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A B S T R A C T   

A highly dispersed Cu-O-Si composite oxide framework catalyst with high surface area (619 m2/g) and very small 
particle size (~3 nm) has been synthesized using an improved precipitation method, which showed high catalytic 
activity toward the hydrogenation of dimethyl oxalate (DMO) (99.9% conversion of DMO and 96.7% selectivity 
for ethylene glycol) even at low temperature (175 ◦C). In addition, its chemical stability was significantly 
enhanced due to the formation of a Cu-O-Si composite structure and the low reaction temperature, and the 
catalyst did not show any significant inactivation during the stability test over 140 h.   

1. Introduction 

Ethylene glycol (EG) is an important chemical product that has 
versatile applications during the manufacture of polyester, lubricant and 
anti-freeze [1]. At present, the industrial production of EG is conducted 
via the hydration of ethylene oxide produced from petroleum-derived 
ethylene. With the depletion of petroleum resources and increasing 
demand for EG, the search for a new EG production method is increas
ingly imperative. Recently, the production of EG from coal has attracted 
more and more attention, in which the hydrogenation of dimethyl ox
alate (DMO) to EG is the crucial step [2,3]. A considerable number of 
studies on catalysts have shown that the Cu/SiO2 catalyst is the most 
promising candidate from the perspective of its environmental friend
liness and high selectivity toward EG [4]. However, the poor stability of 
copper is an important factor affecting the wide use of Cu/SiO2 catalysts 
[5]. As the Hüttig and Tamman temperatures of copper are relatively 
low, it easily moves under the reaction conditions and small granules 
may undergo aggregation to form large particles, resulting in a decrease 
in the catalytic activity [6]. Numerous methods have been developed to 
enhance the stability of copper-based catalysts [7–13]. Among them, the 
most common method is to dope a second component into the catalyst to 
stabilize the copper species and extend the lifespan of the catalyst by 

forming a metal solid solution or strengthen the interactions formed 
between the second metal species and Cu [14–16]. In addition, the 
synergistic effect of the second metal can also improve the catalytic 
activity and affect the product distribution. However, the incorporation 
of a second component makes the catalytic system complicated and 
increases the difficulty in understanding the catalytic reaction. More
over, the technical control points in the catalyst preparation process are 
more complicated. Therefore, it is more advantageous to synthesize 
single metal Cu/SiO2 catalysts with high stability. A possible method to 
improve the chemical stability of single metal Cu/SiO2 catalysts is to 
embed the copper species into the framework of the silica support to 
form an atomically dispersed Cu-O-Si composite oxide framework. The 
strong interactions formed between copper, silicon and oxygen can limit 
the movement of copper, thus effectively improving the chemical sta
bility of the copper species. 

Herein, a series of highly dispersed Cu-O-Si composite oxide frame
work materials with high surface areas were successfully synthesized 
using a simple improved precipitation method. Based on the high cat
alytic activity as expected, a reduced reaction temperature (even at 
175 ◦C) would be used for the hydrogenation of DMO. Thus, the 
chemical stability of the Cu-O-Si catalyst would be significantly 
enhanced due to the formation of the Cu-O-Si skeleton structure and the 
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low reaction temperature. To the best of our knowledge, the strategy of 
enhancing the catalytic stability of the Cu/SiO2 catalyst via reducing the 
reaction temperature has been rarely reported [17]. 

2. Experimental 

2.1. Catalyst preparation 

Cu-O-Si composite oxides with a preset copper-silicon atomic ratio 
varying from 0.1 to 0.4 were prepared using a precipitation method. 
Typically, 400 mL of deionized water was added to a three-necked flask 
and heated to 80 ◦C in an oil bath. An appropriate amount of Cu 
(NO3)2⋅3H2O was dissolved in 100 mL of 2 mol/L nitric acid solution and 
28.42 g NaSiO3⋅9H2O was dissolved in 150 mL of deionized water. The 
two solutions were added dropwise at the same time to the three-necked 
flask with stirring. The stirring was stopped after 1 h and the mixture 
was maintained at 80 ◦C for 12 h for crystal maturation. The precipitate 
was filtered and washed. It was then added to a beaker containing 200 
mL of n-butanol and the mixture was heated to 110 ◦C under stirring to 
evaporate the solvent. After the evaporation process was completed, the 
precursor was dried at 110 ◦C overnight and then calcined at 450 ◦C in 
air for 4 h. Finally, the resulting solid was crushed and sieved to 40–60 
mesh. The catalysts were denoted as CuSi1, CuSi2, CuSi3 and CuSi4, 
where one to four indicated that the copper‑silicon atomic ratio of the 
samples was 0.1 to 0.4, respectively. 

To compare the differences in the preparation method used, a 
contrast sample was prepared via an impregnation method and the 
sample obtained was labeled as IM-CuSi. 

2.2. Characterization 

The obtained samples were characterized using N2 adsorption- 
desorption, XRD, TEM, H2-TPR, XPS and XAES, N2O chemisorptions, 
ICP-OES, etc. The detailed characterization process can be found in the 
supplementary information. 

2.3. Catalytic activity 

The hydrogenation of DMO was performed in a continuous-flow 
fixed-bed reactor and the condensed products were analyzed on an 
Agilent 3500GC instrument equipped with a flame-ionization detector, 
which can be seen in detail in the supplementary information. 

3. Results and discussion 

3.1. N2 adsorption-desorption 

The results of N2 adsorption-desorption measurements for all the 
calcined samples are shown in Table 1, Figs. S1 and S2. The adsorption 
isotherms of the CuSix samples exhibited typical type IV isotherms with 
H1-type hysteresis loops when the copper loading was low and a type- 
H3 hysteresis loop upon increasing the copper content [18]. CuSi3 

exhibited the largest specific surface area and pore volume among all the 
samples studied, which were 619 m2/g and 2.37 cm3/g, respectively, 
even if the Cu content was 24 wt% (see ICP results in Table 1). To the 
best of our knowledge, this is the largest specific surface area reported 
for single Cu-Si-O catalysts prepared using ammonia evaporation, 
precipitation-deposition, sol-gel, ion-exchange and impregnation 
methods. In contrast to CuSi3, the specific surface area of the IM-CuSi 
sample with the same Cu content was only 273 m2/g. The contrast be
tween CuSi3 and IM-CuSi clearly showed the superiority of our synthesis 
method. A large specific surface area and pore volume are pivotal bases 
for the good dispersion of Cu species on the catalyst [6]. Thus, CuSi3 
with the maximum specific surface area among all the CuSix samples was 
selected as the catalyst for catalytic activity test described below. 

3.2. XRD analysis 

The XRD patterns obtained for the calcined and reduced CuSix and 
IM-CuSi samples are shown in Fig. 1(a) and (b). For the calcined CuSix 
samples, with the exception of the distinct diffraction peak observed at 
2θ = 22◦, which was ascribed to amorphous SiO2, no diffraction peaks 
related to the copper species were detected, indicating that the copper 
species were well dispersed in the support. The high specific surface area 
of the catalysts should be responsible for the good dispersion of the 
copper species at a high copper content. An increase in the copper 
content usually deteriorates the dispersion of the copper species on the 
support, but the catalysts we synthesized maintain the good dispersion 
of the copper species even when the copper content was close to 30%. 

Table 1 
Physicochemical properties of the calcined catalyst samples.  

Samples Cu loading Cu dispersion SBET dp Vp 

(wt%)a (%)b (m2 ⋅ g− 1)c (nm)c (cm3 ⋅ g− 1)cy 

CuSi1 8.75 / 354.7 13.0 1.49 
CuSi2 16.73 / 385.0 14.7 1.83 
CuSi3 24.09 40.95 619.5 10.3 2.37 
CuSi4 29.18 / 564.1 9.2 1.96 
IM-CuSi 23.92 9.72 272.9 3.8 0.32  

a Cu loading determined by ICP-OES. 
b Cu dispersion determined by N2O titration. 
c Obtained by N2 adsorption-desorption. 

Fig. 1. XRD patterns obtained for the CuSix and IM-CuSi samples (a) calcinated 
at 450 ◦C and (b) reduced at 350 ◦C. 
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Those data indicated that the measures we took in the catalyst synthesis 
were effective toward improving the dispersion of the copper species. 
However, the XRD pattern of the calcined IM-CuSi sample showed two 
sharp peaks at 2θ = 35.5◦ and 38.7◦, accompanied by satellite peaks at 
48.8◦ and 61.5◦, which clearly indicated that there was a large amount 
of blocky CuO in the IM-CuSi sample [19]. 

The XRD patterns of the reduced samples are shown in Fig. 1(b). The 
diffraction patterns of the reduced CuSix samples exhibited a very weak 
peak at 37.5◦, which could be attributed to the Cu2O species [19]. The 
peaks were weak and diffuse, indicating that the particle size of Cu2O 
was small and the crystallinity was poor. During the reduction process, 
the forming Cu metallic species leave the silica framework, so sintering 
should always occur. However, due to the stable Cu-O-Si structure and 
enhanced strong metal-support interactions (SMSI) formed during the 
calcination treatment, the copper particle size in the CuSix samples after 
the reduction step was still small. However, the XRD pattern of the 
reduced IM-CuSi sample showed sharp diffraction peaks at 43.3, 50.4 
and 74.1◦, which belonged to the Cu0 species. The XRD pattern also 
showed weak diffraction at 37.5◦ corresponding to the Cu2O species, 
indicating that the reduced IM-CuSi samples were mainly composed of 
large metallic Cu particles and a small amount of Cu2O species. 

3.3. Transmission electron microscopy (TEM) 

The morphologies of the reduced CuSi3 and IM-CuSi samples were 
investigated using TEM. In the case of the reduced CuSi3 sample (Fig. 2), 
a large number of copper species were uniformly dispersed on the sup
port and the particle size distribution showed that the average diameter 
of copper species on the sample was only 2.96 nm, which is consistent 
with the XRD pattern. However, the average diameter of copper species 
on the IM-CuSi catalyst was ~18 nm (Fig. S3). Apparently, the disper
sion of copper species on the support for the IM-CuSi catalyst was poor, 
which may be a result from the weak interaction formed between the 
impregnated copper species and the support, and the severe agglomer
ation of the copper species during the calcination and reduction steps. 

3.4. N2O titration 

The well dispersed Cu catalyst can produce high surface Cu0 and Cu+

concentrations combined with a high Cu+/(Cu0 + Cu+) ratio to achieve 
high catalytic activity [10]. Thus, the dispersion of surface copper in the 
CuSi3 and IM-CuSi sample were compared using N2O titration studies 
[20] and the results are listed in Table 1. The CuSi3 sample possessed a 
high dispersion of copper (40.95%), which was much higher than that in 
the IM-CuSi sample (9.72%). The N2 adsorption-desorption, XRD and 
TEM analyses showed that the CuSi3 sample exhibited a significantly 
higher surface area and much smaller Cu particle size than the IM-CuSi 

sample. Thus, the high copper dispersion of the CuSi3 sample was easy to 
understand. 

3.5. H2-TPR analysis 

H2-TPR was performed to evaluate the reducibility of the calcined 
catalysts. Fig. S4 showed that the reduction peaks in CuSix were all 
located in the low temperature region (200–300 ◦C), indicating that the 
copper species in these samples were made up of small particles that 
were easy to reduce. The H2 consumption increased with an increase in 
the Cu contents from CuSi1 to CuSi4. The reduction behavior of the IM- 
CuSi sample was quite different from that of the CuSix samples. The TPR 
curve of the IM-CuSi sample showed a reduction peak at 219 ◦C, cor
responding to the reduction of copper species with small particle size in 
the IM-CuSi sample [21]. The reduction temperature was much lower 
than that of CuSi3, indicating that the interactions formed between the 
copper species and the support were weak and these copper species were 
prone to be reduced. There were two additional broad hydrogen con
sumption peaks in the high temperature regions of 260–330 ◦C and 
375–425 ◦C, which could be attributed to the large particles of CuO with 
poor dispersion in the IM-CuSi sample. In addition, the H2 consumption 
observed for the IM-CuSi sample was larger than that for the CuSi3 
sample with the same Cu content, indicating that some Cu+ species may 
already exist in the calcined CuSi3 sample due to the strong interactions 
among the Cu-O-Si composite structure. 

3.6. XPS analysis 

The surface chemical states of the reduced CuSi3 and IM-CuSi sam
ples were determined using XPS. As seen in Fig. S5, Cu2+ was completely 
reduced to its low valence state after the reduction process [22]. Further 
research on the Cu Auger LMM spectra shown in Fig. 3 indicates that all 
the spectra present a series of asymmetrical and broad peaks, indicating 
the coexistence of Cu+ and Cu0 on the surface of the catalysts. Decon
volution of the Cu LMM peaks was carried out and the peak located at 
569.8 eV corresponded to the Cu0 species, while the peak with a higher 
BE value was the peak corresponding to the Cu+ species [23]. The 
deconvolution results showed that the Cu+ content on the surface of the 
reduced CuSi3 (58.3%) and IM-CuSi samples (28.6%) differed greatly. It 
was the special Cu-O-Si structure in the CuSi3 sample, which strongly 
interacted with the support, retarding the further reduction of Cu+ into 
Cu0. 

3.7. Catalytic performance during the hydrogenation of DMO 

The hydrogenation of DMO was performed to compare the catalytic 
performance of the catalysts and the reaction can be seen in Scheme S1 

Fig. 2. The TEM image of the reduced CuSi3 catalyst.  
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Fig. 3. Cu LMM Auger spectra obtained for the reduced CuSi3 and IM- 
CuSi catalysts. 
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in the supplementary information. Firstly, the traditional reaction 
temperature (200 ◦C) was used and the results are shown in Fig. S6 and 
S7, which indicate that CuSi3 possessed much higher catalytic activity 
than that for the IM-CuSi catalyst. Based on these results, the hydroge
nation of DMO at low temperature with an LHSV of 0.5 h− 1 over the 
CuSi3 catalyst was subsequently carried out. It is amazing that the 
conversion of DMO and the selectivity toward EG can reach 99.9% and 
91.1%, respectively, even at a low temperature (175 ◦C) (Fig. 4). For 
comparison, the hydrogenation of DMO hardly occurs over the IM-CuSi 
catalyst under the same reaction conditions. To the best of our knowl
edge, the hydrogenation of DMO to EG at 175 ◦C has been rarely re
ported over the Cu/SiO2 catalyst, let alone such high conversion of DMO 
and selectivity toward EG. Considering that the poor stability of Cu/SiO2 
catalysts is probably due to the low Hüttig and Tamman temperatures of 
copper, the low-temperature reaction can obviously improve the cata
lytic stability of the Cu/SiO2 catalyst. Thus, the stability test of CuSi3 was 
further studied at 175 ◦C and the results shown in Fig. 5. It can be seen 
that after 135 h of reaction, the conversion of DMO remained at 99.9% 
and the selectivity toward EG remained at ~95.0% (the highest one 
reached 96.7%), but in the range of 135–142 h, the selectivity toward EG 
slightly decreased to 84.6%. It is worth noting that the selectivity toward 
EG could be recovered to 92.3% with a slight temperature compensation 
of only 2 ◦C, that is, when performing the reaction at 177 ◦C. Thus, the 
enhancement of the catalytic stability for the monometallic Cu/SiO2 
catalyst with high catalytic activity via reducing the reaction tempera
ture is a promising strategy for academic and industrial considerations. 

4. Conclusions 

Cu-O-Si catalyst materials with large specific surface areas and 
highly dispersed metal species have been prepared using an improved 
precipitation method. The CuSi3 catalyst prepared with a Cu content of 
24 wt% possessed a much higher specific surface (619 m2/g) and very 
small particle size (~3 nm), which exhibited high catalytic activity to
ward the hydrogenation of DMO with a DMO conversion of 99.9% and 
EG selectivity of 96.7% even at 175 ◦C. In addition, the formation of the 
Cu-O-Si composite structure and the low-temperature reaction signifi
cantly enhanced its chemical stability, and the catalyst did not show any 
significant inactivation during the stability test over 140 h. These results 
provide a new strategy to prepare highly stable single metal Cu/SiO2 
catalysts with high catalytic activity, which was much simpler than the 
conventional method of doping a second metal species to improve the 
stability of copper catalysts. 
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