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Density  functional  theory  calculations  have  been  employed  to investigate  the  adsorption  and  dissocia-
tion  of H2O, as  well  as the  aggregation  of  H2O over  the  clean  and  pre-adsorbed  oxygen  Cu(111)  surface  at
different  coverage.  As  the  coverage  increases,  the  adsorption  ability  of  H2O,  OH,  H  and  O species  becomes
gradually  weaker,  H2O dissociation  becomes  more  unfavorable  on  both  the clean  and  pre-adsorbed  oxy-
gen  Cu(111)  surface.  H2O desorption  is  more  favorable  than  its  dissociation  on  the  clean  Cu(111)  surface
at  the  different  coverage  due  to  the  weakly  physical  interaction  between  H2O molecule  and  Cu  surface.
u(111)
dsorption
issociation
ggregation

However,  on  the  pre-adsorbed  oxygen  Cu(111)  surface,  the  adsorbed  oxygen  atom  promotes  H2O  disso-
ciation  at  different  coverage,  and  H2O prefers  to be  dissociated  instead  of its  desorption  at  the coverage
below  0.50  ML.  For  H2O aggregation  over Cu(111)  surface,  as the  number  of  H2O  molecule  increases,  the
aggregation  becomes  easier  due  to  the stronger  hydrogen-bond  interaction  among  different  adsorbed
H2O  molecules,  while  the  interaction  between  (H2O)n and  Cu  surface  becomes  weaker.

©  2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

The water-gas-shift (WGS) reaction, H2O + CO → H2 + CO2, is an
mportant and widely studied reaction system on Cu-based cata-
ysts [1–4]. This reaction plays a key role not only in the production
f high purity hydrogen for fuel cells [5,6], but also in the synthesis
f ammonia and methanol [7,8]. It is well known that the interac-
ion between H2O and Cu metal is very important to understand

GS reaction mechanism, and H2O dissociation is usually thought
o be the rate-determining step of WGS  reaction [9,10]. Meanwhile,
he studies about the adsorption and dissociation of H2O on Cu

etal are also useful to understand the phenomena like corrosion,
lectrolysis, fuel cells, and biotechnologies, and so on [11,12]. Thus,
he detailed knowledge of H2O adsorption and dissociation on Cu
urface is significant for the comprehensive understanding these
pplications.

Nowadays, great efforts have been devoted to the experimen-

al and theoretical studies on the adsorption and dissociation of
2O on Cu surface. A larger number of studies have demonstrated

hat the single H2O molecule prefers to adsorb at the top site on

∗ Corresponding author at: No. 79 Yingze West Street, Taiyuan 030024, PR China.
E-mail  address: zhangriguang@tyut.edu.cn (R. Zhang).
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468-8231/© 2017 Elsevier B.V. All rights reserved.
Cu surface, where the plane of H2O molecule is nearly parallel to
the Cu surface [13–17]. In the reported experiments, Roberts et al.
[18] investigated the interaction of H2O with the clean Cu(111) sur-
face using X-ray photoelectron spectroscopy, suggesting that H2O
adsorbs on Cu(111) surface at 80 K, while it desorbs from Cu(111)
surface at about 140 K. Taylor Campbell et al. [19] presented an
activation barrier of 83.9 kJ mol−1 for H2O dissociation in WGS  reac-
tion by kinetic measurements combined with UHV  surface analysis.
After heating Cu(110) surface with adsorbed H2O to T > 200 K, OH
species have been detected using the infrared reflection absorption
spectroscopy (IRAS) and electron energy loss spectroscopy (EELS)
[20,21]. Taylor’s studies [22] found that the orbitals of H2O are
engaged much more weakly with the frontier orbitals on Cu surface.
Density functional theory (DFT) studies by Chen et al. [23] calcu-
lated the adsorption of a single H2O on a p(3 × 3) Cu(111) and (100)
surfaces corresponding to the coverage of 0.11 ML,  and a corrugated
p(2 × 2) Cu(110) surface at 0.25 ML,  as well as the stepped p(1 × 2)
Cu(211) and (221) surface at 0.50 ML,  suggesting that H2O molecule
tends to weakly bind to the top site with the molecular plane basi-
cally parallel to the substrate surface. Ren et al. [24] calculated the

adsorption and dissociation of a single H2O molecule on a p(2 × 2)
Cu(110) surface, suggesting that H2O prefers to be adsorbed at the
top site with the plane of H2O molecule lying flat, and the disso-
ciation of H2O is impossible due to the high barrier. Jiang et al.
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25] theoretically investigated the effects of surface charge on the
dsorption and dissociation of a single H2O on a p(3 × 3) Cu(111)
urface corresponding to the coverage of 0.11 ML.  The DFT studies
y Fajín et al. [26] showed that the presence of step site benefits for

 single H2O dissociation into OH and H while OH cannot further
issociate or disproportionate over Cu(321) surface. Rowley et al.
27] studied the adsorption of a single H2O molecule on Cu10 and
u18 cluster models using ab-initio methods.

Since  the interaction of H2O with oxygen over catalyst surface
s inevitable in WGS  reaction [28], the pre-adsorbed oxygen over
atalyst surface significantly affects the adsorption and dissocia-
ion of H2O [29,30], and the O H bond cleavage [31–33]. Thus,
he adsorption and dissociation of H2O on the pre-adsorbed oxy-
en Cu(111) surface have also been investigated in experiment and
heory. Salmeron et al. [34] used scanning tunneling microscopy
STM) to study the adsorption and reaction of H2O molecule on
u(110) surface partially covered with oxygen in the O(2 × 1) phase

ormed by Cu-O chains, suggesting that H2O adsorbs at the edges
nd at the top of the Cu-O chains at 77 K, while H2O reacts with

 atoms in the chains to produce OH group at 155 K, the extent of
2O dissociation is stoichiometrically determined by the amount
f pre-adsorbed oxygen atoms. Theoretically, based on a p(2 × 2)
u(111) model with the coverage of 0.25 ML  using DFT method,
ang et al. [35,36] indicated that pre-adsorbed oxygen Cu(111) sur-
ace strengthens the interaction between H2O and Cu surface, and

eakens the interaction between OH and Cu surface, further pro-
otes the catalytic activity of H2O dissociation. Wang et al. [37]

tudied the adsorption and dissociation of a single H2O on the clean
nd pre-adsorbed oxygen p(3 × 3) Cu(110) surface with the cover-
ge of 0.11 ML  using DFT calculations, indicating that compared to
he clean surface, the pre-adsorbed oxygen surface can activate the

 O bond, and promote H2O dissociation. Bu et al. [32] investigated
he dissociation of a single H2O on the clean and pre-adsorbed oxy-
en transition metal (Au, Ag, Cu, Pd, Rh, Ru, Ni) with a p(3 × 2) metal
urface corresponding to the coverage of 0.17 ML,  indicating that
he stronger interaction between the oxygen atoms and the metal
urface weakens the promoting effect on the O H bond scission
f H2O. As mentioned above, these reported studies only focus on
he single and low coverage of H2O behavior on the clean and pre-
dsorbed oxygen Cu surfaces, however, coverage-dependent H2O
dsorption and dissociation on the clean and pre-adsorbed oxygen
u surface have not been well addressed, as a result, the coverage
ffect of H2O on its adsorption and dissociation on Cu surface is still
nclear.

On the other hand, it is well known that there are two kinds
f interactions in H2O/metal system; one is H2O interaction with
etal surface; the other is hydrogen-bond interaction among

dsorbed H2O molecules [38,39]. Based on DFT calculations, pre-
ious studies [40,41] calculated and compared the structure and
lectronic properties of the different adsorbed H2O cluster on
u(111) surface with that of the gas phase H2O cluster to reveal
he effect of metal surface on the adsorbed H2O cluster and the
inding nature between H2O cluster and metal surface. Further, the

somers of adsorbed (H2O)n(n = 1–6) clusters on Cu(110) surface is
tudies, suggesting that the binding between H2O and metal sur-
ace is greater than that between H2O and H2O molecule, which can
e responsible for the relative stability of the isomers, and it is pref-
rence for more planar rather than buckled isomers. Above these
heoretical studies only focus on understanding the reason and the
ole of Cu surface in H2O cluster formation. However, as the num-
er of H2O molecule increases, the change trend of hydrogen-bond

nteraction between H2O and H2O molecule, as well as the inter-

ction between H2O cluster and metal surface still remain unclear.
herefore, the coverage effect of H2O on the hydrogen-bond inter-
ction and the interaction between H2O cluster and metal surface
eeds to be illustrated at a molecular level.
sis 445 (2018) 152–162 153

In this study, the most stable Cu(111) surface is chosen to
model Cu-catalyst, which is the dominant facet of WGS  reaction
in industrial catalytic reactions [43]. Here, we  have systematically
studied the adsorption of H2O, HO, O, and H, as well as the dis-
sociation of H2O on the clean and pre-adsorbed oxygen Cu(111)
surface. Meanwhile, we  have also considered the effect of coverage
on the adsorption and dissociation of H2O using p(1 × 1), p(2 × 1),
p(2 × 2) and p(3 × 3) Cu(111) surface models, which only consider
the interaction between H2O and metal surface. More importantly,
except for the interaction between H2O and metal surface, the
hydrogen-bond interaction among adsorbed H2O molecules play a
key role in the formation of H2O cluster [39]. Thus, as the number of
H2O molecule increases, the hydrogen-bond interaction among the
adsorbed H2O molecules, and the interaction between H2O cluster
and metal surface over Cu(111) surface have been also investigated.

2. Computational methods and models

2.1. Calculation method

All  calculations have been performed using density functional
theory (DFT) methods implemented in Dmol3 of Materials Stu-
dio 4.4 [44,45], where the exchange-correlation functional is
described by the generalized gradient approximation (GGA) using
Perdew-Burke-Ernzerhof (PBE) functional [46,47] together with
the doubled numerical basis set plus polarization basis sets (DNP)
[48]. The PBE functional has been widely used to investigate the
reactions of small molecules on the metal surfaces, and the obtained
results are often reliable [49,50]. Considering the weak interac-
tion between H2O and Cu surface, the adsorption and dissociation
of H2O molecule at 0.11 ML  on the clean and pre-adsorbed oxy-
gen Cu(111) surface using DFT-D2 correction method by Grimme
[51] are calculated and compared. The related data are listed in
Table S1 and the detailed descriptions are presented in the Part
1 of Supplementary material. The results show that H2O prefers
to desorption rather than its dissociation at 0.11 ML  on the clean
Cu(111) surface, while H2O prefers to be dissociated rather than
its desorption at 0.11 ML  on the pre-adsorbed oxygen Cu(111)
surface, which agree with the results without van der Waals cor-
rection. These results show that DFT-D2 correction method has few
effects on our calculated results and qualitative conclusions. Pre-
vious studies [42,52] also showed that the consideration of vdW
functional such as optPBE, optB88, revPBE does not alter the rela-
tive stabilities of structures predicted by PBE. In addition, although
the total adsorption energies increase, the adsorption sites remain
unchanged, and the adsorption geometries (water-metal bond and
water H-bond lengths) are very similar between PBE and optB88-
vdW functional [42]. Therefore, van der Waals forces have not been
considered in this study. The inner electrons of Cu atom are kept
frozen and replaced by an effective core potential (ECP) [53]; other
atoms are treated with an all-electron basis set. A smearing of 0.005
Ha is applied to achieve accurate electronic convergence. Brillouin-
zone integrations have been performed using 9 × 9 × 1, 5 × 9 × 1,
5 × 5 × 1 and 3 × 3 × 1 k-point grid for p(1 × 1), p(2 × 1), p(2 × 2) and
p(3 × 3) surface, respectively. In addition, Mulliken charge analysis
was calculated in our study, which can reveal that the interac-
tion strength between adsorbates and substrate [54–56]. The fewer
electrons transfer between adsorbates and substrate means the
weaker interaction; whereas, the more electrons transfer between
adsorbates and substrate means the stronger interaction.

In  order to determine accurate activation barrier of the reaction,

Complete LST/QST approach is used to search for transition states
of the reactions [57]. Moreover, frequency analysis has been used to
validate the transition state with only one imaginary frequency, and
to obtain the zero-point energy; TS confirmation is performed on
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Fig. 1. Top and side views of the clean Cu(

very transition state to confirm that it leads to the desired reactant
nd product.

For  the elementary reaction such as AB → A + B on Cu(111) sur-
ace, the activation barrier (Ea) and reaction energy (�E) with
ero-point energy (ZPE) correction refer to the following formulas:

a = ETS/Cu − EAB/Cu (1)

E  = E(A + B)/Cu − EAB/Cu (2)

here  E(A+B)/Cu is the energy of the system with the co-adsorbed A
nd B species over Cu surface, EAB/Cu is the energy of AB species over
u surface, ETS/Cu is the energy of transition state; these energies

nclude ZPE correction.

.2.  Surface model

The face center cubic Cu unit cell was optimized, and the
btained lattice constant of 3.615 Å agrees well with the experi-
ental data of 3.620 Å [58]. In this study, a periodic Cu(111) slab

urface with four layers and a 10 Å vacuum layer is employed. The
acuum thickness is enough to separate the repeating slabs [59].
he different size of p(1 × 1), p(2 × 1), p(2 × 2) and p(3 × 3) surfaces
re chosen to reflect the different coverage of 1.00, 0.50, 0.25 and
.11 ML,  respectively, this method has been widely used to inves-
igate the different coverage of the adsorbates on metal surface to
ave the calculation cost [60–62], which is a simple, practicable and
ffective model. Ren et al. [24] and Hodgson et al. [63] have inves-
igated the adsorption of (H2O)6 cluster on the p(2 × 2) Cu(110)
nd p(2

√
3 × 2

√
3) Ru(0001) surface. More importantly, similar to

ur study, Jiao et al. [64] study the adsorption for the different size
f (H2O)n (n = 2-6) cluster over the p(3 × 4) Fe(100) surface. Fur-
her, the p(3 × 3) Cu(111) surface is used to model H2O aggregation
24,63,64]. In order to mimic  the real metal particles, the bottom

ne layer of Cu(111) slab surface is constrained at the bulk position,
hereas the upper three layers together with the adsorbed species

re allowed to relax. As shown in Fig. 1, there are four different
dsorption sites on Cu(111) surface: Top, Bridge, Hcp, and Fcc.

Fig. 2. The most stable configurations of OH, O and H
(1 × 1), (2 × 1), (2 × 2) and (3 × 3) surfaces.

3. Results and discussion

3.1.  H, O and OH adsorption on Cu(111) surface at different
coverage

The  adsorption energy (Eads) with zero-point energy (ZPE) cor-
rection is defined as follows:

Eads = Eadsorbate/Cu−(ECu + Eadsorbate) (3)

where  ECu is the energy of the clean Cu slab, Eadsorbate is the energy
of free adsorbate, and Eadsorbate/Cu is the energy for the system of
Cu slab surface together with the adsorbed species; these energies
include ZPE correction. With this definition, more negative values
reflect the stronger interactions between the adsorbed species and
Cu surface.

For OH adsorption, two adsorption modes, the O H bond tilted
from the surface and vertical to the surface, are considered. The
most stable adsorption structures of H, O and OH species at differ-
ent coverage within p(3 × 3), p(2 × 2), p(2 × 1) and p(1 × 1) Cu(111)
surface are presented in Fig. 2. The adsorption energies (Eads), the
average bond lengths (d), and the electron transfer (q) between the
adsorbed species and Cu surface at 0.11, 0.25, 0.50 and 1.00 ML  are
summarized in Table 1.

For H atom, the most stable adsorption sites are the hcp and fcc
sites with the adsorption energies of −266.7 and −266.8 kJ mol−1

at 0.11 ML,  −258.3 and −259.2 kJ mol−1 at 0.25 ML,  −244.1 and
−244.9 kJ mol−1 at 0.50 ML,  and −239.8 kJ mol−1 at 1.00 ML,  respec-
tively, which agree in general with the previous studies by Jiang
et al. [29,30] (−247.5 kJ mol−1 at the fcc site at 0.25 ML)  and by
Kandoi et al. [65] (−246.0 kJ mol−1 at the fcc site at 0.25 ML). Zu
et al. [66] also experimentally confirmed that H atoms are adsorbed
at three-fold hollow site on Cu(111) surface using the vibrational
spectroscopy measurements. H atom adsorbed at the bridge site
is less stable than that at the fcc or hcp site at 0.11 and 0.25 ML,

while H atom adsorbed at the bridge site migrates to the fcc site
as the coverage increases from 0.25 to 1.00 ML.  The average dis-
tances between the adsorbed H and Cu atoms of three-fold hollow
site agree well with the reported length of H Cu bonds [67–71].

 species adsorbed on the clean Cu(111) surface.
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Table  1
The  adsorption energy (Eads/kJ mol−1), the average distance (d/Å) from the adsorbate to Cu surface, and the charge transfer (q/e) to the adsorbates at the top, bridge, hcp and
fcc  sites at different coverage on the clean Cu(111) surface.

Adsorbate site 0.11 ML  0.25 ML  0.50 ML 1.00 ML

Eads d q Eads d q Eads d q Eads d q

H-top −208.7 1.518 0.035 −203.9 1.521 0.028 −156.0 1.505 0.120
H-bridge  −253.0 1.657 0.182 −245.8 1.656 0.179
H-hcp  −266.7 1.737 0.228 −258.3 1.742 0.217 −244.1 1.729 0.244 −239.8 1.702 0.281
H-fcc  −266.8 1.736 0.234e −259.2 1.741 0.220 −244.9 1.728 0.245 −239.8 1.702 0.279
O-top  −196.0 1.814 −0.108
O-hcp  −454.8 1.915 −0.476 −464.2 1.907 −0.462 −384.1 1.890 −0.352 −281.6 1.921 −0.178
O-fcc  −460.0 1.912 −0.472 −475.3 1.898 −0.457 −391.3 1.888 −0.350 −285.2 1.916 −0.177
OH-top  −253.3 1.879 −0.242 −172.7 1.855 −0.183 −197.4 1.891 −0.087
OH-bridge  −288.5 1.996 −0.250 −288.5 1.996 −0.250 −219.0 2.018 −0.126
OH-hcp  −301.0 2.059 −0.242 −302.3 2.070 −0.252
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OH-fcc  −304.5 2.053 −0.1696 −306.2 2.060 

illiken charge analysis indicates that electron transferred from H
tom to Cu surface.

For  O atom, it prefers to adsorb at the fcc site, as reported in
he experimental and theoretical literatures [35,36,58,72–75], and
he adsorption energies decrease with the increasing of coverage
rom 0.11 to 1.00 ML.  The negative charge suggests that Cu acts as

 donor, and O atom behaves as an electron acceptor. The small
ifferences of charge transfer between fcc and hcp site agree with
hat of adsorption energy at different coverage.

For OH, it prefers to adsorb uprightly at the fcc sites via O
tom, the adsorption energies are −304.5 and −306.2 kJ mol−1 at
.11 and 0.25 ML,  respectively, which accords with the results of
hatak et al. at 0.11 ML  [75] (−306.8 kJ mol−1). When the coverage

ncreases to 0.50 and 1.00 ML,  OH prefers to adsorb at the bridge
ite rather than the fcc site with the adsorption energies of −288.5
nd −219.0 kJ mol−1, respectively. The O H bond at the fcc site is
erpendicular to the surface at 0.11 and 0.25 ML,  while it is parallel
o the surface at 0.50 and 1.00 ML.  Charge transfer suggests that
u surface acts as a donor, and OH behaves as an electron acceptor.
here are no significant differences for adsorption site, adsorption
nergy, average distance and charge transfer obtained at 0.25 and
.11 ML,  respectively. However, it becomes different when the cov-
rage increases from 0.25 to 1.00 ML,  namely, OH adsorption on Cu
atalyst is sensitive to the coverage.

Above results show that the adsorption site, adsorption energy,
ond length, and electron transfer of H, O and OH species on
u(111) surface are insensitive to the coverage from 0.11 to 0.25
L.  However, when the coverage increase from 0.25 to 1.00 ML,

he adsorption energy, electron transfer of H, O and OH species at
he most stable sites on Cu(111) surface decrease; and the corre-
ponding bond lengths of Cu-X (H, O and OH) are also different. The
ost stable adsorption site of OH alters from three-fold hollow site
o two-fold bridge site with the increasing of coverage. Further, the
ost favorable adsorption sites of OH, O, and H species are used to

iscuss H2O dissociation on Cu(111) surface.

Fig. 3. H2O molecule adsorbed at the top site with four
.245

3.2. H2O adsorption and dissociation on the clean Cu(111)
surface  at different coverage

3.2.1. H2O adsorption
Four  different adsorption orientations of H2O at the four sites

(top, bridge, fcc and hcp) have been investigated. As shown in
Fig. 3, four different orientations in the initial structures are (a)
H-up (H2O molecular plane (PH2O) is normal to the substrate sur-
face (Psurf) with two  hydrogen atoms sitting at the same height, and
two hydrogen atoms are above the oxygen atom), (b) H-down (PH2O
is normal to Psurf, with two hydrogen atoms sitting at the same
height and below the oxygen atom), (c) H-down-up (PH2O is nor-
mal to Psurf, with only one of O H bonds pointing to the substrate
surface), and (d) H-parallel (PH2O is parallel to Psurf). Therefore, six-
teen different initial adsorption configurations of H2O molecule at
four adsorption sites on Cu(111) surface were examined.

Fig.  4 presents the most stable adsorption configurations. The
adsorption energies (Eads), equilibrium distances (d) from H2O
molecule to the surface, and charge transfers (q) are listed in Table 2.

As shown in Table 2, H2O molecule prefers to adsorb at the top
site with the parallel mode, which have the adsorption energies
of −54.4, −45.2, −46.3 and −20.3 kJ mol−1 at the coverage of 0.11,
0.25, 0.50 and 1.00 ML,  respectively. The adsorption site and con-
figuration of H2O accord with the results obtained by Michaelides’s
studies [17,39]. The equilibrium distances from the O atom of H2O
molecule to the nearest Cu atom are 2.454, 2.534, 2.838 and 3.479 Å,
respectively. Meanwhile, as shown in Tables 1 and 2, compared to
the electron transfer of about 0.25 e between the adsorbed H, O and
OH species and Cu surface, there is small amount of electron trans-
fer of 0.003 ∼ 0.075 e between H2O molecule and Cu surface, which
reveals that H2O molecule has a weaker interaction with Cu(111)
surface compared to the adsorption of H, O and OH species. Thus, as

the coverage increases from 0.11 to 1.00 ML,  the adsorption ener-
gies of H2O molecule decrease, and the distances between H2O and
substrate surface increase.

 different initial orientations on Cu(111) surface.
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Fig. 4. The top and side views for the most stable configurati

Further, most of the initial structures with the different orien-
ation are converted into the parallel model at different adsorption
ite at 0.50 and 1.00 ML  (see Fig. S1). However, there are the modes
f H-down-up or H-down with at least one O H bonds point-

ng towards the surface except for the parallel model at 0.11 and
.25 ML.  These results indicate that there is the only parallel mode
f H2O molecule at the high coverage, while there are multi-model
dsorptions of H2O at the low coverage. Meanwhile, the H-parallel
rientation is the most stable adsorption configuration among all
ifferent orientations.

.2.2.  H2O dissociation
In  this section, the complete dissociative processes of H2O into

 + 2H via OH + H have been investigated at the coverage of 0.11,
.25, 0.50 and 1.00 ML  based on the most stable adsorption struc-
ures of H2O, OH, H and O species at the corresponding coverage.
he potential energy of H2O dissociation into O and 2H with the
orresponding structures of initial state (IS), transition state (TS),
nd final state (FS) are shown in Figs. 5 and S2.

For H2O dissociation into H and OH at 0.11, 0.25 and 0.50 ML,
tarting from H2O adsorbed at the top site, it goes through the tran-
ition states (TS1-1, TS2-1 and TS3-1) to form OH and H species
ocated at the adjacent fcc sites. In TS1-1, TS2-1 and TS3-1, the
issociating O H distances are 1.640, 1.597 and 1.849 Å, and the

orming Cu-H distances are 1.739, 1.760 and 1.660 Å, respectively.
hese reactions are endothermic by 22.4, 31.1 and 75.4 kJ mol−1

ith the activation barriers of 138.4, 129.9 and 141.8 kJ mol−1

t 0.11, 0.25 and 0.50 ML,  respectively. However, the adsorption
nergies are −54.4, −45.2 and −46.3 kJ mol−1 at 0.11, 0.25 and
.50 ML,  respectively. Thus, H2O molecule prefers to be desorp-
ion rather than being dissociated into OH + H at 0.11, 0.25 and

.50 ML.  Further, H2O dissociation at 1.00 ML  is considered, sug-
esting that when H and OH are initially adsorbed at the fcc
nd bridge sites, respectively, OH can easily interact with H atom
o form H2O molecule after geometry optimization. As a result,

able 2
he  adsorption energy (Eads/kJ mol−1), average distance (d/Å) from the O atom of H2O to t
table configurations of H2O adsorbed at different site on Cu(111) surface.

Site orientation 0.11 ML 0.25 ML 

Eads d q Eads d 

top H–parallel −54.4 2.454 0.075 −45.2 2.534 

hcp  H–parallel −48.3 3.241 0.008 −39.5 3.218 

fcc  H–parallel −39.5 3.228 

fcc  H–down–up −47.4 2.776 0.019
bridge H–parallel −48.4 3.076 0.022 −39.8 3.158 
 H2O molecule adsorbed at different site on Cu(111) surface.

H2O dissociation is impossible at the higher coverage of 1.00
ML.

In addition, the transition state from the partial dissociated state
(OH and H) to the fully dissociated products (2H and O) is examined
(see Fig. S2). At 0.11 and 0.25 ML,  in TS1-2 and TS2-2, H atoms are
located at the top site with the Cu-H distance of 1.578 and 1.649 Å,
and the breaking O H distances are 1.743 and 1.633 Å, respectively;
in the final state (O + 2H), both O and H atoms are located at the
fcc sites. The activation barriers and reaction energies are 168.6
and 67.7 kJ mol−1 at 0.11 ML,  170.3 and 106.8 kJ mol−1 at 0.25 ML,
respectively. Further, the dissociation of OH and H into 2H and O
at 0.50 ML  suggests that when H and O are initially adsorbed at the
adjacent fcc and hcp sites, H can easily interact with O to form OH
after geometry optimization. Thus, the dissociation of OH with the
co-adsorbed H is impossible at 0.50 ML.

The  dissociation of the single OH radical into O and H at 0.11 and
0.25 ML  was also considered (see Fig. S3), the dissociation needs the
activation barriers of 163.6 and 154.8 kJ mol−1, respectively. Both
are endothermic by 67.9 and 87.3 kJ mol−1, respectively. Compared
to OH dissociation in the presence of hydrogen, the activation barri-
ers of OH dissociation slightly decrease in the absence of hydrogen,
namely, the co-adsorbed H atom on the surface is unfavorable for
the dissociation of OH.

3.3. H2O adsorption and dissociation on pre-adsorbed oxygen
Cu(111) surface at different coverage

Pre-adsorbed oxygen over metal surface plays a key role in the
O H bond activation [37]. Thus, we probe into the adsorption and
dissociation of H2O on the pre-adsorbed oxygen Cu(111) surface.
Considering that O atom prefers to adsorb at the fcc site, we choose

the p(3 × 3), p(2 × 2), p(2 × 1) and p(1 × 1) Cu(111) surface with the
adsorbed O atom at the fcc site as the pre-adsorbed oxygen surface
models corresponding to the coverage of 0.11, 0.25, 0.50 and 1.00
ML,  respectively.

he adjacent Cu atom, and charge transfer (q/e) from H2O to Cu surface for the most

0.50 ML  1.00 ML

q Eads d q Eads d q

0.047 −46.3 2.838 0.025 −20.3 3.479 0.003
0.010 −44.2 3.500 0.001 −19.8 3.896 0.001
0.010 −44.1 3.403 0.001 −19.8 3.873 0.001

0.009 −43.8 3.472 0.002 −19.9 3.841 0.001
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.3.1. H2O adsorption
For  the adsorption of H2O molecule on the pre-adsorbed oxy-

en Cu(111) surface, there are various co-adsorption structures
etween O at the fcc site and H2O at the top, bridge, fcc and hcp
ite at the coverage of 0.11, 0.25, 0.50 and 1.00 ML,  respectively,
hich have been examined in this section.

For the initial adsorption configurations of H2O adsorption, as
hown in Fig. 6, Hb atoms of H2O molecule adsorbed nearby at the
op site approach the pre-adsorbed oxygen atom (Op) at the fcc
ite to form the hydrogen-bond between the Hb atom of H2O and
p atom with the distances of 1.942, 2.038 and 2.132 Å at 0.11,
.25 and 0.50 ML,  respectively. With the coverage increases, the
w Hb bond lengths become larger; the interaction between H2O

nd the pre-adsorbed oxygen atom becomes weaker. Moreover,
he Ow Hb bond lengths (0.991, 0.986 and 0.997 Å for 0.11, 0.25
nd 0.50 ML,  respectively) of H2O molecule are longer than those
f H2O adsorbed on Cu(111) surface and the gaseous H2O (0.977

ig. 6. The potential energy surfaces for H2O dissociation into H + OH species on the p
espectively. (IS1′-1, 2′-1, 3′-1: the most stable adsorption state of H2O molecule; TS1′-1
nd Ow denote the pre-adsorbed O atom and O atom of H2O molecule, respectively; Hb d
 Cu(111) surface at the coverage of 0.11, 0.25 and 0.50 ML,  respectively. (IS1-1, 2-1,
e; FS1-1, 2-1, 3-1: the final state of H atom and OH radical).

and 0.972 Å, respectively), suggesting that pre-adsorbed oxygen
can largely activate the O H bond of adsorbed H2O. Meanwhile, the
adsorption energies of H2O on the pre-covered oxygen surface are
−52.5, −58.6 and −50.7 kJ mol−1 at 0.11, 0.25, and 0.50 ML,  respec-
tively. Although the coverage increases from 0.11 to 0.50 ML,  the
adsorption energies of H2O change slightly. This reveals that pre-
adsorbed oxygen reduces the coverage effect on H2O adsorption
at the coverage from 0.11 to 0.50 ML  on the pre-adsorbed oxy-
gen Cu(111) surface. In addition, the adsorption of H2O molecule
at 1.00 ML  shows that H2O becomes the dissociative adsorption
to form two  co-adsorbed OH species on the pre-adsorbed oxygen
Cu(111) surface.
3.3.2.  H2O dissociation
Based  on the most stable adsorption of H2O on the pre-adsorbed

oxygen Cu(111) surface, H2O dissociation has been investigated at

re-adsorbed oxygen Cu(111) surface at the coverage of 0.11, 0.25 and 0.50 ML,
, 2′-1, 3′-1: the transition state; FS1′-1, 2′-1, 3′-1: the final state of 2OH radical; Op

enotes the nearest H atom of H2O molecule with the pre-adsorbed O atom).
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ig. 7. The potential energy surfaces for H + OH dissociation into 2H + O on the pre-a
′-2: the most stable co-adsorption state of 2OH radical; TS1′-2, 2′-2: the transition
he  dissociating OH radical).

.11, 0.25 and 0.50 ML,  respectively. As presented in Fig. 6, starting
rom the most adsorption configuration (IS1′-1, 2′-1 and 3′-1), the

w Hb bond dissociates, and the departing Hb atom begins to coor-
inate with the pre-covered Op atom to form hydroxyl Op Hb in
he final state (FS1′-1, 2′-1 and 3′-1). The cleavage of Ow Hb bond
oes through the transition state (TS1′-1, 2′-1 and 3′-1) with the
ctivation barrier of 25.7, 24.4 and 62.1 kJ mol−1, and the process
re exothermic by 22.0, 16.0 at 0.11 and 0.25 ML  and endothermic
y 54.6 kJ mol−1 at 0.50 ML,  respectively. The distances of dissoci-
ting Ow Hb and forming Op Hb bonds are 0.962 and 1.164 Å in
S1′-1 at 0.11 ML,  and 1.123 and 1.438 Å in TS2′-1 at 0.25 ML,  and
.239 and 1.224 Å in TS3′-1 at 0.50 ML.  In the final state, two OH
dsorb at the bridge and fcc sites at 0.11 ML  respectively, while
oth prefer to adsorb at two adjacent bridge sites at 0.25 and 0.50
L.

Compared to H2O desorption, H2O prefers to dissociate into two
H at 0.11 and 0.25 ML.  However, H2O prefers to be desorption

ather than its dissociation at 0.50 ML  due to high dissociation bar-
ier. Thus, compared to the clean surface, the pre-adsorbed oxygen
ignificantly facilitates H2O dissociation to form two adsorbed OH
pecies at the coverage below 0.50 ML.

Further, starting from two adsorbed OH species, H atom can fur-
her be removed from OH fragment to form H and O atoms, in which
e only consider the dissociation of Ow Ha on the surface, as pre-

ented in Fig. 7. This step goes through Ha atom migration from Ow

tom to the fcc site to form OH, O and H species, and this reaction is
ighly endothermic by 73.5 and 117.6 kJ mol−1 with the activation
arriers of 166.2 and 216.2 kJ mol−1 at 0.11 and 0.25 ML,  respec-
ively. Correspondingly, the distances of dissociating Ow Hb bond
re 1.669 and 1.642 Å, respectively. However, the dissociation of
he co-adsorbed OH + OH species into the co-adsorbed O + H + OH
pecies is impossible at 0.50 ML.  The reason is that when O and H
toms are initially placed at the fcc sites with OH adsorbed at the
djacent fcc site in the final state, O and H atoms can again inter-

ct to form OH after geometry optimization. Namely, there is no
vailable adsorption site for OH dissociation at 0.50 ML.

Therefore, for H2O dissociation into 2OH, followed by the O H
ond cleavage to form the co-adsorbed OH, O and H species at the
ed oxygen Cu(111) surface at the coverage of 0.11 and 0.25 ML,  respectively. (IS1 -2,
; FS1′-2, 2′-2: the final state of OH radical, O and H atom; Ha denotes the H atom of

coverage below 0.50 ML,  the dissociation barrier increases with
the increasing of coverage; H2O prefers to be dissociated into OH
compared to its desorption from the surface, however, OH further
dissociates into O and H atoms cannot occur. When the coverage
is above 0.50 ML,  H2O prefers to desorption rather than its dis-
sociation. Therefore, H2O dissociation on the pre-adsorbed oxygen
Cu(111) surface depends on the coverage and pre-adsorbed oxygen.

3.4. H2O aggregation on Cu(111) surface

For H2O aggregation on Cu(111) surface, the formation energy
(Eform) of (H2O)n cluster on Cu(111) surface involves two kinds
of interactions; one is hydrogen-bond interaction (EH) among
adsorbed (H2O)n molecules; the other is the interaction between
(H2O)n cluster and metal surface, which is defined as the adsorption
energy (Ecads) of (H2O)n cluster. Here, the formation energy (Eform)
of (H2O)n cluster is defined as follows:

Eform = [E(H2O)n/Cu−(ECu + nEH2O)]/n (4)

Where  n is the number of H2O molecule in (H2O)n cluster, ECu is
the energy of the clean Cu slab surface, EH2O is the energy of H2O
molecule, and E(H2O)n/Cu is the energy for the system of Cu slab sur-
face together with the adsorbed (H2O)n cluster. With this definition,
more negative values of Eform reflect that the formation of (H2O)n

cluster becomes more easier on Cu surface. Based on the optimized
structure of adsorbed (H2O)n cluster on Cu surface, the single point
energy of (H2O)n cluster alone is calculated. Then, the hydrogen-
bond interaction (EH) and adsorption energy (Ecads) of (H2O)n are
obtained as follows:

EH = (E(H2O)n−nEH2O)/n (5)

Ec
ads = Eform − EH (6)

Where  E(H2O)n is the single point energy of (H2O)n cluster; these

energies include ZPE correction. The more negative values of EH and
Ecads reflect the stronger hydrogen-bond interaction among (H2O)n

cluster, and the stronger interaction of (H2O)n cluster with Cu sur-
face, respectively.
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Table 3
The  formation energy (Eform/kJ mol−1), adsorption energy (Ec

ads/kJ mol−1) and
hydrogen-bond interaction energy (EH/kJ mol−1), charge transfer (q and q̄/e)  for
(H2O)n on Cu(111) surface.

(H2O)n Eform/kJ mol−1 Ec
ads/kJ mol−1 EH/kJ mol−1 q/e q̄/e

1 −54.4 −54.4 0.0 0.075 0.075
2 −61.1 −50.1 −11.0 0.116 0.058
3 −65.1 −33.0 −32.1 0.088 0.029
4 −65.4 −30.1 −35.3 0.113 0.028

F
R

Fig. 8. The most stable adsorption configurations of 

As mentioned above, when the interaction of H2O with Cu sur-
ace is considered, it is noted that H2O adsorption on Cu(111)
urface at higher coverage, two kinds of interactions between H2O
nd metal surface exist, one is H2O interacting with metal surface;
he other is the hydrogen-bond interaction among the adsorbed
2O molecules, which can facilitate the formation of (H2O)n cluster
n Cu surface, thus, it is necessary to investigate H2O aggregation
ver Cu(111) surface in order to understand H2O interaction with
u surface and the hydrogen-bond interaction among the adsorbed
2O molecules.

The interaction of H2O clusters within a p(3 × 3) Cu(111) surface
as modeled (see Fig. 8) in this section. The initial structures of

H2O)n on Cu(111) surface were estimated according to the most
table position of a single H2O molecule adsorbed on the surface
t equilibrium. The formation energy, hydrogen-bond interaction
nd the adsorption energy of (H2O)n cluster over Cu(111) surface
re presented in Table 3.

For n = 2, the dimer cluster exhibits the “discontinuous linear”
hape with the formation energy of −61.1 kJ mol−1. The adsorption
nergy is −50.1 kJ mol−1, which is similar to that of the single H2O
olecule. As shown in Fig. 8a, one H2O molecule is adsorbed at

he top site with the Cu-O distance of 2.229 Å, which is shorter

han that of single H2O adsorption (2.454 Å). The O atom of the
econd H2O molecule forms the hydrogen-bond interaction with
ne H atom of the first adsorbed H2O molecule, the hydrogen-bond

nteraction is −11.0 kJ mol−1, and the corresponding H O distance

ig. 9. The potential energy surfaces for the complete dissociation of H2O molecule at th
ed line: the pre-adsorbed oxygen Cu(111) surface. (For interpretation of the references to
5 −64.9 −20.3 −44.6 0.006 0.001
6 −67.5 −22.6 −44.9 0.129 0.022

is 1.750 Å. Two  H atoms of the second H2O molecule point to Cu
surface without hydrogen-bond interaction.

For n = 3, the trimer cluster forms the “continuous linear” shape
releasing the energy of 65.1 kJ mol−1. The adsorption energy is
−33.0 kJ mol−1. As shown in Fig. 8b, the middle H2O molecule
can form the hydrogen-bond interaction with the adjacent H2O
molecule by providing the H atom with a hydrogen-bond distance
of 1.701 Å, and with another H2O molecule by accepting H atom
with hydrogen-bond distance of 1.825 Å. The corresponding aver-
age hydrogen-bond interaction is −32.1 kJ mol−1.
Similar to (H2O)3 cluster, the formation and adsorption
energy for the semi-ring shape of (H2O)4 cluster are −65.4
and −30.1 kJ mol−1, respectively. There are four hydrogen-bonds
among four H2O molecules with the distances of 1.893, 1.751,

e coverage of 0.11 and 0.25 ML, respectively. Black line: the clean Cu(111) surface;
 colour in this figure legend, the reader is referred to the web  version of this article.)
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ig. 10. Projected density of states plots for the d-band of (a) the clean Cu(111) sur
(2 × 3) Cu(111) surface. The dotted line denotes the position of d-band center. Re
gure legend, the reader is referred to the web  version of this article.)

.857 and 2.057 Å, respectively. The corresponding hydrogen-bond
nteraction is −35.3 kJ mol−1. Compared to (H2O)2 cluster, the
dsorption energy of (H2O)3,4 cluster decreases by 20.0 kJ mol−1,
hile the hydrogen-bond interaction increases by 20.0 kJ mol−1.

For  n = 5, five H2O molecules can form the ring shape with the
nergy of −64.9 kJ mol−1. There are five hydrogen-bonds with the
istances of 1.803, 1.876, 1.988, 1.853 and 2.100 Å, respectively. The
verage hydrogen-bond interaction and the adsorption energy are
44.6 and −20.3 kJ mol−1, respectively.

For  n = 6, six H2O molecules can form a five-membered ring with
ne exocyclic H2O molecule. There are six hydrogen-bonds with the
istances of 1.763, 1.857, 1.711, 1.852, 2.376 and 2.444 Å, respec-
ively. The average hydrogen-bond interaction and the adsorption
nergy of (H2O)6 cluster are −44.9 and −22.6 kJ mol−1, respectively.
ompared to (H2O)3,4 cluster, the adsorption energy of (H2O)5,6
luster decreases by 10.0 kJ mol−1, the hydrogen-bond interaction
f (H2O)5,6 cluster increases by 10.0 kJ mol−1.

Above results show that as the number of aggregate H2O
olecules increases, the formation energy of (H2O)n cluster

ecomes more negative, namely, H2O aggregation becomes eas-
er on Cu surface. Moreover, the adsorption energy decreases

ith the increasing number of H2O molecule, the small amount
f transferred charge in the range of 0.001 ∼ 0.058 eV indicate
he weak interaction between (H2O)n cluster and Cu(111) sur-
ace.

.5. General discussion

For  H2O adsorption, compared to the clean surface, there
re almost similar adsorption structures and energies of H2O
olecule on the pre-adsorbed oxygen Cu(111) with the increases

f coverage, indicating that the coverage has no effect on H2O
dsorption over the pre-adsorbed oxygen Cu(111) surface. How-
ver, for H2O dissociation, as shown in Fig. 9, compared to the
lean surface, the pre-adsorbed oxygen atom reduces significantly
he activation barrier of H2O dissociation, such as the differ-
nce of 118.6 kJ mol−1 for 0.11 ML  and 113.4 kJ mol−1 for 0.25 ML;
nd changes from endothermic reaction to exothermic one. The
esults show that the hydroxyl groups are formed more easily
n the pre-adsorbed oxygen surface. The formed hydroxyl groups
an hardly undergo further dissociation due to higher barrier,

amely, the formed OH group from H2O dissociation is stable on
u(111).

When the coverage increases to 0.50 ML,  H2O molecule prefers
o desorb from Cu surface rather than being dissociated into OH
b) the pre-adsorbed oxygen p(2 × 2) Cu(111) surface, (c) the pre-adsorbed oxygen
 at 0 eV denotes Fermi level. (For interpretation of the references to colour in this

and H regardless of the presence or absence of pre-adsorbed oxy-
gen on Cu(111) surface. Thus, for the coverage below 0.50 ML,  the
pre-adsorbed oxygen promotes the production of OH group, and
accelerates the hydroxylation rate of Cu(111) surface, but not for
the coverage above 0.50 ML.

In order to understand the underlying electronic properties,
the effect of pre-adsorbed oxygen on the electronic structure of
Cu(111) surface is investigated in terms of d-band center. Fig. 10
shows the calculated PDOS plot for the d-band of the clean and
pre-adsorbed oxygen Cu(111) surfaces, the d-band center (dash
line) can reflect the catalytic activity of Cu catalyst toward H2O
dissociation. It is found that compared to the clean surface (see
Fig. 10a), there are the negligible downshifts of d-band centers for
pre-adsorbed oxygen Cu surface (see Fig. 10b and c), and there
are the equivalent values of d-band center at different coverage
of 0.11 and 0.25 ML,  respectively. This analysis clearly demon-
strates that the oxygen-modified Cu surface doesn’t or weakly
alters the d-band centers of surface Cu atoms. On the other
hand, the formed hydrogen-bonds between the adsorbed O atom
and H atom of H2O molecule play a key role in the O H bond
cleavage of H2O molecule. Therefore, to some extent, it can be
concluded that the amount of the adsorbed oxygen atoms directly
determines the rate of H2O dissociation, and further determines
the activity of WGS  reaction on the oxygen-modified Cu sur-
face.

For H2O aggregates on Cu(111) surface, as listed in Table 3, the
adsorption energies of monomer and dimer with one hydrogen-
bond are about −50.0 kJ mol−1; the trimer and tetramer show
the lower adsorption energy of about −30.0 kJ mol−1; as for the
pentamer and hexamer, the adsorption energy reduces to about
−20.0 kJ mol−1. As the number of H2O molecules increases in
the aggregation, the adsorption energy of (H2O)n cluster over
Cu(111) surface decreases, indicating that the interaction between
(H2O)n and Cu surface becomes weaker with the increasing
number of H2O molecules. On the other hand, as shown in
Fig. 8 and Table 3, there is no hydrogen-bond and only one
hydrogen-bond with the hydrogen-bond energy of −11.1 kJ mol−1

for the monomer and dimer; three hydrogen-bonds in the trimer
and four hydrogen-bonds in the tetramer with the hydrogen-
bond energy of about −30.0 kJ mol−1; five hydrogen-bonds in
the pentamer and six hydrogen-bonds in the hexamer with

the hydrogen-bond energy of about −45.0 kJ mol−1. It is con-
cluded that the interaction of hydrogen-bond among (H2O)n

cluster becomes stronger with the increasing number of H2O
molecules.
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. Conclusions

In this study, we have investigated the adsorption and dissocia-
ion of H2O on the clean and pre-adsorbed oxygen Cu(111) surfaces
t different coverage, as well as H2O aggregation on Cu(111) sur-
ace using DFT calculations. For H, O and OH species, as the coverage
ncreases, the interaction between adsorbed species and Cu surface
ecomes weaker.

For  H2O molecule adsorption on the clean Cu(111) surface,
s the coverage increases, the adsorption energy decreases, the
istance between H2O and substrate surface increases, and the
rientation of H2O adsorption is different, namely, only the
arallel adsorption mode of H2O molecule exists at high cov-
rage while multi-model adsorptions of H2O at low coverage
n the clean surface. Meanwhile, the H-parallel orientation is
he most stable adsorption configuration at different coverage.
owever, compared to the clean surface, the pre-adsorbed oxy-
en reduces the effect of coverage on H2O adsorption at the
overage from 0.11 to 0.50 ML  on the pre-adsorbed oxygen sur-
ace.

Further, H2O dissociation becomes more difficult on both the
lean and pre-adsorbed oxygen Cu(111) surface as the coverage
ncreases. However, H2O molecule will dissociate into OH instead
f its desorption on the pre-adsorbed oxygen Cu(111) surface until
he coverage reaches 0.50 ML,  whereas H2O molecule prefers to
esorb rather than being dissociated on the clean Cu(111) surface
t different coverage. Thus, the dissociation of H2O depends on the
overage and pre-adsorbed oxygen. Compared to the clean sur-
ace, the oxygen reduces significantly the activation barrier of H2O
issociation into OH on the pre-adsorbed oxygen surface, while
H further dissociation into O and H is difficult. Thus, to some
xtent, the amount of adsorbed oxygen atoms on Cu catalyst surface
irectly determines the rate of H2O dissociation, further determines
he catalytic activity of WGS  reaction on the oxygen-modified Cu
urface.

On the other hand, for H2O aggregation on Cu(111) surface, as
he number of H2O molecule increases, the aggregation becomes
asier due to the increasing interaction of hydrogen-bond among
dsorbed H2O molecules; whereas the interaction between (H2O)n

nd Cu surface becomes weaker.
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