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The  interaction  of  Cun(n = 1–4)  cluster  with  the  dehydrated  �-Al2O3(110),  hydrated  �-Al2O3(110)  and
dehydrated  �-Al2O3(100)  surfaces  has  been  systematically  investigated  to  illustrate  the  influence  of  the
hydroxylation  of �-Al2O3 surfaces  on  the  stability  and  growth  of  Cu  for Cu/�-Al2O3 catalyst.  Here,  we
present  the  main  results  obtained  by  the  density  functional  theory  together  with  slab  model  calculations.
Our  results  show  that  the  adsorption  of  Cun(n  =  2–4)  cluster  on  the  �-Al2O3(110)  surface  is  more  stable
than  that  on  the  �-Al2O3(100)  surface,  for  the  single  Cu  atom,  the  reverse  becomes  true.  For  the  �-
un(n = 1–4) cluster
-Al2O3

tability
rowth
urface hydroxyl

Al2O3(110)  surface,  the  adsorption  of  Cun(n =  2–4)  cluster  on the  dehydrated  surface  is  more  stable  than
that  on  the  hydrated  surface  due  to the  presence  of the  surface  hydroxyls,  however,  the  adsorption  of
the  single  Cu  atom  on  the  hydrated  surface  is  more  stable  than  that  on  the  dehydrated  surface  due  to
the  larger  Cu–support  interaction  energy.  On the  other  hand,  compared  to the  �-Al2O3(100)  surface,  the
�-Al2O3(110)  surface  is more  favorable  for  the  growth  of Cun clusters,  in  which  the  presence  of  surface

owth
ensity functional theory hydroxyls  reduces  the  gr

. Introduction

Heterogeneous catalysts play an important role in industrial cat-
lytic processes [1].  Extensive experimental [2–5] and theoretical
nvestigations [6,7] have been performed on the heterogeneous
atalysts with transition metal deposited on various oxide sur-
ace, such as TiO2, SiO2, MgO  [2,3], ˛-Al2O3[4],  �-Al2O3[6–8],
-Fe2O3[5],  CeO2[5] and ZrO2[9].  Among them, �-Al2O3 is one
f the most common supports due to its high degree of poros-
ty and surface area, thus favoring a good dispersion of the
ctive phases [10]. Therefore, �-Al2O3 supported metal catalysts
ave been widely used in many reactions[6,11–16], for exam-
le, Cu/�-Al2O3 catalysts have been used for DME  synthesis[17],
ethanol conversion[18],  CO2 hydrogenation to methanol[13,19];

d/�-Al2O3 catalysts have been used for the oxidation of carbon
onoxide, propene, propane, and methane[11]; Rh/�-Al2O3 and

r/�-Al2O3 catalysts have been used for the hydrogenation reac-
ions of ethene, propene, and toluene[20].

For heterogeneous catalysts, the aggregations of the metal
ctive component on the support surface show good catalytic

ctivities[14,21,22], as a result, supported metals are usually being
sed as small clusters or particles, which can be stably dispersed on
he support surfaces[5,6,23], moreover, these small metal clusters
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 ability  of  Cun clusters.
© 2013 Elsevier B.V. All rights reserved.

or particles can often provide new properties due to the presence
of low-coordination atoms and electron confinement effects[24],
which is different from those of bulk metals. Meanwhile, previous
studies [21,22,25–28] have shown that the catalytic properties of
the metal clusters are markedly influenced by the metal sizes and
the interactions of metal with support, for example, Prasad and
co-workers [27,28] have found that the activity of Pd/Al2O3 cat-
alyst is strongly dependent on Pd cluster shape and size for the
hydrodechlorination of chlorobenzene, further, Meier et al. [29]
also point out that the metal cluster size, the support material, or
both, are critical to determining catalytic activity.

On the other hand, for heterogeneous catalysts, the nature of
the support has an important influence on the stability and growth
of metal particle, and further on the reactions taking place on this
catalyst [30–32].  For �-Al2O3-supported metal catalyst, the surface
of the �-Al2O3 support will inevitably be hydrated/hydroxylated
under a realistic reaction condition; further, the nature of the sur-
face will be modified [6,13,14,34–36].  This modification will lead
to an influence on the active species–support interaction and fur-
ther on the reactions taking place over the catalyst. For example,
STM experiments for Rh particles supported on a thin hydroxy-
lated alumina film revealed the change process for the growth and
dispersion of metal particles [31,32]. Shi et al. [37] have studied
the effect of surface hydroxyls on the nucleation and growth of

�-Al2O3 supported Rh cluster, suggesting that the growth of Rh
preferentially occur on hydrated surfaces relative to dehydrated
surfaces. Valero et al. [38] have studied the influence of metal cover-
age and its hydroxylation on the growth of Pd over the dehydrated

dx.doi.org/10.1016/j.apsusc.2013.01.139
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
mailto:wangbaojun@tyut.edu.cn
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-Al2O3(100) and hydrated �-Al2O3(110) surfaces, indicating that
he growth at very low metal coverage on the hydrated surface
s more favorable than that on the dehydrated surface, whereas,
t a higher metal coverage, the reverse becomes true. Zhang et al.
39] have identified the hydroxylation effect of �-Al2O3 support
n the selectivity of CO2 hydrogenation over Pd/�-Al2O3 catalyst,
ndicating that varying the properties of �-Al2O3 support can alter
he selectivity of CO2 hydrogenation, moreover, the presence and
umber of low-coordinated Pd particles is of great importance to

mprove the overall activity and selectivity of CO2 hydrogenation.
Nowadays, Cu/�-Al2O3 catalysts have been widely used for sev-

ral catalytic applications [13,19,40–42], such as NO reduction
41], CO2 hydrogenation to methanol[13,19],  DME  synthesis [17],

ethanol conversion [18]. However, up to now, to the best of our
nowledge, few studies are carried out to investigate the influence
f hydroxylation of �-Al2O3 support on the stability and growth of
u. Therefore, in this paper, we focus on the stability and growth of
mall Cun(n = 1–4) clusters on the �-Al2O3 surfaces including the
ehydrated (110), hydrated (110) and dehydrated (100) surfaces
y using density functional theory method. We  expect that our
esults are able to obtain the most stable adsorption configurations
nd favorable localization of Cun(n = 1–4) cluster on the �-Al2O3
urfaces, metal–support interactions, and the influence of surface
ydroxyls on the stability and growth of Cu.

. Methods and models

.1. Computational methods

All DFT calculations are performed using the Dmol3 program
vailable in Materials Studio 4.4 package [43,44]. The general-
zed gradient approximation (GGA) with Perdew-Burke- Ernzerhof
PBE) functional [45] is chosen together with the doubled numerical
asis set plus polarization basis sets (DNP)[46].  The inner electrons
f Cu and Al atoms are kept frozen and replace by an effective core
otential (ECP)[47,48], and other atoms are treated with an all elec-
ron basis set. The k-point sampling scheme of Monkhorst-Pack grid
f 2 × 2 × 1 and Methfessel-Paxton smearing of 0.005 Hartree are
sed.

The binding energy, Ebind(Cun), can be used to evaluate the sta-
ility of isolated Cun(n = 2–4) cluster per metallic atom, which is
efined as follows [49]:

bind(Cun) = [n × E(Cu) − E(Cun)]/n (1)

here E(Cun) and E(Cu) are the total energies of isolated Cun cluster
nd a single Cu atom, respectively, n is the number of Cu atom in
un clusters, herein, n = 2–4. The larger Ebind(Cun) is, the isolated
un(n = 2–4) cluster is more stable.

Similarly, the binding energy of Cun cluster supported on the
-Al2O3 surface, Ebind(Cun/�-Al2O3), per metallic atom is given by

he following equation [49]:

bind(Cun/�-Al2O3) = [n × E(Cu) + E(�-Al2O3)

− E(Cun/�-Al2O3)]/n (2)

here E(Cun/�-Al2O3) is the total energy of �-Al2O3 slab with
un cluster, E(�-Al2O3) is the total energy of bare �-Al2O3 slab,
erein, n = 2–4. Ebind(Cun/�-Al2O3) reflects the stability of Cun clus-
er supported on the �-Al2O3 surface, the larger the value of
bind(Cun/�-Al2O3) is, the Cun cluster supported on the �-Al2O3
urface is more stable.
The adsorption energy of Cun(n = 1–4) cluster on the �-Al2O3
urface, Eads, is defined as follows:

ads = E(�-Al2O3) + E(Cun) − E(Cun/�-Al2O3) (3)
nce 270 (2013) 728– 736 729

Meanwhile, Eads can be decomposed into deformation and inter-
action energy contributions. For the �-Al2O3 surface, the surface
deformation energy, Edef,surface, is calculated as the energy differ-
ence between the isolated �-Al2O3 surface and the �-Al2O3 surface
in Cun/�-Al2O3

Edef,surface = E(� − Al2O3) − E(�-Al2O′
3) (4)

where E(�-Al2O3
′) is the total energy of �-Al2O3 with the deformed

geometry obtained after Cun adsorption. With the definition, the
smaller the Edef,surface is, the stronger the surface deformation is.
For the Cun cluster, the cluster deformation energy is calculated as

Edef,Cun = E(Cun) − E(Cu′
n) (5)

where E(Cun
′) is the total energy of Cun cluster supported on the �-

Al2O3 surface. Finally, the cluster–support interaction energy, Eint,
is defined as follows:

Eint = E(Cu′
n) + E(� − Al2O′

3) − E(Cun/�-Al2O3) (6)

From Eqs. (3)–(6),  it can be seen that Eads = Edef,Cun + Edef,surface
+ Eint.

2.2. Computational models

The �-Al2O3 structural models based on the defective spinel
model [50,51] and non-spinel model [33] have been proposed. In
this study, we  employ the non-spinel model based on the fact that
its (100) surface exposes the penta-Al sites that is observed exper-
imentally [52,53]. The non-spinel �-Al2O3 model has been used to
construct surfaces in the previous studies [54–56],  thus, we employ
non-spinel-�-Al2O3 as in the previous studies to model the �-Al2O3
surface in this work. Meanwhile, the (110) and (100) surfaces are
selected on the basis of the fact that the (110) surface is estimated
to comprise 83% of the total surface area of �-Al2O3 [33,57,58],  and
a completely dehydrated �-Al2O3 surface is probably best repre-
sented by the (100) surface of the non-spinel �-Al2O3 model[32].

For the �-Al2O3(110) surface, we have considered the dehy-
drated (110) surface and hydrated (110) surface. The (110)
surface is modeled by a supercell with a dimension of
8.41 Å × 8.07 Å × 19.17 Å. Twelve Al2O3 molecular units in the slab
are distributed in six layers. The vacuum region separating the
slabs in the direction perpendicular to the surface direction is set
to 12 Å. In all calculations, the bottom two layers are frozen in their
bulk positions, whereas the remaining four layers together with
the adsorbed Cun(n = 1–4) cluster and/or hydroxyls are allowed to
relax. On the other hand, the supercell for (100) surface includes ten
atomic layers with a vacuum region of 12 Å, resulting in a super-
cell size of 11.17 Å × 8.41 Å × 20.44 Å. In this case, the adsorbed
Cun(n = 1–4) cluster together with the top six layers are allowed to
relax. The dehydrated and hydrated �-Al2O3(110) surface, dehy-
drated �-Al2O3(100) are shown in Fig. 1.

3. Results and discussion

3.1. Isolated Cun clusters

In this section, we first investigate the geometries of isolated
Cun clusters, which are essential to understand the growth of
Cun cluster on the �-Al2O3 surfaces. The geometries and structure
parameters of Cun(n = 2–4) cluster are obtained. One-dimensional
(1D), two-dimensional (2D), and three-dimensional (3D) structures
of Cun clusters are considered, and only the most stable config-

urations are summarized in Table 1. For Cu4 cluster, the isolated
3D tetrahedral configuration is less stable than the isolated 2D
planar one. However, upon binding on �-Al2O3(100) and (110) sur-
faces, the tetrahedral configuration shows a stronger interaction
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Fig. 1. The top and side views of (a) the dehydrated �-Al2O3(110) surface, (b) the hydrate
white  balls stand for Al, O and H atoms, respectively.

Table 1
The geometry, the average Cu–Cu bond lengths, the binding energy of isolated
Cun(n = 2–4) cluster, Ebind (Cun).

n Geometry d(Cu–Cu) (Å) Ebind(Cun) (kJ mol−1)

2 D∞h 2.277 97.0

t
t
v
i
t

w
t
r
D
i
i

3

3

s
c
(

cluster is 264.9 kJ mol−1, which is larger than that for the single

T
T
�

3 D3h 2.415 104.3
4  Td 2.472 113.6

han planar configurations. Further, on the basis of the facts that
he tetrahedral configuration is the smallest unit, which can pro-
ides a 3D structure to probe both metal–metal and metal–support
nteractions [59,60]. Therefore, we focus our attentions on the
etrahedral configuration in the present study.

From Table 1, we can see that the Cu–Cu bond lengths increase
ith the cluster size increasing, however, they are shorter than

hose found in bulk structure (d(Cu–Cu) = 2.556 Å), and cannot
each bulk value. The geometries of Cu2, Cu3 and Cu4 clusters are
∞h, D3h, and Td point groups, respectively. As expected, with the

ncrease of atomic coordination in cluster, the values of Ebind(Cun)
ncrease.

.2. Adsorption of Cun cluster on different �-Al2O3 surfaces

.2.1. Dehydrated �-Al2O3(110) surface

The side and top views of the dehydrated �-Al2O3(110)

urface are presented in Fig. 1(a). On this surface, the three-fold-
oordinated aluminum (Al3c), four-fold-coordinated aluminum
Al4c), six-fold-coordinated aluminum (Al6c), two-fold-coordinated

able 2
he adsorption energy, Eads, interaction energy, Eint, Cun deformation energy, Edef,Cun , surf
-Al2O3 surfaces per metallic atom, Ebind(Cun/�-Al2O3), and the average Cu–Cu bond leng

n Eads (kJ mol−1) Eint (kJ mol−1) Edef,C

1 144.2 204.0 – 

2  264.9 385.5 −0.7
3 347.1  461.3 −1.3
4  412.1 568.5 −4.4
d �-Al2O3(110) surface, and (c) the dehydrated �-Al2O3(100) surface. Pink, red and

oxygen (O2c-1, O2c-2 and O2c-3) and three-fold-coordinated oxygen
(O3c-1, O3c-2 and O3c-3) atoms are exposed, among which Al3c, Al4c,
O2c-1, O2c-2 and O2c-3 are coordinately unsaturated.

A number of sites on the dehydrated �-Al2O3(110) surface
have been explored for Cun(n = 1–4) cluster adsorption, and the
most stable adsorption configurations are presented in Fig. 2.
The corresponding key parameters for these clusters are listed in
Table 2.

As shown in Fig. 2(a), a single Cu atom on the dehydrated (110)
surface binds to O2c and Al4c sites, the corresponding adsorption
energy is 144.2 kJ mol−1. The adsorption of the single Cu atom
can introduce a surface deformation with the surface deformation
energy of −59.8 kJ mol−1. The Cu1–support interaction energy is
204.0 kJ mol−1, which mainly contribute to the adsorption energy.
The bond lengths of Cu–O2c-1, Cu–O2c-2 and Cu–Al4c are 1.973, 1.998
and 2.521 Å, respectively. The most stable adsorption configuration
of the single Cu atom adsorbed on the dehydrated (110) surface is
in good agreement with Rh atom adsorption [8].

For Cu2 cluster, the most stable adsorption configuration is
shown in Fig. 2(b), which is also similar to that of Rh[8].  The distance
between Cu1 and Cu2 atoms is 2.313 Å, which is longer than that in
the isolated Cu2 cluster (2.277 Å). The bond lengths of Cu1–O2c-1,
Cu1–O2c-2, Cu1–Al3c and Cu1–Al4c are 2.027, 2.004, 2.637 and
2.462 Å, respectively. The bond lengths of Cu2–Al3c and Cu2–O3c-2
are 2.530 and 2.047 Å, respectively. The adsorption energy of Cu2
Cu atom due to its increase of the Cu–support interaction energy
to 385.5 kJ mol−1 from 204.0 kJ mol−1 for the single Cu atom, sug-
gesting that the Cu2–support interaction energy makes a major

ace deformation energy, Edef,surface, the binding energy of Cun clusters supported on
ths d(Cu–Cu)  of Cun cluster adsorbed on dehydrated �-Al2O3(110) surface.

un (kJ mol−1) Edef,surface (kJ mol−1) d(Cu–Cu)  (Å)

−59.8 –
 −119.9 2.313
 −112.9 2.424
 −152.0 2.514
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ig. 2. The most stable adsorption configurations of Cun(n = 1–4) clusters on the de
n  Å. Orange balls stand for Cu atoms, and others are the same as in Fig. 1.

ontribution to the adsorption energy. The surface deformation
nergy is −119.9 kJ mol−1, and is lower than that for the single
u atom (−59.8 kJ mol−1), indicating that the adsorption of Cu2
luster introduces much stronger surface deformation than that
or the adsorption of the single Cu atom. The Cu2 cluster deforma-
ion energy is −0.7 kJ mol−1, and makes a little contribution to the
dsorption energy.

For Cu3 cluster, as presented in Fig. 2(c), the most stable adsorp-
ion configuration is the plane of Cu3 triangular cluster lying aslant
n the surface, and forming two Cu1–O2c bonds (2.104 and 2.388 Å),
u–O3c bond (2.059 Å), Cu–Al3c bond (2.541 Å), and two Cu–Al4c
onds (2.545 and 2.532 Å). The adsorption energy of Cu3 clus-
er is 347.1 kJ mol−1, which is larger than that for Cu2 cluster
264.9 kJ mol−1). The Cu3–support interaction strongly increases
o 461.3 kJ mol−1 from 385.5 kJ mol−1 for Cu2 cluster. The surface
eformation energy is −112.9 kJ mol−1, which is close to that for
u2 cluster (−119.9 kJ mol−1). The small difference of surface defor-
ation energy between Cu2 and Cu3 clusters indicates that the

ncrease of Cu3–support interaction energy is a major contribution
o the increase of the adsorption energy. The Cu3 cluster defor-

ation energy (−1.3 kJ mol−1) contributes little to the adsorption
nergy.

For Cu4 cluster, as shown in Fig. 2(d), the most stable adsorption
onfiguration of Cu4 cluster supported on dehydrated �-Al2O3(110)
urface is similar to that obtained by Zhang et al. [19]. In this config-
ration, three Cu atoms (Cu1, Cu2 and Cu3) interact with the surface
irectly, forming two Cu1–O2c bonds (2.084 and 2.049 Å), two
u–O3c bonds (1.972 and 2.162 Å), Cu–Al3c bond (2.439 Å), and two
u–Al4c bonds (2.522 and 2.491 Å), Cu4 atom is located at the top
ertex away from the support surface. The adsorption energy of Cu4
luster is 412.1 kJ mol−1 and in good agreement with the previous
esult (405.6 kJ mol−1) [19]. The Cu4–support interaction strongly
ncreases to 568.5 kJ mol−1 from 461.3 kJ mol−1 for Cu3 cluster,

hich makes a major contribution to the increase of the adsorption
nergy. The surface deformation energy is −152.0 kJ mol−1, and is
maller than that for Cu3 cluster (−112.9 kJ mol−1), suggesting that

he adsorption of Cu4 cluster introduces much stronger surface
eformation than that for the adsorption of Cu3 cluster. The Cu4
luster deformation energy is −4.4 kJ mol−1, and gives a negligible
ontribution to the adsorption energy.
ted �-Al2O3(110) surface for (a) Cu1, (b) Cu2, (c) Cu3 and (d) Cu4. Bond lengths are

On the basis of above results, we can see that on dehydrated
�-Al2O3(110) surface, there is a strong correlation among the
adsorption energy of Cun clusters, surface deformation, Cun clus-
ter deformation and Cu–support interaction energies. Cun cluster
deformation has little impact on the final measured adsorption
energy, and makes a little contribution to the adsorption energy.
As listed in Table 2, with the increase of Cun clusters size, both
the adsorption energy of Cun cluster and the Cu–support inter-
action energy increase, moreover, the increase of the Cu–support
interaction energy mainly contribute to the increase of the adsorp-
tion energy. For all supported clusters from Cu2 to Cu4, the average
Cu–Cu bond length is larger than that for the corresponding isolated
cluster.

3.2.2. Adsorption on the hydrated �-Al2O3(110) surface
The schematic views of the hydrated �-Al2O3(110) surface are

presented in Fig. 1(b). The key feature of the surface is that a
hydroxyl group (OwHa) binds to a surface Al3c site, whereas a pro-
ton (Hb) binds to a surface O2c-3 site, forming two surface OH groups
in one unit cell.

A number of sites on the hydrated �-Al2O3(110) surface have
also been explored for Cun clusters adsorption. Only the most stable
adsorption configurations are shown in Fig. 3, and the correspond-
ing key parameters are listed in Table 3.

For a single Cu atom, as shown in Fig. 3(a), the single Cu atom
prefers to bind to the surface hydroxyl and O3c-2 site, which is in
good agreement with the previous results [37,38]. The bond lengths
of Cu–Ow and Cu–O3c-2 are 1.879 and 1.875 Å, respectively. The
adsorption energy is 168.0 kJ mol−1, which is larger than that on
the dehydrated �-Al2O3(110) (144.2 kJ mol−1). The adsorption of
the single Cu atom leads to a strong surface deformation with the
surface deformation energy is −123.1 kJ mol−1. The Cu1–support
interaction energy (291.1 kJ mol−1) is larger than that for the single
Cu atom on the dehydrated �-Al2O3(110) (204.0 kJ mol−1), which
makes a major contribution to the adsorption energy.

For Cu2 cluster, as shown in Fig. 3(b), one Cu atom binds to

the surface O2c-2 and Al4c sites, and the other Cu atom binds to
the surface O3c-2 and Al4c sites. The bond lengths of Cu1–O2c-2,
Cu1–Al4c, Cu2–O3c-2 and Cu2–Al4c are 2.098, 2.403, 2.137 and
2.667 Å, respectively. The Cu2 cluster is nearly parallel to the
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ig. 3. The adsorption of Cun(n = 1–4) clusters on the hydrated �-Al2O3(110) surfac
or  color coding.

urface plane. The bond length of Cu1–Cu2 (2.318 Å) is larger than
hat in the isolated Cu2 cluster (2.277 Å). The adsorption energy
f Cu2 cluster (221.7 kJ mol−1) and Cu2–support interaction energy
309.4 kJ mol−1) are smaller than the corresponding energies on the
ehydrated �-Al2O3(110) surface (264.9 and 385.5 kJ mol−1) due to
he presence of the surface hydroxyls. The decrease of Cu2–support
nteraction energy is responsible for the decrease of the adsorp-
ion energy. The Cu2 cluster deformation energy (−0.6 kJ mol−1)
as a negligible contribution to the adsorption energy. The sur-

ace deformation energy (−87.1 kJ mol−1) is larger than that on
he dehydrated �-Al2O3(110) surface (−119.9 kJ mol−1), suggesting
hat the presence of the surface hydroxyls can increase the stability
f the �-Al2O3(110) surface.

For Cu3 cluster, as shown in Fig. 3(c), the most stable adsorp-
ion configuration is similar to that on the dehydrated (110)
urface, and the average bond length of Cu–Cu (2.406 Å) is
maller than that on the dehydrated (110) surface (2.424 Å).
he bond lengths of Cu1–O2c-2, Cu2–O3c-2 and Cu2–Ow bonds
re 2.018, 2.092 and 2.180 Å, respectively. The bond lengths
f two Cu–Al4c bonds are 2.521 and 2.554 Å, respectively.
wing to the presence of the surface hydroxyls, the adsorp-

ion energy of Cu3 cluster (321.4 kJ mol−1) and Cu3–support
nteraction energy (428.2 kJ mol−1) decrease relative to the cor-
esponding energies on the dehydrated �-Al2O3(110) surface
347.1 and 461.3 kJ mol−1). The surface deformation energy
−106.5 kJ mol−1) is close to that for the dehydrated �-Al2O3(110)
urface (−112.9 kJ mol−1), this small difference indicates that the

ecrease of Cu3–support interaction energy is a major contribution
o the decrease of the adsorption energy. The Cu3 cluster deforma-
ion energy (−0.3 kJ mol−1) has few contributions to the adsorption
nergy.

able 3
he adsorption energy, Eads, interaction energy, Eint, Cun deformation energy, Edef,Cun , surfa
luster supported on the hydrated �-Al2O3(110) surface.

n Eads (kJ mol−1) Eint (kJ mol−1) Edef,C

1 168.0 291.1 – 

2  221.7 309.4 −0.6
3 321.4  428.2 −0.3
4 367.7  502.1 −0.9
a) Cu1, (b) Cu2, (c) Cu3 and (d) Cu4 clusters. Bond lengths are in Å. See Figs. 1 and 2

For Cu4 cluster, as shown in Fig. 3(d), the cluster interacts with
the surface through three Cu atoms (Cu1, Cu2 and Cu3), and forming
Cu1–O2c-2 bond (2.117 Å), Cu2–O3c-2 bond (2.072 Å), Cu2–Ow bond
(2.072 Å), Cu3–O3c-1 bond (2.175 Å) and two Cu–Al4c bonds (2.515
and 2.405 Å). The adsorption of Cu4 cluster leads to the migration
of Hb atom from O2c-3 to O2c-1 site, and a Cu–Cu bond cleavage in
the isolated Cu4 cluster. The adsorption energy and Cu4–support
interaction energy are 367.7 and 502.1 kJ mol−1, respectively. Due
to the presence of the surface hydroxyls, both the adsorption energy
of Cu4 cluster and the Cu4–support interaction energy are smaller
than the corresponding energies (412.1 and 568.5 kJ mol−1) for
the dehydrated �-Al2O3(110) surface. Moreover, the decrease of
Cu4–support interaction energy mainly leads to the decrease of the
adsorption energy. The increase of the surface deformation energy
from −152.0 kJ mol−1 for the dehydrated �-Al2O3(110) surface to
−133.5 kJ mol−1 for the hydrated �-Al2O3(110) surface still indicate
that the presence of the surface hydroxyls is in favor of the stabil-
ity of the surface. Similarly, the Cu4 cluster deformation energy
(−0.9 kJ mol−1) makes a negligible contribution to the adsorption
energy.

In addition, Valero et al. [38] have investigated the most sta-
ble configurations for Pd4 clusters supported on the hydrated
�-Al2O3(110) surface. Yin et al. [13] and Pan et al. [14] have stud-
ied the adsorption of Co4 [13] and Ni4 [14] clusters on the hydrated
�-Al2O3(110) surface. These results indicate that the stable adsorp-
tion configurations of Pd4, Co4 and Ni4 clusters are different from
that of Cu4 cluster. Therefore, we  can conclude that different metals

adsorbed on the same �-Al2O3 surface may  have the different
adsorption sites and the stable configurations.

From above calculated results, we can see that on the hydrated
�-Al2O3(110) surface, there is still a strong correlation among the

ce deformation energy, Edef,surface, and average Cu–Cu bond lengths d(Cu–Cu)  of Cun

un (kJ ·mol−1) Edef,surface (kJ mol−1) d(Cu–Cu)  (Å)

-123.1 –
 −87.1 2.318
 −106.5 2.406
 −133.5 2.444
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ig. 4. The adsorption of Cun(n = 1–4) cluster on the dehydrated �-Al2O3(100) surfa
or  color coding.

dsorption energy of Cun clusters, surface deformation, Cun clus-
er deformation and Cu–support interaction energies, in which
he Cun cluster deformation has relatively little influence on the
dsorption energy. Compared to the dehydrated (110) surface, both
he adsorption energies of Cun clusters and Cu–support interac-
ion energy for the hydrated �-Al2O3(110) surface follow the same
rend, i.e., Cu1 < Cu2 < Cu3 < Cu4, however, for Cun(n = 2–4) cluster,
ue to the presence of the surface hydroxyls, they are smaller than
he corresponding energies on the dehydrated (110) surface. For
he single Cu atom, because of the larger Cu1–support interaction
nd the stronger surface deformation, the adsorption energy on
he hydrated (110) surface is larger than that on the dehydrated
110) surface. The Cu–support interaction energy gives a consider-
ble contribution to the adsorption energy of Cun(n = 1–4) clusters.
or the Cun(n = 2–4) clusters, the surface deformation energy of the
ydrated (110) surface is higher than the corresponding energy of
he dehydrated (110) surface, suggesting that the presence of the
urface hydroxyls is favorable for the stability of the (110) surface.
eanwhile, the adsorption of Rh on the dehydrated and hydrated
-Al2O3(100) surfaces [37] also indicate that the presence of the
urface hydroxyls is favorable for the stability of the �-Al2O3 sur-
ace.

.2.3. Dehydrated �-Al2O3(100) surface
For the adsorption of Cun(n = 1–4) cluster on the dehydrated

-Al2O3(100) surface, we have considered a large number of
ites, such as seven top sites, denoted O(A), O(B), O(C), O(D),
l(1), Al(2) and Al(3), fifteen bridge sites (O(A)–O(C), O(C)–O(D),

wo O(A)–O(B), O(B)–O(D), Al(1)–O(A), Al(1)–O(B), Al(1)–O(C),
l(1)–O(D), Al(2)–O(C), Al(2)–O(D), Al(3)–O(C), Al(3)–O(D), two

l(2)–Al(3)), and one hollow site consisting of four O atoms, and
xplored a large number of adsorption configurations. The most
table adsorption configurations are shown in Fig. 4, and the corre-
ponding key parameters are listed in Table 4.

able 4
he adsorption energy, Eads, interaction energy, Eint, Cun deformation energy, Edef,Cun , sur
un cluster adsorbed on the dehydrated �-Al2O3(100) surface.

n Eads (kJ mol−1) Eint (kJ mol−1) Edef,C

1 177.3 246.4 – 

2  156.3 230.8 −5.7
3 238.5 334.5 −4.0
4  291.0 499.4 −3.4
 (a) Cu1, (b) Cu2, (c) Cu3 and (d) Cu4 clusters. Bond lengths are in Å. See Figs 1 and 2

As shown in Fig. 4(a), the most favorable adsorption site of a
single Cu atom on the dehydrated �-Al2O3(100) surface is found
to be an O(A)–O(B) bridge site. The bond lengths of Cu–O(A) and
Cu–O(B) are 1.878 and 1.844 Å, respectively. The adsorption energy
of single Cu atom is 177.3 kJ mol−1, which is larger than that on
the �-Al2O3(110) surfaces. The Cu1–support interaction energy
is 246.4 kJ mol−1, and makes a major contribution to the adsorp-
tion energy. The surface deformation energy is −69.1 kJ mol−1. The
adsorbate-induced surface deformation on �-Al2O3(100) surface
has also been observed for Rh [37] and Pd [38].

For Cu2 cluster, the most stable adsorption configuration is
shown in Fig. 4(b). The Cu2 cluster is adsorbed aslant on the
surface with Cu2 atom locating at Al(1) site, and Cu1 atom locat-
ing at the O(A)–O(B) bridge site. The bond length of Cu1–Cu2
(2.411 Å) is longer than that in the isolated Cu2 cluster (2.277 Å).
The bond lengths of Cu1–O(A), Cu1–O(B) and Cu2–Al(1) are 2.064,
2.022 and 2.594 Å, respectively. Both the adsorption energy of
Cu2 cluster (156.3 kJ mol−1) and Cu2–support interaction energy
(230.8 kJ mol−1) are smaller than the corresponding energies for
the single Cu atom (177.3 kJ·mol−1 and 246.4 kJ mol−1). The sur-
face deformation energy for Cu2 cluster (−68.8 kJ mol−1) and the
single Cu atom (−69.1 kJ mol−1) are nearly equal, indicating that
the decrease of the adsorption energy for Cu2 cluster is mainly due
to the decrease of Cu2–support interaction energy. In addition, the
deformation energy of Cu2 cluster is also small (−5.7 kJ mol−1) and
contributes little to the adsorption energy.

For Cu3 cluster, the most stable adsorption configuration is
presented in Fig. 4(c), the plane of Cu3 cluster lies aslant on the
surface forming Cu1–Al(2) (2.614 Å), Cu2–O(A) (2.125 Å), Cu2–O(B)
(1.979 Å) and Cu3–Al(1) bonds (2.655 Å). The adsorption energy

of Cu3 cluster is 238.5 kJ mol−1, which is larger than that for Cu2
cluster (156.3 kJ mol−1). Meanwhile, compared to the Cu2 clus-
ter, the adsorption of Cu3 cluster is accompanied by a relatively
strong surface deformation with the surface deformation energy

face deformation energy, Edef,surface, and average Cu–Cu bond distances d(Cu–Cu) of

un (kJ mol−1) Edef,surface (kJ ·mol−1) d(Cu–Cu)  (Å)

−69.1 –
 −68.8 2.411

 −92.0 2.494
 −205.0 2.518
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Table 5
The binding energy of Cun(n = 2–4) cluster supported on �-Al2O3 surfaces per metal-
lic  atom, Ebind(Cun/�-Al2O3), and the binding energy of the isolated Cun(n = 2–4)
cluster Ebind (Cun).

n Ebind(Cun) (kJ mol−1) Ebind(Cun/�-Al2O3) (kJ mol−1)

Isolated Dehydrated
(110)

Hydrated
(110)

Dehydrated
(100)

2 97.0 229.4 (264.9)a 207.8 (221.7) 175.1 (156.3)
3 104.3 220.0 (347.1) 211.2 (321.4) 183.8 (238.5)
4  113.6 216.6 (412.1) 205.5 (367.7) 186.3 (291.0)

three and four Cu atoms, the growth becomes favorable, indicating
that the critical cluster size for Cu cluster growth on the dehydrated
�-Al2O3(100) surface is 3, and is similar to the growth of Rh cluster
[37].

Fig. 5. Schematic illustration of the growth process considered in the definition of
Egrow.

Table 6
Growth energy Egrow (kJ mol−1) of Cun cluster supported on the �-Al2O3 surfaces,
and the isolated Cun cluster.
34 J. Li et al. / Applied Surfac

s −92.0 kJ mol−1. The Cu3–support interaction strongly increases
o 334.5 kJ mol−1 from 230.8 kJ mol−1 for Cu2 cluster, which mainly
ontributes to the increase of the adsorption energy for Cu3 cluster,
hereas, the Cu3 cluster deformation has a smaller contribution to

he adsorption energy.
For Cu4 cluster, the most stable configuration is shown in

ig. 4(d), two Cu atoms bind with the surface through the Cu1–Al(2)
2.410 Å), Cu1–O(C) (1.931 Å), Cu2–O(A) (2.210 Å) and Cu2–O(B)
1.967 Å) bonds, and the adsorption energy is 291.0 kJ·mol−1, which
s larger than those for other Cun cluster. The adsorption of Cu4 clus-
er introduces a stronger surface deformation (−205.0 kJ mol−1)
ompared to those for other Cun clusters, however, the clus-
er deformation energy (−3.4 kJ mol−1) is also negligible. The
u4–support interaction energy (499.4 kJ mol−1) is also larger than
hose for other Cun clusters, which is the main reason of the larger
dsorption energy of Cu4 cluster.

The most adsorption configurations of Rhn [37] and Pdn [38]
n = 1–5) on �-Al2O3(100) surface have been obtained by the pre-
ious studies, which are different from the most stable adsorption
onfigurations of Cun. Therefore, based on the above fact, we can
hink that there are different stable adsorption configurations for
ifferent metals on the �-Al2O3(100) surface. Our results demon-
trate that the Cun cluster deformation plays negligible role in the
nal measured adsorption energy. As listed in Table 4, with the

ncrease of Cun(n = 2–4) cluster size, both the adsorption energy
f Cun cluster and Cu–support interaction increase, moreover, the
ncrease of Cu–support interaction give a dominant contribution
o the increase of the adsorption energy. For all supported clus-
ers from Cu2 to Cu4, the average Cu–Cu bond length (2.411, 2.494,
.518 Å) is larger than that for the corresponding isolated cluster
2.277, 2.415 and 2.472 Å).

.2.4. Stability summary
From Tables 2–4,  we can see that, for the Cun(n = 2–4) cluster,

he adsorption energy on the �-Al2O3(110) surface is larger than
hat on the �-Al2O3(100) surface, indicating that the adsorption
f Cun(n = 2–4) cluster on the �-Al2O3(110) surface is more stable
han that on the �-Al2O3(100) surface, however, for the single Cu
tom, the reverse becomes true.

For �-Al2O3(110), both the adsorption energy of Cun cluster and
u–support interaction energy on the dehydrated and hydrated
urfaces follow the same trend: Cu1<Cu2<Cu3<Cu4. Compared to
he dehydrated surface, the larger adsorption energy of the single
u atom on the hydrated surface is due to the stronger deformation
f surface. For the Cun(n = 2–4) cluster, both the adsorption energy
nd the Cu–support interaction energy for the dehydrated surface
re larger than the corresponding energies for the hydrated surface,
uggesting that the surface hydroxyls have a negative influence on
he adsorption of Cun(n = 2–4) cluster, and lower the interaction
etween Cun cluster and �-Al2O3 surface, which is in accord with
he previous studies [19,37]. However, the surface deformation of
ehydrated surface is stronger than that for the hydrated surface,
uggesting that the presence of the surface hydroxyls can improve
he stability of the (110) surface.

On the other hand, in order to investigate the influence of
upport and surface hydroxyls on the stability of Cun(n = 2–4)
luster in the supported state, we have further calculated the
inding energy of the Cun(n = 2–4) cluster supported on �-Al2O3
urfaces, Ebind(Cun/�-Al2O3), which can reflect the stability of the
un(n = 2–4) cluster supported on �-Al2O3 surface, as listed in
able 5. We  can obtain that the binding energy of Cun(n = 2–4)

luster in the supported state is larger than that in the corre-
ponding isolated state, indicating the adsorption on the support
tabilizes the Cun(n = 2–4) cluster. Meanwhile, the Cun cluster
upported on the �-Al2O3(110) surface is more stable than the
aThe value in parentheses are the adsorption energies of Cun cluster on the �-Al2O3

surfaces

corresponding cluster supported on the �-Al2O3(100) surface.
For the �-Al2O3(110) surface, the Cun cluster supported on the
dehydrated surface is more stable than the corresponding cluster
supported on the hydrated surface, suggesting that the presence of
the surface hydroxyls reduce the stability of Cun cluster supported
on the surface.

3.3. Growth of Cun cluster on �-Al2O3

On the basis of above stable adsorption configuration of
Cun(n = 1–4) cluster on the �-Al2O3 surfaces, we further investi-
gate the growth of Cun cluster on the �-Al2O3 surfaces. To better
understand the growth of Cun cluster, we define the growth energy
for the process illustrated schematically in the Fig. 5. This energy
is the energy gain (or loss) in combining an adsorbed single atom
with a Cun-1 cluster to form a Cun cluster [37]:

Egrow = E(Cun/�-Al2O3) + E(�-Al2O3) − E(Cun−1/�-Al2O3)

− E(Cu1/�-Al2O3)

With this definition, negative values of Egrow denote that
the growth of Cun cluster is exothermic and thermodynamically
favorable; whereas, the positive values denote that the growth of
Cun cluster is endothermic, and thermodynamically unfavorable.
The calculated growth energies on each surface together with the
isolated Cun cluster are listed in Table 6.

As shown in Table 6, the growth of Cun(n = 2–4) cluster on
the �-Al2O3(110) surfaces are thermodynamically favorable and
exothermic. On the dehydrated �-Al2O3(100) surface, the growth
of Cu2 cluster is thermodynamically unfavorable, for clusters with
n Dehydrated (110) Hydrated (110) Dehydrated (100) Isolated

2 -170.5 -79.6 4.3 -193.9
3  -57.0 -50.0 -23.8 -118.9
4 -62.4  -20.3 -16.7 -141.5



e Scie

s
�
c
o
g
i
w
o
h
c
t
s
t
w
t

o
t
[
h
fi
r
a
�

4

s
s
A
s
m
c
s
a
o
b
C
t
a
s

A
s
h
i
t
d
t
t
s
f
c

A

r
2

R

[

[

[
[
[
[

[
[

[

[

[

[

[
[
[
[

[

[

[

[

[
[

[

[

[
[
[
[
[
[

[

[

[

[
[
[

[
[

[

[

[

[

J. Li et al. / Applied Surfac

The growth energy of Cun(n = 2–4) cluster on the �-Al2O3(110)
urface is smaller than the corresponding energy on the dehydrated
-Al2O3(100) surface, suggesting that the growth of Cun(n = 2–4)
luster on the �-Al2O3(110) surface is more favorable than that
n the �-Al2O3(100) surface. For the �-Al2O3(110) surface, the
rowth energy of Cun(n = 2–4) cluster on the dehydrated surface
s smaller than the corresponding energy on the hydrated surface,

hich indicates that the growth of Cun(n = 2–4) cluster is preferred
n the dehydrated �-Al2O3(110) surface. The presence of surface
ydroxyls has a negative influence on the growth of Cun(n = 2–4)
luster on the hydrated �-Al2O3(110) surface. More importantly,
he exothermicity of Cun(n = 2–4) cluster supported on the �-Al2O3
urfaces is smaller than those for isolated clusters, indicating that
he support can reduce the growth ability of Cun(n = 2–4) cluster,
hich can inhibit the aggregations of cluster and favor the forma-

ion of small clusters.
In addition, previous studies have shown that for Pd, the growth

f Pd2 and Pd3 clusters on dehydrated �-Al2O3(100) surface are
hermodynamically unfavorable [38], for the Rh cluster, Shi et al.
37] have investigated its growth on the dehydrated �-Al2O3(100),
ydrated �-Al2O3(100) and hydrated �-Al2O3(110) surfaces, and
nd that the Rh cluster growth is preferred on hydrated surfaces
elative to the dehydrated �-Al2O3 surface they examined. The
bove results reveal that the growth of different metals on the same
-Al2O3 surfaces is also different.

. Conclusions

In this study, density functional theory method is employed to
ystematically investigate the influence of surface hydroxyls on the
tability and growth of Cun(n = 1–4) cluster on the dehydrated �-
l2O3(110), hydrated �-Al2O3(110) and dehydrated �-Al2O3(100)
urfaces. Our results show that the Cu–support interaction energy
akes an important contribution to the adsorption energy of Cun

luster on the �-Al2O3 surfaces, and Cun cluster deformation has a
mall impact on the final measured adsorption energy, and gives

 negligible contribution to the adsorption energy. The adsorption
f Cun(n = 2–4) cluster on the �-Al2O3(110) surface is more sta-
le than that on the �-Al2O3(100) surface, however, for the single
u atom, the reverse becomes true. For the �-Al2O3(110) surface,
he presence of surface hydroxyls has a negative influence on the
dsorption of Cun(n = 2–4) cluster, however, it is beneficial to the
tability of the �-Al2O3(110) surface.

On the other hand, the growth of Cun cluster on the �-
l2O3(110) surface is more favorable than that on the �-Al2O3(100)
urface. For the �-Al2O3(110) surface, the presence of surface
ydroxyls reduces the growth ability of Cun clusters, which can

nhibit the aggregations and improve the dispersion of small clus-
er. The critical cluster size for the growth of Cun cluster on the
ehydrated (100) surface is 3. In addition, we can find that, from a
hermodynamic point of view, �-Al2O3 surfaces present different
rends in growth. The exothermicity of the growth for cluster on the
upport is smaller than that of the isolated cluster, which accounts
or the property of the support to improve the dispersion of small
luster.
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