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Abstract. A theoretical study of NO adsorption on Cu,,Co, (2 < m + n < 7) clusters was carried out using a density
functional method. Generally, NO is absorbed at the top site via the N atom, except in CuzNO and CusNO clusters,
where NO is located at the bridge site. CooNO, CozNO, CuyCoaNO, CosNO, CupCosNO and CugCoNO clusters have
larger adsorption energies, indicating that NO of these clusters are more easily adsorbed. After adsorption, N-O bond is
weakened and the activity is enhanced as a result of vibration frequency of N—O bond getting lower than that of a single NO
molecule. Cup CoNO, CuzCoNO, Cu;CoaNO, CuzCozNO and CuCosNO clusters are more stable than their neighbours,
while CuCoNO, Co3zNO, CuzCoNO, CuCo3NO, Cu3zCo3zNO and CugCoNO clusters display stronger chemical stability.
Magnetic and electronic properties are also discussed. The magnetic moment is affected by charge transfer and the spd

hybridization.
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1. Introduction

Nitrogen oxides (NO,) are the major air pollutants, which
are harmful to human health. Hence, effective elimination of
nitrogen oxides from emission has been an important topic of
study for the researchers. A wide variety of metals adsorbing
nitrogen oxides has been studied so far [1-6]. Endou et al [7]
investigated the adsorption and activation properties of pre-
cious metals such as Ir, Pt and Au towards NO by means of
density functional calculations. They found that the metals
arranged in decreasing order of stability after NO adsorption
is Ir > Pt > Au, and generally the adsorption state in the on-top
model was more stable than those on 3-fold sites. Matulis er al
[8] studied NO adsorption on neutral, anionic and cationic
Agg clusters by considering three cluster types: Dyg, T4 and
C, structures. It has been shown that in the case of NO interac-
tion with Dy, structure the corresponding adsorption energies
increase in the following order: E 4 (cation) < E,qs (neutral)
< E,4s (anion), whereas for the C; structure the order is E g
(anion) < E,q4 (cation) < E,4 (neutral). Theoretical study of
nitrogen monoxide adsorption on small Si, (x = 3-5) clusters
has been carried out by Nahali and Gobal [9] using the method
of advanced hybrid meta-density functional method of Truh-
lar (MPW1B95), which showed that NO prefers adsorption
through the nitrogen side. Reconstruction in Sis cluster and
change of the charge distribution in Siz cause large adsorp-
tion energies. Valadbeigi et al [10] studied properties of CO,
Ny, H,0, O, H, and NO adsorbing on B3¢ nanocluster. The
study indicated that the adsorption properties of CO, O, and
NO are better than those of other gases; moreover, CO and NO
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were adsorbed, respectively, via C atom and N atom. When
NO and O, are adsorbed synchronously via both atoms, they
dissociate. Boron atoms at the edge of the B34 cluster showed
more reactivity than those of the inner atoms.

In recent years, researchers have focused their attention on
bimetallic clusters, whose properties are possibly different
from those of pure clusters due to their complex structures
and factors [11-16]. Qin er al [17] investigated the geometry
and magnetic properties of Co,,Al, (m + n < 6) bimetal-
lic clusters using density functional theory (DFT)-GGA of
the DMOL? package. The most stable structures were sim-
ilar to pure cobalt clusters. The average magnetic moment
decreases linearly with the increase of cobalt atoms, as aresult
of the weakening of Co atomic spin polarization after the
doping of non-magnetic Al atoms. Lu et al [18] carried out
a study of Cu, Pt, Cu, Cu—Cu and Co-Pt clusters containing
13 atoms. Geometrical analysis of bimetallic Co—Cu and Co-
Pt clusters indicated that the structures of bimetallic clusters
were slightly distorted configuration of Co;3. The total mag-
netic moment of Co—Pt clusters monotonously decreases with
increasing concentration of Ptatoms. Lv ez al [19] investigated
the geometries and stabilities as well as electronic and mag-
netic properties of Co,Rh (n = 1-8) clusters systematically
within the framework of the gradient approximation DFT. The
results indicated that the most stable structures were similar
to those of corresponding Co,,. | clusters. The magnetism of
the ground state of all alloy clusters displayed ferromagnetic
coupling except for CozRh.

However, NO adsorption on Cu—Co bimetallic clusters
has received little attention. In this work, the geometrical
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configuration, stability, adsorption properties and magnetic
properties of the NO molecules adsorbed on Cu,,Co, (2 <
m+n < 7) clusters are studied, which may provide a research
foundation for application of mechanism of NO adsorption on
Cu—Co alloy clusters.

2. Computational method

All calculations were performed using DFT in the DMOL?
package of the Materials Studio by Accelrys Inc. The
exchange correlation interaction was treated within the GGA
using the PW91 function (GGA-PW91). The double numeri-
cal basis set augmented with d-polarization functions (DND)
was utilized. In the process of geometric optimization, con-
vergence thresholds were set to be 2.0 x 107> Hartree (Ha)
for the energy, 0.0004 Hartree/A for the forces and 0.005 A
for the displacement. All of the possible spin multiplicities
of each initial configuration were considered to ensure that
the obtained structures are the lowest in energy. In order
to speed up the self-consistent field (SCF) convergence, the
direct inversion in an iterative subspace (DIIS) approach was
used. The convergence criterion of SCF was set to be 107> Ha.
We considered the smearing in calculations, and the smear-
ing of molecular orbital occupation was set to be 0.005 Ha.
All calculations were spin-unrestricted, which implies that the
optimized geometry, electronic structure and magnetic prop-
erties were calculated taking full account of spin multiplicity.

3. Results and discussion

3.1 Geometrical structures

All the structures were obtained by the methods discussed in
Section 2.The lowest-energy configurations with positive fre-
quencies were regarded as the ground-state structures, listed
in figure 1. The spin multiplicities and symmetry are also
labelled below the structures of figure 1.

For Cu,,Co,NO (m + n = 2) clusters, the ground-state
structures were obtained based on the linear structures with
the NO molecules located at the apex via N side. Bond lengths
of Cu—Cu, Cu—Co and Co-Co are 2.25, 2.26 and 2.27 A,
respectively, from which it can be clearly seen that as the
number of Co atom increases, the bond length of alloy clusters
increases. The clusters are all C; symmetric with multiplic-
ity 2.

NO are all adsorbed at the top site for Cu,,Co,NO (m+n =
3) clusters except in CuzNO. In the CuzNO cluster, NO is
adsorbed at the bridge site on the basis of an isosceles triangle
whose waist length is 2.39 A and base length is 2.57 A. The
ground-state structures of Cu,CoNO, CuCo,NO and Co3NO
clusters are C; symmetric, and their alloy clusters have fold-
line structures. Especially in the Co3NO cluster, the angle of
Co—Co—Co changes considerably from 80.00 to 56.88° after
adsorption.
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In the case of Cu,,Co,NO (m + n = 4) clusters, the
ground-state structures are all non-planar quadrilaterals with
NO adsorption at the top site through the N atom. In par-
ticular, the structure of CuyNO cluster is based on a regular
tetrahedron whose bond length is 2.43 A. After adsorption,
one Cu—Cu bond is significantly elongated, leading to a signif-
icant change in the configuration. Hence, it indicates that for
the clusters containing 4 Cu atoms, the ground state tends to
be a planar structure. For Cu; CoNO, Cu,Co,NO, CuCo3;NO
and Co4NO clusters, NO is adsorbed on the Co atoms located
at the short diagonal. With the increasing Co atoms, it can be
seen that Cu atom in the original configuration is replaced by
Co atom. Its symmetry is C,,, Ci, Cyy and C,y, correspond-
ingly.

Before adsorption, the ground state of Cus cluster has a
planar structure formed by three different triangles with Cg
symmetry. When NO is adsorbed at the bridge site of Cus
cluster, the length of Cu—Cu bond is changed. The middle tri-
angle becomes an isosceles triangle with 2.45 A waist length
and 2.51 A base length, while the other two triangles are sym-
metrically distributed on both sides of the isosceles triangle
with the same shape. The Cu-N bond is 1.91 A in length
and the multiplicity is 3. The lowest-energy structures of
CuyCoNO and Cu3zCo,NO were obtained on the basis of a
slightly twisted quadrangular pyramid. NO adsorption leads
to a distortion of the trigonal bipyramidal structure, in which
NO is adsorbed on Co atom through the N side. The mul-
tiplicity and symmetry of CuyCoNO and Cu3Co,NO are 1,
C,y and 3, Cq, respectively. The ground-state configurations
of CuCos and Cog clusters are both trigonal bipyramidal, and
the adsorption of NO does not change its configuration much.

For Cu,,Co,NO (m + n = 6) clusters, the ground-state
structures of CugNO, CusCoNO, CusCo,NO and Cu,CosNO
clusters are all based on a single-cap trigonal bipyramidal con-
figuration with NO adsorption. The multiplicity is 2, 2, 4 and
8, correspondingly. Cu3Cos has a tetragonal bipyramid struc-
ture. A Cu—Cu bond located in the bottom is significantly
elongated after NO adsorption, resulting in a configuration
change of a single-capped trigonal bipyramidal structure. For
CuCosNO and CogNO clusters, NO are on Co atoms of tetrag-
onal bipyramid with top-site adsorption.

For Cu,,Co,,NO (m-+n = 7), the obtained configurations of
Cu;NO, CuCogNO and Co7NO are all on the basis of tetrago-
nal bipyramid structures, in which NO molecules are adsorbed
on top sites. The ground state structures of CuCog and Coy
were obtained on the basis of Cu7 cluster with Cu atoms are
replaced by Co atoms. The configurations have Cg, C; and C;
symmetry with the multiplicities of 1, 9 and 7, correspond-
ingly. For CugCoNO, CusCo,NO and Cu3;Co4NO clusters,
the lowest-energy structures are obtained based on the pen-
tagonal bipyramid structure, which can be seen as Co atoms
replacing Cu atoms in the Ds;, symmetric pentagonal bipyra-
mid structure. It can be seen from figure 1 that the Co atoms
are more inclined to replace the Cu atoms at the centre of
the pentagonal bipyramid structure. However, the CusCo3NO
and Cu,CosNO structures are built on double-capped trigonal
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Figure 1. The ground-state structures of Cu,,Co,NO (2 < m + n < 7) clusters.
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Figure 2. The adsorption energies of Cu,,,Co,NO (2 < m 4+ n < 7) clusters at ground state.

bipyramidal structure. The symmetry and multiplicity of the
two clusters are the same, which are C; and 1, respectively.

3.2 Adsorption strength

In order to study adsorption strength of clusters, the adsorption
energies are analysed, which can indicate the interaction of
clusters and NO molecules. Larger the adsorption energy, eas-
ier the NO can adsorption on the surface of clusters, indicating
that combination between NO molecule and alloy clusters is
stronger. Adsorption energies can be calculated as follows:

E.s = E(NO) + E(Cu,,Co,) — E(Cu,,Co,NO).

The adsorption energy curves of Cu,,,Co,NO 2 < m—+n <7)
clusters are shown in figure 2, where black, red and blue bars
correspond to Cu, Cu—Co and Co clusters, respectively. As fig-
ure 2 indicates, the adsorption energies of pure Cu clusters are
generally lower, which means that the interaction of Cu clus-
ters and NO molecule is relatively smaller. Co,NO, Co3NO,
CuyCo,NO, CosNO, CuyCos NO and CugCoNO clusters have
the peak adsorption energy, indicating that the combination
of NO molecules is better here than in their neighbours. The
adsorption energy of CosNO is the largest, which implies that
NO molecule is more likely to be adsorbed on the surface of
Cos cluster, and the interaction of Cos cluster and NO is the
strongest.

The NO charge, the Cu—Co-N bond length and N-O
vibration frequency are listed in table 1 for the ground-state
structures of Cu,,Co,NO (2 < m 4+ n < 7) clusters. Among
the NO studied, NO of Cu,,NO (m = 1-7) and CogNO clus-
ters are all negatively charged. It indicates charge transfer
from alloy clusters to NO molecules, resulting in longer N-O
bond. Hence, N-O bonds of Cu,,NO (m = 1-7) and CogNO
clusters are weakened and the activities of NO molecules are
strengthened, which agrees well with N-O bond length listed
in table 1. As table 1 shows, N-O bond lengths of Cu,,NO

clusters are all larger than those of cobalt-doped clusters, indi-
cating that the N-O bonds of Cu,,NO clusters are weaker and
NO activities are higher. The length of N-O is between 1.181
and 1.192 A for the clusters where NO is adsorbed at the top
site. When NO is adsorbed at the bridge site, the N-O bond is
elongated to more than 1.220 A. When compared with studies
of NO adsorption on Pd,,, Ag, and Cu,, clusters [20,21], it can
be found that N-O bonds of Cu,,Co,NO clusters are longer;
hence, it implies that the activities of NO molecules here are
larger. The degree of charge transfer can reflect the strength of
the bond to some extent. It can be easily found that the amount
of charge transfer in CugCoNO, CusCoNO, CusCo,NO and
CuyCo3NO clusters is, respectively, 0.127, 0.103, 0.105 and
0.104e, which are significantly greater than others, illustrating
that CugCo-NO, CusCo-NO, CusCo,—NO and CuyCo3—-NO
bonds are stronger.

In cluster research, vibration frequency is often used to
study interaction strength of bonding atoms. The higher the
vibration frequency, the stronger the interaction. As shown
in table 1, vibration frequencies of N-O bonds are all
lower than the single NO molecule vibration frequency of
1890.500 cm™!, indicating that N-O bond is weakened and
the activity is enhanced after adsorption.

3.3 Stability

Second-order energy difference (A, E) is analysed to describe
cluster stability. The larger this value, the more stable the
corresponding cluster. The calculation formula is as follows:

A E, = E(Cu,,Co,+ 1 NO) + E(Cu,,Co,_1NO)
—2E(Cu,,Co,NO),

AE,, = E(Cu,+1Co,NO) + E(Cu,,—1Co,NO)
—2E(Cu,,Co,NO).
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Table 1.
respectively), N—O vibration frequency.

1091

The charge of NO(Qno), the length of Cu—Co-N and N-O bond (Lcy—co—N and Ln—o

m+4n Cluster Ono ()  Lcu—Co—N (A) Ln_o(A) N-O vibration frequency (cm™ D)
2 CupNO —0.001 1.809 1.187 1715.940
CuCoNO 0.084 1.649 1.181 1804.110
CoaNO 0.059 1.648 1.183 1798.070
3 Cu3NO —0.163 1.920 1.215 1503.350
CuCoNO 0.072 1.628 1.185 1788.040
CuCoNO 0.063 1.634 1.186 1784.040
Co3NO 0.037 1.647 1.187 1787.190
4 CusNO —0.037 1.787 1.190 1689.610
CuzCoNO 0.099 1.631 1.181 1813.030
CupCoNO 0.088 1.630 1.183 1802.120
CuCo3zNO 0.077 1.630 1.185 1792.280
Co4NO 0.079 1.629 1.186 1785.890
5 CusNO —0.222 1.914 1.237 1445.000
CusCoNO 0.073 1.628 1.184 1794.460
CuzCoNO 0.060 1.626 1.185 1790.290
CuCozNO 0.072 1.621 1.187 1776.380
CuCo4NO 0.038 1.629 1.188 1773.770
CosNO 0.055 1.631 1.187 1778.740
6 CugNO —0.056 1.804 1.192 1669.850
CusCoNO 0.103 1.624 1.182 1797.250
CuygCoNO 0.090 1.625 1.183 1791.490
Cu3zCo3zNO 0.089 1.621 1.185 1782.290
CupCosNO 0.078 1.620 1.186 1782.380
CuCosNO 0.060 1.628 1.188 1763.790
CogNO —0.040 1.805 1.222 1521.380
7 Cu7NO —0.023 1.789 1.187 1678.440
CugCoNO 0.127 1.604 1.184 1803.460
Cu;CoNO 0.105 1.613 1.184 1794.620
CuygCozNO 0.104 1.619 1.186 1782.230
CuzCosNO 0.093 1.620 1.186 1779.520
CuyCosNO 0.093 1.622 1.187 1770.960
CuCogNO 0.074 1.627 1.189 1623.120
Co7NO 0.073 1.629 1.188 1768.510
For a fuller discussion of the stability, the second-order energy 20 T
differences are analysed by considering Cu atom and Co atom : : i . |z c,,."g;,ﬁﬂg
as variables in figures 3 and 4, respectively. In figure 3 the ALY {—&— Cu,Co NO
curves of Cu,,Co,NO (n = 1-7) are plotted, which show sig- :ﬁ Eo i e
nificant odd—even oscillations. For pure Co clusters, maxima s \'\. /
are found at n = 6; hence, CogNO is more stable. Clusters H"'-:q gi 7 ‘L---:':_E_ /
containing an odd number of Cu atoms or odd number of Co < o2f i'-_ i V3 /
atoms correspond to peaks. The trend is opposite in clusters 22 1 "-.\ \'\ < & q__‘__‘__‘_
containing an even number of Cu atoms. In figure 4, CusNO is j; - K ';;"r' \:f::'::”
more stable for pure Cu clusters. For clusters doped with odd parda \ I_»’ _
number of Co atoms, peaks are located when m is odd. The :g F L
trend is opposite for clusters doped with even number of Co = 2 3 PO s
n

atoms. On the whole, combining figures 3 and 4, the Ay E
values of Cu,CoNO, Cu3zCoNO, Cu,Co,NO, CuzCoz;NO
and CuCosNO clusters are much larger than those of other
clusters, indicating that these five clusters are much more
stable.

Figure 3. Second-order energy differences of the ground-state
structures of Cu,,Co,NO clusters as a function of the number of
Co atoms.
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Figure 4. Second-order energy differences of the ground-state Figure 6. Total magnetic moment of Cu,, Co,NO (2 < m+n <7)

structures of Cu,,Co, NO clusters as a function of the number of
Cu atoms.
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Figure 5. The energy gap of Cu,,Co,NO (2 < m+n < 7)clusters
at ground state.

The energy gap (E,) can reflect the chemical stability and
activity of clusters, which can be expressed as

E, = Erymo — Enomo-

Higher the gap value, worse the chemical activity of cluster
and stronger the chemical stability. The curves of HOMO-
LUMO gap of Cu,,Co,NO (2 < m + n < 7) clusters are
plotted in figure 5, in which odd-even oscillation can be
clearly found with the increase of Co atoms under the same
size. The peaks correspond to the clusters where the number
of Co atoms is odd, indicating stronger chemical stability and
worse chemical activity. In different sizes, CuCoNO, Co3;NO,
Cu3CoNO, Cu,;CozNO, CuzCo3zNO and CugCoNO clusters
display higher energy gaps, which means that the chemical
stability of these clusters is stronger compared with neigh-
bouring clusters.

clusters at ground state.

3.4 The magnetic and electronic properties

In figure 6, total magnetic moment of ground-state config-
urations is plotted as a function of Co concentration for
different cluster sizes. It shows that generally the magnetic
moments increase as the number of Co atoms doped in pure Cu
clusters increases. When only one Co atom is doped, the mag-
netic moments of the clusters are unchanged. For Cu,,Co,NO
(m +n = 2) clusters, total magnetic moments of the ground-
state configurations are all 1, indicating that doped cobalt atom
has no effect for very small size clusters.

In order to explore the magnetic properties, Cu,,Co,NO
(m +n = 6) clusters are mainly discussed as representatives.
Table 2 lists the Mulliken populations of charge, local and
total magnetic moment of Cu,,Co,NO (m + n = 6) clusters
in ground state, and its atomic numbers are labelled in fig-
ure 8. It is obvious that the total magnetic moment is mainly
from Co atoms. The d orbits show considerable charges, and
the magnetic moment mainly arises from localization of the
d-electrons. The contribution of p orbits is quite small, which
can be ignored. The 4s orbits of Co atoms lose charges,
and the 4p,3d orbits get charges. This implies that in the
Co atoms, charges are transferred from 4s orbits to 4p,3d
orbits, leading to the spd-orbital hybridization. In analysing
the atom charges, it can be found that a part of charges is
transferred from Co atoms to Cu atoms. Moreover, charge
transfer between Co atoms can also be found. To summa-
rize, charge transfer not only occurs between different orbits
but also occurs between different atoms, indicating that spd
hybridization has taken place in the system. This hybridization
changes the original electron pairing and affects the magnetic
moment.

For a further magnetism analysis, the partial density of
states (PDOS) of Cu,,Co,NO (m + n = 6) clusters is
also analysed in figure 7. We explored the PDOS from the
contribution of different orbitals components. The majority
(spin-up) density is plotted as positive and the minority (spin-
down) density is plotted as negative. The cluster Fermi level
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Table 2. The Mulliken populations of charge and local and total magnetic moment of Cu,,Co,NO (m + n = 6) clusters at

ground state.

Local magnetic moment (4B)

Mulliken charge

Cluster Atom label @) Matom 3d 4s/3s 4p/3p 3d 4s/3s 4p/3p
Cus5CoNO Cu(l) 0.057  0.007 0.006 -0.007/0.000  0.008/0.000  9.770 0.820/1.999 0.357/5.997
Co(2) -0.075 1.054 1.020  0.002/0.000  0.034/-0.001  7.731 0.784/2.000 0.558/6.002
Cu(3),(4) -0.036 0.016 0.009 0.017/0.000  -0.010/0.000 9.794 0.986/2.000 0.259/5.998
Cu(5),(6) -0.056 0.039 0.038 -0.003/0.000  0.005/0.000  9.807 1.065/2.000 0.187/5.998
CuyCorNO Co(1) -0.092 0973 0970 -0.012/0.000 0.016/-0.001  7.744 0.798/2.000 0.547/6.002
Co(2) 0.101 2.050 1.917  0.081/-0.001  0.055/-0.002  7.787 0.319/2.001 0.785/6.006
Cu(3),4) -0.041 0.044 0.026  0.032/0.000  -0.014/0.000 9.788 0.264/2.000 0.992/5.997
Cu(5),(6) -0.059 0.054 0.052 -0.002/0.000  0.004/0.000  9.797 1.071/2.000 0.194/5.998
Cu3CosNO Cu(l) -0.033  0.094  0.055 0.044/0.000  —0.005/0.000  9.769 1.000/2.000 0.267/5.997
Co(2) 0.070  2.083 1.964  0.074/-0.001  0.048/-0.003  7.755 0.829/2.001 0.339/6.006
Cu(3) -0.052  0.079  0.051 0.038/0.000  —0.010/0.000  9.793  1.054/2.000 0.208/5.998
Co(4) 0.050 2.388 2206 0.136/-0.001  0.049/-0.002  7.634 1.030/2.001 0.282/6.004
Cu(5) -0.066 0.039 0.064 —-0.031/0.000  0.005/0.000  9.783 1.094/2.000 0.191/5.998
Co(6) -0.158 0.533 0.557 -0.012/0.000 -0.011/-0.001 7.860 0.785/2.000 0.511/6.001
CupCosNO Co(1) 0.080  2.074 1.982  0.059/-0.001 0.037/-0.003 7.748 0.819/2.001 0.345/6.006
Co(2) -0.138 0.656 0.708 —-0.021/0.000 -0.029/-0.001 7.808 0.801/2.000 0.528/6.002
Co(3),(4) 0.001 2.182  2.056 0.100/-0.001  0.029/-0.003  7.727 0.998/2.001 0.268/6.005
Cu(5),6) -0.061 0.111 0.079  0.025/0.000 0.007/0.000  9.778 1.091/2.000 0.195/5.998
CuCosNO Co(1) 0.049  2.082 1.986 0.057/-0.001  0.042/-0.003 7.769 0.856/2.001 0.320/6.006
Co(2) -0.008 2.137 1.980  0.133/-0.001  0.028/-0.003  7.731 0.996/2.001 0.275/6.005
Co(3) -0.160 0.693 0.740 -0.017/0.000 -0.028/-0.002 7.803 0.858/2.000 0.498/6.001
Co(4) -0.010 2.124 1.971 0.130/-0.001  0.027/-0.003  7.736  0.994/2.001 0.274/6.005
Cu(5) -0.037 0.123  0.091 0.051/0.000  —0.020/0.000 9.716 1.049/2.000 0.275/5.997
Co(6) 0.004 2.167 2.001 0.145/-0.001  0.025/-0.003  7.729 0.980/2.001 0.283/6.005
CogNO Co(1) -0.001 -0.941 -0.890 0.002/0.000  -0.054/0.001 7.818 0.783/2.001 0.392/6.007
Co(2) 0.001 2.073 1.922  0.105/-0.001  0.049/-0.003  7.720 0.982/2.001 0.292/6.005
Co(3) -0.038 -1.682 -1.667 0.022/0.000  -0.039/0.002  7.747 1.030/2.001 0.255/6.006
Co(4) 0.009  2.102 1.937 0.117/-0.001  0.051/-0.002  7.722 0.966/2.001 0.296/6.005
Co(5) -0.024 2.192 1.996  0.159/-0.001  0.040/-0.002  7.744 1.002/2.001 0.273/6.005
Co(6) -0.007 1.393 1.234  0.116/-0.001  0.046/-0.002  7.834 0.762/2.001 0.403/6.007

is presented as a solid vertical line and shifted to zero. As
evident from the figure, the d-orbit curves of these clusters
are narrow and sharp, which indicates that distribution of d
electrons is relatively localized. The electronic states between
—4 and 2 eV mainly come from d electron state, whereas the
contributions from s and p electron states are very little. If
the curves of spin-up density and spin-down density show
low symmetry, it implies that there exist many unpaired elec-
trons, leading to a large contribution to magnetic moment.
As shown in figure 7, the curves of CugNO and CusCoNO
clusters show high symmetry; hence, the magnetism is pretty
small. The symmetry becomes lower with increasing concen-
tration of Co atoms; hence, the magnetic moment increases.
In general, the relative shift between the spin-up and spin-
down bands can indicate the degree of spin exchange splitting.
The larger the degree of spin exchange split, the lager the
magnetism of cluster. As shown in the figure, all d electron
bands have significant shift. The order of the shift degree is
CugNO, CusCoNO < CuyCo,NO < CuzCozNO < CogNO

< CupCoyNO < CuCosNO, indicating that with the increase
of Co atoms doping in the clusters, the shift gets larger, which
agrees well with the earlier total magnetic moment analysis.

The electron spin density around each atom for these clus-
ters is also discussed in figure 8, where the blue and yellow
represent spin-up and spin-down electronic states, respec-
tively. The larger the electron spin density, the more the
unpaired electrons around atoms, indicating that the local
magnetic moment is larger [22,23]. As shown in figure 8§,
electron spin density of N, O and Cu atoms is quite small to
be observed, which implies that the number of unpaired elec-
trons is quite small. In conclusion, N, O and Cu atoms make
quite a small contribution to the magnetic moment, whereas
Co atoms provide the majority contribution to magnetism,
which is consistent with the Mulliken populations analysis.
CU6NO, CU5CONO, CU4C02NO, CU3CO3NO, CU2C04NO and
CuCosNO clusters have only spin-up electronic states; more-
over, the spin-up density gets larger, suggesting that these
clusters have more and more unpaired electrons. Hence, the
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Figure 7. The PDOS of Cu,,Co,NO (m + n = 6) clusters at ground state.

magnetism gets higher as a function of Co concentration, electronic states. However, the down-spin region is distributed
which corresponds well with the analysis of magnetic moment  at only two Co atoms and up-spin region has a wide dis-
in figure 7. CogNO clusters have both up-spin and down-spin  tribution area, indicating that much more up-spin unpaired
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Figure 8. The electron spin density maps of Cu,,Co,NO (m + n = 6) clusters at ground state.

electrons exist than down-spin unpaired electrons; thus, total
magnetic moment of CogNO clusters has a large positive
value.

4. Conclusion

A theoretical study of NO adsorption on Cu,Co, (2 <
m + n < 7) clusters was carried out using a density func-
tional method. Generally, NO is absorbed at top sites via
the N atom, while NO of CuzNO and CusNO clusters is
located at the bridge site via the N atom. The adsorption
energy of Co,NO, Co3NO, Cu;Co,NO, CosNO, Cu;CosNO
and CugCoNO clusters is relatively larger than that of their
neighbouring clusters, indicating that the interaction of NO
and these alloy clusters is stronger. NO of Cu,,NO (m =
1-7) and CogNO clusters are all negatively charged; hence,
the charge of these clusters is transferred from alloy clusters to
NO molecules. The vibration frequency of N-O bond is lower
than that of a single NO molecule, which implies that the N-O
bond is weakened and the activity is enhanced after adsorp-
tion. The A, E values of Cu,CoNO, Cuz;CoNO, Cu,Co,NO,
Cu3Co3NO and CuCosNO clusters are relatively larger than
others, indicating that these five clusters are much more sta-
ble. CuCoNO, Co3NO, Cu3;CoNO, Cu,Co3zNO, CuzCo3;NO
and CugCoNO clusters display higher energy gaps, which
means that the chemical stability of these clusters is stronger
compared with neighbouring clusters. Magnetic and elec-
tronic properties are also discussed. In general, the magnetic
moments increase as the number of Co atoms doped in pure
Cu clusters increases. This arises from charge transfer and
spd hybridization, resulting in the original electron pairing

changes. N, O and Cu atoms make quite small contribution
to the magnetism.
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