Cu(111). The further O−O bond elongation of OCOO to
produce CO2 is a barrierless process. We note that these
barriers are lower than that for the direct dissociation of O2 on
CO coadsorbed corresponding surfaces and that for the CO
reaction with O on Cu and Cu/Rh surfaces (Figure 2b).

3.2.3. Catalytic Cycle for CO Oxidation. To better
understand the energetics associated with CO oxidation via
dissociative and associative mechanisms on the promising

Figure 1. (a) Activation barriers for O2 dissociation (without and with CO coadsorption) and CO2 formation on Rh(111), Cu(111), and Cu/
Rh(111) surfaces. (b) Optimized structures of transition states. The cyan, orange, gray, and red spheres represent Rh, Cu, C, and O atoms,
respectively.
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Cu(111) and Cu/Rh(111) surfaces, the energy profiles and
catalytic cycles are shown in Figures 3 and S3. For CO
oxidation via a dissociative mechanism, it is found that both O2

dissociation and CO reaction with atomic O are exothermic
processes, while the barrier of CO reaction with atomic O is
higher than that of O2 dissociation on CO coadsorbed surface.
For the associative mechanism, the second CO2 formation is
the same as that in the dissociative mechanism. However, the
first CO2 formation via the OCOO transition state exhibits
much lower barriers than the CO reaction with atomic O in
the dissociative mechanism, demonstrating that the first CO2
formation via associative mechanism is much more favorable.
On the other hand, using the coadsorbed CO and O2 as the
reference state, it is found that the effective barrier (the highest
energy height in the energy profile) that comes from the CO
direct binding to O2 for the associative mechanism (0.58 eV) is
lower than that for the dissociative mechanism (0.77 eV).
Thus, CO oxidation through the associative mechanism in the
entire catalytic cycle is more facile. As a comparison of the
barriers for CO oxidation via the facile associative mechanism
on Cu(111) and Cu/Rh(111), it is found that the barriers on
Cu(111) is slightly lower than that on Cu/Rh(111), suggesting
that the activity of CO oxidation on pure metallic Cu catalyst is
slightly higher than bimetallic Cu/Rh catalyst. While
maintaining the metallic state of Cu is very challenging
under PROX conditions, the Cu/Rh catalyst might be more
appropriate.

3.3. Selectivity of PROX. The highly selective oxidation of
CO rather than H2 in the reaction atmosphere of PROX is
crucial to minimize H2 consumption during CO removal.
Thus, the energetics associated with H2 oxidation to H2O are
calculated (Table S1 and Figure S4) and compared with those
associated with CO oxidation. It is found that H2 dissociation
on Rh(111) is a barrierless process, while the calculated
barriers for H2 dissociation on Cu(111) and Cu/Rh(111) are
0.61 and 0.39 eV, respectively. For an atomic H reaction with
an atomic O to form OH, the calculated barriers on Rh(111),
Cu(111), and Cu/Rh(111) are 1.29, 1.14, and 1.17 eV,
respectively. This is because the atomic O and H exhibit the
strongest adsorption on Rh(111), while the weakest on
Cu(111). In the case of OH reaction with H to produce

Figure 2. (a) Top and side views of optimized structures of OCOO
transition state for CO oxidation via associative mechanism on
Cu(111) and Cu/Rh(111). The cyan, orange, gray, and red spheres
represent Rh, Cu, C, and O atoms, respectively. (b) Comparison of
activation barriers for CO reaction with atomic O in dissociative
mechanism and OCOO formation in associative mechanism.

Figure 3. Potential energy profiles and catalytic cycles for CO oxidation via dissociative (red lines) and associative mechanisms (blue lines) on Cu/
Rh(111).
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H2O, it is found that the barrier of 1.37 eV on Cu/Rh(111) is
higher than that of 1.05 and 0.92 eV on Cu(111) and Rh(111),
respectively. These results demonstrate that the reaction
between OH and H is the rate-determining step for H2
oxidation to H2O on Cu/Rh(111), while the atomic H
reaction with atomic O is the rate-determining step on
Cu(111) and Rh(111) (Figure 4a). As a comparison of the

barriers of the rate-determining steps for CO and H2 oxidation
(Figure 4b), it is clear that the activity of CO oxidation is
higher than H2 oxidation on Cu/Rh(111), owing to the barrier
of 0.97 eV for the CO reaction with O being lower than that of
1.37 eV for the OH reaction with H by 0.40 eV and suggests a

high selectivity toward CO oxidation. In the case of Cu(111),
the barrier of CO reaction with O (0.85 eV) is lower than that
of atomic O reaction with H (1.14 eV) by 0.29 eV, also
suggesting a preferential oxidation of CO instead of H2.
However, Rh(111) exhibits a higher activity for H2 oxidation,
since the rate-determining reaction of O and H shows a lower
barrier (1.29 eV) than CO reaction with O (1.44 eV). These
results indicate that the Cu/Rh catalyst is the most promising
for PROX, with the highest selectivity toward CO oxidation,
while Rh catalyst shows the highest selectivity for H2 oxidation.

3.4. Stability of Bimetallic Cu/Rh(111). The structural
stability of the most promising Cu/Rh(111) is another crucial
factor for its practical application in PROX. To explore the
structural stability, the surface segregation of bimetallic Cu/
Rh(111) is studied. Initially, the energetic change induced by
Rh component outward diffusion from subsurface or bulk
region to surface layer via exchanging with surface Cu is
calculated. Figure S5 depicts a monotonic energy increase
when the surface Cu atoms exchange with the subsurface Rh
atoms, demonstrating a thermodynamically unfavorable
process of Rh enrichment on the surface layer. The position
exchanges of all nine Cu−Rh pairs in a (3 × 3)-supercell can
form a sandwich-like Rh/Cu/Rh(111) structure with a Cu
subsurface layer, resulting in an average energy increase of 0.28
eV per Cu−Rh pair exchange. This result is consistent with the
segregation energy of −0.38 eV for a Cu atom segregation
from the bulk to the surface in the RhCu system.77 Figure S6
illustrates a more energy requirement for inward diffusion of
surface Cu to the deeper bulk region. For instance, a surface
Cu atom inward diffusion to the fifth atomistic layer is
endothermic by 0.86 eV, which agrees with −0.99 eV for Cu
diffusion from the core to the outermost corner site in a 55-
atom Cu@Rh binary alloy nanoparticle.78 These results
evidently demonstrate that segregation of subsurface Rh
atoms onto the outermost Cu layer is thermodynamically
prohibitive.
On the other hand, the adsorbate-induced surface

segregation is also studied, and the PROX intermediates of
CO, O2, O, OH, and H are considered as the adsorbates. The
segregation energy (ΔEs) is defined as the energy difference
between adsorbates binding on Rh/Cu/Rh(111) and Cu/
Rh(111) systems per (1 × 1) supercell:

E
N

E E
1

( )s ads@Cu/Rh(111) ads@Rh/Cu/Rh(111)−Δ = −

Figure 4. (a) Potential energy diagrams of H2 oxidation on Rh(111),
Cu(111), and Cu/Rh(111) surfaces. (b) Comparison of activation
barriers of rate-determining steps in CO oxidation and H2 oxidation
on these surfaces.

Figure 5. Surface-phase diagrams for PROX intermediate adsorption on Cu/Rh(111) and segregated Rh/Cu/Rh(111). The partial pressures of
CO, O2, and H2 are assumed to be 10, 5, and 985 mbar, respectively. The adsorption free energies (ΔGads) of the O atom, H atom, and OH are
relative to 1/2O2 and 1/2H2 in the gas phase.
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Eads@Rh/Cu/Rh(111) and Eads@Cu/Rh(111) represent the total energies
of adsorbed Rh/Cu/Rh(111) and Cu/Rh(111) systems. N
equals 9, 4, 2, and 2 for the coverage of 1/9, 1/4, 1/2, and 1
ML, respectively. The positive segregation energy demon-
strates an impossibility of adsorbate-induced segregation, while
the negative value implies the existence of a thermodynamic
driving force for the surface segregation due to the different
affinity of adsorbates with Cu and Rh. First, the surface-phase
diagrams are constructed for these intermediate adsorptions on
Cu/Rh(111) and segregated Rh/Cu/Rh(111) with various
coverages at temperature ranging from 250 to 500 K (Figures 5
and S7). Figure 5 shows that the OH-covered Cu/Rh(111) is
the most thermodynamically stable; however, the formation of
OH is kinetically challenging, owing to the high barrier of the
O reaction with H, as discussed above. Considering the modest
barrier for O2 dissociation, and the second most stable nature
of atomic O on the surface-phase diagram, the Cu/Rh(111)
might be covered by 1/2 ML O. A similar stability trend of
these intermediates on the segregated Rh/Cu/Rh(111) is also
observed (Figure 5b), while their free energies are generally
higher than those on Cu/Rh(111) at relatively lower coverage
(less than 1/2 ML), implying that the adsorbate-induced
surface segregation process is challenging. This is supported by
the calculated positive segregation energies induced by the
specific intermediate adsorption at 1/9 and 1/4 ML (Figure
6). The negative segregation energies are only obtained for CO

and O adsorption at 1/2 ML, as well as CO, O, and H
adsorption at 1 ML. While Figure 5a shows that the maximum
coverages for CO, O, and H are 1/4, 1/2, and 1/2 ML,
respectively, suggesting that CO and H cannot induce a surface
segregation. We note that the segregation energy induced by
atomic O at its maximum coverage (1/2 ML) is only −0.05
eV. Considering the existence of kinetic barrier that has to be
overcome for atom inward and outward diffusion during
segregation, atomic O-induced surface segregation might
hardly happen under realistic conditions.
In addition, Cu-based catalysts generally suffer from particle

aggregation and dispersion decrease through Ostwald ripening
or particle migration coalescence. It has been reported that Cu
would lose one-third of its initial activity after 1000 h of
operation, and sintering is the main reason.70,71 For Cu/
Rh(111), the binding energy between surface Cu and
subsurface Rh is calculated to be −1.14 eV per Cu−Rh pair,
which is stronger than that of −0.80 eV for each Cu−Cu pair
in Cu(111). The stronger interaction between Cu and Rh can

decrease the mobility of surface Cu, limiting the Cu sintering
and oxidation. To further confirm this, Cu2O overlayer
formation and reduction on Cu/Rh(111) and Cu(111) are
studied. Using two coadsorbed oxygen atoms on a (2 × 2)
surface as the initial state (Figure S8), the Cu2O overlayer can
be formed through one adsorbed oxygen atom insertion into
the subsurface region with half of surface Cu atoms uplifted.
This process is exothermic by 0.61 and 0.20 eV on Cu(111)
and Cu/Rh(111), respectively, indicating a more facile surface
oxide formation on Cu and a relatively antioxidation capability
of Cu/Rh(111). On the other hand, Cu2O overlayer can be
reduced by H2 and CO under PROX condition. For instance,
the Cu2O partial reduction by H2 to Cu4O1 is exothermic by
0.20 and 1.60 eV for Cu2O/Cu(111) and Cu2O/Rh(111),
respectively, suggesting that the reduction of Cu2O/Rh is
much more favorable. It is worthy to note that the subsurface
O atom in Cu2O/Rh would move to the surface after the
partial reduction, which can be removed via CO oxidation.
While this O atom in Cu2O/Cu still prefers to be located in
the subsurface region. These results imply that the Cu/
Rh(111) structure can be dynamically maintained during
PROX.
The above results demonstrate that the Cu overlayer

supported on a second metal is an effective strategy for
designing an efficient PROX catalyst. To screen more
promising candidates, the studies are extended to other Cu/
TM (TM = Ni, Zn, Ru, Pd, Ir, Pt, Ag, Au) systems using the
simple but key characters to estimate their stability and activity,
such as the segregation energies of the subsurface TM atom
exchange with the surface Cu atom, and the adsorption
energies of CO and O2. Among these it is found that Cu/Ni,
Cu/Ru, and Cu/Ir exhibit positive segregation energies,
suggesting that these catalysts are potentially stable, while
the other catalysts considered are not stable due to their
negative segregation energies (Table 2). Moreover, CO

adsorption on Cu/Ni is stronger than O2 adsorption,
indicating that the dissociation of O2 would be hindered by
the poison of CO. Therefore, except for Cu/Rh, Cu/Ru and
Cu/Ir might also be promising candidates as active and stable
PROX catalysts.

4. CONCLUSIONS
Density functional theory calculations are employed to study
CO oxidation in excess H2 on Rh(111), Cu(111), and Cu/
Rh(111) surfaces. It is found that the stronger CO adsorption
than O2 on Rh(111) can lead to a CO poisoning for CO

Figure 6. Adsorbate-induced segregation energy (ΔEs) per (1 × 1)
supercell at different coverages on the Cu/Rh(111) surface.

Table 2. Calculated Segregation Energies (ΔEs) of the
Subsurface TM Atom Exchange with the Surface Cu Atom,
as Well as the Adsorption Energies of CO (Eads(CO)) and
O2 (Eads(O2)) on the Cu/TM Surface

Cu/TM
ΔEs (eV) per

(1 × 1) supercell
Eads(CO)
(eV)

Eads(O2)
(eV)

lattice
strain (%)

Cu/Ni(111) 0.22 −0.73 −0.66 −3.15
Cu/Zn(0001) −0.41 −0.65 −0.88 3.55
Cu/Ru(0001) 0.88 −1.01 −1.31 5.81
Cu/Pd(111) −0.22 −1.06 −1.34 8.46
Cu/Ir(111) 0.33 −1.06 −1.38 6.73
Cu/Pt(111) −0.33 −1.10 −1.45 9.33
Cu/Ag(111) −0.25 −1.04 −1.89 14.09
Cu/Au(111) −0.49 −1.17 −1.91 14.50

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

https://doi.org/10.1021/acs.jpcc.1c04645
J. Phys. Chem. C 2021, 125, 19697−19705

19702

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c04645/suppl_file/jp1c04645_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c04645/suppl_file/jp1c04645_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c04645?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c04645?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c04645?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c04645?fig=fig6&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c04645?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


oxidation on a Rh catalyst by hampering O2 dissociation, while
this poisoning effect can be significantly weakened on Cu and
Cu/Rh catalysts due to their comparable adsorption strengths
for CO and O2. CO oxidation on Cu and Cu/Rh prefers the
associative mechanism via an OCOO species as the transition
state toward CO2 formation, followed by the left atomic O
reaction with a second CO. CO reaction with O is identified to
be the rate-determining step for CO oxidation on these
surfaces, and Rh exhibits the highest barrier, while Cu and Cu/
Rh exhibit comparable modest barriers. For H2 oxidation, it is
found that the rate-determining step is a H reaction with O on
Rh and Cu, whereas it is an OH reaction with H on Cu/Rh.
More importantly, the activation barrier of the rate-
determining step for H2 oxidation on Cu/Rh is obviously
higher than that for CO oxidation. However, an opposite trend
is observed on Rh. These suggest that Cu/Rh exhibits a higher
selectivity for CO oxidation, facilitating to minimize H2
consumption during PROX. Furthermore, Cu/Rh shows a
good structural stability under typical PROX conditions. These
results demonstrate that Cu/Rh catalyst shows promising
catalytic performance for PROX.
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