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Abstract

Water dissociation on clean and oxygen-preadsorbed transition metal surfaces was investigated by the DFT-GGA method. The total energy
change and the reaction barrier were calculated with respect to the direct and oxygen-assisted cleavage of O—H bonds of water. The calculated
results showed periodic trends for water dissociation on both clean and oxygen-preadsorbed surfaces. On clean surfaces, the chemical activity for
water dissociation increases in the order of Au < Ag < Cu < Pd < Rh < Ru < Ni; on oxygen-preadsorbed surfaces, the inducing effect decreases
in the above order with a strongly facilitating O—H bond cleavage on the inactive metals Au, Ag, and Cu; a moderate inducing effect on Pd and
Rh; and little effect on Ru and Ni surfaces. We found an interesting relationship between the adsorption energy of oxygen atom on the given metal
surfaces and the difference between the activation barrier of clean metal surfaces and that of oxygen-preadsorbed metal surfaces. That is, the more
strongly the oxygen atoms bound to the metal surface, the less promoting effect they have on the water O—H bond scission. Our results are in

general agreement with previous experimental observations.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The outcome of many catalytic processes can be altered
dramatically by introducing a small amount of promoters that
speed up certain reaction steps or poisons that can slow particu-
lar reaction steps [1]. Controlling a reaction path by modifying
the catalysts is of considerable importance in surface science
and heterogeneous catalysis; thus, all efforts to clarify the role
of modifiers on catalyst surfaces toward relevant routes are wor-
thy [2]. In recent decades, much work has been devoted to the
effect of the preadsorbed oxygen on the activity of the transi-
tion metal surfaces from both experimental investigations and
theoretical calculations [3-7]. For example, oxygen has been
shown to strongly activate the oxygen—, carbon—, sulfur—, and
nitrogen—hydrogen bonds on transition metal surfaces [8—10],
but also to inhibit their dissociation [11-13]. Although it is gen-
erally agreed that the formation of strong chemisorbed atomic
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oxygen poisons active surface sites and is responsible for inhi-
bition, the nature of the activation process remains unclear. To
explore the effect of preadsorbed oxygen on the activity of the
transition metals, our concern here is to gain more insight from
the water dissociation.

Water dissociation is an excellent means for studying some
catalysis processes due to its simplicity and importance in such
surface reactions as the water—gas shift reaction and Fischer—
Tropsch synthesis of hydrocarbons. Thiel and Madey [14] and
Henderson [15] have provided comprehensive reviews on the
water interaction with clean and oxygen-preadsorbed single-
crystal metal surfaces and real catalyst surfaces. From the
analysis of Henderson [15], it can be inferred that on one hand
preadsorbed oxygen atoms exhibit varying degrees of induc-
ing activity toward water dissociation on many metals [e.g.,
on Ag(111), Ag(110), Au(110), Cu(111), Cu(100), Pd(111),
Pd(110), Rh(100), Rh(111), and Pt(111)], but on the other hand,
preadsorbed oxygen atoms either have no influence on or in-
hibit water dissociation on some surfaces, such as Ru(0001),
Ni(111), and Re(001). Even though the effect of preadsorbed
oxygen on the water dehydrogenation reaction has been studied
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extensively for decades, the atomic-level mechanisms of this
effect remain not well understood. Thus, further investigation
is needed to fully understand how water dissociation reactivity
is modified by the preadsorbed oxygen on different transition
metal surfaces. In this work, we have systematically studied
water dissociation on clean and oxygen-preadsorbed Cu(111),
Ag(111), Au(111), Ni(111), Rh(111), Pd(111), and Ru(0001)
surfaces along with their structures, activation barriers, and total
energy changes in detail, by performing self-consistent period-
ical DFT-GGA calculations.

2. Calculation method and models

To investigate the energy and structural details of water dis-
sociation on clean and oxygen-preadsorbed surfaces, we per-
formed periodic, self-consistent DFT calculation. The GGA
with the Perdew, Burke, and Ernzerhof [16] functional was
used for the exchange and correlation energy calculation. All
calculations were done in simulation tool for atom technol-
ogy (STATE), which has been successfully applied to study
adsorption problems in the case of metal surfaces [17,18]. Ion
cores were treated by Troullier—Martines-type norm-conserving
pseudopotential [19], and valence wave functions were ex-
panded by a plane wave basis set with a cutoff energy of 25 Ry.
The metal surfaces were modeled by a periodical array of three-
layered slabs separated by ~10 A of vacuum region. A p(3 x 2)
unit cell was chosen, which means a monolayer of adsorbates
with coverage of 1/6 ML. In calculations, a Monkhorst—Pack
mesh of 4 x 6 x 1 special k-point sampling in the surface Bril-
louin zone was used.

In this work, the adsorption energy (Qads), or binding energy
(BE), of species A on metal surfaces (M) is calculated accord-
ing to the formula BE(A) = Ea/m — Em — Ea, where E is
the calculated total energy. For a reaction like AB = A + B,
the calculated heats of reaction (or total energy change) for
those reactions are given by AH = EaB)/Mm — EAB/M, Where
E(a4B)/Mm is the total energy for the co-adsorption system of
A/B/M. The reaction paths of water dissociation on metal
surfaces are investigated by the NEB method [20-22]. The
transition-state search is initiated by interpolating a series of
images of the system between the initial and final states on
the potential energy surface. On the potential energy surface,
a spring force between the adjacent images is added to keep the
spacing between the images constant, and the true force is ap-
plied to keep the images sliding toward the minimum-energy
path (MEP), thus mimicking an elastic band. Each image is
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optimized with the NEB algorithm. This approach helps the
images converge to the reaction path being searched, and also
helps locate the highest point of the MEP. The highest point of
the optimized reaction coordinate along the MEP should be the
transition state along the chosen reaction path, and this high-
est energy relative to that of the initial state gives the activation
barrier of the reaction. In fact, the modified NEB method (i.e.,
ANEBA method [23]) is used to increase the density of images
near the transition state (TS) and to locate the TS more accu-
rately.

In the ANEBA method, we choose three movable images
connecting two local minima on the potential energy surface
and use the NEB method as a starting level. After the calcu-
lation converges to some given accuracy, we choose the two
images adjacent to the one that has the highest energy as our
new starting points for the next-level NEB calculation. Through
several such levels of NEB calculation, at the last level, the
ANEBA calculation will locate three images in which the to-
tal energy of each is almost the same; the image in the mid-
dle is considered the TS. Although this approach does not use
frequency analyses, it has been shown to give excellent conver-
gence to saddle points on the analytical potential energy surface
in many cases [24-27].

To test the applicability of the ANEBA method, we com-
pared the results from the conventional NEB and ANEBA
methods, taking water dissociation on a clean Cu(111) surface,
for example. First, we used the conventional NEB method. We
chose a large number of images (16 images) to bracket the sad-
dle point with high accuracy, and obtained a barrier of 1.42 eV.
Then we used the ANEBA method, increasing the resolution
in the neighborhood of the saddle point; the final saddle point
has a maximal force <50 kJ/mol/nm. Four-level recursion of
ANEBA was made; the reaction barrier turns out to be nearly
the same (1.40 eV). As we can see, the ANEBA is applicable
and more efficient than the conventional NEB method.

3. Results and discussion

We determined the most stable initial state (IS) for the HoO
and the H,O + O co-adsorbed system on each transition metal
surface. The ISs (Fig. la) are similar; the top site is favored
for H>O on the clean metal surfaces, in agreement with the re-
sults of Gao and co-workers [28] and Michaelides et al. [29].
Similarly, the ISs on oxygen-preadsorbed surfaces (Fig. 1b) are
alike; O atom is on the fcc site (Cu, Ag, Au, Ni, Pd, Rh) or the
hep site (Ru) [30-32] and H,O is on the top site, involving one

(b)

Fig. 1. Top view of the ISs of water dissociation on clean (a) and oxygen preadsorbed (b) metal surfaces. The grey ball represents the metal atom, the white ball

represents H, and the red ball represents O.



12 G.-C. Wang et al. / Journal of Catalysis 244 (2006) 10-16

Table 1
Calculated reaction energies and structure properties of ISs of water dissocia-
tion on clean and oxygen preadsorbed metal surfaces

Table 2
Coupling matrix element squared, d-bond centre of metals; Qg, Qon, and
AAE

Metal Clean surface Oxygen preadsorbed surface

H,0 =H+OH H,0 =H 4+ 20H
Ea(eV) AH (V) Ruo®(A) Ey(eV) AH(eV) Ry (A)

Au 2.24 1.77 0.984 0.61 0.50 1.003

Ag 1.95 0.99 0.985 0.50 —0.16 1.005

Cu 1.40 0.26 0.985 0.76 —0.14 0.999

Pd 1.12 0.01 0.981 0.48 0.38 0.989

Rh 1.08 0.10 0.983 0.71 0.13 0.993

Ni 0.74 —0.56 0.986 0.65 0.29 0.990

Ru 0.90° —0.35 0.993 0.74 0.26 0.990

4 Ry_o is the distance between dissociated H and O involved in water.
b The activation energy of the dissociation of a water on clean Ru(0001) is in
broad agreement with that of 0.85 eV calculated by Michaelides et al. [30].

atom H of H,O interacting with the preadsorbed O atom. The
optimized O—-H bond length of the ISs is listed in Table 1. The
resulting intermediates of O—H scission in H,O are H and OH
on clean metal surface, and two hydroxyl radicals on oxygen-
preadsorbed metal surface. To determine the most stable final
state (FS), we investigated the configurations and the energies
when OH adsorbed on the top, bridge, and fcc (the hcp on Ru)
sites on Cu(111), Ni(111), Pd(111), and Ru(0001) respectively.
The results show that the hydroxyl radical adsorbs preferen-
tially on the fcc (hcp on Ru) site with the O-H axis normal to
the metal surface. The adsorption energy of OH on metals is
given in Table 2. The FSs (Fig. 2a) on clean metal surfaces are
similar, and the H and OH on clean surface are placed above the
two closest fcc (hcp on Ru) sites. The FSs (Fig. 2b) on oxygen-
preadsorbed surfaces are also similar, with the two hydroxyls
adsorbed on two closest fcc (hcp on Ru) sites.

()

Metal Au Ag Cu Pd Rh Ni Ru

eq (eV) —3.56 —430 —-2.67 —-1.83 —-1.73 —-129 -—1.41
Vazd (eV) 3.35 2.26 1.0 2.78 3.32 1.16 3.87
00% (eV) 2.66 3.13 4.33 4.44 4.85 5.42 5.62¢

Qou® (eV) 1.57 2.58 2.82 2.60 2.92 3.18 3.24
AAED (eV) 1.63 1.45 0.64 0.64 0.37 0.09 0.16

4 Qo and Qoy is the adsorption energy of oxygen and hydroxyl on metal
surfaces.

b AAE is the difference in the reaction barriers of water dissociation on clean
metal surfaces vs on oxygen preadsorbed metal surfaces.

¢ The calculated adsorption energy of oxygen on Ru(0001) is in agreement
with the result of Stampfl and Scheffler [31]. (5.55 eV on p(2 x 2) model.)

Following the NEB method, structural changes of interme-
diates for these reactions can be approximated by interpolating
a series of images between the reactants and the products under
a full optimization of the coordinates of these adsorbed species.
Calculated snapshots of structural changes of intermediates in
water dissociation on clean and oxygen-preadsorbed Ag(111)
are given in Fig. 3. The TS structure properties thus obtained
are given in Table 3 and shown in Fig. 4. Directly comparing
the structure of TS, reactant, and product shows that on the
clean surfaces, the TSs are all the “final state-like”’; on oxygen-
preadsorbed surfaces, the TSs are also “final state-like” on Pd
and Ni, whereas the TSs on Au, Ag, Cu, Rh, and Ru are “initial
state-like.” The reaction barriers (E;,) and total energy change
(AH) are also given in Table 1. It shows clearly that the reac-
tion barrier on each oxygen-preadsorbed surface is lower than
that on clean surfaces. The calculated results are in broad agree-
ment with experimental observations reported in the review of
Henderson [15].

(b)

Fig. 2. Top view of the FSs of water dissociation on clean (a) and oxygen preadsorbed (b) metal surfaces. The grey ball represents the metal atom, the white ball

represents H, and the red ball represents O.

Fig. 3. Calculated snapshot of structural changes of intermediates in water dissociation on clean (a) and oxygen preadsorbed (b) Ag(111). The grey ball represents

the Ag atom, the white ball represents H, and the red ball represents O.
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Table 3

Properties of the TSs of water dissociation on clean and oxygen preadsorbed metal surfaces

Metal Clean surface Oxygen preadsorbed surface
Rom(1)? RHO) RuM(1) Rum TS type® Ru,om(L) Rom(L) R(HO) /(HOH) TS type

Au 1.822 2.065 1.414 1.597 Final 3.142 1.452 1.001 97.3 Initial
Ag 1.905 1.789 1.544 1.687 Final 3.268 1.264 0.983 97.5 Initial
Cu 1.713 1.670 1.416 1.562 Final 3.268 1.293 0.994 97.0 Initial
Pd 1.819 1.543 1.481 1.543 Final 2.369 1.517 2.415 Dissociated Final
Rh 2.002 1.543 1.534 1.666 Final 3.058 1.387 0.991 99.5 Initial
Ni 1.651 1.881 1.291 1.543 Final 2.748 1.357 1.465 Dissociated Final
Ru 2.010 1.426 1.818 1.688 Final 2.963 1.338 0.991 99.5 Initial

4 All distances in angstroms, angles in degrees.

b The “initial” represents the transition state is “initial-state-like,” and the “final” represents the transition state is “final-state-like.”

3.1. Water dissociation on clean metal surfaces

The development of general structure—property relationships
relating the activity of metal surface to its fundamental elec-
tronic and structural properties has been a long-standing goal
in heterogeneous catalysis [33]. In the present work, we first
analyzed water dissociation on clean metal surfaces. To under-
stand the relationship between the changes in reaction energy
and the electronic properties of the surface, we analyzed the
surface properties on the basis of the method proposed by Ham-
mer and Ngrskov [34], that the BEs and dissociation energies of
adsorbates correlate linearly with the d-band center for various
metals, and that this correlation exists only for the same type
of binding mode. Fig. 4a shows that our results are consistent
with the theoretical model; that is, the closer of d-band center
to the Fermi level, the lower the reaction barrier. All of the four
metals shown in Fig. 5a are group VIII metals, which have un-
filled (but more than half-filled) d shells. For copper, silver, and
gold, each of which has a filled d band, a different parameter—
the adsorbate states-metal d-band coupling matrix element Va2d
[34]—can linearly correlate with the reaction barriers (Fig. Sb).
The relationship suggests that the stronger the overlap (i.e., the
larger the repulsion), the higher the reaction barrier. As we can
see, the d-bond center decreases from the left to the right of
the periodic table in the transition series and is complete at the
noble metals Cu, Ag, and Au; however, the size of the cou-
pling matrix element always increases down through each of
the groups of the periodic table, making the 5d metals the most
noble ones, and thus the dissociation energy becomes larger and
larger from Cu to Au. As analyzed above,a periodic trend for
the chemical activity of various transition metals for water dis-
sociation can be determined: Chemical activity increases from
right to left of the periodic table and decreases down through
each group on the periodic table.

Another classical approach to developing quantitative activ-
ity correlations with predictive utility in homogeneous catalysis
is the formation of Brgnsted—Evans—Polanyi (BEP) relation-
ship. In principle, the development of BEP relationship for
surface reactions could provide the means for correlating and
predict variations in activity and selectivity between metals
[35-37]. For water dissociation on clean surfaces, a detailed
analysis was carried out based on thermodynamic effects, and
a good linear correlation was found between the reaction barri-

ers and the total energy changes, as shown in Fig. 6. The BEP
relationship that we identify for water dissociation (in eV) is
E, = (0.67 £0.05AH + (1.13 £ 0.04), in agreement with
the result estimated by Pallassana and Meurock [38]. In their
work, a slope of 0.65 was obtained for reactions in which bonds
containing hydrogen were broken. Michaelides et al. [39] also
identified a fundamental BEP relationship for dehydrogenation
reactions (ineV), E, = (0.924+0.05)A H 4+ (0.87 +0.05). Note
that this class includes many kinds of dehydrogenation reac-
tions, including O—H cleavage in H,O, OH, and CH30H; N-H
cleavage in NH3 and NHj; S-H cleavage in H,S; and SH or
C-H cleavage in CH, fragments on different metals. There may
be different reaction mechanics for different species, so the sys-
tem is somewhat different with water dissociation on metals
with similar mechanics and TSs. It can be seen that the more
negative the total energy change, the smaller the barrier. There-
fore, the more negative the total energy change of H,O decom-
position (i.e., the products are more stable than reactants), the
more active the corresponding metal. The result of chemical
activity of metals is in good agreement with the analysis from
the electronic factor above. The reason for the BEP relationship
is clearly that the transition states (TSs) involve the same bond
and their geometrical properties are the same—"final state-like”
for all of the metals.

3.2. Water dissociation on oxygen-preadsorbed metal surfaces

For water dissociation on oxygen-preadsorbed metal sur-
faces, the hydrogen abstraction mechanism by the preadsorbed
oxygen atom is significantly different than the mechanism by
which water is activated on clean metal surfaces—through hy-
drogen abstracted from water by oxygen to produce hydroxyl
(H>,0 4+ O = 20H) [15]. In the path of water dissociation on
oxygen-preadsorbed metal surface, water is assumed, under the
attractive interaction between the H of H,O and the pread-
sorbed O atom, to move to the adsorption site of O first, after
which the OH bond-breaking in H,O and the OH bond-forming
with the O,qgs occur simultaneously in the TS. In fact, in the re-
action process, hydrogen abstraction from water molecules on
the metal surface occurs together with a translation of the prod-
uct species toward their preferred adsorption sites. This process
is illustrated in Fig. 3b, which provides a snapshot of struc-
tural changes of intermediates in water dissociation on oxygen-
preadsorbed Ag(111). It can be seen from Table 1 that for water
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Fig. 4. Top view of the TSs of water dissociation on clean (a) and oxygen pre-
adsorbed (b) metal surfaces. They are presented in the follow order: Au(111),
Ag(111), Cu(111), Pd(111), Rh(111), Ni(111), and Ru(0001). The grey ball
represents the metal atom except Ru, and the scarlet ball represents the Ru
atom. The white ball represents H, and the red ball represents O.

dissociation, the presence of preadsorbed oxygen atoms dra-
matically decreases the value of barriers on Au(111), Ag(111)
and Cu(111) and moderately decreases the barriers on Pd(111)
and Rh(111), and also that preadsorbed oxygen has little ef-
fect on the reaction barriers on Ni(111) and Ru(0001). More-
over, the calculated barriers for water dissociation on oxygen-
preadsorbed metals cannot be well correlated with the d-bond
center; the BEP relationship fails in such cases. A possible rea-
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Fig. 5. (a) Plot of the calculated reaction barrier for water dissociation on Pd,

Rh, Ni, and Ru versus the d-band center (¢4); (b) on Cu, Ag, and Au against
the coupling matrix element squared (Va2d)' R is the correlation coefficient.
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Fig. 6. Relationship of reaction barrier for water dissociation on clean metals
and the total energy change, R is the correlation coefficient.

son for the failure of the BEP relationship may be that the TS
type for the water dissociation may be different on the oxygen-
preadsorbed metal surfaces. For example, if the atomic oxygen
strongly binds to the transition metal, then a weak interaction
will form between the adsorbed oxygen atoms and the breaking
hydrogen atoms involved in water molecules. That is to say, the
preadsorbed oxygen has a little effect on the water dissociation
mechanism, and the properties of TSs may be the same on the
oxygen atom-modified metal surface as on the clean surface.
On the other hand, if the oxygen atoms have a weakly interac-
tion with the metal, then a strong interaction will form between
the adsorbed oxygen atoms and the breaking hydrogen atoms
involved in water molecules, so the reaction mechanism will be
intensively affected by the preadsorbed oxygen atoms, and the
transition state properties will be changed. Therefore, the TS
type of water dissociation on preadsorbed transition metals is
not the same for all metals; it depends on the nature of transi-
tion metals. Indeed, checking the structure of TS, we find that
the TSs of Au, Ag, Cu, Rh, and Ru changed from the original
“final state-like” (i.e., in the case of water dissociation on clean
metal) to “initial state-like” (Fig. 4) in the presence of oxygen;
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Fig. 7. Relationship of reaction barrier for water dissociation on clean metals
and the adsorption energy of atomic oxygen, R is the correlation coefficient.
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Fig. 8. Relationship of reaction barrier difference for water dissociation on clean
and oxygen preadsorbed metal surface and the adsorption energy of atomic
oxygen, R is the correlation coefficient.

in contrast, the TSs on Pd and Ni metals remain “final state-
like.”

3.3. Relationship between adsorption energy of oxygen and
the promoted effect

Interestingly, comparing the breaking O-H bond length on
oxygen-preadsorbed surfaces with that on clean metal surfaces
demonstrates that the bond length on oxygen-preadsorbed sur-
faces becomes greater than that on clean surfaces except on
Ru(0001) (Table 1), which is consistent with the reaction bar-
rier results demonstrating that the water readily dissociates on
oxygen-preadsorbed metal surfaces. Now the question arises as
to why can the preadsorbed oxygen affects the activity of the
metals. To answer this question, we calculated the adsorption
energies of oxygen atoms on the metal surfaces (Table 2) and
found interesting results (Figs. 7 and 8). Fig. 7 shows that the
adsorption energy of oxygen is in consistent with the chem-
ical activity of metals on clean surfaces (i.e., the greater the
adsorption energy, the more active the metal). Fig. 8 shows a
nice linear relationship between adsorption energies of oxygen
atom and the difference in the reaction barrier of water dissoci-
ation on a clean surface versus that on an oxygen-preadsorbed
surface (i.e., the smaller the value of the atom oxygen adsorp-
tion energy, the larger the barrier difference and the greater the
promoted effect). Carefully examining Figs. 7 and 8, we can
write the BEP relationships (in eV) as

Exq=a1Eo+ by, (1)

where E,; is the reaction barrier of water dissociation on
clean metals, Eo is the adsorption of O atom, and a; and b

are coefficients from Fig. 7. The reaction barrier difference is
dE = E,; — Ey, where E, is the reaction barrier on oxygen-
preadsorbed surface. According to Fig. 8,

dE =ayEo + by, (2)

where a» and b, are coefficients.
Closely examining the data in Figs. 7 and 8, we find that

Eq = —(0.49 +0.04) Eo + (3.48 £ 0.20)

and

dE =—(0.54 £0.03)Ep + (3.07 £ 0.14).

It appears that the regression coefficients a; and ap are very
close in value, and thus the difference (a; — a») approaches
zero. This finding suggests that the reaction barrier for hy-
drogen abstraction on oxygen-preadsorbed surfaces is approx-
imately constant—that is, it does not depend on the surface,
which is consistent with the data given in Table 1 (the barriers
are all in the range 0.48-0.76 eV). Thus, preadsorbed oxygen
makes different metals have similar activity for water dissoci-
ation, but it has different inducing effect on different metals.
This different inducing effect, can be explained by the fact that
the preadsorbed oxygen can interact with both the metal atoms
and the breaking hydrogen atoms from H,O molecules. There is
competition between the formation of the metal-oxygen bond
(O-M) and the formation of the hydrogen—oxygen bond (O-H).
Obviously, the more strongly bound the oxygen atoms on the
metal surface, the less promoted the effect of water on O-H
bond scission. The varying H-O bond lengths given in Table 1
provide evidence of this effect. The promoted effect of pread-
sorbed oxygen (at coverage of 1/6 ML) decreases in the order
Au > Ag > Cu > Pd > Rh > Ru > Ni and is projected to be
reversed in the order Au < Ag < Cu < Pd < Rh < Ru < Ni on
clean surfaces.

4. Conclusion

The present work provides a systematical theoretical study
of water dissociation on clean and oxygen-preadsorbed tran-
sition metals. We report periodic trends for water dissociation
on both clean and oxygen-preadsorbed surfaces. For clean sur-
faces, the chemical activity increases in the order Au < Ag <
Cu < Pd < Rh < Ru < Ni. However, the inducing effect of
preadsorbed oxygen decreases in the above order from facili-
tating O—H bond cleavage on the least active metals, such as
Au (or Ag), to having little or no effect on this process on the
active metals, such as Ni and Ru. These findings suggest that
preadsorbed oxygen plays an important role in industrial reac-
tions on transition metal catalysts. Furthermore, using oxygen
and other preadsorbed impurities to systematically alter or fine-
tune the catalytic properties of transition metal surfaces can be
envisioned.
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