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Abstract: CuO-CoO-MnO/SiO2 nanocomposite aerogels were prepared by using tetraethyl orthosilicate (TEOS) as Si source, and 
aqueous solution of Cu, Co and Mn acetates as the precursors via sol-gel process and ethanol supercritical drying technique. The 
gelatination mechanism was investigated by nuclear magnetic resonance (NMR) and X-ray photoelectron spectroscopy (XPS). The 
microstructure and composition of the CuO-CoO-MnO/SiO2 nanocomposite aerogels were characterized by field emission scanning 
electron microscopy (FE-SEM), transmission electron microscopy (TEM), electron dispersive spectroscopy (EDS) and XPS. The 
specific surface area, pore size and pore size distribution of the nanocomposite aerogels were determined by the 
Brunauer–Emmett–Teller (BET) method. The products were analyzed by gas chromatography (GC). The results show that the 
CuO-CoO-MnO/SiO2 nanocomposite aerogels are porous, with a particle size distribution of 10–150 nm, a pore size distribution of 
2–16 nm, an average pore size of 7.68 nm, and a specific surface area of 664.4−695.8 m2/g. The molar fraction of transition metals in 
the nanocomposite aerogels is 0.71%−13.77%. This kind of structure is favorable not only to increase the loading of catalysts, but 
also to make full use of the effect of transition metal oxides as cocatalysts; CuO-CoO-MnO/SiO2 nanocomposite aerogels can be 
used as a novel catalyst carrier in the safer and environment-friendly synthesis of diphenyl carbonate and other fields of catalysis. 
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1 Introduction 
 

Porous materials have tremendous importance in 
materials science and engineering, mainly due to their 
high specific surface area and variable porosity. These 
features are important for heterogeneous catalysis, gas 
sensing and separation science[1−5]. Aerogels are 
nanoporous materials. Unique structural and 
morphological properties, including high inner specific 
surface area, open porosity, large pore volume, and 
excellent temperature stability, render aerogels 
promising materials for catalytic applications[6]. Altering 
the chemical composition of aerogel framework to 
generate catalytically selective high specific surface area 
materials is an area of current topical heterogeneous 
catalysis as both catalysts and catalyst carriers[7]. 
Composite aerogels permit the combination of redox 

components and structural components to further tailor 
the properties of heterogeneous catalysts[8−9]. CuO- 
CoO-MnO/SiO2 nanocomposite aerogels can be used as 
a novel catalyst carrier in the synthesis of diphenyl 
carbonate (DPC), and the yield of DPC reaches up to 
27.14% (mass fraction). 

DPC is the precursor of polycarbonate (PC). PC has 
been recognized as the attractive engineering 
thermoplastics, which is widely used in industries as 
substitutes for metals and glasses because of its impact 
strength, heat resistance and transparency[7]. There is 
increasing demand for a safer and environmentally 
favorable process for DPC production. In recent years, 
some porous carriers, such as active carbon, molecular 
sieve, porous alumina and the like, have been used in the 
synthesis of DPC, however, the yield of DPC is less than 
6.2%. This is considered to be due to lack of active 
transition metals and transition metal oxides in the 
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structure[7]. 
Due to the high porosity and specific surface area of 

plain SiO2 aerogel, the incorporation of cocatalysts CuO, 
CoO and MnO with SiO2 aerogel may have the 
possibility to increase the specific surface area of 
cocatalysts. Accordingly, CuO-CoO-MnO/SiO2 nano- 
composite aerogels were prepared via sol-gel process. 
The microstructure characteristics of the nanocomposite 
aerogels were investigated. 
 
2 Experimental 
 

2.1 Preparation of CuO-CoO-MnO/SiO2 nano- 
composite aerogels 
Tetraethyl orthosilicate (TEOS) (Tianjin Beifang 

Tianyi Chemical Reagent Factory, China), Cu(OAc)2, 
Mn(OAc)2, Co(OAc)2 (Tianjin Guangfu Institute of Fine 
Chemical Industry, China), ethanol, HCl, and aqua 
ammonia (Tangshan Lubei District Chemical Plant, 
China) were used as raw materials. Cu(OAc)2, Co(OAc)2 
and Mn(OAc)2 were dissolved with distilled water, and 
the starting solutions of Cu(OAc)2, Co(OAc)2 and 
Mn(OAc)2 were mixed with the mole ratio of 1 1׃1׃. 
Homogeneous silica sol was prepared by mixing TEOS, 
H2O and ethanol with the mole ratio of 1 8׃4׃ in 100 mL 
polyethylene vials at 50 °C for 0.5 h. The aqueous 
solution of Cu, Co and Mn acetates and silica sol were 
combined with the mole ratio of 12׃4−1׃, stirred for 40 
min, and the pH value was adjusted to 3.0 by dropwise 
addition of hydrochloric acid with concentration of 1.2 
mol/L. Composite wet gels were obtained in base 
catalyzed system by dropwise addition of 2.5 mol/L aqua 
ammonia, and the pH value was 4.0. The wet gels were 
exchanged with ethanol two times and then aged in 
ethanol solvent for 3 d to increase gel firmness. The gels 
exchanged with ethanol were dried under hot 
supercritical conditions by raising the drier temperature 
to 243 °C, pressure 6.5 MPa and maintaining the 
conditions for 3 h, followed by venting of ethanol gas 
over 120 min to obtain nanocomposite aerogels. The 
composite aerogels were placed in a furnace and 
heat-treated at 500 °C in air for 3 h to produce 
CuO-CoO-MnO/SiO2 nanocomposite aerogels. 
 
2.2 Analysis and characterization techniques 

The gelatination mechanism of CuO-CoO-MnO/ 
SiO2 composite sols was examined by 29Si nuclear 
magnetic resonance (29Si NMR, INFINITY PLUS 
300WB, Varian Company, USA) and X-ray 
photoelectron spectroscopy (PHI1600 ESCA, 
PerkinElmer Company, USA). The microstructure and 
composition of the nanocomposite aerogels were 
characterized by field emission scanning electron 
microscopy (S-4500, Hitachi Company, Japan), 

transmission electron microscopy (JEM-2010, Japanese 
Electronic Company, Japan) and electron dispersive 
spectrum analysis (VANTAGE 4.0, Noran Company, 
USA), respectively. The specific surface area, pore size 
and pore size distribution of the nanocomposite aerogels 
were determined by the Brunauer–Emmett–Teller 
method (AUTOSORB-1, Quantachrome Instruments, 
USA). 
 
3 Results and discussion 
 
3.1 Gelatination mechanism of nanocomposite 

aerogels 
Silicon-29 is the only magnetic isotope of the three 

naturally occurring isotopes (i.e., 28Si, 29Si and 30Si), and 
the chemical shifts of most silicon compounds fall 
between 50×10−6 and −200×10−6. Solid state 29Si NMR 
has been successfully applied to a wide range of 
crystalline and amorphous silicates or other related 
materials[10]. There are five types of Si(O1/2)4 tetrahedral 
units designated as Q0, Q1, Q2, Q3 and Q4 that can be 
present in the 29Si NMR spectra (Qn: Q corresponds to 
silicone atoms bonded to four oxygen atoms, while n that 
varies between 1 and 4 is the number of silicone atoms 
bonded to these oxygen atoms), Q0 is designated a single 
tetrahedron, Q1 is an end group, Q2 is a middle group, Q3 
is a branching site, and Q4 is a cross-linking 
group[10−12]. Fig.1 shows the stereo-chemical structure 
of each Qn unit in plain SiO2 aerogels. 
 

 
Fig.1 Stereo-chemical structure representations of five 
tetrahedral Qn units in plain SiO2 aerogels: (a) Q0; (b) Q1; (c) 
Q2; (d) Q3; (e) Q4 
 

Figs.2 (a) and (b) show the 29Si MAS NMR spectra  
of SiO2 aerogel heat-treated at 500 °C and the 29Si MAS 
NMR spectra of CuO-CoO-MnO/SiO2 nanocomposite 
aerogel heat-treated at 500 °C, respectively, as well as 
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the sub-units Q0, Q1, Q2, Q3 and Q4. From Fig.2(a), it can 
be seen that Q0, Q1, Q2, Q3 and Q4 indicate Q0—Si (i.e. 
Si(OX)4, X=H or CH3), Q1—Si (i.e. Si(OSi≡)(OX)3), 
Q2 — Si (i.e. Si(OSi≡)2(OX)2), Q3 — Si (i.e. 
Si(OSi≡)3(OX)) and Q4 — Si (i.e. Si(OSi≡)4), 
respectively[13]. The peak at −110×10−6 (Q3) indicates 
the dominant component, and then peaks at −114×10−6 
(Q4) and −106×10−6 (Q2) in the spectra of silica aerogel 
heat-treated at 500 °C. 
 

 
Fig.2 29Si MAS NMR spectra of silica aerogel (a) and 
CuO-CoO-MnO/SiO2 nanocomposite aerogel (b) heat-treated at 
500 °C as well as their sub-units Q0, Q1, Q2, Q3 and Q4 
 

From Fig.2(b), it can be seen that the curve 1 
indicates the experimental spectrum obtained by 29Si 
NMR. Q0, Q1, Q2, Q3 and Q4 indicate the deconvolution 
of the original spectra, and the smooth curve 2 indicates 
a simulated spectrum by the addition of the integrated  

peaks Q0, Q1, Q2, Q3 and Q4. As we can see from 
Fig.2(b), curves 1 and 2 almost coincide each other. The 
chemical shifts of the peaks Q0, Q1, Q2, Q3 and Q4 fall 
between −96×10−6 and −118×10−6 in the spectra of 
nanocomposite aerogel heat-treated at 500 °C. Peaks at 
−96×10−6, −103×10−6, −108×10−6, −112 ×10−6 and 
−118×10−6 indicate Q0—Si (i.e. Si(OM)4, M=Cu, Co, 
Mn, or H and CH3), Q1—Si (i.e. Si(OSi≡)(OM)3), Q2—

Si (i.e. Si(OSi≡)2(OM)2), Q3—Si (i.e. Si(OSi≡)3(OM)) 
and Q4—Si (i.e. Si(OSi≡)4), respectively. From Fig.2(b), 
it can be seen that Q0, Q1, Q2, Q3 and Q4 Si(O1/2)4 
tetrahedral sub-units exist in the nanocomposite aerogel 
processed under supercritical ethanol conditions after 
calcination at 500 °C, and Q1, Q2 and Q3 sub-units are 
the dominant components in the structure. The relative 
percents of Qn sub-units are obtained by determining the 
area under the five Qn peaks. The chemical shift values 
and relative percents of Qn sub-units in samples of 
CuO-CoO-MnO/SiO2 nanocomposite aerogel and silica 

aerogel heat-treated at 500 °C are listed in Table 1. 
Compared with the spectrum in Fig.2(b) and the 

five sub-units of CuO-CoO-MnO/SiO2 nanocomposite 
aerogel with the spectrum in Fig.2(a) and the sub-units of 
SiO2 aerogel in Fig.2 and Table 1, the relative percents of 
Q4 and Q3 obviously decrease from 26.43% and 40.93% 
to 2.33% and 26.94%, respectively. However, the 
relative percents of Q1 and Q2 increase from 10.38% and 
17.12% to 36.55% and 29.25%, respectively. It appears 
that for CuO-CoO-MnO/SiO2 nanocomposite aerogel 
heat-treated at 500 °C, most of the Si atoms participate in 
the three-dimensional gel network, with 36.55% as Q1 
end groups, 29.25% as Q2 middle groups in a linear 
fashion and 26.94% as Q3 branching sites. Only 2.33% 
of the Si atoms participate in the network in cross-linking 
groups, and 4.88% of the Si atoms participate in the 
terminal Si sites or free Si(OM)4. This indicates that 
most of the active transition metals as cocatalysts are 
present in surface groups in the nanocomposite aerogel, 
and this structure is favourable to catalysis of the active 
transition metals in catalystic reaction. 

Compared with the sample of silica aerogel, the 
chemical shift values of the five sub-units exhibit some 
shifts in Fig.2(b) and Table 1, these spectral features are 
probably caused by the formation of metal binding 
sites[10,13−14]. The lines broadening is associated with  

 
Table 1 Chemical shift values (δ) and relative percents of Qn sub-units in samples of SiO2 aerogel and CuO-CoO-MnO/SiO2 
nanocomposite aerogel heat-treated at 500 °C 

Q0  Q1 Q2 Q3  Q4 
Sample 

δ/10−6 Relative 
percent/%  δ/10−6 Relative 

percent/% δ/10−6 Relative 
percent/% δ/10−6 Relative 

percent/%  δ/10−6 Relative 
percent/%

−100 5.20  −102 10.38 −106 17.12 −110 40.93  −114 26.43SiO2 aerogel 
Nanocomposite 

aerogel −96 4.88  −103 36.55 −108 29.25 −112 26.94  −118 2.33 
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the presence of bridging effect of oxygen and transition 
metals (i.e. —O—M—O—, M=Cu, Co or Mn) in the 
three dimensional network of CuO-CoO-MnO/SiO2 

nanocomposite aerogel, and the broadened spectra with 
similar line shapes indicate that the original sub-units 
structures are still present. 

(EtO)3Si—O—M—O—Si(OEt)3 was formed by 
using TEOS (i.e. Si(OEt)4) and acetates of Cu, Co and 
Mn via sol-gel process under the catalysis of catalysts. 
Wet gels with one to three-dimensional structure were 
obtained by the proportion variations of TEOS and 
acetates of transition metals. The basic reaction equation 
is shown as follows[8, 15]: 
 
M2++2Si(OEt)4→(EtO)3Si—O—M—O—Si(OEt)3  (1) 
 
3.2 Composition and structure characteristics of 

nanocomposite aerogels 
Fig.3 shows the XPS spectra and the molar fractions 

of atoms in CuO-CoO-MnO/SiO2 nanocomposite aerogel 
heat-treated at 500 °C, and the original molar fraction of 
CuO, CoO and MnO in precursors of the composite sol is 
50%. From Fig.3, it can be seen that the molar fractions 
of Cu, Co and Mn are 3.0%, 1.3% and 3.6%, respectively, 
in the nanocomposite aerogel after solvent exchange with 
ethanol two times and CO2 supercritical drying process. 
Compared with the original molar fraction of the 
transition metals in precursors, the decrease of the 
transition metals in CuO-CoO-MnO/SiO2 nanocomposite 
aerogel is probably caused by the loss of CuO, CoO, 
MnO and their ultrafine particles dispersed in the pores 
and skeletons during solvent exchange and CO2 
supercritical drying process. Moreover, the molar 
fractions of O and Si are 60.5% and 19.6%, respectively, 
and this indicates that O and Si are the dominant 
components in the three-dimensional structure. 
 

 

Fig.3 XPS spectra and molar fractions of atoms in CuO-CoO- 
MnO/SiO2 nanocomposite aerogel heat-treated at 500 °C 

Figs.4, 5 and 6 show the XPS spectra of copper, 
cobalt and manganese compounds in CuO-CoO-MnO/ 
SiO2 nanocomposite aerogel, respectively. From the main 
peaks in Figs.4, 5 and 6, it can be seen that the binding 
energy values of major copper, cobalt and manganese 
 

 
Fig.4 XPS spectra of copper compounds in CuO-CoO-MnO/ 
SiO2 nanocomposite aerogel heat-treated at 500 °C 
 

 

Fig.5 XPS spectra of cobalt compounds in CuO-CoO-MnO/ 
SiO2 nanocomposite aerogel heat-treated at 500 °C 
 

 
Fig.6 XPS spectra of manganese compounds in CuO-CoO- 
MnO/SiO2 nanocomposite aerogel heat-treated at 500 °C 
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compounds are 934.837, 781.496 and 642.437 eV, 
respectively. 

By comparing the binding energy values of Cu, Co, 
Mn and their oxides in Figs.4, 5 and 6 with 
corresponding standard binding energy values in XPS 
database, it can be proved that some of the transition 
metals exist in form of CuO, CoO, MnO and their 
ultrafine particles besides surface coordination bonds. 
Fig.7 shows the FE-SEM photograph of CuO-CoO- 
MnO/SiO2 nanocomposite aerogel heat-treated at 500 °C, 
and the original molar fraction of transition metal oxides 
in precursors of the composite sol is 50%. Fig.8 shows 
the TEM photograph of the nanocomposite aerogel 
heat-treated at 500 °C. From Figs.7 and 8, we can see the 
ultrafine particles or aggregations of the transition metal 
oxides with a particle size distribution of 10−150 nm. 
From Fig.8, we can also see that three-dimensional 
network is the dominant structure in the nanocomposite 
aerogel. Some ultrafine particles of CuO, CoO and MnO 
are well-dispersed in the skeletons and pores by the 
separate effect of the porous network of the 
nanocomposite aerogel[16]. 

Fig.9 shows the nitrogen adsorption and desorption 
isotherms of CuO-CoO-MnO/SiO2 nanocomposite 
aerogel without heat-treatment, and the original molar 
 

 
Fig.7 FE-SEM photograph of CuO-CoO-MnO/SiO2 nano- 
composite aerogel heat-treated at 500 °C 
 

 
Fig.8 TEM photograph of CuO-CoO-MnO/SiO2 nanocomposite 
aerogel heat-treated at 500 °C 

 

Fig.9 Nitrogen adsorption and desorption isotherms of 
CuO-CoO-MnO/SiO2 nanocomposite aerogel without 
heat-treatment 
 
fraction of CuO, CoO and MnO in precursors of the 
composite sol is 50%. From Fig.9, we can see a 
noticeable hysteresis loop in the nitrogen adsorption and 
desorption isotherms. According to the classification 
standard of International Union of Pure and Applied 
Chemistry (IUPAC) on nitrogen adsorption and 
desorption isotherms, the isotherms in Fig.9 should 
belong type Ⅳ of six categories isotherms[17], which 
suggests the presence of mesopores with cylindrical and 
slit shapes in the nanocomposite aerogel[18]. Fig.10 
shows the pore size distribution of the nanocomposite 
aerogel. From Fig.10, it can be seen that the 
nanocomposite aerogel is porous with a pore size 
distribution of 2−16 nm and an average pore size of 7.68 
nm. The effect of transition metal oxides introduced into 
precursors on specific surface areas of CuO-CoO-  
MnO/SiO2 nanocomposite aerogels is listed in Table 2. 
From Table 2, it can be seen that the specific surface 
areas of CuO-CoO-MnO/SiO2 nanocomposite aerogels 
gradually decrease with the increase of transition metal 
oxides introduced into the precursors. Moreover, from 
Table 2, we can see that the specific surface area of the 
nanocomposite aerogel with 50% (mole fraction) 
transition metal oxides in the precursors and ethanol 
supercritical drying technique is almost twice that of the 
nanocomposite aerogel with the same quantity of 
transition metal oxides in the precursors and CO2 
supercritical drying technique. Therefore, ethanol 
supercritical drying technique is a better choice of drying 
processes because of higher specific surface area and 
molar fraction of transition metals in CuO-CoO- 
MnO/SiO2 nanocomposite aerogels. 
 
3.3 Effect of transition metals content in precursors 

on composition of nanocomposite aerogels 
Fig.11 shows the relationship between the mole 
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fraction of transition metals in CuO-CoO-MnO/SiO2 

nanocomposite aerogels and that introduced into 
precursors of the composite sols after solvent exchange 
and ethanol supercritical drying process. From Fig.11, it 
can be seen that the mole fraction of transition metals in 
the nanocomposite aerogels linearly increases with the 
increase of transition metals introduced into precursors. 
 

 

Fig.10 Pore size distribution of CuO-CoO-MnO/SiO2 

nanocomposite aerogel without heat-treatment 
 
Table 2 Effect of transition metal oxides introduced into 
precursors on specific surface areas of CuO-CoO-MnO/SiO2 
nanocomposite aerogels heat-treated at 500 °C 

Mole fraction of 
transition metal 

oxide/% 

Supercritical drying 
media 

Specific surface 
area/(m2·g−1) 

20 Ethanol 695.8 

30 Ethanol 691.5 

40 Ethanol 678.0 

50 Ethanol 664.4 

60 CO2 384.9 

 

 

Fig.11 Relationship between mole fraction of transition metals 
in CuO-CoO-MnO/SiO2 nanocomposite aerogels and that 
introduced into precursors 

The reduction of the transition metal content should be 
ascribed to the loss of components during solvent 
exchange and supercritical drying. 
 
4 Conclusions 
 

1) CuO-CoO-MnO/SiO2 nanocomposite aerogels 
have a three-dimensional network structure. According 
to the different proportions between acetates of transition 
metals and tetraethyl orthosilicate, bridge bonds of —O
—M—O— in the network structure can be formed to 
some extent by the chemical bonding of transition metals 
and oxygen, and three-dimensional network structure is 
formed by the chemical bonding of Si and —O—M—O
—. Some ultrafine particles of CuO, CoO and MnO are 
fairly well-dispersed in the skeletons and pores of 
CuO-CoO-MnO/SiO2 nanocomposite aerogels by the 
separate effect of the porous network of aerogels. 

2) CuO-CoO-MnO/SiO2 nanocomposite aerogels 
are porous with a particle size distribution of 10–150 nm, 
a pore size distribution of 2–16 nm, an average pore size 
of 7.68 nm, and a specific surface area of 664.4–695.8 
m2/g. The molar fraction of transition metals in the 
nanocomposite aerogels is 0.71%–13.77%. This kind of 
structure is not only favorable to increase the loading of 
catalysts, but also to make full use of the effect of 
transition metal oxides as cocatalysts. It is a safer and 
environment-friendly process for diphenyl carbonate 
production and other fields of catalysis. 
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