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A quantum-chemical study of CO adsorption on small
Cu particles supported on reduced SiO2
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Abstract

The adsorption of CO over monomer, dimer and trimer of copper deposited on aSi O• defect on silica surface was studied using the density
functional theory formalism (DFT). The results indicate that the CO adsorption strength follows this order: Cu1 > Cu2≥ Cu3. With respect
to the CO vibrational frequencies, whereas for closed-shell systems (Cu1/SiO2, Cu3/SiO2 and Cu2O) the CO molecule shows, in comparison
with free CO, the lower frequency shifts, for the open-shell system (Cu2/SiO2) it produces the higher frequency shift. This behavior could be
related with the variation of polarizabilities due to the interaction of CO with Cun/SiO2. The signal at 2130 cm−1 experimentally observed for
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educed Cu/SiO2 catalysts could be assigned to the CO adsorption on a partially electropositive atomic Cu linked to aSi O• site.
2005 Elsevier B.V. All rights reserved.

eywords:CO adsorption; Cu/SiO2; Small Cu particles; Metal-support interaction; Density functional theory

. Introduction

Cu-based catalysts are used for a variety of reactions such
s methanol synthesis, oxidation of hydrocarbons and hydro-
enation reactions[1–4]. The activity of these catalysts has
lso been examined for the catalytic reduction of NOx [5,6]

n automobile converters as a possible alternative facing sup-
orted Rh.

Numerous investigations of CO adsorption on differ-
nt supported-Cu catalysts were performed using IR spec-

roscopy. The peak positions of CO adsorbed on copper have
een found to fall in different regions according to its oxi-
ation state (excluding Cu/zeolite systems): 2110 cm−1 and

ower for Cu(0), 2110–2140 cm−1 for Cu(I) and 2145 cm−1

nd above for Cu(II)[7]. This implies a frequency shift of
33 cm−1 and lower for Cu(0),−33 to−3 cm−1 for Cu(I)
nd +2 cm−1 and above for Cu(II), with respect to the gas
hase molecule.

∗ Corresponding author. Tel.: +54 291 4595141; fax: +54 291 4595142.

The presence of oxidized Cu species in reduced Cu/2
catalyst was reported by some authors. For instance, K
et al.[8] observed a band at 2175 cm−1 which they assigne
to CO bound to isolated ionic Cu+. This band did not var
in shape and position by reoxidation of the catalyst in N2O;
as a consequence, it would be an indication of the pres
of an independent copper species incorporated in the
surface.

Studying reduced Cu/SiO2 catalysts, Boccuzzi et al. ha
recently ascribed a feature centered at 2130 cm−1 to CO
adsorbed to isolated atoms or small two-dimensional
per particles partially electropositive by the interaction w
the oxygen atom of the support[9]. This assignment cou
be done by comparing this band with a similar one
2120–2130 cm−1 in Cu/TiO2 catalysts which is present ev
after severe reductive treatments (up to 673 K)[10]. In this
system the presence of partially electropositive copper
evidenced by UPS and EELS studies[11]. The almost com
pletely isolated nature of these sites was clearly show
using IR spectra of12CO 13CO 1:1 mixtures[10]. Two ad-
sorption bands with the same intensity were observed re
E-mail addresses:caferull@criba.edu.ar (R.M. Ferullo),
astella@criba.edu.ar (N.J. Castellani).

to the two different isotopic species adsorbed on Cu sur-
face sites. The very small intensity transfer at the maximum

381-1169/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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coverage and the lack of any frequency shift by decreasing the
coverage were clear indications that no dipole–dipole cou-
pling between the adsorbed CO was acting on the sample.
In a recent work, Tøpsoe studied with FTIR the adsorption
of CO on copper supported on ZnO, Al2O3 and SiO2 tak-
ing into account the reducibility of Cu and the geometry of
Cu particles[12]. For Cu on Al2O3 and SiO2 they found,
besides the typical bands of CO/Cu0, a higher frequency
band at 2139 cm−1 (on Al2O3) and 2132 cm−1 (on SiO2)
which could be originated from CO/Cu+ species. Moreover
two other bands at 2155 and 2103 cm−1 have been related
to CO adsorbed on Cu2+ and coordinatively unsaturated Cu+

species, respectively. Later on, Greeley et al.[13] studied the-
oretically using a periodic DFT method the adsorption of CO
on Cu(1 1 1) at the presence of different chemical environ-
ments. They concluded that in a partially oxidized Cu surface
blue shifts (≈30–50 cm−1) of CO vibrational frequencies are
predicted.

Strong changes in the electronic structure have been ob-
served when a small metallic particle is supported on oxides.
In this context, theoretical studies of the interaction between
gas molecules and supported small metallic particles are es-
sential to get an accurate description of adsorption processes
and they constitute a very useful tool for the understanding
of the catalytic activity of supported metal systems. At the
present there are relatively few quantum-chemical works de-
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using Cu/SiO2 cluster models[17,18]. Indeed, in a previous
study we investigated the adsorption of isocyanate (NCO)
over atomic and dimer copper deposited on silica defects
[18].

In this study a theoretical analysis of the CO adsorption
on Cun (n= 1–3) particles supported on a defective site at the
silica surface is performed in the framework of density func-
tional theory (DFT). We have only considered theSi O•
defect because this site have been postulated to be the most
reactive according to different ab-initio calculations[15,18].
The goal of this work is to attain a qualitative understanding
of the CO interaction with these electropositive Cu particles
by considering the results of binding energies and vibrational
frequencies.

2. Theoretical considerations and surface models

The calculations have been performed within the den-
sity functional theory using the hybrid B3LYP exchange-
correlation functional[19] as implemented in the software
package Gaussian 98[20]. This method has been widely used
for adsorption processes yielding reliable results both on ox-
ides and metal clusters.

The SiO2(1 1 1) surfaces were represented using a
Si O (OH) cluster following the ideal�-cristobalite struc-
t ond
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n s of the2 toms.
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oted to the interaction of metallic aggregates with ox
sually used as catalyst supports. Particularly, the Cu/2
ystem has been studied mainly by N. Lopez et al.[13–17].
hese authors found that the regular sites of the silica su
re unreactive toward Cu atoms. In contrast, defect site
Si• and Si O• (the ( ) symbol indicates the three SiO
onds) are very reactive and they are probably centers w

he nucleation takes place[15]. Using Cun clusters (n= 1–5)
hey observed a partial electron transfer from the metal t
xide, yielding to the formation of an electrostatic interac
etween Cu clusters and the non-defective two-coordin

atoms of the silica surface[16]. On the other hand, th
dsorption properties of small Cu particles were anal

ig. 1. Models of Cu monomer, dimer and trimer supported on aSi O·
on-bridging oxgygen (surface defect), the other are bridging oxygen
mall black spheres correspond to terminal hydrogen atoms.
3 4 6
ure (seeFig. 1). In the past, it was established that the b
ormed between Cu and defect sites of the silica surfa
ery local and even small clusters describe properly the n
f the interaction[14]. In this case the silica surface was r
esented by a chain of three tetrahedrons, theSi O• defect
eing localized in the central one. The terminal oxygen a
ere saturated with hydrogens in order to eliminate spu
ffects due to the dangling bonds. The geometric structu

he tetrahedrons was not relaxed in the optimization pro
n particular, the SiO and the OH distances were set
.61 and 0.98̊A, respectively. The Cun aggregates and th
dsorbed CO geometries were fully optimized, as well a
oordinates of oxygen atom ofSi O• defect.

at the silica surface. White spheres, oxygen atoms. O1 correspond
SiOlattice. Dark grey spheres, silicon atoms. Light grey spheres, copper a
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The C, O and Si atomic orbitals were described with the
all-electron 6–31 G basis set. For Cu, an effective core poten-
tial with a [8s5p5d/3s3p2d] basis set for the 3s23p63d104s1

valence electrons was used[21]. Polarization functions were
added to those atoms directly involved in the geometrical op-
timization. The atomic charges were calculated by using the
natural bond orbital (NBO) population analysis[22].

The adsorption energies (Eads) were calculated as the dif-
ference between the energy computed for the CO/Cun/SiO2
system and the sum of energies for the separated fragments
(CO + Cun/SiO2). The full counterpoise procedure was ap-
plied to correct the basis set superposition error (BSSE)[23].

Vibrational frequencies have been computed by determin-
ing the second derivatives of the total energy with respect to
the internal coordinates[24]. They were scaled according to
a factor, calculated as the ratio between the empirical and the
calculated free CO frequency values. The�ν shifts are given
with respect to free CO (for free CO a value of 2211 cm−1

was obtained).

3. Results and discussion

3.1. Copper clusters deposited on SiO2 surface
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Cu atom shears its chemical bonding with O1, while for Cu3
two Cu atoms participate on it. Then, we infer that the elec-
tron transfer increases with the number of Cu atoms linked
to the defect and explain the variation of electron transfer as
a function of Cu atoms in the cluster: this transfer would be
nearly the same for Cu1 and Cu2, and increase for Cu3. The
small decrease for Cu2 could be related to the presence of a
competitive chemical interaction with a bridging O atom (see
Fig. 1).

On the other hand, the corresponding CuO1 distance in-
creases as the metal particle size increases. The adhesion en-
ergies, defined asEadh= [E(Cun/SiO2) −E(Cun) −E(SiO2)]
with n= 1, 2 or 3, have also been computed. Notice that the
Eadhvalues are higher for the Cu clusters with an odd-number
of electrons (monomer and trimer). In these cases a strong co-
valent bond is produced by coupling the unpaired electron of
these particles with that of theSi O• site.

The dimer adsorbs with the terminal Cu atom bended to-
wards the surface. An electrostatic interaction occurs between
this positively charged Cu atom and a regular bridging O
atom, keeping at a distance of about 2.28Å between them
(Fig. 1). Although this interaction is absent for the adsorbed
trimer, it was observed by Ĺopez et al. for the Cu tretramer
and pentamer[16].

The Cu3 trimer at gas phase presents a Jahn–Teller dis-
tortion resulting in a non-equilateral triangle with its largest
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As we have already mentioned, the adsorption of Cu
icles on a silica Si O• defect was the object of seve
tudies in the past by using cluster models within the D
ormalism[14–18]. In this section we will only discuss som
f their relevant aspects (seeTable 1). When the Cu particle

nteract with this defect an important electron transfer oc
rom the metal to the support. The amount of this elec
ransfer is of 0.69, 0.65, 0.78e for copper monomer, d
nd trimer, respectively. The electronic charge taken b
upport is mainly accumulated in the O atom of theSi O
roup. Indeed, the net charge of this atom (labeled O1 i
gures) changes from−0.59e in the defective bare surface
1.2 or−1.3e when the Cu clusters interact with it. The
toms directly linked to this O atom concentrate the pos
harge for clusters Cu2 and Cu3. Moreover, for Cu2 only

able 1
dhesion energies (eV), optimized distances (Å) and natural bond orbita

NBO) population analysis net charges (in electron units) for Cu atom, d
nd trimer adsorptions over aSi O• defect

Cu1/SiO2 Cu2/SiO2 Cu3/SiO2

adh −2.83 −2.03 −3.80
(Si O1) 1.633 1.628 1.636
(O1 Cu1) 1.807 1.839 2.002
(Cu1 Cu2) – 2.318 2.429
(Cu1 Cu3) – – 2.386
(Cu2 Cu3) – – 2.429
(Si) +2.48 +2.46 +2.49
(O1) −1.22 −1.22 −1.35
(Cu1) +0.69 +0.47 +0.52
(Cu2) – +0.18 −0.26
(Cu3) – – +0.52
ngle having 74◦. When this trimer interacts with the s
ca defect a quasi-equilateral triangle is formed with two
toms interacting directly with the O atom of the supp
Fig. 1).

The O atom of Si O• defect relaxes its position wi
espect that of a rigid lattice. Indeed, the SiO1 distance
how a slight stretching of 0.2̊A with respect to the bul
i O distance value.

.2. CO adsorption on Cun/SiO2 (n = 1–3)

In Tables 2–4the main geometrical, electronic and en
etic molecular properties are summarized for the CO ad

ion on Cu1, Cu2 and Cu3 supported on silica, respecti
s comparison, the same properties for the Cun CO (n= 1,

able 2
dsorption energies (eV), optimized distances (Å) and natural bond orbita

NBO) population analysis net charges (in electron units) for CO adsor
n supported and unsupported Cu atom

CO/Cu1/SiO2 CO/Cu1

ads −1.51 −0.24
(Si O1) 1.628 –
(O1 Cu) 1.767 –
(Cu C) 1.821 1.999
(C O) 1.139 1.151
(Si) +2.50 –
(O1) −1.27 –
(Cu) +0.74 +0.15
(C) +0.38 +0.29
(O) −0.40 −0.44
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Table 3
Adsorption energies (eV), optimized distances (Å) and NBO net charges (in
electron units) for CO adsorption on supported and unsupported Cu dimer

CO/Cu2/SiO2 CO/Cu2

CO on Cu1 CO on Cu2

Eads −0.90 −1.05 −0.50
d(Si O1) 1.622 1.643 –
d(O1 Cu1) 1.807 2.002 –
d(O1 Cu2) 2.901 1.876 –
d(Cu Cu) 2.546 2.512 2.270
d(Cu1 C) 1.850 – 1.943
d(Cu2 C) – 1.848 –
d(C O) 1.147 1.146 1.138
q(Si) +2.47 +2.49 –
q(O1) −1.25 −1.32 –
q(Cu1) +0.68 +0.17 +0.24
q(Cu2) +0.13 +0.66 −0.22
q(C) +0.30 +0.32 +0.39
q(O) −0.43 −0.42 −0.41

2, and 3) molecules at gas phase are included. The support
can produce significant modifications on CO adsorption en-
ergy with respect gas phase clusters. This effect is important
for the monomer where the magnitude ofEads increases in
1.27 eV, while for the dimer it increases in 0.40 or 0.55 eV ac-
cording to the Cu atom on which the adsorption takes place.
On the other hand, the magnitude ofEads for the trimer de-
creases in 0.70 eV when the terminal Cu3 atom is considered
or it decreases very little (0.07 eV) in the case of the other Cu
atoms of the triangle (Cu1 and Cu2).

CO adsorbs on the Cu1/SiO2 system forming a linear
O Cu C O structure (Fig. 2). By comparing the supported
and the unsupported systems we can observe inTable 2that
the interatomic distances CuC and C O decrease in the
presence of the SiO2 support. The relatively high value of
the adsorption energy (−1.51 eV) corresponds to a strong
Cu CO bond. Furthermore, notice that as a consequence of

Table 4
Adsorption energies (eV), optimized distances (Å) and NBO net charges (in
electron units) for CO adsorption on supported and unsupported Cu trimer

CO/Cu3/SiO2 CO/Cu3

CO on Cu1 CO on Cu2

Eads −0.82 −0.19 −0.89
d(Si O1) 1.635 1.632 –
d(O1 Cu1) 1.962 2.026 –
d
d
d
d
d
d
q
q
q
q
q
q
q

Fig. 2. Schematic representation of CO adsorption on silica-supported Cu1.
The large black sphere corresponds to the carbon atom of CO.

the CO adsorption the Cu net charge varies slightly, from
+0.69 (without CO) to +0.74e (with CO).

The CO adsorption on the supported-Cu2 were studied
by positioning the CO molecule in the neighborhood of Cu
atom directly linked with the support (Cu1 inFig. 3) and
near the terminal Cu atom (Cu2 inFig. 3). In the former
situation the geometry of the dimer does not change con-
siderably. Conversely, when CO interacts with the formally
terminal Cu atom, the above mentioned electrostatic inter-
action between this atom and the regular bridging O atom is
broken and a strong covalent bond is established with the non-
bridging O atom. Also in these cases a linear OCu C O
structure results to be formed. According to the adsorp-
tion energies values shown inTable 3, CO adsorbs weakly
on the supported dimer in comparison with the supported
monomer.

The CO molecule adsorbs on the supported Cu3 on two
different sites (Fig. 4). The stronger adsorption is produced
when CO interacts with the Cu atom directly linked to sup-
port (Cu1). In this case an important distortion of the Cu3
ring is produced. The distances between Cu1 and the other
copper atoms linked to it, Cu2 and Cu3, are elongated by
8.4 and 3.2%, respectively, with respect to the supported
trimer without CO. On the other hand, the distance between
Cu2 and Cu3 shortens by 5.5%. Due to an electron transfer
from the trimer to the CO molecule, the Cu3 net charge in-
c ture
o rbs
o f the
t y
s
i the
a g-
n

(Cu1 Cu2) 2.634 2.484 2.370
(Cu1 Cu3) 2.462 2.331 2.370
(Cu2 Cu3) 2.344 2.472 2.461
(C Cu1) 1.875 – 1.895
(C Cu2) – 2.484 –
(C O) 1.143 1.143 1.145
(Si) +2.50 +2.47 –
(O1) −1.35 −1.35 –
(Cu1) +0.66 +0.45 +0.35
(Cu2) −0.28 −0.03 −0.12
(Cu3) +0.46 +0.45 −0.12
(C) +0.35 +0.36 +0.31
(O) −0.43 −0.43 −0.42
reases slightly from +0.78 to +0.84. Also here the struc
f the O Cu C O group is quasi-linear. When CO adso
n the other possible adsorption site, Cu2, the distortion o

rimer geometry is less important. The CuCu distances var
lightly, by about 2%. The large CuCO distance (2.027̊A)
s by itself and indication of a weak adsorption. Indeed,
dsorption energy value (−0.19 eV) is much smaller in ma
itude than when CO interacts with Cu1.
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Fig. 3. Schematic representations of CO adsorption on silica-supported Cu2. The large black sphere corresponds to the carbon atom of CO.

As in the case of the Cun/SiO2 systems the O atom of
Si O• defect relaxes its position with respect that of a rigid

lattice. The Si O1 distance shows also a slight stretching
(0.2–0.3Å) with respect to the bulk SiO distance value.

3.3. Analysis of the CO vibrational frequencies

In Table 5the CO vibrational frequency values for the
CO/Cun/SiO2 systems are reported. For comparison reasons,
the CO adsorption on Cu2O(1 1 1) surface were also con-
sidered and its corresponding CO stretching mode value
was included in the same table. Indeed, the observed fre-
quency value for CO on the surface of this oxide (2127 cm−1)
[25] is very close to that obtained on reduced Cu/SiO2
(≈2130 cm−1) [9,12]. The last frequency can be assigned to
the CO interaction with partially positive small copper parti-

cles, as it was mentioned in the introduction. The Cu2O(1 1 1)
surface was modeled using a Cu16O8 cluster (seeFig. 5). This
cluster was embedded with an array of 78 point charges lo-
cated at the ionic positions. Each Cu+ ion was represented
by a charge of +0.6e and an O2− ion by a charge of−1.2e.
These values are approximately the average NBO charges of
Cu and O atoms in the cluster when the calculation was made
without any embedding. Regarding the case of CO adsorbed
on the supported monomer Cu1/SiO2, we observe that also
in this case the value of CO stretching mode is very close
to that corresponding to reduced Cu/SiO2 or Cu2O. There-
fore we could infer that in the works of Bocuzzi et al.[9] or
Tøpsoe[12] the copper atoms are in an intimate contact with
oxygen atoms.

The CO frequency shifts with respect to free CO
(2143 cm−1) downward in all the studied cases. It changes by

-suppo CO.
Fig. 4. Schematic representations of CO adsorption on silica
 rted Cu3. The large black sphere corresponds to the carbon atom of
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Table 5
CO stretching frequencies (cm−1) for the CO adsorption on supported monomer, dimer and trimer, and on the Cu2O(1 1 1) surface

CO/Cu1/SiO2 CO/Cu2/SiO2 CO/Cu3/SiO2 CO/Cu2O

CO on Cu1 CO on Cu2 CO on Cu1 CO on Cu2

ν(CO) 2139 2049 2056 2096 2071 2120
�ν −4 −94 −87 −47 −72 −23

Scaled according to the factor of 0.9692, calculated as the ratio between the empirical and the calculated free CO frequency values (2143/2211). The�ν shifts
are given with respect to free CO (2143 cm−1).

−4 cm−1 on Cu1/SiO2, by≈ −90 cm−1 on Cu2/SiO2 and by
−47 or−72 cm−1 on Cu3/SiO2 according to the metallic site.
The corresponding change for the adsorption on Cu2O(1 1 1)
is intermediate:−23 cm−1, and in good agreement with the
experimental value (−16 cm−1) [25]. It is interesting to note
that the frequency shifts for supported dimer and trimer fall in
the range experimentally found for the on-top CO adsorption
on metallic Cu (≈−60 cm−1) [26].

In a recent article, Cao et al.[27] have studied the CO
interaction with Cun clusters (n= 2–13) at gas phase using
DFT. They analyzed the nature of this interaction by deter-
mining the mean differences in polarizabilities, defined as
�α =αCunCO− αCun− αCO. The�α values for the odd-size
copper clusters (Cu3, Cu5, etc.) were relatively higher than
those of the even-size clusters (Cu2, Cu4, etc.). This is con-
sistent with an open-shell delocalized electronic structure for
the odd-size clusters and a closed-shell configuration for the
even-size clusters. On the other side, for small Cun clusters
(n≤ 9) a correlation between�α values and the red-shift
frequencies was observed: the higher the mean polarizabil-
ities, the higher the red-shift frequency values. Both trends

F
s s. The
e sponds
t

are also present in our calculations concerning supported-Cu
particles. The closed-shell systems (Cu1/SiO2, Cu3/SiO2 and
Cu2O) show the lower frequency shifts, and the open-shell
system (Cu2/SiO2) has the higher frequency shift. Besides,
among the closed-shell systems, those ones in which CO in-
teracts with an isolated or quasi-isolated Cu atom (like in
Cu1/SiO2 and Cu2O(1 1 1), where the nearest distance be-
tween Cu atoms is about 3̊A) have lower values than when the
Cu atom can interact with other Cu atoms (like in Cu3/SiO2).
The absence of neighbor Cu atoms for the former systems re-
sults in a more localized net charge. The corresponding elec-
tronic structure could be related to a lower polarizability and
a relatively lower red-shift.

Then, according to our frequency results, the signal at
2130 cm−1 experimentally observed for reduced Cu/SiO2
catalysts could be assigned to atomic Cu linked to a para-
magnetic O atom of the support. Besides, the relatively
high adsorption energy calculated for Cu1/SiO2 is in agree-
ment with FTIR spectra obtained during CO adsorption
on reduced Cu/SiO2 catalysts. Indeed, only the feature at
2130 cm−1 is present after 10 min by outgassing at 523 K
[9].

4. Conclusions

ules

ues
ct of
7 eV
5 eV
.

(

ncy

uld
for

d
ked
ig. 5. CO adsorption on the Cu16O8 cluster representing the Cu2O(1 1 1)
urface: white spheres, oxygen atoms; light grey spheres, copper atom
mbedding of point charges is not shown. The large black sphere corre

o the carbon atom of CO.
(i) The CO adsorption strength on supported Cu partic
follows this sequence: Cu1 > Cu2≥ Cu3.

(ii) By comparing with the CO adsorption energy val
for Cu clusters at gas phase we infer that the effe
the support is more important on the monomer (1.2
decrease) than on the dimer and trimer (0.40–0.5
decrease and 0.07–0.70 eV increase, respectively)

iii) There is a general trend to form a linear Osupp Cu C O
structure.

(iv) For closed-shell systems (Cu1/SiO2, Cu3/SiO2 and
Cu2O) the CO molecule shows the lower freque
shifts, and for the open-shell system (Cu2/SiO2) it pro-
duces the higher frequency shift. This behavior co
be related with the different polarizabilities expected
CO Cu/SiO2.

(v) According to our results, the signal at 2130 cm−1 exper-
imentally observed for reduced Cu/SiO2 catalysts coul
be assigned to the CO adsorption on atomic Cu lin
to a paramagnetic O atom of the support.
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