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Abstract 
–
2 1MSi On n+  (M = Au, Ag, Cu; n = 1, 2, 3) clusters were used as a cluster mod-

el to study the activation of oxygen molecules on single-atom catalysts. Struc-
tures of –

2 1MSi On n+  clusters were studied by density functional calculations 
with global optimization. For each n, the most stable structures are quite sim-
ilar for different metal types, and the oxygen molecule prefers to be adsorbed 
onto M atoms. It is found that the activation degree of oxygen is higher on 
clusters with non-noble metal Cu than that of Ag or Au containing clusters, 
by comparing the changes of O-O bond length and vibrational frequency, 
natural charge population analysis, Fuzzy bond order analysis, and energy 
barriers of O2 dissociation. CO oxidation was used as a probe reaction to 
study the reactivity of Cu-containing clusters, and it is found that the reactiv-
ity decreases with the increase of the size of silicon-oxygen clusters. Our re-
sults give a new aspect to understand the reaction mechanism of non-precious 
metal single-atom catalyst for oxygen activation with high efficiency. 
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1. Introduction 

Oxidation reaction has traditionally been a hot topic in chemistry [1] [2] [3] [4] 
[5], in which the selection of a proper oxidant is of great importance [6] [7]. In 
recent years, with the development of the concept of green chemistry, people are 
more inclined to seek environmentally friendly, cheap, and efficient oxidants [8] 
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[9] [10] [11]. Molecular oxygen (O2), the environmentally friendly oxidizing 
agent is undoubtedly attractive, which is highly valued by chemists because of its 
cheapness [12] [13] [14], easy availability, and non-pollution of the product to 
the environment. However, O2 is quite stable at room temperature due to the 
tightly bound O-O bond. So it is a key step to select a suitable catalyst to activate 
O2 and open the O-O bond. There are many ways to activate oxygen. One of the 
effective ways is the combination of oxygen molecules with transition metal 
compounds. As electrons transfer from the metal center to the oxygen molecule, 
the bond length of O-O bond becomes longer and the oxygen molecule activates. 
Many research groups have studied the mechanism of it. Safonova and co- 
workers [15] studied the oxygen activation mechanism on ceria-supported cop-
per-oxo species using time-resolved X-ray absorption spectroscopy. It was found 
that in this system oxygen activation involves copper-oxo species in close inte-
raction with ceria. Laura and co-workers [16] compared oxygen activation cata-
lyzed by pure gold cluster Au13 and Au12M (M = Ag, Cu, Ir) cluster, respectively. 
It found that the activation energy barrier for the O2 dissociation of Au12M clus-
ter is lower nearly 1 eV than that of Au13 cluster. Manzoor and Pal [17] made 
hydrogen atom chemisorption on the stable closed-shell gold clusters neutral 
Aun (n = 2, 4, 6, 8) gold clusters with DFT calculations then catalyst oxygen with 
AunH clusters. The enhanced binding energies and significant red shift in the 
O-O stretching frequency unequivocally confirm the activation of the O2 mole-
cule in the case of AunH clusters. 

A new idea has been developed for catalyst design since Zhang et al. who 
proposed the concept of single-atom catalysts (SACs) in their work in 2011 
[18]. Because the active center in single-atom catalysts only contains a single 
metal atom, the atomic utilization of precious metals has been raised to the li-
mitation. Since then, SACs have been an important subject of research in the 
catalysis field [19]. Due to the complexity of actual catalysts, there are still 
many unrevealed mechanisms in surface catalytic reactions even for SAC sys-
tems. Clusters of finite atoms are easy to deal with experimentally and compu-
tationally, the study of reasonable cluster models can be used as a bottom-up 
strategy to understand complex systems and processes [20] [21]. The structure 
of single-atom catalysts is uniform, and the cluster composed of active single 
atom and several surrounding atoms can be used as a reasonable model to 
study the reaction mechanisms. 

In the previous work of our group [22], we found that –
2 1AuSi On n+  (n = 1, 2, 

3) clusters perform well in the catalytic activation of methane. In order to fur-
ther study the reactivity of –

2 1AuSi On n+  and explore the possibility of replacing 
Au with non-precious metals, we performed a systematical investigation on 

–
2 1MSi On n+ , which M could be Au, Ag, and Cu. For all the Cu-group metals, the 

outermost electron configuration is the same: a closed outermost d-shell and a 
single s-valence electron. Therefore, Cu, a non-precious element, containing 
clusters may exhibit similar properties to clusters with gold atoms [23]. 
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In this paper, we report the most stable structures of –
2 1MSi On n+  clusters (M 

= Au, Ag, and Cu; n = 1, 2, 3) calculated by density functional theory (DFT). 
Based on that, the adsorption and dissociation of O2 on the clusters are dis-
cussed. It was found that Cu-containing clusters performed better than Au- or 
Ag-containing clusters. Therefore, further calculations on CO oxidation, which 
is used as a probe reaction, are only performed on Cu-containing clusters. 

2. Calculation Method 

All our DFT calculations were performed using Gaussian 09 program suite [24]. 
A Fortran code [25] based on a genetic algorithm and DFT calculations was de-
veloped to generate sufficient and reasonable initial structures of –

2 1MSi On n+  
clusters, which have also been successfully applied to some other clusters [26]- 
[31]. TZVP basis sets [32] for C, O, and Si atoms and the D95V basis sets com-
bined with the Stuttgart/Dresden relativistic effective core potentials (denoted as 
SDD in Gaussian software) for Au atom were adopted [33]. Diffusion functions 
are essential for anionic clusters. Therefore, we modified the original TZVP and 
SDD basis sets with additional diffusion functions according to the approach 
proposed by Truhlar et al. [34] [35]. In this approach, the smallest exponents of s 
and p functions in the original basis sets are divided by 3 and then used as the 
exponent of the additional diffusion function. TPSS functional [36] was used in 
this work, since it had been tested to perform well for Au-Si-O systems [22]. 
Both singlet and triplet states were considered for the oxygen adsorption sys-
tems. The spin-crossing points of triplet and singlet states during the oxygen 
adsorption process were located by utilizing sobMECP software [37]. Natural 
population analysis (NPA) was carried out using the NBO3.1 module embedded 
in the Gaussian 09 package. Fuzzy bond order calculations (FBO) were performed 
using Multiwfn [38] software. Harmonic vibrational frequency calculations were 
performed on optimized structures at the same theoretical level to ascertain the 
nature of the stationary points (no imaginary frequencies for minima and only 
one imaginary frequency for transition states). All results of energy reported in 
this work are total electronic energy with zero-point vibrational energy (ZPE) 
correction unless specified. 

3. Results and Discussion 

3.1 The Most Stable Structures of n n
–
2 1MSi O +  Clusters 

The calculated most stable structures of –
2 1MSi On n+  clusters are presented in 

Figure 1. Clusters with three kinds of metal atoms (Au, Ag, Cu) have similar 
geometric structures and the same electronic states, except for the slight differ-
ences in bond lengths and bond angles. All the –

3MSiO  and –
2 5MSi O  clusters 

have C2V symmetry and 1A1 electronic state, while –
3MSiO  clusters have C1 

symmetry and 1A electronic state. Details of the M-O bond lengths and M-O-Si 
bond-angles are shown in Table 1. 
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Figure 1. TPSS optimized most stable structures of –

2 1MSi On n+  clusters. (a) n = 1; (b) n = 2; 
(c) n = 3. 

 
Table 1. Calculated bond lengths and bond angles in –

2 1MSi On n+  clusters. 

Clusters Bond length of M-O (Å) Bond angle of M-O-Si (˚) 

–
3AuSiO  2.28 88.15 

–
2 5AuSi O  2.30 85.31 

–
3 7AuSi O  2.03 107.94 

–
3AgSiO  2.25 87.68 

–
2 5AgSi O  2.27 85.10 

–
3 7AgSi O  2.22 91.30 

–
3CuSiO  1.99 83.77 

–
2 5CuSi O  2.01 81.53 

–
3 7CuSi O  1.95 88.65 

3.2. Adsorption of O2 on n n
–
2 1MSi O +  Clusters 

The most stable adsorption structures of O2 on optimized –
2 1MSi On n+  clusters 

are shown in Figure 2 and some data are listed in Table 2. The triplet states of 
the adsorption structures for each cluster are considered at first, since the 
ground state of O2 is a triplet. On Au/Ag-containing clusters, O2 takes end-on 
adsorption coordination to the metal atom, while on the Cu-containing clus-
ters, O2 takes side-on coordination to Cu. After the adsorption, the electronic 
state may be changed due to spin flip. Therefore, the singlet states are also 
considered. In all the singlet state structures, O2 takes side-on coordination on 
metal atoms. A spin-crossover may occur in the potential energy surfaces of 
singlet and triplet states when O2 adsorbs onto the metal atoms in –

2 1MSi On n+ . 
The minimum energy crossing points (MECP) were determined by the sobMECP 
program combined with the Gaussian 09 package, and the conversion from 
the triple-state to the singlet state is shown in Figure 2. The triplet state is 
less stable than the singlet state for n = 1, 2 clusters, and the conversion from 
the triplet to the singlet state is quite easy, with low energy barriers (i.e., the 
relative energy of MECP with respect to the triplet state) as about 0.2 eV for 
Au-containing clusters and less than 0.1 eV for Ag/Cu-containing clusters. 
For the relatively larger clusters (n = 3), the triplet state is more stable and the 
conversion from the triplet to the singlet need additional energy, and the 
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Figure 2. TPSS optimized most stable structures of adsorption complexes –

2 1 2MSi O -On n+ , 
denoted as the label M(n)(2n + 1), and their spin crossover structures. For (a), (b), (c), M 
= Au; for (d), (e), (f), M = Ag; for (e), (f), (g), M = Cu. The unit of bond length is Å, and 
the unit of energy is eV. The left part of each picture is the singlet structure, the right part 
is the triplet structure, and the middle part is the spin cross-point structure. 

 
barriers of Au/Ag-containing clusters are quite large (1.78 and 1.25 eV, respec-
tively), while that of –

3 7CuSi O  is still small (−0.21 eV). Note that the energies in 
Figure 2 are without ZPE corrections since harmonic vibrational frequency cal-
culations can not be performed on MECPs which are not stationary points. 

The adsorption energy (Ead) of O2 on –
2 1MSi On n+  clusters was calculated as 

Ead = E ( –
2 1MSi On n+ ) + E (O2) – E ( –

2 1 2MSi O -On n+ ), where E is the energy of free 
singlet –

2 1MSi On n+ , triplet O2, and the adsorption complex –
2 1 2MSi O -On n+  with 

either singlet or triplet states, respectively. Four types of energies were consi-
dered, namely, Ee (electronic energies), EZPE (sum of electronic and zero-point 
energies), EH (sums of electronic and thermal enthalpies) and EG (sum of elec-
tronic and Gibbs free energies) at the standard temperature (298.15 K) and  
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Table 2. Properties of the adsorption complexes –
2 1 2MSi O -On n+ . The adsorption energy 

(Ee, EZPE, EH, and EG, in eV. See text for details), the vibrational frequency of O-O (vO-O, in 
cm−1), the S2 values before and after annihilation. S1 is for the singlet state, S3 is for the 
triplet state. 

Clusters Ee EZPE EH EG vO-O S2 before S2 after 

–
3 2AuSiO -O         

S1 1.86 1.77 1.82 1.24 920.0 0 0 

S3 1.57 1.51 1.53 1.07 1111.8 2.0081 2 

22
–
5AuSi O -O         

S1 1.62 1.54 1.57 1.05 929.6 0 0 

S3 1.38 1.32 1.34 0.92 1130.3 2.0083 2 

–
3 7 2AuSi O -O         

S1 0.68 0.61 0.64 0.11 967.2 0 0 

S3 1.13 1.10 1.10 0.72 1198.2 2.0075 2 

–
3 2AgSiO -O         

S1 1.27 1.20 1.23 0.73 976.5 0 0 

S3 1.20 1.17 1.17 0.81 1137.0 2.0075 2 

–
2 5 2AgSi O -O         

S1 0.97 0.90 0.93 0.43 998.4 0 0 

S3 0.97 0.94 0.94 0.58 1156.1 2.0075 2 

–
3 7 2AgSi O -O         

S1 0.16 0.11 0.13 -0.38 1138.0 0 0 

S3 0.61 0.59 0.59 0.25 1240.2 2.0076 2 

–
3 2CuSiO -O         

S1 2.19 2.11 2.14 1.64 965.12 0 0 

S3 2.00 1.96 1.97 1.55 1088.4 2.0071 2 

–
2 5 2CuSi O -O         

S1 1.94 1.85 1.89 1.37 986.1 0 0 

S3 1.85 1.80 1.81 1.40 1100.2 2.007 2 

–
3 7 2CuSi O -O         

S1 1.18 1.11 1.13 0.63 1018.9 0 0 

S3 1.38 1.34 1.35 0.92 1138.0 2.0069 2 

 
pressure (1 atm). The results are given in Table 2. Generally, Cu-containing 
clusters and smaller clusters have higher Eb values than Au/Ag-containing 
clusters and larger clusters. The values of EZPE are close to or more than 1 eV 
for most clusters, indicating that O2 can be firmly adsorbed on these clusters. 

–
3 7 2AuSi O -O  (S1) and –

3 7 2AgSi O -O  (S3) have small values for EZPE as about 0.6 
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eV, and –
3 7 2AgSi O -O  (S1) has the smallest EZPE as 0.11 eV. Because the adsorp-

tion of O2 on clusters leads to the decrease of entropy, the values of EG are 
smaller than those of EZPE by about 0.4 eV. Therefore, –

3 7 2AgSi O -O  (S1) has a 
negative value (−0.38 eV) for EG, indicating that this complex can not be formed 
at standard conditions. 

Vibrational frequencies of O-O (vO-O) in the adsorption complexes –
2 1 2MSi O -On n+  

are useful information to evaluate the activation of O2 after adsorption. The cal-
culated results are shown in Table 2. Upon adsorption, the O-O bond will be 
weakened, leading to the decrease of vO-O in the adsorption complexes, accompa-
nied by the increase of O-O bond lengths (RO-O). For the triplet state, comparing 
with Au/Ag-containing clusters, the vO-O of Cu-containing clusters is smaller than 
those of Au/Ag-containing clusters. Accordingly, the RO-O of Cu-containing 
clusters is between 1.33 Å and 1.35 Å, which is longer than those of 
Au/Ag-containing clusters, about 1.28 Å and 1.33 Å. Relatively larger clusters (n 
= 3) have larger vO-O and shorter RO-O than n = 1, 2 clusters. For example, the 
vO-O of –

3 7AuSi O  is 1138.0 cm−1, which is 37.8 and 49.6 cm−1 larger than 
–

2 5AuSi O  and –
3AuSiO , respectively, and their RO-O is 1.33, 1.34, and 1.35 Å, 

respectively. After the transition from triplet to singlet states, the vO-O decreases 
remarkably and the RO-O increases significantly, indicating high activation of O2 
in the singlet states. For the singlet state, different from the triplet state, the RO-O 
values of Au-containing clusters are the biggest, which are between 1.41 Å and 
1.44 Å, while those of Cu/Ag-containing clusters are between 1.37 Å and 1.41 Å. 
Accordingly, the vO-O of Au-containing clusters is the smallest. Similar to the situa-
tion for triplet states, the vO-O of the relatively larger clusters (n = 3) is larger than 
that of n = 1, 2 clusters. Note that the calculated S2 values before and after annihi-
lation indicate that all electronic states we obtained have no spin pollution. 

Bond order analysis is a direct way to evaluate the bonding strength between 
two atoms. We calculated the Fuzzy bond order (FBO) of O-O in the adsorption 
complexes –

2 1 2MSi O -On n+ , and compared with that of free O2 molecule obtained 
at the same theoretical level. After adsorption, FBO decreases from 2.47 for free 
O2 to values less than 2 for the triplet states. Cu-containing clusters and smaller 
clusters have lower FBO values than Au/Ag-containing clusters and larger clus-
ters, which is consistent with the conclusion that Cu-containing clusters and 
smaller clusters have higher ability to activate O2 according to the analysis basis 
on RO-O and vO-O. After the transition from triplet to singlet states, FBO decrease 
to low values about 1.4, indicating that O-O in the singlet –

2 1 2MSi O -On n+  is 
highly activated, which is consistent with the long RO-O and small vO-O for them. 

The activation of O-O bonds in the adsorption complexes –
2 1 2MSi O -On n+  can 

also be reflected by the electron transfer from –
2 1MSi On n+  to O2. The O2 mole-

cule obtains electrons after adsorption and these electrons will fill into the π* an-
ti-bonds of O-O, leading to the weakening of O-O bond. Natural population 
analysis (NPA) was performed to get the charges on O2 (qO2), and the results are 
shown in Figure 4. It is clear that qO2 of the triplet states is smaller (for absolute  
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Figure 3. Fuzzy bond order (FBO) of O2 in the adsorption complexes –

2 1 2MSi O -On n+  
(denoted as the label M(n)(2n + 1)). The red line represents the triplet state, the black line 
represents the singlet state, and the blue line represents the FBO value of free oxygen. 

 

 
Figure 4. Natural population analysis (NPA) charge on O2 in the adsorption complexes 

–
2 1 2MSi O -On n+  (denoted as the label M(n)(2n + 1)). The red line represents the triplet 

state, the black line represents the singlet state. 
 

values) than that of the singlets. The oscillation of the curve shows that for each 
case (a certain metal and a certain electronic state), qO2 decreases as n increases 
from 1 to 3. For the triplet state, Cu-containing clusters have larger qO2 than 
Au/Ag-containing clusters with the same cluster sizes, while for the singlet state, 
qO2 of Au-containing clusters is the largest for each n. All these findings agree well 
with the previous discussion on the activation of O2 based on RO-O, vO-O, and FBO. 

3.3 Reactions of n n
–
2 1 2CuSi O - O+  with CO 

Oxidation of CO is often used as a probe reaction to evaluate the oxidation abil-
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ity of oxidants. Considering the high energy barriers of spin flip from the trip-
let state to singlet state for the adsorption complexes –

2 1 2AuSi O -On n+  and 
–
2 1 2AgSi O -On n+ , a systematical study was performed on the oxidation of CO on 

Cu-containing clusters, which may be the most promising catalysts for CO oxi-
dation. Because the ground states of –

3CuSiO  and –
2 5CuSi O  are the singlet 

state and the ground state of –
3 7CuSi O  clusters is the triplet state, both singlet 

and triplet states along the reaction paths were calculated. The sum of the energy 
of infinite separated CO and the ground state of –

2 1 2CuSi O -On n+  was set to zero. 
Figure 5(a) shows the reaction path of –

3 2CuSiO -O  (IS1) with CO. It can be 
started from the singlet 1IS1 with CO, because 1IS1 is lower in energy than 3IS1 
by 0.155 eV, and the transition from 3IS1 to 1IS1 is very easy (the energy barrier 
is only 0.01 eV, Figure 2). The CO is then weakly adsorbed on an O atom to 
form 1I1 with a low adsorption energy −0.066 eV. The distance between the C 
and the O in 1IS1 (dC…O) is quite far (2.724 Å) at this moment. Then the CO 
moves much more close to the cluster and climbs over a transition state (1TS1), 
whose overall relative energy is as high as 0.747 eV and dC…O in 1TS1 is 1.540 Å. 
After the transition state, a CO2 moiety is formed as in 1I2 which is very stable 
with a low relative energy (−2.739 eV). In the last step, the system desorbs a CO2, 
forming 3

4CuSiO−  (−2.119 eV) through a spin-crossover, or 1
4CuSiO−  (−1.744 

eV). The whole path of the singlet stats is below that of the triplet, except the 
products, indicating that the singlet states are preferred for –

3 2CuSiO -O  (IS1) 
with CO. Similarly situations are found for the reaction of –

2 5 2CuSi O -O  (IS2) 
with CO, as shown in Figure 5(b). Differently, the reaction path of –

3 7 2CuSi O -O  
(IS3) with CO prefers triplet states (Figure 5(c)). Consistent with the previous 
discussion, the smallest system –

3 2CuSiO -O  has the lowest energy barrier and 
therefore the highest oxidation ability toward CO. These three paths are com-
pared with our previous work in which 1,2AuVO+  were used to catalyse the 
reaction of CO to CO2 by O2. [39] The difference between the two works is CO 
attack site. In our work, CO prefers O site of the activated oxygen, while CO 
prefers mental site in 1,2AuVO+  system. Rate-determining step (RDS) barrier 
means a lot when study reaction. The RDS barrier of previous work is from 
1.100 eV to 2.470 eV, while that is from 0.817 eV to 0.992 eV in this work. 

4. Conclusion 

The geometric and electronic properties of anionic –
2 1MSi On n+  (M = Au, Ag, 

Cu; n = 1, 2, 3) clusters for the most stable structures, together with the adsorp-
tion and dissociation of O2 molecule on them, were systematically studied by 
DFT calculations. For the triplet state, O2 takes two kinds of adsorption coordi-
nation to the metal atom, end-on adsorption coordination for Au/Ag-containing 
clusters, and side-on coordination for Cu-containing. The adsorbed O2 may be 
further activated by changing into singlet states, for which O2 takes side-on 
coordination on metal atoms. The barriers for the transition from the triplet 
states to the singlet states, obtained by MECP calculations, are quite larger for  
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Figure 5. DFT calculated potential energy profiles for –

2 1 2CuSi O -On n+  clusters desorb CO2 after reacting 

with CO. IS1: –
3 2CuSiO -O ; IS2: –

2 5 2CuSi O -O ; IS3: –
3 7 2CuSi O -O . 

 
Au/Ag-containing clusters than for Cu-containing clusters. By comparing the 
bond length, the vibrational frequency, FBO, and NPA charge on the adsorbed 
O2 moiety, it is found that smaller clusters always have higher reactivity toward 
O2, and Cu-containing clusters can absorb and activate oxygen in a higher de-
gree than Au/Ag-containing clusters for the triplet states. Although Au-containing 
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clusters are more active toward O2 than Cu/Ag-containing clusters for the singlet 
states, the transitions from the triplet states to the singlet states for –

2 1 2AuSi O -On n+  
all have relatively high barriers. CO oxidation was used as a probe reaction to 
study the reactivity of Cu-containing clusters and confirmed that the reactivity 
decreases with the increase of the size of –

2 1CuSi On n+  clusters. Our results may 
provide a useful guide for the rational design of non-noble metal SACs for oxy-
gen activation based on Cu-containing materials at the molecular level. 
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