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1. INTRODUCTION

The water�gas shift (WGS) reaction is an important chemical
process for maximizing hydrogen production and removing
residual CO in H2 fuel cell systems and thus attracting increasing
interest in heterogeneous catalysis.1�10 The reaction, CO +H2O
TCO2 + H2, is a little exothermic at room temperature, yielding
∼41 kJ/mol. Therefore, low reaction temperatures favor the
equilibrium forward, while high ones are required to accelerate
the reaction rate. To reconcile the contradiction, a two-stepWGS
reactor is employed in large-scale industrial plants: high-tem-
perature shift (Fe2O3/Cr2O4) and low-temperature shift (Cu/
ZnO/Al2O3).

11 However, such a process is complicated with
multiple activation steps and thus not a ready solution for small-
scale applications, such as hydrogen-fuel-cell-driven autos.12 For
the low-temperature copper-based WGS catalysts, the opening
step, H abstraction from H2O, is found to be the rate-limiting
step for the entire WGS process.3 Consequently, it is of crucial
importance to develop new WGS catalysts with high activity
toward H2O dissociation at low temperatures.

The catalytic performances of bimetallic alloys are often
superior to those of pure metals13,14 and thus provide a new
field for catalyst design. Their higher flexibility in chemical
composition and interatomic arrangement compared to pure
metals can open new reaction pathway and hence improve both
the reactivity and selectivity of catalysts. A report4 from Knudsen
and co-workers has shown that the Cu/Pt near-surface alloy is a
promising candidate for improving low-temperature WGS re-
activity. However, the reaction barrier of H2O splitting on the
alloy is still as high as that on Cu.4

Recently, Schumacher and co-workers15 employed a micro-
kinetic model based on a redox mechanism to study the trend of

low-temperature WGS reactivity on a series of transition metals
(TMs) and suggested that the catalytic reactivity of Cu and Ni
may be superior to other TMs. Meanwhile, through Reaction
Route Graph Analysis, Callaghan et al.16 also concluded that Cu
and Ni are the most promising metal components for the WGS
with respect to other TMs. Furthermore, Ni is more reactive
toward H2O than Cu in the WGS process.2 Intuitionally,
introducing the Ni component to the Cu-based catalysts may
lower the barrier of H2O splitting and ultimately accelerate the
WGS process at low temperatures.

Several experimental studies have been carried out to compare
the catalytic activity and selectivity of Cu�Ni bimetallic systems
with those of monometallic Cu or Ni catalysts.17�22 Adding Cu
into Ni catalysts in the ethanol steam reforming reaction not only
reduces CO generation but also improves the resistance to coke
formation.18 The additive of Cu into Ni/SiO2 can improve the
selectivity of the vinyl chloride monomer effectively.19 Huang
et al.21 studied the weighting variation of WGS in steam reform-
ing of methane as a function of Ni�Cu ratios and concluded that
the addition of Cu into a Ni catalyst could enhance the WGS
activity. More recently, Lin and co-workers22 systematically
investigated the WGS over a series of Ni, Cu, and Cu�Ni
bimetallic catalysts with different Cu/Ni ratios. They found that
increasing Ni loading in Cu could enhance the WGS reactivity
but meanwhile decrease the selectivity; namely, the undesirable
methane yield increased.
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ABSTRACT: Density functional theory (DFT) calculations are employed
to study H2O and CO dissociations on a set of CuNi bimetallic surfaces
aiming at exploring the optimal Ni ensemble on Cu(111) for an efficient
water�gas shift (WGS) process, i.e., splitting H2O with high reactivity and
avoiding CO activation. We found that Ni additives in the Cu(111) surface
layer including a Ni monomer can remarkably enhance water splitting.
Meanwhile, H2O dissociation barriers (Eact) are strongly correlated with the
H adsorption energies (Ead): the larger Ead, the smaller Eact. Moreover, H2O
dissociationmay bemore practical via the dissociatedH* rather thanOH closing toNi atoms. For the scission of the C�Obond, the
process is unfavorable onNi monomers, though it is obviously promoted onNi dimers, trimers, and other ensembles with higher Ni
content. It is deduced that the selectivity of the Cu�Ni bimetallic catalysts toward WGS would decrease with increasing Ni
concentration. These findings suggest that the bimetallic CuNi catalysts with highly dispersed Ni ensembles containing lower Ni
concentration should exhibit high performance for the WGS process.
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Unfortunately, on a microscopic level, the effect of the Cu�Ni
alloy on the activity and selectivity of WGS is still not well
determined, which might raise some corresponding questions
such as: (1) How does Ni addition enhance the WGS activity?
(2) What is the optimal CuNi ensemble for WGS? Hence, we
herein carry out a comprehensive density functional theory
(DFT) study to systematically investigate the effects of different
Ni ensembles (monomer, dimer, trimer, and pseudomonolayer)
incorporation into a Cu(111) catalyst on the rate-limiting step of
WGS3 to assess the activity of CuNi toward WGS. This is based
on the assumption that a small amount of Ni in Cu catalysts
would not alter the entire WGS process. Meanwhile, since CO
activation on the catalysts is essential to the formation of CH4

and other hydrocarbons23�26 (so-called synthesis gas con-
version), CO activation on several selected Cu�Ni bimetallic
surfaces is thus comparatively studied to explore the optimal
ensemble with high reactivity toward water splitting and low
reactivity towardCO activation.We show thatNi ensembles with
lower Ni concentration in Cu�Ni catalysts may maintain the
C�O scission barrier and thus avoid the undesired methanation
side reaction.

2. COMPUTATIONAL DETAILS

This work is conducted by the Vienna Ab Initio Simulation
Package (VASP)27�30 with the frozen-core projector-augmen-
ted-wave (PAW) method.31,32 The spin-polarized Perdew�
Wang (PW91) generalized gradient approximation (GGA)33,34

functional was employed for the exchange-correlation energy.
A cutoff energy of 500 eV was employed for the plane-wave
expansion. A p(3 � 3) lateral super cell is used with a 5 � 5 �
1γ-centered k-point mesh throughout the study. The surfaces
are modeled with a five-layer slab with a vacuum thickness of
15 Å. The CuNi bimetallic systems are designed with Cu
atoms in the first or second layer substituted by Ni atoms, as
shown in Figure 1. The adsorbed species are put on one side
of the slab. The positions of all atoms except those in the two
bottommost layers are fully relaxed until the residual forces of
each relaxed ion are less than 0.03 eV/Å. The lattice constants
of Cu and Ni bulk are fully optimized to 3.64 and 3.52 Å,
respectively, in good agreement with the experimental values
of 3.61 and 3.52 Å.35 The adsorption energies (or binding
energies) of X (X = H2O, OH, H, CO, C, and O) on metal
surfaces are defined as

Ead ¼ � ðEX=Mð111Þ
tot � EMð111Þ

tot � EXtotÞ
where Etot

X/M(111), Etot
M(111), and Etot

X are the total energies of X (X =
H2O, OH, H, CO, C, and O) adsorbed mono- and bimetallic
surfaces, clean metal surfaces, and X in gas phases, respectively.

Energy barriers and minimum energy paths (MEPs) of H2O
and CO dissociation have been computed using the climbing-
image nudged elastic band (CI-NEB).36 After standard transition
state (TS) searching, the TS is further optimized by the quasi-
Newton method until the residual forces are less than 0.03 eV/Å.

3. RESULTS AND DISCUSSIONS

3.1. H2O Dissociation on Mono- and Bimetallic Surfaces.
In this section, H2O dissociation on the mono- and bimetallic
surface is comparatively studied to investigate the effect of Ni
additives. The surfaces are divided into five groups (groups 2�5
are shown in Figure 1). Group 1: monometallic Cu(111) and

Ni(111); group 2: CuNi bimetallic surfaces with Ni monomer,
CuNi-a and CuNi-b; group 3: CuNi bimetallic surfaces with Ni
dimer, CuNi-c; group 4: CuNi bimetallic surfaces with Ni trimer,
CuNi-d (trimer-α) and CuNi-e (trimer-β); group 5: CuNi
bimetallic surfaces with a Ni pseudomonolayer, CuNi-f and
CuNi-g. It has been experimentally shown22,37 that Ni atoms
prefer to interact with Cu to form Cu�Ni alloys rather than the
oxide support at low Ni concentration. Namely, the oxide
support may be almost unchanged at low Ni loading. Thus,
the possible role of oxide supports was not taken into account in
the present work, but it may be important for some catalysts.9,10

The calculated surface free energy of Ni(111) is 0.64 eV/atom,
larger than the value of Cu(111), 0.45 eV/atom, indicating that
Ni impurities are prone to staying in the bulk in CuNi alloys
under ultrahigh vacuum (UHV). At appropriate high tempera-
ture, Ni atoms can diffuse outward. In addition, some adsorbates
(e.g., CO and O) can also induce Ni diffusion out of surface. The
energy difference between a Ni atom incorporated in the surface
and a subsurface layer (ΔE = Esurf� Esub) without any adsorbates
is 0.21 eV, while it changes to �0.66 eV if the surface is covered
by 0.11 ML CO [i.e., one CO in a (3� 3) supercell]. Therefore,
the presence of Ni atoms in the surface layer can be expected
under the operating condition in WGS reaction.
3.1.1. H2O Dissociation on Monometallic Cu(111) and Ni-

(111). First, the adsorption of the reactant and products for H2O
dissociation on the two pure surfaces is investigated as a test
calculation. The most stable configurations for H2O adsorptions
on the two surfaces both correspond to H2O at the top sites with
the molecular plane almost parallel to the surfaces, shown in
Figure 2(h) and (i). The binding energies are 0.20 and 0.31 eV,
respectively. The H�O�H angles are 105.5� and 106.0�,
respectively, and the O�H bond lengths are both 0.98 Å, which
are similar to the values ofH2O in the gas phase, 103.8� and 0.97 Å,
indicative of the weak interactions. Accordingly, these config-
urations are subsequently chosen as the initial states (ISs) for the

Figure 1. Unit cell of CuNi(111) surfaces with different Ni ensembles.
In (a)�(e), Ni atoms substitute for Cu atoms in the surface layer. The
adsorption sites onNi ensembles aremarked with letters and numbers: t,
b, f, and h represent the atop, bridge, fcc, and hcp sites, respectively; 1, 2,
and 3 indicate sites coordinated with one, two, and three Ni atoms,
respectively. In CuNi-f and CuNi-g, the first and second Cu layers are
replaced by a Ni pseudomonolayer, respectively. The bimetallic CuNi-
(111) surfaces are divided into four groups and arranged in four columns
to guide the eye.
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dissociation step. H atomic adsorption at the two 3-fold hollow
sites (fcc and hcp) is more favorable with almost degenerated
binding energies (Ead) (cf. Table 1): 2.48/2.49 eV and 2.83/
2.82 eV at fcc/hcp on Cu(111) and Ni(111), respectively. OH
adsorption at the fcc is more favorable with O�H perpendicular
to the surfaces. The values of Ead are 3.24 and 3.42 eV, respec-
tively. The coadsorption of the two products is calculated with
H and OH at two adjacent fcc sites. The binding energy on
Cu(111) is smaller than that on Ni(111), 5.66 vs 6.18 eV. A very
weak repulsion can be extracted between the two coadsorbates,
0.06 and 0.03 eV, respectively. This is because H and OH bond
directly to the same metal atom [seen in Figure 2(h) and (i)],
giving rise to a repulsion due to the bonding competition. The
coadsorption configurations are chosen as the final states (FSs).

These results are in good agreement with previous studies,2,3,38�40

confirming that the accuracy of the present work is sufficiently
adequate.
Upon the basis of the above results, the reaction for H2O

dissociation on Cu(111) and Ni(111) is calculated by CI-NEB.36

The activation barriers (Eact = ETS � EIS) and the reaction
energies (ΔE = EFS � EIS) relative to ISs as well as the
geometrical parameters of the transition states (TSs) are listed
in Table 2. The reaction is slightly thermodynamically unfavor-
able on Cu with aΔE of 0.11 eV and favorable onNi(111) (ΔE =
�0.29 eV). The calculated barrier is 1.31 eV on Cu, higher than
that on Ni, 0.90 eV. As shown in Figure 2(h), the TS on Cu is

Figure 2. Geometrical structures of IS, TS, and FS of the H2O* + * f H* + OH* reaction on bimetallic CuNi and pure Cu(111) and Ni(111).

Table 1. Adsorption Energies, Ead (eV), of H2O, H, along
with OH, and Co-Adsorption Energies of H and OH on
Mono- and Bimetallic Surfacesa

surfaces Ead (H2O) Ead (H) Ead (OH) Ead (H + OH)

Cu(111) 0.20(t) 2.48(f)/2.49(h) 3.24(f) 5.66(f+f)

CuNi-a 0.32(t1) 2.68(f1)/2.70(h1) 3.29(f1) 5.90(f1+f1)

CuNi-b 0.30(t1) 2.68(f1)/2.69(h1) 3.23(f1) 5.84(f1+f1)

CuNi-c 0.31(t1) 2.82(f2)/2.83(h2) 3.45(f2) 6.13(f2+f1)

CuNi-d 0.32(t1) 2.96(f3) 3.63(f3) 6.27(f3+f1)

CuNi-e 0.31(t1) 2.82(f2)/2.83(h2) 3.43(f2) 6.25(f2+f2)

CuNi-f 0.30(t) 2.98(f)/2.96(h) 3.54(f) 6.50(f+f)

CuNi-g 0.24(t) 2.49(f)/2.48(h) 3.22(f) 5.71(f+f)

Ni(111) 0.31(t) 2.83(f)/2.82(h) 3.42(f) 6.18(f+f)
aThe adsorption sites in bold font are defined in Figure 1.

Table 2. Activation Barrier Energies (Eact = ETS � EIS),
Reaction Energies (ΔE = EFS � EIS), and Geometrical Para-
meters of Transition States for H2O Dissociation on Mono-
and Bimetallic Surfacesa

surfaces Eact (eV) ΔE (eV) dH*�O (Å) dH�O (Å)

Cu(111) 1.31 0.11 1.48 0.98

CuNi-a 1.01 0.00 1.58 0.98

CuNi-b 1.01 0.09 1.56 0.98

CuNi-c 0.83 �0.24 1.53 0.98

CuNi-d 0.79 �0.38 1.54 0.98

CuNi-e 0.83 �0.37 1.53 0.98

CuNi-f 0.77 �0.65 1.51 0.98

CuNi-g 1.24 0.10 1.61 0.98

Ni(111) 0.90 �0.29 1.54 0.98
a dH*�O, bond length between dissociated H* and O; dH�O, bond length
between H and O in OH.



748 dx.doi.org/10.1021/jp208119x |J. Phys. Chem. C 2012, 116, 745–752

The Journal of Physical Chemistry C ARTICLE

located with the dissociated H atom (hereafter denoted as H*) at
a bridge-like site and OH near fcc. The distance between the H*
andO atom is 1.48 Å. The TS onNi is somewhat different: OH is
at an off-top site, while H* is almost at an fcc site. The H*�O
distance is 1.54 Å. Our results are well consistent with earlier
reports,2�4,40�42 while the Eact values slightly differ probably due
to different cell size and pseudopotential choices.
3.1.2. H2O Dissociation on Bimetallic CuNi(111). To investi-

gate the effects of Ni incorporation into a Cu catalyst, water
splitting on a set of CuNi bimetallic surfaces is studied, as shown
in Figure 1. First, we systematically calculate the initial states, i.e.,
water adsorption on the bimetallic surfaces. On CuNi(111) with
Ni atoms in the first layer, from CuNi-a to CuNi-f, H2O adsorbs
at the top of the Ni atom still with its plane almost parallel to the
surfaces, seen in the first column of Figure 2. The bonding
energies are all around 0.30 eV, and the O�Ni and O�H bond
lengths are all 2.15 and 0.98 Å on each surface. The H�O�H
angles range from 105� to 106�. These results are similar to those
found on the pure Ni(111) surface. On CuNi-g, where Ni atoms
are in the second layer, the results are close to those on Cu(111).
In the following subsections, H and OH isolated adsorption and
coadsorption, the reaction pathways, reaction energies, and
barriers are calculated on the bimetallic CuNi surfaces. The
promotional effects mentioned below are all referred to the
results on pure Cu(111) unless otherwise stated.
3.1.2.1. On the Ni Monomer: CuNi-a and CuNi-b.The effects

of a Ni monomer are investigated comparatively in two models:
one with an isolated Ni monomer and the other with three
nonadjacent Ni monomers in the p(3 � 3) cell [cf. Figure 1 (a)
and (b)]. First, H andOH adsorption are calculated, and only the
results of the respective most stable configuration are listed in
Table 1. The adsorption energies of H at f1 and h1, where the Ni
monomer is bonded, are almost the same on both surfaces and
increased by ∼0.20 eV in the presence of Ni. OH prefers to
adsorb at f1 on CuNi-a and CuNi-b with Ead almost unchanged.
When H and OH coadsorb at two adjacent f1 sites, shown in the
third column in Figure 2 (a) and (b), the Ead are 5.90 and 5.84 eV,
respectively, a little smaller than the summation of individual Ead
of H and OH. This suggests there is only a weak bonding
competition, similar to the cases on Cu andNi(111). Meanwhile,
the values are also increased by about 0.20 eV since H adsorption
is stabilized on the Ni monomer. The configurations are thus
identified as the FSs for H2O dissociation onCuNi-a andCuNi-b.
The structures of the TS on both surfaces correspond to OH
almost remaining at the atop site and the dissociated H* moving
toward the f1 site. The distances between H* and O are 1.58 and
1.56 Å, respectively. The reaction on the Ni monomer is
practically thermo-neutral (0 eV on CuNi-a and 0.09 eV on
CuNi-b) with an activation energy of 1.01 eV on both surfaces.
3.1.2.2. On the Ni Dimer: CuNi-c. As shown in Table 1, H

prefers the two hollow sites with two Ni atoms involved and gets
close to the twoNi atoms. The adsorption energies are 2.82 eV at
f2 and 2.83 eV at h2. Themost energetically favorable site for OH
adsorption is f2 with a value of 3.45 eV. Subsequently, two
coadsorption configurations are considered: one with H at f2 and
OH at the adjacent f1 [Figure 2(c)] and the other with OH at f2
and H at f1 reversely (not shown). The former is more stable
with Ead of 6.13 eV and therefore chosen as the FS for the H2O
splitting. As shown in Figure 2(c), the departing H* is approach-
ing a near-bridge site which is coordinated with two Ni atoms,
and the OH is a little bit away from the Ni-top site in the TS. The
H*�O distance changes from 0.98 Å in IS to 1.53 Å in TS. The

reaction is exothermic by 0.24 eV, and the dissociative barrier is
calculated to be 0.83 eV.
3.1.2.3. On the Ni Trimer: CuNi-d and CuNi-e. Two config-

urations are taken into account to explore the ensemble effects
on H2O dissociation on the Ni trimer, CuNi-d (trimer-α) and
CuNi-e (trimer-β), shown in Figure 1 (d) and (e). The most
energetically preferred site for either H or OH adsorption on
CuNi-d is the 3-fold f3. The adsorption energies are 2.96 and
3.63 eV, respectively, which aremuch higher than those on theNi
monomer and dimer. Two reaction pathways are considered on
trimer-α: H2O(t)fH(f3) +OH(f1) [Figure 2(d)] and H2O(t)
fH(f1) + OH(f3) [Figure 2(d*)]. The two pathways have very
similar reaction energies (�0.35 and �0.38 eV), but the former
exhibits a smaller barrier than the latter (0.79 vs 1.01 eV). Thus,
only the TS geometrical parameters of the former are listed in
Table 2. In the corresponding TS structure, the dissociative H*
atom is close to the f3 with the OH slightly off its initial position.
The H*�O bond length is 1.54 Å. The lower barrier in the first
pathway may be because the dissociated H* atom overcomes the
barrier via the near-f3 site (Ni-rich, more stable), instead of OH
approaching f3. This can also be deduced from the results that
the Ni-induced increment of H Ead is more obvious than that of
OH. As on trimer-β, the energies for H and OH individual
adsorption are similar to that on the Ni dimer, while the
coadsorption energy is a little higher (6.25 eV) with H and
OH at two contiguous f2 sites [Figure 2(e)], which is selected as
the FS forH2Odissociation on trimer-β. As shown in Figure 2(e),
the H* is getting close to f2, while OH is slightly off its original
site with aH*�Obond length of 1.53 Å. The dissociation process
is energetically favorable, �0.37 eV, and its energy barrier is
found to be 0.83 eV.
3.1.2.4. On the Ni Pseudomonolayer: CuNi-f and CuNi-g.

The alloy catalysts with a Ni monolayer in the first and second
layers, seen in Figure 1(f) and (g), are contrastively studied to
investigate how the subsurface Ni atoms affect H2O dissociation.
On CuNi-f, it can be seen from Table 1 that energies of H and
OH adsorption at fcc are 2.98 and 3.54 eV, respectively, while the
coadsorption energy with H and OH at two contiguous fcc sites
(selected as FS) is 6.50 eV. The TS is similar to that on pure
Ni(111) [Figure 2(f)] with the H*�O distance of 1.51 Å. The
reaction is exothermic by 0.65 eV with a barrier of 0.77 eV. On
CuNi-g, Ead of H and OH are calculated to be 2.49 and 3.22 eV,
respectively, and Ead of H and OH coadsorption is 5.71 eV. The
TS structure is related to the dissociated H* at a bridge site and
OH off the top site (dH*�O = 1.61 Å), similar to that on Cu(111).
The calculated reaction energy for H2O* + * f H* + OH* on
CuNi-g is 0.10 eV, a little bit endothermic, and the reaction
barrier is 1.24 eV.
3.1.2.5. Comparison of H2O Reactivity on Mono- And

Bimetallic Surfaces. From Table 2, it can be seen that the
dissociation barriers of H2O on the bimetallic surfaces follow the
trend of CuNi-g > CuNi-a = CuNi-b > CuNi-c = CuNi-e > CuNi-
d≈CuNi-f. Additionally, the trend correlates well to the number
of involved Ni atoms on which the reaction occurs. On CuNi-g,
where Ni atoms are in the second layer and there are no direct Ni
atoms participating in the reaction, the barrier is found compar-
able with that on pure Cu(111), indicating that the subsurface Ni
has little effect on the reaction. On the Ni monomer (CuNi-a and
CuNi-b), where the reaction processes over one Ni atom, the
same barrier (1.01 eV) is obtained, which is 0.30 eV lower,
suggesting that the incorporation of a Ni monomer into the
Cu(111) surface layer enhances the catalytic activity toward
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water splitting and that the nonadjacent Ni atoms hardly affect
the reaction. On the Ni dimer, CuNi-c, the reaction barrier is
much smaller than that on the Ni monomer. Surprisingly, the
H2O dissociation barrier over Ni trimer-β is found to be the same
as that on the Ni dimer though the FS is more stable, 6.25 versus
6.13 eV. In fact, the TS structures on the two ensembles are
almost the same: H* bonding to two Ni atoms and OH slightly
off its initial site [cf. Figure 2(c) and (e)]. OnCuNi-d andCuNi-f,
the barriers are further reduced with H* bonding to three Ni
atoms in the TSs. It has been mentioned above that the barrier is
calculated as high as that on the Ni monomer (1.01 eV) if the
dissociation on CuNi-d proceeds via H2O(t) f H(f1) + OH-
(f3), where the departing H* atom is close to one Ni in the TS
[Figure 2(d*)]. Additionally, all the TSs are late transition states
with very large H*�Odistance. The configurations of OH in TSs
(cf. Figure 2) are very close to each other: off-top adsorption.
Moreover, it is found that Ni-induced increments of H adsorp-
tion on CuNi surfaces are more remarkable than those of H2O
and OH. These results together imply that the reaction barriers
should be strongly dependent on the energetics of H adsorption.
As a result, the dissociation barriers as a function of H adsorption
energies are depicted in Figure 3, and a good linear correlation
with R2 = 0.93 is obtained. This verifies that the energy barriers
are well correlated with H adsorption energies: the larger the
adsorption energy the smaller the dissociation barrier. As for the
reaction pathway, it is deduced that H2O dissociation is more
practical via the dissociated H* rather than OH approaching Ni
atoms. Moreover, we also analyzed the Eact for H2O splitting as a
function of the coadsorption energies of H + OH (not shown).
However, the correlation is not as good as that between Eact and
Ead of a single H atom. This may be ascribed to the fact that OH
adsorption is not as sensitive as H to the structure of Ni
ensembles, as shown in Table 1.
To rationalize the effects of bimetallic surfaces, the weighted d-

band centers of the three metal atoms ready to bond with the H
atom at the series of fcc sites (cf. Table 1 and Figure 1) are
calculated by using the Pallassana model.43 The correlation
between the weighted d-band centers and H adsorption ener-
gies along with the activation barriers of H2O dissociation are
shown in Figure 4. It is obvious that the weighted d-band center

gradually gets close to the Fermi level (EF) as the number of Ni
atoms increases in the top layer from CuNi-a to CuNi-f and
therefore results in higher H adsorption energies and lower
reaction barriers on these surfaces. Conclusively, increasing Ni
content in the surface layer can enhance the reactivity to H2O
splitting, accelerate the conversion of CO, and ultimately pro-
mote the WGS process.22

3.2. CO Dissociation onMono- and Bimetallic Surfaces.Ni
is an effective catalyst for the methanation reaction,44 and
therefore the undesired CH4 yield would increase as the additive
of Ni content increases.22 On the basis of the H2O dissociation
trend above, CO dissociations on three representative surfaces,
CuNi-a (monomer), CuNi-b (dimer), and CuNi-d (trimer-α),
are studied in this section to check the activity of CuNi surfaces
toward CO activation, which is required during the CH4 forma-
tion. Meanwhile, CO dissociation on pure Cu(111) and Ni(111)
is also calculated as a reference.
3.2.1. CO Dissociation on Monometallic Cu(111) and Ni-

(111).We first calculate the adsorption of the reactant (CO) and
products (C and O) and the CO dissociation on two referred
surfaces. The calculated adsorption energies are listed in Table 3,
while the results of the dissociation are shown in Figure 5. On
Cu(111), CO, C, and O all prefer the fcc site with the binding
energies of 0.76, 4.88, and 5.03 eV, respectively. For C and O
coadsorption at two adjacent fcc (initial setting), a large surface
distortion is obtained after structural optimization: C bonding
with four Cu atoms, as shown in Figure 5(c). The adsorption
energy is 9.88 eV, only 0.03 eV smaller than the summation of C
and O separate adsorption (9.91 eV), indicating that the distor-
tion can effectively reduce the bonding competition between C
and O. The calculated reaction pathway is thus from CO at fcc to
the distorted coadsorption configuration. The process is endo-
thermicwithΔEof2.93eV, anda very largebarrier is obtained, 3.84eV,

Figure 3. Relationship between H adsorption energies, Ead, and the
activation barriers for H2O* + * f H* + OH* reaction, Eact, on mono-
and bimetallic surfaces.

Figure 4. Correlations between Ead (upper panel) as well as Eact
(lower panel) and the weighed d-band center of the three metal atoms
ready to bond with the H atom at a series of fcc sites (cf. Table 1 and
Figure 1).
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suggesting that the C�O bond breaking on Cu is prohibited.45

In the TS, the C atom almost sits at a bridge site, while O is close
to an hcp (see Figure 5(d)). The C�O bond length is 2.00 Å,
greatly elongated versus that in IS, 1.15 Å. On Ni(111), CO
and C prefer hcp, while O prefers fcc with Ead of 1.91, 6.91, and
5.74 eV, respectively. The coadsorption with C at hcp and O at
fcc over a Ni atom [shown in Figure 5(e)] is weakly repulsive,
12.47 eV for coadsorption vs 12.65 eV for isolated adsorption.
Subsequently, CO dissociation with C staying at hcp while O
approaches fcc is calculated [Figure 5(d)] with a Eact of 2.92 eV.
The TS corresponds to a C atom almost at an hcp and O at a
bridge site. The C�O bond is stretched remarkably in com-
parison with that in the IS (1.48 vs 1.19 Å). Meanwhile, the
transition states on both surfaces are late TSs and product-like.
The adsorption energies along with the activation barriers for
CO dissociation are in reasonable agreement with previous
reports.25,46�49

3.2.2. CO Dissociation on Bimetallic CuNi-a, CuNi-b, and
CuNi-d. Before studying the effects of Ni ensembles on CO
dissociation, CO as well as C and O adsorption was discussed,
with the results listed in Table 3. Apparently, CO energetically
prefers to bond with Ni atoms on the bimetallic surfaces: atop of
the Ni atom (t1) on a Ni monomer; bridge site involved two Ni
atoms (b2) on a Ni dimer; and hollow site contained three Ni
(f3) on Ni trimer-α. These configurations are thus selected as ISs
in the dissociation process. The adsorption energies are 1.66,
1.89, and 2.14 eV, respectively. The binding energy of CO on
trimer-α is even larger than that on pure Ni(111). The interac-
tions between CO and TMs are based on the donation from CO-
5σ states to TM-d states and back-donation from TM-d to the
CO-2π* and can be well described by the d-band center
model.50,51 As highly active Ni components incorporated into
the Cu surface, the metal d-band gets close to EF, and thus larger
adsorption energies are obtained. Similarly, for isolated adsorp-
tion of C and O, the two adsorbates both tend to bond to Ni,
especially the carbon atom. In addition, both C and O are not at
the right center of the hollow site but closer to the Ni atoms in
corresponding isolated adsorption configurations. The adsorp-
tion energies of the C atom are 5.75 eV (f1)/5.72 eV (h1) on the
Ni monomer, 6.57 eV (f2)/6.57 eV (h2) on the Ni dimer, and
7.25 eV (f3) on Ni trimer-α. The O atom still favors fcc sites on
each surface, 5.35 eV on CuNi-a, 5.68 eV on CuNi-c, and 6.09 eV
on CuNi-d. The Ni addition induced enhancements of Ead of C
are more remarkable than those of O, suggesting C atomic
adsorption is more sensitive to the structures of Ni ensembles. As
a result, in the coadsorption of C and O (chosen as FSs on each
surface), the more Ni atoms C bonds to, the larger the coadsorp-
tion energy is, as shown in Figure 5(a)�(c). On CuNi-a, the
configuration is that C sits at an hcp and O at an fcc over the Ni

atom. On the Ni dimer and trimer-α, C is located at f2 on CuNi-c
and f3 on CuNi-d, while O is at the adjacent f1 site. The
coadsorption on the three bimetallic surfaces is weakly inter-
acted, 10.74, 11.40, and 12.21 eV for coadsorption versus 11.07,
11.83, and 12.60 eV for C and O individual adsorption,
correspondingly.
Subsequently, CO dissociation on the three selected bimetallic

surfaces is calculated. The energy barriers, reaction energies, and
geometries of transitions states are presented in Figure 5(a)�(c).
It is obvious that CO dissociation barriers strongly depend on the
geometrical distribution of Ni ensembles. Namely, the highest
one (3.87 eV) is obtained on the Ni monomer, followed by that
on the Ni dimer, 3.20 eV, and the lowest is observed on Ni
trimer-α, 3.01 eV. In the TSs, C atoms are almost located at a
near bridge site, while theO atom almost sits at an hcp onCuNi-a,
fcc on CuNi-c, and bridge on CuNi-d. The C�O bond lengths
in corresponding TSs are 2.00, 1.95, and 1.91 Å, respectively,
which are all apparently elongated relative to those in the ISs. The
dissociation on the three surfaces is still endothermic with
respect to CO molecular adsorption, and the reaction energies
gradually decrease fromNi monomer to trimer-α, 2.96, 2.53, and
1.97 eV, respectively.
It is shown that the activation barrier as well as the reaction

barrier on CuNi-a are as high as that on pure Cu(111), implying
that CO activation on the Ni monomer is still unfavorable both
thermodynamically and kinetically. In fact, coadsorption of C
and O on the Ni monomer is stabilized. However, the stabiliza-
tion is offset by the enhancement of COmolecular adsorption on
the Ni monomer, and therefore, a comparable barrier is obtained.
On the contrary, the C�O bond scission barriers are remarkably
reduced on the Ni dimer and trimer-α and very close to the value
on pure Ni(111). This indicates that the Ni dimer and trimer can
dramatically enhance the activity toward CO activation. The
promotion effects of the Ni dimer and trimer are attributed to the
electronic and ensemble effects. For instance, the calculated d-
band center of the Cu atom adjacent to the Ni dimer (CuNi-c)
shifts upward to�2.43 eV from�2.56 eV on pure Cu(111) with
respect to the Fermi levels. It is demonstrated in Figure 3 that the
d-band center shifts up according to the content of Ni atoms
increasing from dimer, trimer-α, to a whole Ni layer on the
surface (CuNi-f). C atomic adsorption is enhanced more re-
markably than that of CO, and thus the reaction energies are
apparently lowered on dimer and trimer-α decoratedCu(111). Con-
sequently, smaller barriers for C�O bond breaking are observed.

Figure 5. Geometrical structures of IS, TS, and FS of the CO* + *fC*
+ O* reaction on Ni ensemble incorporation into Cu, Ni monomer (a),
dimer (b), and trimer-α (c), as well as pure Cu(111) (d) and Ni(111)
(e), marked with the activation barriers, Eact (eV), reaction energies,
ΔE(eV), and the C�O bond lengths, dC�O(Å), in respective TSs
correspondingly.

Table 3. Adsorption Energies, Ead (eV), of CO, C, and O and
the Coadsorption Energies of C and O on Mono- And
Bimetallic Surfacesa

system Ead (CO) Ead (C) Ead (O) Ead (C+O)

Cu(111) 0.76(f) 4.88(f)/4.82(h) 5.03(f)/4.94(h) 9.88(f+f)

CuNi-a 1.66(t1) 5.75(f1)/5.72(h1) 5.35(f1)/5.26(h1) 10.74(h1+f1)

CuNi-c 1.89(b2) 6.57(f2)/6.57(h2) 5.68(f2)/5.57(h2) 11.40(f2+f1)

CuNi-d 2.14(f3) 7.25(f3) 6.09(f3) 12.21(f3+f1)

Ni(111) 1.91(h) 6.86(f)/6.91(h) 5.74(f)/5.62(h) 12.47(h+f)
aThe adsorption sites in bold font are defined in Figure 1.
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Moreover, it can be extrapolated that the values will be further
decreased on ensemble with higher Ni content, such as CuNi-f.
These findings agree well with the observation that the undesired
methane yield increases as Ni content increases in CuNi
catalysts.22

It has been shown52 that for all the essential bond breaking
reactions (e.g., C�O bond breaking) on metal surfaces the
relation between reaction barriers and the reaction energies are
almost linear. Meanwhile, it was found that CO dissociation
barriers also correlate linearly with the coadsorption energies of
C and O at the final states.53 These are so-called Brønsted�
Evans�Polanyi (BEP) relations: the lower the C+O coadsorp-
tion energy at the final state, the lower the CO dissociation
barrier. From Tables 1 and 2, we found that the binding energies
of C+O aremuch larger than those of H+OH, and the adsorption
energy increments of C+O with increasing Ni concentration are
also much more remarkable. This suggests that the effects of Ni-
induced enhancement of C+O coadsorption as well as CO
dissociation are much more evident. For example, the barrier
of CO dissociation on the Ni trimer is almost 1 eV relative to that
on Cu(111), and the value is nearly twice of that for H2O
dissociation. Of note, on CuNi-a, the stabilization of C+O
coadsorption may be just offset by the enhancement of CO
molecular adsorption, and therefore, a barrier for CO dissocia-
tion similar to that on Cu(111) is obtained.
In addition, it has been demonstrated by the d-band model

that the step or kink sites with lower coordination would bind
with atoms, such as C and O, much more tightly than the (111)
surface.51 The coadsorption of C+O should certainly be en-
hanced at steps and kinks and would be further enhanced by Ni
additives at steps or kinks. It can be expected that the further
enhancement of C+O coadsorption energy would become more
remarkable with increasing Ni loading. According to the BEP
relations, smaller barriers of CO dissociation would be obtained
as Ni concentration increases at steps and kinks. Ultimately, the
dissociation of CO as well as the undesired methanation seem to
be facilitated, but the process remains endothermic and with a
large activation barrier. Further calculations on steps and kinks
are required to confirm these expectations.
Through the investigation of H2O and CO dissociations on

the bimetallic surfaces, one can clearly see that Ni additives can
promote the rate-limiting step, H2O dissociation. This may be
responsible for the Ni-enhanced WGS activity. Nonetheless, the
promotional effects on CO dissociations also become more
remarkable with increasing Ni loading. It can be deduced that
the selectivity of the Cu�Ni bimetallic catalysts would decrease
as Ni concentration increases, consistent with the experimental
results.22 Finally, in real WGS catalyst designs, the oxide support
is important and still necessary.54 On the basis of the periodic
slab model, our results have shown that the introduction of a
moderate amount of Ni into Cu can enhance water dissociation
(the rate-limiting step), therefore contributing to the whole
WGS process. The results may be extrapolated to the supported
Cu nanoparticles, suggesting that the reactivity toward WGS of
the oxide-supported bimetallic CuNi nanoparticles with highly
dispersed Ni ensembles containing lower Ni concentration may
be superior to the monometallic Cu ones.

4. CONCLUSIONS

H2O and CO dissociation are studied on a series of CuNi
bimetallic surfaces by density functional theory to explore the

optimal ensemble with high reactivity toward the rate-limiting
step in WGS but low reactivity toward CO activation. It is found
that H2O dissociation can be remarkably promoted on either the
Nimonomer or other Ni ensembles with higher Ni content in the
surface layer and hardly affected by the subsurface Ni. Further-
more, a good linear correlation is obtained between H2O
dissociation barriers and H adsorption energies: the larger the
adsorption energy, the smaller the dissociation barrier. The
promotional effects should originate from the Ni additive
induced electronic and ensemble effects and understood through
the d-band model. For the reaction pathway on CuNi, water
dissociation is more practical via the dissociated H* rather than
OH approaching Ni atoms.

As for CO dissociation on the three selected CuNi surfaces
(Ni monomer, dimer, and trimer-α), the reaction barrier on the
Ni monomer is found to be as high as that on pure Cu(111),
implying C�O breaking on the Ni monomer is still unfavorable.
In contrast, CO dissociation on the Ni dimer and trimer-α is
promoted obviously, and the calculated barriers are very close to
that on pure Ni(111). Thus, it is inferred that the Ni-induced
promotional effects onC�Obond breaking would becomemore
evident and ultimately facilitate the undesiredmethane yield with
increasing Ni loading.

Conclusively, we suggested that Cu�Ni bimetallic catalysts
with highly dispersed Ni ensembles containing lower Ni concentra-
tion may have relatively better activity and selectivity toward WGS.
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