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Based on density functional theory, together with COSMO (conductor-like solvent model) in Dmol3,
the solvent effects on both the Cu2O(1 1 1) surface properties and the adsorption of CO on Cu2O(1 1 1)
surface have been systematically investigated. Different dielectric constants, including vacuum, liquid
paraffin, methylene chloride, methanol and water, are considered. The solvent effect on Cu2O(1 1 1) sur-
face properties shows that the solvent favors Cu2O(1 1 1) surface area growth. The adsorption of CO on
Cu2O(1 1 1) surface indicates that the structural parameters and adsorption energies of CO are very sen-
arbon monoxide
u2O(1 1 1)
dsorption
olvent effect
ensity functional theory

sitive to the COSMO solvent model. Solvent effects can effectively improve the stability of CO adsorption
on Cu2O(1 1 1) surface and the case of C–O bond activation. The interaction of solvent molecules with
Cu2O(1 1 1) surface is compared with that of CO with Cu2O(1 1 1). Results suggest that the solvent effect
is the dominating cause for the interaction of CO with Cu2O(1 1 1) surface in solvent, in which Cu2O(1 1 1)
shows higher catalytic activity for CO activation. But the solvent may be not the only reason promoting
CO activation. These analyses give us some new insights into the understanding of solvent effects.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

The formation of dimethyl ether (DME) and methanol from syn-
as (CO + H2) conversion has recently attracted more and more
ttention, because the materials can be used as an alternative diesel
uel or as a fuel additive [1,2]. There are two methods of “one-
ot” synthesis of DME: the gas phase method and the liquid-phase
ethod. The gas phase method generally uses a fixed bed reac-

or [3–6]. The liquid-phase method uses a slurry reactor, in which
he catalyst is dispersed in an inert liquid medium such as liquid
araffin [7–10]. The gas–slurry process shows the following advan-
ages relative to the conventional gas–solid processes: excellent
emperature control, no diffusion limitations, low pressure drop
ver the reactor, low gas recycle ratio and efficient energy econ-
my. Therefore, the liquid-phase method in a slurry reactor has
een considered as one of the most promising methods for DME
ormation.

Copper has been considered as a potential substitute for noble
etals because of its low cost and high activity for CO and H2 in the
one-pot” synthesis of DME [11–14]. However, the active center of
opper has been a matter of debate in the literature over the past
wo decades [15–18]. We shall not take part in this debate here.

∗ Corresponding author. Tel.: +86 351 6018539; fax: +86 351 6041237.
E-mail addresses: wangbaojun@tyut.edu.cn, quantumtyut@126.com (B. Wang).

926-860X/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.apcata.2011.04.025
Sheffer et al. [15], Herman et al. [17] and Zuo et al. [19] have found
that Cu2O shows higher catalytic activity than Cu.

Because the details about the interaction of small molecules
with catalyst surfaces are important to understand the surface
structure of catalyst and the catalytic processes, up to now, the
adsorption of CO with Cu2O in gas phase has been studied by many
researchers [20–24]; such adsorption is thought to be the first step
in the synthetic procedure. Meanwhile, many studies have shown
that the chemical characteristics in liquid phase environment are
different from those in gas phase, namely, the utilization envi-
ronments of catalyst might change the structure and activity of
the catalyst, in which the solvent environment plays an impor-
tant role [25–28]. To our knowledge, a detailed understanding of
the general rules involving Cu2O properties and the interaction of
CO with Cu2O surfaces in different liquid phase environments, as
well as the role of solvent in corresponding solvent environments
has seldom been presented. So the Dmol3 implementation of the
COSMO (conductor-like screening model) is applied to simulate
the dielectric response of the solvent environment [29–32]. The
COSMO model, which can well describe the solvent effect, has been
used to investigate solvent effects on CO adsorption over CuCl(1 1 1)
surface in our previous studies [33].
XRD characterization has proved that Cu2O(1 1 1) surface is the
main surface of Cu2O [34,35]. In this study, we report a systematic
COSMO-based DFT investigation about Cu2O(1 1 1) surface prop-
erties in different solvent environments and the interaction of CO

dx.doi.org/10.1016/j.apcata.2011.04.025
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
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ig. 1. Cu2O(1 1 1)−2 × 2 supercell. Orange and red balls stand for Cu and O atoms
he reader is referred to the web version of the article.)

ith Cu2O(1 1 1) in different solvent environments. Values of the
olvent dielectric constants ε ranging from 2.06 (liquid paraffin) to
8.54 (water) are considered, including 9.08 (methylene chloride)
nd 32.63 (methanol). COSMO has not been used in vacuum (gas
hase) (ε = 1). The calculated results are expected to illustrate the
ole of the solvent and to give some new insights into the solvent
ffect on the stability and the activity of Cu2O catalyst, as well as
he activation ability of CO on Cu2O(1 1 1) surface.

. Computation models and methods

The Cu2O(1 1 1) surfaces are modeled by using the supercell
pproach, where periodic boundary conditions are applied to the
entral supercell so that it is reproduced periodically throughout
pace. The ideal and perfect Cu2O(1 1 1) surface is non-polar; it
ncludes four chemically different types of surface atoms, which are
enoted as CuCUS, CuCSA, OSUF and OSUB, as shown in Fig. 1. CuCUS

s the surface copper that is coordinatively unsaturated, i.e., singly
oordinate Cu+ cations. CuCSA is the coordinatively saturated cop-
er atom, i.e., doubly coordinate Cu+. OSUF is the outer-most surface
xygen, i.e., threefold-coordinate oxygen anions. And OSUB is the
ubsurface oxygen, i.e., fourfold-coordinate oxygen anions.

Our calculations on Cu2O(1 1 1)−2 × 2 surface have been done

y using slab models of six layers. The vacuum gap is set to 1 nm, at
uch a distance there is little interaction between the neighboring
ayers. The adsorbate and the three outermost atomic layers of the
ubstrate are allowed to relax in all of the geometry optimization
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ig. 2. The surface energies of Cu2O(1 1 1) surface with different dielectric constants.
ghout the paper. (For interpretation of the references to color in this figure legend,

calculations (allowed to move in any direction according to forces),
and the three bottom-most atomic layers of the substrate are kept
fixed to the bulk coordinates [36].

The exchange and correlation effects are described
through the generalized gradient approximation (GGA) of
Becke–Lee–Yang–Parr (BLYP) [37,38]. The double numeric basis
with polarization functions (DNP) is used for all atoms in the
adsorbed and substrate systems [39]. All electron basis set is used
for C and O atoms, and effective core potentials (ECP) are used for
Cu atoms [40]. Brillouin-zone integrations have been performed
using a 2 × 2 × 1 Monkhorst-Pack grid and a Methfessel–Paxton
smearing of 0.005 Ha. The convergence criteria judged by the
energy, force and displacement, respectively, are 2 × 10−5 Ha,
4 × 10−3 Ha/Å and 5 × 10−3 Å. All calculations are carried out with
the Dmol3 program package in Materials Studio 4.4 [41,42].

3. Results and discussion

3.1. Calculations of CO molecules and bulk Cu2O

The obtained values verify the credibility of the selected
calculation method: firstly, the bond length, bond dissociation
energy and stretching frequency of molecular CO calculated from
our approach are r(C–O) = 0.1143 nm, EBDE = 1091.24 kJ mol−1 and
vC–O = 2128 cm−1, respectively, which are in good agreement with
the experimental values of 0.1128 nm [43], 1076.38 ± 0.67 kJ mol−1

[44] and vC–O = 2138 cm−1 [20], respectively, as well as with other
similar GGA results [19]. Then, the next test is to predict the lattice
constant of bulk Cu2O. The calculated value for the lattice constant
is 0.4430 nm, which is close to the experimental value of 0.4270 nm
[45,46]. Such results obtained in these tests make us confident in
the research about the adsorption of CO on Cu2O(1 1 1) surface.

3.2. Surface energies of Cu2O(1 1 1) surface

In order to understand the stability and relevant orientations
of the Cu2O(1 1 1) surface in different environments, we studied
the surface energies of Cu2O(1 1 1) surface in vacuum, liquid paraf-
fin, methylene chloride, methanol and water. The surface energy of
Cu2O(1 1 1) surface [47,48] calculated in vacuum is defined as:

Esuf = ECu2O(1 1 1) − Ebulk

2S
(1)
Cu2O(1 1 1)

Here Esuf is the surface energy of Cu2O(1 1 1) surface, ECu2O(1 1 1)
and Ebulk are the total energy of Cu2O(1 1 1) surface in vacuum and
the bulk phase of Cu2O containing the same number of atoms as
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ig. 3. Different adsorption models of CO on Cu2O(1 1 1) surface. Grey, red and or
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n the slab, and SCu2O(1 1 1) is the surface area of Cu2O(1 1 1). The
urface energies Esuf in other environments are also calculated by
q. (1).

According to Eq. (1), the surface energies in different solvent
nvironments are plotted in Fig. 2 as functions of the solvent dielec-
ric constant. Fig. 2 shows that the surface energies of Cu2O(1 1 1)
ecrease as the dielectric constants increase. When the dielec-
ric constant changes from vacuum (ε = 1) to methylene chloride
ε = 9.08), the values of surface energies change rapidly. However,
hen the dielectric constant is equal to or greater than 32.63, the

ffect of solvent on the Cu2O(1 1 1) surface energies is not obvious.
For a nanocrystallite of a given volume, the Gibbs–Curie–Wulff

aw [48] allows the morphology to be determined by applying the
ollowing relationship:

Esuf

d1 1 1
= constant (2)

= SCu2O(1 1 1)d1 1 1

3
(3)

ere d1 1 1 is the length of the normal line to the 1 1 1 face from
ulff’s point in the crystal, and the pyramid with the base of the

1 1 face and the height of d1 1 1 has a total volume V, which is held
ightly.

According to Eqs. (2) and (3), we can see that the smaller the
urface energy is, the larger the surface area is, so the Cu2O(1 1 1)
urface area in solvent is larger than that in vacuum. Namely,
hen the dielectric constants changes from vacuum (ε = 1) to
ethylene chloride (ε = 9.08), the surface area increases rapidly,

nd becomes stable for higher values of ε = 32.63. In addition,
ulliken charges for the relaxed top 3-layer of Cu2O(1 1 1) sur-

ace, as shown in Fig. 1, are analyzed. The calculated results
how that the charges of the relaxed top 3-layer surface decrease
ith the solvent polarity increasing. The order is as follows:
= 1 (−0.035 e) > ε = 2.06 (−0.048 e) > ε = 9.08 (−0.089 e) > ε = 32.63
−0.141 e) > ε = 78.54 (−0.154 e), suggesting that Cu2O(1 1 1) sur-
ace have the polarization of electron induced by the solvent effect.

The above results show that solvent environment can improve
he stability of Cu2O(1 1 1) surface and will favor the Cu2O(1 1 1)
urface area growth. Furthermore, the solvent effect induces the
lectron polarization of Cu2O(1 1 1) leading to the improvement
f the catalytic activity. In order to probe into theses facts and
o determine whether solvent can improve the catalytic activ-
ty of Cu2O(1 1 1) surface, we will study the adsorption of CO on
u2O(1 1 1) surface both in vacuum and in solvents, as follows.

.3. CO adsorption on Cu2O(1 1 1) in vacuum
The adsorption energy is defined as Eads = ECO + ECu2O(1 1 1) −
CO/Cu2O(1 1 1), where the first term is the total energy of the CO
olecule, the second term is the total energy of the Cu2O(1 1 1)

lab, and the third term is the total energy for the slab with the
alls stand for C, O and Cu atoms throughout the paper. (For interpretation of the
rticle.)

adsorbed CO on the surface. Therefore, a positive Eads value means
a more favorable structure.

For the adsorption of CO on Cu2O(1 1 1) surface, the CO molecule
is allowed to approach Cu2O(1 1 1) surface along two adsorption
modes: one is an end-on mode involving CO perpendicular to the
surface (M1) over four distinct sites, the other is a side-on mode
involving CO parallel to the surface (M2–M4). The geometries used
in the calculations are presented in Fig. 3.

For the end-on mode of CO adsorption over four distinct sites,
the calculated results show that the adsorptions of C-down con-
figuration are much stronger than those of O-down. Meanwhile,
the adsorption energies of CO adsorbed with C-down over CuCSA,
OSUF and OSUB are 221.7, 214.5 and 176.5 kJ mol−1, respectively. CO
adsorbed with C-down over CuCUS site has the largest adsorption
energy (327.0 kJ mol−1), suggesting that CO adsorbed with C-down
over CuCUS site is the most stable configuration among all the end-
on modes of CO adsorption over four distinct sites. In the optimized
structure of CO adsorbed with C-down over CuCUS site, the C–O and
Cu–C bond lengths are 0.1148 and 0.1839 nm, respectively. And
the angle of O–C–CuCUS is 178.3◦. The C–O bond length 0.1148 nm
is longer than the corresponding length 0.1128 nm for the free CO
molecule, which indicates that the intensity of C–O bond is weak-
ened and that the C–O bond is activated. The electron transfer from
CO to substrate as the C atom bind to the CuCUS site and the net
charge of CO is 0.388 e. For the side-on mode of CO adsorption,
the optimized M2 structure is converted to M1 mode with C-down
over CuCSA site. The optimized structure of M3 mode is converted
to M1 mode with C-down over CuCUS site. But in the optimized
structure of M4 mode, CO still lies flatly over bridge; in this struc-
ture the C and O atoms of CO bind with the CuCSA and CuCUS atoms,
respectively. The C–O bond length is 0.1170 nm and the CuCUS–O
and CuCSA–C bond lengths are 0.2214 and 0.2168 nm, respectively,
and the corresponding adsorption energies is 203.1 kJ mol−1.

The above results show that the end-on mode of CO adsorp-
tion with C-down over CuCUS site has the larges adsorption energy
among all adsorption modes and that it is the most stable configu-
ration for CO adsorption on Cu2O(1 1 1) surface, these conclusions
are in agreement with some reported studies [20–24].

3.4. CO adsorption on Cu2O(1 1 1) in solvent

To understand more deeply the solvent effect on CO adsorption
and activation over Cu2O(1 1 1) surface in solvent, we have investi-
gated the end-on mode of CO adsorption with C-down over CuCUS
site of Cu2O(1 1 1) surface in four types of solvents; liquid paraffin,
methylene chloride, methanol and water. The values of the most
relevant structural parameters and Mulliken charge for the stable
structure of CO with C-down adsorbed over CuCUS site of Cu2O(1 1 1)

surface are presented in Table 1.

Firstly, the adsorption energies are plotted in Fig. 4 as func-
tions of the solvent dielectric constant; the result shows that all
the adsorption models are stabilized when the solvent dielectric
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Table 1
Calculated geometrical structural parameters, adsorption energies and Mulliken charges of CO adsorbed over CuCUS site of Cu2O(1 1 1) surface in four types of solvents.

Parameters Vacuum Liquid paraffin Methylene chloride Methanol Water

d(C–O)/nm 0.1148 0.1154 0.1168 0.1176 0.1178
d(Cu–C)/nm 0.1839 0.1831 0.1817 0.1812 0.1809
˛/◦ 178.3 177.7 174.8 173.2 173.6
qC 0.486 0.466 0.418 0.388 0.382
qO −0.098 −0.141 −0.221 −0.260 −0.270
qCO 0.388 0.325 0.197 0.128 0.112

c
l
c
w
v
ε
ε
i

i
i
t
n
t
a
t
w
u
t
d
a
o
t
D
s
a
s
t
s
f
t
o
s

F
C

solvent polarity. The above results show that the solvent effect has
the opposite influencing trend for adsorbed CO and Cu2O(1 1 1) sur-
face, which means that the polarization between CO molecule and
Cu2O(1 1 1) surface decreases with the increase of solvent polarity.

0.1155

0.1160

0.1165

0.1170

0.1175

0.1180

d
(C

-O
)/n

m

(a)
qCu2O(1 1 1) −0.388 −0.325
Eads/kJ mol−1 327.0 777.4

onstant increases. In the considered values of ε, vacuum is stabi-
ized by 327.0 kJ mol−1, liquid paraffin by 777.4 kJ mol−1, methylene
hloride by 1312.6 kJ mol−1, methanol by 1472.5 kJ mol−1 and
ater by 1507.9 kJ mol−1, respectively. The adsorption energies

ary mainly for dielectric constant values ranging from ε = 1 to
= 9.08, with only small changes remaining for the higher values
= 32.63. The increase of adsorption energies show that the solvent

mproves the stability of CO adsorption on Cu2O(1 1 1) surface.
Next, the C–O and Cu–C bond lengths are analyzed and plotted

n Fig. 5 as functions of the solvent dielectric constant. As shown
n Fig. 5(a), the C–O bond length increases obviously when ε is in
he range from 1 to 9.08, and the change of the C–O bond length is
ot obvious when ε is equal to or greater than 32.63. The elonga-
ion of the C–O bond indicates that the solvent induces the higher
ctivation of the C–O bond than that in vacuum and this weakens
he intensity of the C–O bond. And the Cu–C bond length decreases
hen ε varies from 1 to 9.08, then remains stable for higher val-
es of ε = 32.63 (see Fig. 5(b)). The smaller the Cu–C bond length is,
he more stable the adsorption system is, which is in good accor-
ance with the results obtained from the adsorption energy. In
solvent, the bond angle ˛ changes little. Finally, CO adsorbed

n Cu2O(1 1 1) surface is detected to be non-dissociative adsorp-
ion in either vacuum or solvent by using the monitor bonding in
mol3. The above results show that the solvent not only favors the

tability of CO adsorption, but also largely induces the C–O bond
ctivation. In addition, in order to verify the solvent effect on the
tretching of the C–O bond lengths, we also investigated the adsorp-
ion process of CO molecule on Cu2O(1 1 1) surface in different
olvents, including pure physisorption at a relatively large distance

rom the Cu2O(1 1 1) surface (typically d > 0.3 nm) and chemisorp-
ion where chemical bond formation between CO and the CuCUS
ver Cu2O(1 1 1) surface can occur. A notable amount of time was
pent on studying the transition state induced by the solvent in the
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ig. 4. The change of the adsorption energy for CO adsorbed over CuCUS site of
u2O(1 1 1) surface with variable dielectric constant of the solvent.
−0.197 −0.128 −0.112
1312.6 1472.5 1507.9

adsorption process. However, since the potential energy decreases
at all times in the curve of potential energies, there is no transi-
tion state induced by the solvent for the adsorption process of CO
molecule approaching the Cu2O(1 1 1) surface in different solvents.

Further, to understand the relationship between the electron
transfer and the solvent effect, we also calculated Mulliken charges
of the CO adsorbed on the Cu2O (1 1 1) surface in different solvents.
As listed in Table 1, it can be seen that the adsorbed CO molecules
are positively charged, which indicates that electron transfer occurs
from CO to Cu2O(1 1 1) surface. Meanwhile, Mulliken charges of C,
O and CO decrease with the increase of solvent polarity, as shown
in Fig. 6. However, the Cu2O(1 1 1) surface obtains the electrons,
and the charges of Cu2O(1 1 1) surface increase with the increase of
-10 0 10 20 30 40 50 60 70 80
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Fig. 5. The change of C–O and Cu–C bond lengths for CO adsorbed over CuCUS site of
Cu2O(1 1 1) surface with variable dielectric constant of the solvent.
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ig. 6. Mulliken charges of C, O and CO of CO adsorbed on Cu2O(1 1 1) surface with
ifferent dielectric constants.

herefore, when CO is adsorbed on Cu2O(1 1 1) surface in different
olvents, the solvent effect can work to stabilize the polarization
nd will favor the adsorption of CO. Moreover, the elongation of
he C–O bonds increase with the Mulliken charge of C, O and CO
ecreasing, such a trend indicates that the stronger electron trans-
er from the surface into the anti bonding orbital of CO induces the
igher activation of the C–O bonds.

Finally, the C–O stretching frequencies in vacuum and different
olvents are calculated, as shown in Table 2. The calculated C–O
tretching frequency v(C–O) for free CO molecule is �0 = 2128 cm−1,
nd the experimental value is � = 2138 cm−1 in Section 3.1, which
uggests that some discrepancy exists between the calculated
nd experimental values. So an emendation factor ˛ = �/�0 [49]
s introduced to revise the calculated C–O stretching frequency.
s shown in Table 2, a red-shift (54 cm−1) of the C–O stretching

requencies is calculated for CO adsorption on Cu2O(1 1 1) surface
n vacuum. With the dielectric constants ε increasing, the C–O
tretching frequency decreases obviously for liquid paraffin and
ethylene chloride by 108 and 209 cm−1, as well as decreasing

lowly for methanol and water by 266 and 281 cm−1, respectively.
lthough there are no experimental data available for comparison
ith our calculated C–O stretching frequencies of CO adsorption

n Cu2O(1 1 1) surface in different solvents, the calculated C–O
tretching frequencies accord well with these from the previous
heoretical studies by Chen et al. [50], which show the red-shift
50 cm−1) of v(C–O) upon coordination of CO on Cu2O(1 1 1) in vac-
um. Therefore, we think the calculated results of CO adsorption
n Cu2O(1 1 1) surface in different solvents are reasonable. Further-
ore, we hope that some experiments will be performed to confirm

he calculated C–O stretching frequency in our future work. The
ed-shift of the C–O stretching frequency indicates that the inten-

ity of C–O bond decreases; these results are in line with the results
btained from the C–O bond length.

able 2
alculated C–O stretching frequencies of CO adsorbed on Cu2O(1 1 1) surface in
ifferent solvent systems.

v/cm−1 �v/cm−1

˛ = 1 ˛ = 0.9953 ˛ = 1 ˛ = 0.9953

Free CO 2138 2128 0 0
Vacuum 2084 2074 −54 −54
Liquid paraffin 2030 2020 −108 −108
Methylene chloride 1929 1920 −209 −208
Methanol 1872 1863 −266 −265
Water 1857 1848 −281 −280
General 400 (2011) 142–147

Based on the above calculated results, we can claim that the
structural parameters, stretching frequencies and adsorption ener-
gies of CO adsorbed on Cu2O(1 1 1) surface change rapidly when
dielectric constants change from 1 to 9.08, and are stable for higher
values of ε = 32.63, which is in line with the change trends of
Cu2O(1 1 1) surface energy when ε varies from 1 to 78.54. Mean-
while, the solvent environment reduces the Cu2O(1 1 1) surface
energy and favors the Cu2O(1 1 1) surface area growth, which
means that solvent improves the stability of the Cu2O(1 1 1) sur-
face. The increasing adsorption energy of CO shows that solvent is
propitious to the adsorption of CO on Cu2O(1 1 1) surface. And the
elongation of C–O bond suggests that Cu2O(1 1 1) in solvent shows
higher catalytic performance for CO activation, namely, the solvent
can improve the catalytic activity of Cu2O(1 1 1) surface.

3.5. The role of solvent for the CO adsorption on Cu2O(1 1 1) in
solvent

Considering that solvent molecules may also interact with
Cu2O(1 1 1) surface, we have also studied the role of solvent for
the CO adsorption on Cu2O(1 1 1) surface in solvent; such study is
based on the adsorption of solvent molecules on Cu2O(1 1 1) sur-
face. For liquid paraffin, as it is a complicated compound with the
main component of linear alkyl CnH2n+2 (n = 18–24), C3H8, a seg-
ment of the linear alkyl CnH2n+2 [35], is chosen to investigate the
interaction of liquid paraffin with Cu2O(1 1 1) surface.

The results in the earlier Section 3.3 and in previous reports
[20–24] have shown that CuCUS is the most advantageous adsorp-
tion site and that CuCUS sites comprise coordinatively unsaturated
Cu+ cations. Therefore, only CuCUS is considered for the adsorption
of four solvent molecules on Cu2O(1 1 1) surface. In the optimized
structures, C3H8 and CH2Cl2 molecules are both inclined to keep
away from the surface, while CH3OH and H2O are still adsorbed
at CuCUS sites. The corresponding adsorption energies of C3H8,
CH2Cl2, CH3OH and H2O at CuCUS site are 220.1, 263.2, 294.9 and
295.6 kJ mol−1, respectively. Combining with the adsorption energy
of CO on Cu2O(1 1 1) in different solvents presented in Table 1, we
can find that the interaction of solvent molecule with Cu2O(1 1 1)
surface is far less than that of CO with Cu2O(1 1 1) in this sol-
vent environment; for example, the adsorption energy of liquid
paraffin on Cu2O(1 1 1) is 220.1 kJ mol−1, but the adsorption energy
of CO on Cu2O(1 1 1) increases obviously from 327.0 kJ mol−1

in vacuum to 777.4 kJ mol−1 in liquid paraffin. The increasing
value of the adsorption energy is 450.4 kJ mol−1, which is still
far larger than that of liquid paraffin on Cu2O(1 1 1). And the
adsorption energy of CH3OH with Cu2O(1 1 1) is 294.9 kJ mol−1,
but the adsorption energy of CO on Cu2O(1 1 1) changes obviously
from 327.0 kJ mol−1 in vacuum to 1472.5 kJ mol−1 in methanol.
The increasing values of the adsorption energy is 1145.5 kJ mol−1.
In like manner, CH2Cl2 and H2O have the consistent change
trend.

Such results about the interaction of solvent molecules with
Cu2O(1 1 1) surface suggest that solvent molecules, such as liquid
paraffin, methylene chloride, methanol and water, basically con-
tribute the increase of adsorption energy for the CO adsorption on
Cu2O(1 1 1) surface in solvent. This suggests that solvent molecules
primarily play the role of solvent and show strong solvent effects
for the adsorption of CO on Cu2O(1 1 1) surface in solvent. There-
fore, it is concluded that the solvent effect is the dominating cause
for the enhancement of CO interaction with Cu2O(1 1 1) in solvent,
in which Cu2O(1 1 1) shows higher catalytic performance for C–O

bond activation. But the solvent effect may be not the only rea-
son promoting CO activation. Furthermore, the above results also
suggest that COSMO can well reflect the solvent effect on the CO
adsorption over the Cu2O(1 1 1) surface.
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. Conclusions

The density functional theory (DFT) combined with conductor-
ike solvent model (COSMO) is applied to study the Cu2O(1 1 1)
urface properties in different solvents and the adsorption of CO
n Cu2O(1 1 1). According to the Gibbs–Curie–Wulff law, when
he dielectric constant changes from vacuum (1) to methylene
hloride (9.08), the surface area changes rapidly, and the area
ecomes stable for higher value of ε = 32.63. The solvent environ-
ent favors Cu2O(1 1 1) surface area growth. On the basis of the

dsorption energies and C–O bond length, CuCUS is the most stable
ite for CO adsorption. The abilities of CO adsorption and activation
n Cu2O(1 1 1) are in the same order: water (ε = 78.54) methanol
ε = 32.63) methylene chloride (ε = 9.08) liquid paraffin (ε = 2.06)
acuum (ε = 1), and the adsorption of CO on Cu2O(1 1 1) surface is
xothermic. Meanwhile, the solvent effects can effectively improve
he stability and the catalytic activity of Cu2O(1 1 1) surface.
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