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Periodic density functional theory (DFT) calculations have been used to unravel the existence of
Brønsted–Evans–Polanyi (BEP) relationships for water dissociation on metallic surfaces which constitutes
the rate determining step for the technologically important water gas shift reaction. In addition, it is pre-
dicted that nickel surfaces possessing low coordinated atoms could be effective for catalyzing water dis-
sociation. Finally, it is shown that the adsorption energy of atomic oxygen on a given metallic surface
provides an excellent descriptor of the activation energy for water dissociation on that surface, thus
allowing the screening of large number of metallic and bimetallic systems in a simple way.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

The water gas shift reaction (WGS) (CO + H2O ? CO2 + H2) is a
very important chemical process which is used in industry for
methanol synthesis, methanol steam reforming and to clean the
hydrogen used in the fuel cells [1–3]. The hydrogen-rich gas
stream, usually produced from reforming of crude oil, coal, natural
gas, wood or biomass, contains �10% of CO which may degrade the
performance of the catalysts used in the subsequent industrial pro-
cesses. In particular, CO strongly poisons the Pt electrode used in
the fuel cell systems [4], and, therefore, the WGS is used to remove
the CO gas from the hydrogen-rich gas stream. In industry, the
WGS is usually performed with the aid of Cu-based catalysts in
the form of nanoparticles dispersed on a ZnO/Al2O3 support [see
[5,6] and references therein] although Au is increasingly being
investigated [7,8]. The metal surface constitutes the catalyst active
phase but other factors such as nature of the support, existence of
oxygen vacancies, or catalyst preparation process may significantly
affect the catalytic activity and the overall catalyst performance
[9–12]. Very recently, inverse catalysts – active oxide nanoparticles
dispersed on a noble metal support – were suggested as new
promising alternatives [13,14].
ll rights reserved.
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The possible reaction mechanisms for the WGS on metal-sup-
ported catalysts – associative or redox routes – were investigated
recently by density functional theory (DFT), considering the
Cu(1 1 1) flat surface as the catalyst model, and including a com-
plete microkinetic analysis [15]. It was found that the reaction
was more favorable through the associative mechanism – with car-
boxyl as an intermediate assisted by co-adsorbed OH – and that
water dissociation was the rate-limiting step. Considering stepped
surface models did not change the main conclusions reached from
the planar surface but revealed that the presence of steps and low
coordinated atoms significantly reduce the reaction barriers [16].
Water dissociation was also found to be the rate-limiting step
but comparing results of the planar and stepped surfaces it was
suggested a Brønsted–Evans–Polanyi (BEP) relationship [17,18] be-
tween the reaction barrier and the co-adsorption energy (Eads) of
the products (H� + OH�). BEP curves for the WGS have been re-
ported for the (1 1 1) surface of several transition metals [19–21].
Useful BEP relationships have also been proposed for C–C and C–
O bonds cleavage reaction during methanol decomposition, and
for hydrogenation and dehydrogenation of ethylene on different
Pd overlayer surfaces, among others [22–25].

Unfortunately, the relationships discussed above for the WGS
do not account for the important role of low coordinated atoms
[16]. In fact, the inclusion of stepped surfaces in the derivation of
BEP relationships is a necessary requirement, especially after the
recent work or Hendriksen et al. emphasizing the importance of
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steps and of steps density in catalytic reactions [26]. A general BEP
relationship for the water splitting reaction including a larger num-
ber of metals and different metallic surfaces of increasing complex-
ity is appealing and urgently needed since it would provide new
important information concerning the chemical factors governing
water splitting at metal surfaces and, while not directly allowing
the design of new and improved catalysts for the WGS and related
processes, will no doubt help to contribute to such important goal.
Herewith, we go one step beyond relationships and report DFT-de-
rived correlations between the activation energy for water dissocia-
tion (Eact) on several transition metal (TM) surfaces with different
atomic packing – Ni(1 1 1), Pt(1 1 1), Pd(1 1 1), Ir(1 1 1), Cu(1 1 1),
Au(1 1 1), Cu(1 1 0), Ni(1 1 0), Ag(1 1 0), Ni(2 1 1), Rh(2 1 1),
Cu(3 2 1) and Au(3 2 1) – and the dissociation reaction energy (Ereact)
as expected in a standard BEP relationship but also between Eact and
the adsorption energy (Eads) of selected adsorbed species (OH� + H�

or O�) thus providing useful simple descriptors for this important
heterogeneous catalyzed reaction.
2. Catalyst surfaces models and computational details

2.1. Slab models

A series of transition metal (TM) surfaces (Au(1 1 1), Ni(1 1 1),
Cu(1 1 1), Pt(1 1 1), Pd(1 1 1), Ag(1 1 0), Ir(1 1 1), Cu(1 1 0),
Cu(3 2 1), Au(3 2 1), Ni(1 1 0), Ni(2 1 1) and Rh(2 1 1)) has been cho-
sen to provide a representative group of transition metal surfaces
usually employed as catalysts and also to ascertain the role of low
coordinated metallic atoms in the dissociation of the first O–H bond
of water. In the case of Cu(1 1 1), this has been shown to be the cru-
cial step in the water gas shift reaction (WGS) and we are assuming
here that this will also be the case for the rest of transition metals
surfaces. In any case, the results from the present study will provide
useful data for water dissociation and it is likely that this may be also
useful in the context of the WGS reaction. The TM surfaces above
were used to compute the energies and structural parameters of ad-
sorbed H2O, HO + H and O species and to obtain the energy barriers
for the H2O� + �? OH� + H� reaction. The data were used to build
useful relationships between the activation energy for the reaction
of water dissociation and the adsorption energies of selected species
or the energy of the dissociation reaction. Finally, note that the set of
surfaces used in the present work has not been chosen following the
stability order but, as pointed out above, to explore different metals
and different surface topologies.

The atomic positions in the slabs used to model the surfaces
considered in this work were obtained by cutting the correspon-
dent bulk metals along the desired Miller indices with the CRYS-
TAL98 computer code [27]. The lattice constants of the metals in
their most stable bulk configurations were optimized a priori by
spin-polarized-DFT minimization of the energy with respect to
the lattice parameter using the VASP 4.6.3 computer code [28–
30]. The calculations considered the PW91 generalized gradient
approach (GGA) exchange-correlation potential [31], the projected
augmented-wave (PAW) method as implemented in VASP [32,33]
to take into account the effect of core electrons in the valence elec-
tron density, a cutoff of 415 eV for the plane waves expansion and
a 15 � 15 � 15 Monkhorst–Pack grid of special k-points [34] for
the numerical integration in the reciprocal space. The lattice
parameters obtained for the bulk Ni, Pd, Ag, Pt, Ir and Rh metal
are 3.522 Å, 3.957 Å, 4.155 Å, 3.986 Å, 3.840 Å and 3.844 Å, respec-
tively, thus showing very good agreement with previous results
[20,35,36]. The lattice parameters for Cu and Au were taken from
previous work [37,38]. The TM(1 1 1) and TM(1 1 0) surface models
consist of 2 � 2 unit cells with four metallic layers and models
used for the TM(2 1 1) surfaces were built from 2 � 1 unit cells also
containing four layers thick. The use of larger unit cells, i.e. to sim-
ulate lower coverage regimes, was found to have minor influence
in the reaction of water dissociation [20].

Some additional TM surfaces, c.f. (Rh(2 2 1), Co(0 0 0 1),
Co(1 1 1), Pd(1 1 0), Ir(1 1 0) and Ru(0 0 0 1)), were also considered
in this work to validate predictions of activation energy barriers
and rate constants based on the relationships proposed without
making used of these systems. The slabs were generated in a sim-
ilar fashion to those reported above. The optimized lattice param-
eters for hcp-Co, fcc-Co and Ru are 2.487 Å, 3.522 Å and 2.697 Å,
respectively, which are in good agreement with values reported
previously [36,39–41]. The slabs were generated from repeated
2 � 2 unit cells, four layers thick, in the case of the TM(1 1 1),
TM(0 0 0 1) and TM(1 1 0) surfaces and from a 2 � 1 unit cell, also
four layers thick, for the Rh(2 2 1) surface.

2.2. Adsorption and transition state calculations

The interaction of the different reactants, intermediates and
products involved in the water dissociation reaction with the sur-
faces above was modeled through the repeated slab approach. A
vacuum region of �10 Å in the z direction was introduced into
the repeated unit cells for replication in three dimensions. The
slabs obtained were further modified by allowing full relaxation,
using the conjugate-gradient (CG) algorithm, of the ions in the
two uppermost layers with which the reactants are allowed to
interact.

The calculations of the gaseous species and of the adsorbates
interacting with the TM surfaces were done also using the CG algo-
rithm and same cell sizes. The interactions of OH + H with the dif-
ferent metal surfaces were used for definition of the grids of special
k-points. A 7 � 7 � 1 Monkhorst–Pack grid of special k-points was
found to be enough for obtaining correct convergence, both in
energies and in geometries, for all cases with the exception of
the Co(0 0 0 1) surface where it was necessary to use a 9 � 9 � 1
grid. Furthermore, the inclusion of spin polarization into the calcu-
lations dealing with the Ni, Pd, Ag, Pt, Ir, Rh, Co and Ru surfaces was
found to be crucial.

The PW91 functional was chosen according to a previous work
where the performances of different exchange-correlation density
functionals were tested for the reaction of water dissociation on
the Cu(1 1 1) surface [37]. Herewith, we have considered the
PW91 and PBE density functionals to study the first O–H dissocia-
tion in water on two additional transition metal surfaces, namely,
Ni(1 1 0) and Ag(1 1 0), which originated practically the same
results.

The Dimer approach [42] was used to locate the transition state
(TS) structures for the H2O� + �? OH� + H� reaction. Tight conver-
gence criteria were 10�6 eV for the total energy change and
10�3 eV/Å for the forces acting on the ions. These quite strict crite-
ria are necessary in TS searches on the stepped surfaces. Computa-
tion of a single imaginary frequency for the configurations
obtained with the Dimer method ensured that those were true
TS structures.

The harmonic oscillator approach was used to obtain the zero
point vibrational energy (ZPVE) corrections of the adsorption en-
ergy, of the co-adsorption energy, of the reaction energy and of
the activation energy barrier. Uncorrected values were also calcu-
lated for comparison purposes (with data from previous works
without ZPVE-corrections).

Rate constants (k) at 463 K for the water dissociation on the
transition metal surfaces mentioned above have been estimated
from the transition state theory [43] as in Eq. (1)

k ¼ kBT
h

� �
q–

q

� �
e
�Ea
kBT ð1Þ
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where kB is the Boltzmann constant, T is the absolute temperature, h
is the Planck constant and Ea the activation energy from the ZPVE
corrected calculated energy barrier. Finally, q– and q are the parti-
tion functions for the TS and initial state, respectively, which have
been approximated from the harmonic vibrational frequencies.
3. Results

3.1. Adsorption state of reactants and products

Periodic density functional calculations, using suitable models,
have been carried out for the set of surfaces described above and
Fig. 1. Adsorption positions at the (a) TM(1 1 1); (b) TM(0 0 0 1); (c) TM(2 1 1); (d) TM(2
hollow hcp; f: hollow fcc; c3: 3-atoms hollow; c4: 4-atoms hollow; and numbers are u
the optimized geometrical parameters of adsorbed water, adsorbed
atomic oxygen and also of co-adsorbed hydroxyl and atomic
hydrogen at several different sites (hollow, bridge and top posi-
tions; see Fig. 1 for adsorption positions) and the corresponding
energy have been obtained (complete set of results is given in
the Supporting information). Here, let us just point out that for
Ni(1 1 1), Ni(1 1 0), Ir(1 1 1), Cu(1 1 1), Pd(1 1 1), Pt(1 1 1) and
Au(1 1 1), the calculated PW91 atomic oxygen adsorption energies
exhibit a very good correlation (R2 = 0.92) with available experi-
mental data indicating that, for the present purpose, the accuracy
of the present computational setup is sufficiently adequate (see
Supporting information, Fig. S1).
2 1); (e) TM(1 1 0) surfaces; and (f) TM(3 2 1) surfaces. Labels are t: top; b: bridge; h:
sed to distinguish different top and bridge sites.
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In the case of the TM(1 1 1) surfaces (see Table S1), it is found
that the water molecule interacts preferentially with the top sites
and with the molecular plane parallel to the surface as found pre-
viously [19–21,37]. For H2O adsorption at these surfaces, Eads val-
ues range from �0.18 eV on Au(1 1 1) to �0.32 eV on Ir(1 1 1),
and the increasing stability order is Au(1 1 1) < -
Cu(1 1 1) < Pt(1 1 1) < Pd(1 1 1) < Ni(1 1 1) < Ir(1 1 1). In the case
of the folded or stepped surfaces (see also Table S1), the Eads values
are larger than those found for the flat (1 1 1) surfaces with ener-
gies ranging from �0.34 eV on Au(3 2 1) to �0.61 on Ni(2 1 1),
which follows from the preferred interaction of the O atom of
the H2O molecule with the surface atoms with lowest coordination
numbers. Finally, it is also interesting to note that, in general, the
distance between the oxygen atom and the nearest metal atom
in the surface decreases with increasing Eads, reflecting the increas-
ing of the metal–oxygen bond strength. Furthermore, the energetic
trends along the periods and groups of the Periodic Table seem to
be identical for planar, folded and stepped surfaces as expected
from the d-band model [44,45]. Similarly, the (co-)adsorption of
the products of water dissociation and of atomic oxygen was inves-
tigated for several possible combinations of adsorption sites on the
slab models used in the case of water. The calculations were also
extended to other surfaces such as Rh(2 2 1), Co(1 1 1),
Co(0 0 0 1), Pd(1 1 0), Ir(1 1 0) and Ru(0 0 0 1), since these data
are needed to validate subsequent predictions, of Eact and rate con-
stants values for water dissociation on these surfaces, based on the
BEP relationships obtained from the first set of surfaces (see be-
low). The full set of calculated results, including all vibrational fre-
quencies (Table S5), is given in the Supporting information file
(Tables S2 and S3 for co-adsorbed OH + H and for O, respectively).

Water dissociation is found to be thermodynamically unfavor-
able for all Pt, Pd, Ir, Cu, Ag and Au surfaces considered. It is favor-
able in the cases of Ni(2 1 1) and Ni(1 1 0) and almost
thermoneutral when the dissociation occurs on Rh(2 1 1) and
Ni(1 1 1) surfaces. The trend in Ereact along the Periodic Table fol-
lows the prediction of the d-band center model [44,45] whereas
co-adsorption is enhanced by the presence of low coordinated
atoms [16]. Interestingly, identical Ereact values are obtained for
the two flat cobalt surfaces. These were chosen because the WGS
has two working cycles, one at a low temperature where the
Co(0 0 0 1) surface is more stable and another at a high tempera-
ture where the Co(1 1 1) surface is more stable. Co(1 1 1) and
Table 1
DFT calculated parameters for water dissociation on several TM surfaces.

Surface O� � �Ha
EO

act
b EO

r

Ir(1 1 1) 1.54 0.68 0
Ni(1 1 1) 1.55 0.71 �0
Pd(1 1 1) 1.70 0.96 0
Pt(1 1 1) 1.78 0.78 0
Cu(1 1 1)f,g 1.47 (1.47) 0.91 (0.92) 0
Au(1 1 1) 2.01 1.88 1
Ni(1 1 0)g 1.34 (1.34) 0.39 (0.39) �0
Cu(1 1 0) 1.43 0.61 0
Ag(1 1 0)g 1.64 (1.65) 1.12 (1.13) 0
Rh(2 1 1) 1.47 0.67 �0
Ni(2 1 1) 1.32 0.61 �0
Cu(3 2 1) 1.63 0.71 0
Au(3 2 1) 1.86 1.33 1
Pd(1 1 0) 1.50 0.73 0

a HO� � �H breaking bond in Å.
b ZPVE-corrected activation energy barrier in eV.
c Reaction energy in eV.
d Gibbs free energy (kJ/mol) for the water dissociation at 463 K and 1 bar calculate

information provided by DG or EO
react is essentially the same.

e Reaction rate constant in s�1.
f Data from Ref. [37] recalculated using the same computational procedure considere
g Between parenthesis the data calculated with the PBE density functional.
Co(0 0 0 1) surfaces were obtained from cleavage of the fcc and
hcp crystal phases of bulk Co, respectively. In the case of atomic
oxygen, the interaction is strongly favorable on the cavities in all
the surfaces considered with adsorption energies ranging from
�3.01 eV on Au(1 1 1) to �5.70 eV on Co(0 0 0 1), Table S3.

3.2. Activation energy barriers and rate constants

Let us now turn our attention to the Eact values which are calcu-
lated as the difference between the transition state energy and that
of adsorbed water at the most stable configuration. Table 1 reports
these data together with the length of the O–H bond at the TS
structure and with Ereact values and transition state theory derived
rate constants calculated at a temperature of 463 K (typical value
for the low-temperature WGS). Relevant structures along the coor-
dinate of reaction are shown in Fig. 2. From the results in this table,
it is clear that the calculated Eact for the H2O� + �? OH� + H� reac-
tion on Au(1 1 1) is too high, as expected, being �1 eV larger than
the values for the other (1 1 1) surfaces. On the other hand, the Eact

for the other five (1 1 1) surfaces differ by less than 0.3 eV. Au re-
mains the least active catalyst even if low coordinated atoms are
available in the surface; see entry for Au(3 2 1) in Table 1. Interest-
ingly, similar Eact values are obtained for Ir(1 1 1) and Ni(1 1 1),
0.68 eV and 0.71 eV respectively, but a larger difference is found
between barriers calculated for Pt(1 1 1) and Cu(1 1 1), 0.78 eV
and 0.91 eV, respectively. Similar to the trend discussed for Eads,
the Eact values decrease with the presence of low coordinated
atoms (compare entries Ni or Cu (1 1 1) with entries Ni or Cu
(1 1 0) for surfaces with coordination numbers (CN) of 9 and 7,
respectively). Note that the lowering of the energy barrier is not
so efficient in the case of the Cu(3 2 1) surface where Eact is
0.1 eV larger than the value corresponding to the Cu(1 1 0) surface.
This is because in the transition state structure the cleaving hydro-
gen atom is interacting with the (1 1 1) terraces where CN(Cu) = 9
while in the case of Cu(1 1 0) the two reaction products, OH� and
H�, are interacting with the outermost surface atoms having
CN(Cu) = 7. The calculated reaction energy profile shows that the
water dissociation reaction on the surfaces considered is thermo-
dynamically favorable with respect to adsorbed water only in the
case of some nickel surfaces. Furthermore, as it can be seen for
Ni and Cu, the reaction is more exothermic on (1 1 0) than on
(1 1 1) facets. Importantly, the reaction energy on the Ir(1 1 1) sur-
eact
c DGd ke

.43 81.2 1.7 � 105

.37 4.1 7.4 � 104

.41 79.5 5.1 � 101

.66 103.7 5.1 � 103

.15 (0.19) 54.5 (57.7) 1.6 � 102 (1.9 � 102)

.64 198.3 1.5 � 10�9

.52 (�0.51) �10.7 (�9.5) 1.8 � 108 (1.9 � 108)

.03 43.1 4.0 � 105

.85 (0.86) 121.4 (122.7) 2.2 � 101 (2.2 � 101)

.41 0.5 1.2 � 105

.70 �27.8 1.1 � 106

.22 61.0 3.6 � 104

.19 154.6 3.5 � 10�3

.17 64.3 6.9 � 103

d as in Ref. [20]. Additional details in the supporting information. Note that the

d in this work.



Fig. 2. Optimized structures for the initial (IS), transition (TS) and final (FS) states
for the H2O� + �? OH� + H� reaction. Length of the cleaved O–H bond is given in Å.
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face, which presents a barrier for water dissociation similar to
Ni(1 1 1), is quite endothermic. The calculated rate constants for
water dissociation reflect the lower energy barriers found on Ir,
Ni, Rh and Cu surfaces and, hence, the rate of the catalytic reaction
is expected to be higher than on the other surfaces considered.
0.0

0.2

-5.6 -5.4 -5.2 -5.0 -4.8 -4.6 -4.4 -4.2 -4.0 -3.8 -3.6

Eads(O) (eV)

R2=0.6562

))

Fig. 3. Relationships between activation energy barriers (Eact) and (a) reaction
energy (Ereact), (b) co-adsorption energy of HO and H species, (c) adsorption energy
of atomic oxygen. Note that (a) corresponds to the standard BEP relationship while
(c) is providing a convenient descriptor for the water splitting reaction.
3.3. Brønsted–Evans–Polanyi relationships

The data in Table 1 (and also in Tables S1–S4) were used to
investigate whether a BEP relationship holds for the WGS. Energies
used refer always to the most favorable situations. In fact, the con-
sideration of other options can lead to artifacts in the relationships
obtained (c.f. Fig. 2 in Ref. [46]). Hence, we first explore the depen-
dence of Eact for the first O–H bond dissociation in adsorbed water
with respect to Ereact. Fig. 3a shows that a BEP relationship does in-
deed hold which agrees with and generalizes previous findings
[19]. Note, however, that the data corresponding to Au surfaces
were not considered because of their exceedingly large Eact value.
The linear trend in Fig. 3a is encouraging since the structures in-
volved in the H2O� + �? OH� + H� reaction differ significantly from
surface to surface.

In order to exploit all the possible data, we have also considered
a multilinear least square regression between Eact versus Ereact, Ead-

s(OH+H), Eads(O) and Eads(H2O). The outcome of this multilinear fit indi-
cates a good correlation as indicated by Eq. (2) below



Table 2
Calculated (TS calculation) and estimated (equations in Fig. 3) energy barriers for the
water dissociation on several surfaces. Values in eV and differences to the TS
calculated values in parenthesis.

Surface TS BEP
(Ereact)

Eads(OH� + H�) Eads(O�)

Ir(1 1 1) 0.68 0.85
(0.17)

0.85 (0.17) 0.74
(0.06)

Ni(1 1 1) 0.71 0.62
(�0.09)

0.66 (�0.05) 0.55
(�0.16)

Pd(1 1 1) 0.96 0.84
(�0.12)

0.85 (�0.11) 0.85
(�0.11)

Pt(1 1 1) 0.78 0.91
(0.13)

0.92 (0.14) 0.89
(0.10)

Cu(1 1 1) 0.91 0.77
(�0.15)

0.80 (�0.11) 0.78
(�0.14)

Ni(1 1 0) 0.39 0.57
(0.18)

0.56 (0.18) 0.58
(0.19)

Cu(1 1 0) 0.61 0.73
(0.12)

0.73 (0.12) 0.58
(0.03)

Ag(1 1 0) 1.12 0.96
(�0.16)

0.95 (�0.17) 1.09
(�0.03)

Rh(2 1 1) 0.67 0.60
(�0.07)

0.59 (�0.09) 0.63
(�0.04)

Ni(2 1 1) 0.61 0.52
(�0.09)

0.50 (�0.11) 0.60
(�0.01)

Cu(3 2 1) 0.71 0.79
(0.08)

0.74 (0.03) 0.70
(�0.01)

Pd(1 1 0) 0.73a 0.75b 0.89b

Rh(2 2 1) 0.65a,c 0.60b 0.68b

Ru(0 0 0 1) 0.80a,d,e; 0.85a,d,f;
0.90a,d,g

0.64b; 0.84d 0.55b;
0.77d

Ir(1 1 0) 0.56b 0.73b

Co(0 0 0 1) 0.63b 0.50b

Co(1 1 1) 0.63b 0.49b

a Explicitly calculated but not included in the fit.
b Estimated value.
c DFT-PW91 value from Ref. [21];
d Value without ZPVE corrections;
e DFT-PW91 values from Ref. [51] on 2 � 2 cells.
f DFT-PW91 values from Ref. [51] on 3 � 3 cells.
g DFT-PBE value from Ref. [19].
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Eact ¼ 4:9199Ereact � 4:9500EðOHþHÞ þ 0:1953EadsðOÞ

þ 5:4253EadsðH2OÞ þ 1:8703 ð2Þ

with R2 = 0.7281 and D = 0.09 eV although from a pragmatic point
of view is less interesting since it requires the calculation of a larger
number of quantities.

The BEP relationship in Fig. 3a can be used to estimate energy
barriers from the reaction energy alone. However, to carry out a
systematic screening of other metallic (and bimetallic) surfaces
still involves a significant computational effort. In order to further
reduce this task, we plot Eact versus the co-adsorption energy of H�

and OH� (Fig. 3b). The new relationship provides a simpler descrip-
tor since Eact can be estimated from the reaction products Eads

without requiring the corresponding value for the reactant. In-
spired by the work of Nørskov et al. on C2H2 to C2H4 selective
hydrogenation [47] and on scaling relationships [48], we have also
investigated the relationship between Eact for the surface-catalyzed
water splitting reaction and the adsorption energy of atomic O. The
plot in Fig. 3c shows that adsorption energy of a species that is not
involved in the reaction provides a simple and convenient descrip-
tor allowing to estimate the energy barriers in a direct way.

The validity of the present relationships was confirmed by com-
paring Eact values estimated from equations in Fig. 3 to the explicit
calculation of energy barriers for the H2O� + �? HO� + H� reaction
on some additional TM surfaces not included in the original fitting.
These correspond to the Ru(0 0 0 1), Rh(2 2 1) and Pd(1 1 0) sur-
faces whereas three additional cases – Ir(1 1 0), Co(0 0 0 1) and
Co(1 1 1) – are estimated from the BEP relationships (see Table 2
for numerical results and Fig. 4 for optimized configurations of
co-adsorbed HO� + H� on Ru(0 0 0 1), Rh(2 2 1), Ir(1 1 0),
Co(0 0 0 1) and Co(1 1 1) surfaces). Thus, the eleven topmost rows
of Table 2 show that the Eact values estimated from the relation-
ships in Fig. 3 differ from the explicitly calculated values by at most
0.19 eV with mean deviations (D) of 0.08–0.12 eV depending on
the relationship used for data estimation. Note that these D values
are close to (or even larger than) those obtained with the multilin-
ear least square regression. This indicates that other regression
methods could lead to D values lower than those arising from a
simple linear regression. Nevertheless, the goal of the present pa-
per is no to propose different types of eventually more accurate
relationships but to show that physically meaningful BEP relation-
Fig. 4. Most stable configurations for the OH + H pair co-adsorption on the (a) Rh(2 2 1),
for the OH + H co-adsorption on the Co(0 0 0 1) surface is close to that in (b) and it was
ships hold, at least in a semi-quantitative way, and that the adsorp-
tion energy of atomic oxygen provides an appropriate descriptor
for the activity of metal surfaces toward water dissociation.
(b) Co(1 1 1), (c) Ir(1 1 0) and (d) Ru(0 0 0 1) surfaces. The most stable configuration
omitted.
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It is also rather encouraging to see that values determined with
the present relationships for Ru(0 0 0 1), Rh(2 2 1) surfaces are in
good agreement with energy barriers calculated by other authors
[19,21,51] from the corresponding calculated energy profile and
TS structures and that the predicted values for Pd(1 1 0) are consis-
tent with the explicitly calculated values in this work but not used
in the fit. Furthermore, from estimated data in Table 2, it is possible
to conclude that cobalt may be also an interesting material for the
WGS without direct dependency on the nature of the support like
it happens with gold-based catalysts. Since calculated (co-)adsorp-
tion energies of OH� + H� and O� species on the two Co surfaces are
identical, the estimated energy barriers are also the same and these
two allomorphic forms are expected to have similar activity during
WGS low and high temperature cycles.

Additional useful relationships are also found between the calcu-
lated rate constants and the Eads of selected species or between the
rate constants and Ereact (Fig. 5). These new types of relationships al-
low for a direct estimation of the water splitting reaction rate con-
stant on a given surface from the adsorption energy of atomic
oxygen only. In fact, using the relationship in Fig. 5b (or relationships
in Figs. 5a or 5c) allows us to estimate the rate constants for water
dissociation on Rh(2 2 1), Co(0 0 0 1), Co(1 1 1), Pd(1 1 0), Ir(1 1 0)
and Ru(0 0 0 1) surfaces, which are 8.0 � 105 s�1 (1.0 � 105 s�1),
4.0 � 105 s�1 (7.0 � 106 s�1), 4.1 � 105 s�1 (7.6 � 106 s�1),
2.2 � 104 s�1 (9.3 � 102 s�1), 1.9 � 106 s�1 (3.3 � 104 s�1) and
2.8 � 105 s�1 (2.0 � 106 s�1), respectively.
log (k) = -2.9589 Ereact + 4.6203
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Fig. 5. Relationships between the logarithm of the rate constant (log k) and (a) Ereact of t
Eads of atomic oxygen.
A final comment is necessary to rationalize the existence and
usefulness of the present BEP relationships. A first comment con-
cerns whether these can be anticipated from arguments arising
from the d-band model [44,45]. However, one must advert that this
otherwise extremely useful concept has to be used with extreme
care. In fact, the d-band model allows one to understand the trends
in adsorption of a given adsorbate on different surfaces of the same
element but does not normally hold when comparing different ele-
ments [49]. This is also the case for the surfaces explored in the
present work. Fig. 6 shows that the correlation between Eact and
the center of the d-band is extremely poor when including all cal-
culated data. On the contrary, a fairly good correlation is found
when considering Cu(1 1 1), Cu(1 1 0) and Cu(3 2 1) or Ni(1 1 1),
Ni(1 1 0) and Ni(2 1 1). This analysis clearly shows that the d-band
model cannot be used to understand the origin of the BEP relation-
ship described above. In principle, they seem to follow the general
rule that, taking the adsorbed reactants as origin, stabilizing the
products tends to lower the energy barrier for the reaction. This
holds for the BEP using OH� and H� and it is not surprising that this
is also related to the BEP using O� because adsorption of atomic
oxygen and of hydroxyl involve a similar chemistry. However,
one must be aware that there are also exceptions to this general
behavior [22,50]. In a similar way, one must be aware that the exis-
tence of the BEP relationships described above provides just a
starting point toward the design of new catalysts which must be
followed by a complete study of the full reaction mechanism and
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Fig. 6. Full line shows a plot of the calculated activation energy (Eact) for water
dissociation catalyzed by various metal surfaces versus the energy of the center of
the d-band (Ed-band center). Note that meaningful correlations (dashed lines) do only
show up when considering different surfaces of the same element (e.g. copper or
nickel). Values for Au and Ag surfaces are not included.
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pertinent microkinetic analysis of the performance of selected can-
didates under realistic working conditions.
4. Conclusions

Periodic density functional calculations have been used to ex-
plore the catalytic activity of various metallic surfaces toward
water dissociation. The surfaces investigated include the most sta-
ble ones but also a wide range of stepped and folded surfaces thus
allowing us to explicitly take into account the effect of low coordi-
nated sites on the energy profile. These calculations allowed us to
extract a series of general conclusions. First, among the different
surfaces considered in this work, Au is confirmed as the least active
for water dissociation while Co and Ni seem to be interesting and
cheap candidates for the WGS (or simply to split water) although
one has to keep in mind that these metals are usually employed
in hydrogenation reactions and, hence, selectivity needs to be fur-
ther considered. Second, the presence of low coordinated atoms in-
creases the adsorption energies of water and of the reaction
products with a concomitant reduction of the activation energies
for the water dissociation. Third, the activation energy for water
dissociation at these metallic surfaces follows a BEP relationship.
The validity of the BEP relationships have been confirmed by expli-
cit calculation of a few additional cases not included initially in the
derivation of such relationship. Fourth, the adsorption energy of
atomic oxygen on a given metallic surface provides an excellent
descriptor of the activation energy thus allowing the screening of
a large number of metallic (and bimetallic) systems in a simple
way. These relationships are likely to provide one more useful step
in the complex process of finding new catalysts for the WGS and
related processes.
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Appendix A. Supplementary material

Data concerning the adsorption of H2O, OH+H and O and also
the TS appear in Tables S1-S4, respectively, while Table 5 presents
the vibrational modes for reactants, TS and products of the reaction
of water dissociation. Tables S6 and S7 present the statistical anal-
yses for the equations in the text. Table S8 compiles the available
experimental adsorption energies for atomic oxygen. Figures S1
and S2 show the correlations between calculated and experimental
adsorption energies of O on (1 1 1) surfaces and between the
activation energy barrier and the calculated or experimental
adsorption energies of atomic oxygen. Finally, it is presented the
approach used for the calculation of the Gibbs energies. Supple-
mentary data associated with this article can be found, in the
online version, at doi:10.1016/j.jcat.2010.09.007.
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