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Efficient Hydrogenation of Dimethyl Oxalate to Ethylene Glycol 

via Nickel Stabilized Copper Catalysts 

Junhua Zhu,a,b Yingchun Ye,b Yi Tang,*,a Liangfeng Chenb and Kangjian Tang,*,b
 

CuNi/SiO2 nanocatalysts with Ni-stabilized Cu nanoparticles around 10 nm were synthesized. After H2 reduction, the 

catalysts with grain size around 25 nm showed very high performance on catalytic hydrogenation of dimethyl oxalate to 

ethylene glycol at a mild reaction condition. The composition and structure of these nanocatalysts were characterized. It is 

shown that Ni played a key role in stabilizing Cu against deactivation. To meet the requirement of industrial application, the 

optimal  CuNi/SiO2 nanocatalyst was tested under continuous reaction for over 2000 hours. The conversion and product 

selectivity maintained at 99% and above 95%, respectively.

Introduction 

With the depletion of crude oil resources and increasing 

environmental concerns, developing alternative economical and 

energy-efficient processes is very imperative.1  Producing chemicals 

from syngas is one of the most promising routes. Ethylene glycol 

(EG),2 as one of the largest global producing and consuming 

chemicals,3 catalyzed from syngas has been studied intensely within 

recent years.4-8 Industrial process of syngas to EG (STE) currently 

involves three steps: 1) obtaining high-pure carbon monoxide (CO), 

2) coupling of CO by using of nitrite esters to dimethyl oxalates 

(DMO)9 and 3) selective hydrogenation of DMO to EG.10-11
 The 

selective hydrogenation of DMO to EG is the key reaction in the 

STE route which has drawn much attention of industry and 

academia. As shown in Scheme. 1, DMO with three kinds of active 

groups (C=O, C-O and CH3-O) could lead to some different reaction 

routes. The methyl glycolate (C3H6O3) is the preliminary state, 

which could lead to an equilibrium reaction with the product of b2 

and lead to aimed product, EG. Based on EG, an over hydrogenation 

could lead to EtOH (b1) easily and an acidic/basic catalysis could 

lead to unexpected polymerization, such as b3 or b4 etc12. To meet 

the industrial demands, the catalysts for hydrogenation of DMO to 

EG must possess some following properties: 1) high conversion rate 

and high selectivity to EG, 2) high stability for service life, 3) 

running no more than 270oC in case of unexpected over-

polymerization. 13 

 

Scheme 1. The proposed reaction pathways of DMO hydrogenation. 

 

Cu-based catalyst has been regarded as a good candidate and well 

investigated, which could trigger the reaction at mild conditions with 

high conversion and less coke. Some works performed on 

supports,14-18 some works on assisted agents19-23  and some works on 

the acid-base properties12, 24 were reported. However, as Cu-based 

catalyst is very sensitive to reaction temperature and impurities in 

raw material, the selectivity and stability of copper catalysts are 

always the key problems for industry. Generally, the activity of Cu-

based catalyst is extremely low below 200 oC and easily deactivates 

over 230 oC because of the coke and aggregation of Cu 

nanoparticles.25 To meet the industrial requirements, it is important 

to improve the activity by stabilizing Cu or decrease the reaction 

temperature, such as Ni-based bimetal system.26-28 So far, the 

efficient Cu-based catalyst is still hard to be developed. In our 

previous work, we reported the facile method to fabricate copper-

nickel surface sites and disperse highly on the SiO2 with grain size 

around 10 nm in diameter. The Cu+-NiδOx surface sites greatly 

improved the catalytic performance on hydrogenation of LA or 

ethyl-levulinate (EL) to γ-valerolactone under mild-condition.29 Here, 

we report the development of STE results based on such Cu-Ni-Si 
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system. With this kind of catalysts, the catalysis could maintain high 

activity (over 99% conversion and 95% selectivity) for over 2000 

hours without decay, which well meets the requirements of industry. 

Results and discussion 

Figure 1 showed the H2-TPR profiles of the series of CuNi/SiO2 

samples. For the CuNi(0)/SiO2 sample, the temperature of the main 

reduction peak was 219.1 oC. With the introduction of Ni, the main 

reduction peak gradually changed to lower temperature, which was 

211.5 oC when the Ni amount was 8%. This phenomenon illustrated 

that there existed some kind of interaction between Cu-Ni-Si, which 

had also been observed by Zhao et al. 30, this interaction made the 

Ni-containing catalysts more easily to be reduced than 

CuNi(0)/SiO2.  

 
Figure 1.  H2-TPR profiles of as-prepared catalysts. 

 

Figure 2.  Pore size distribution of as-prepared catalysts. 

The pore size distribution curves (shown in Figure. 2) exhibited 

a wide bimodal distribution around 15.0 nm, and 4.6 nm when the Ni 

was introduced. It can be prospected that the large volume around 

15.0 nm could solve the problem of coke well. Interestingly, the 

nickel-modified Cu/SiO2 has new a pore diameter as 4.6 nm, 

indicating that the textural structure of the catalyst was determined 

not only by the copper species but also by the nickel species. 

Meanwhile, the change of wide distribution decreased from 16.2 nm 

to 13.7 nm and then increased to 18.7 nm implies there is a threshold 

for the introduced amount of Ni.  

Figure 3a and 3b showed the compared X-ray diffraction (XRD) 

patterns of as-prepared and reduced samples of CuNi(0~4)/SiO2. 

Without Ni species, the XRD showed characteristic peaks of CuO 

and chrysocolla (Cu2-xSi2O5(OH)x structures on as-prepared sample. 

The Cu and Cu2O structures would be recorded after reduction by H2. 

With the introduction of Ni, the chrysocolla structure collapsed by 

steps and all CuO structures remained when the amount of Ni over 

4%. That’s to say, the introduction of Ni could restrict observably 

the crystallization of chrysocolla. Since the peaks at around 37o are 

affiliated to both Cu2O and NiO and the peaks at around 43o are 

affiliated to Cu or NiO, we have to identify the structures of Ni and 

Cu species based on the peaks at 50.4o and 62.8o, after H2 reductions. 

From the reduced XRD results, the peaks affiliating to metal Cu 

were very obvious but the peaks corresponding to copper oxides and 

nickel oxides were not so clear. The calculation by Scherrer Formula 

gave the particle size as 12.7, 16.9, 25.3, 25.7 and 25.9 nanometers 

from CuNi(0)/SiO2 to CuNi(4)/SiO2. One important observation was 

that the Cu particle size increased with the increasing of induced 

amount of Ni. 

 

Figure 3.  XRD curves of (a) as-prepared and (b) H2 reduced catalysts. 

Page 2 of 6RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 0
9 

N
ov

em
be

r 
20

16
. D

ow
nl

oa
de

d 
by

 U
N

IV
E

R
SI

T
Y

 O
F 

O
T

A
G

O
 o

n 
11

/1
1/

20
16

 0
9:

48
:3

3.
 

View Article Online
DOI: 10.1039/C6RA23474G

http://dx.doi.org/10.1039/c6ra23474g


 RSC Advances   ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3 

Please do not adjust margins 

Please do not adjust margins 

 

Figure 4. Pulse consumption of H2 on series of CuNi/SiO2 catalysts. 

Figure 4 displayed the H2 consumption by pulse method. By 

comparing the series of CuNi/SiO2 catalysts, the consumption 

number on CuNi(0)/SiO2, CuNi(1)/SiO2, CuNi(2)/SiO2 and 

CuNi(4)/SiO2 were 7.7, 5.5, 4.5 and 3.4, respectively. Corresponding 

Cu dispersion could be calculated to 7.5%, 5.6%, 4.7%, and 3.4%, 

respectively. The particle size was calculated to 14.3nm, 17.8nm, 

23.0nm and 31.0nm, which were in agreement with XRD results. 

 

Figure 5. Ni2p3/2 XPS diagram of (a) before and (b) after reduction. Series of 

CuNi/SiO2 catalysts with different Ni content were showed as different color. 

black line: Ni(0), red line: Ni(1), blue line: Ni(2), green line: Ni(3), pink line: 

Ni(4). 

Figure 5 compared the valent state of Nickel in series of catalysts 

before and after reduction. As can be seen from Fig. 5a, virtually all 

nickel species in the four catalysts exists as Ni2+. After reduction by 

H2, most nickel remained as Ni2+ (Fig. 5b), however, One small new 

peak occurred at about 853 eV, implying that a few Ni2+ species 

have been partly reduced to Ni1+, which may be adjacent to Cu 

species, acting as stabilizers to Cu nanoparticles. Meanwhile, no 

peak at 852.3 eV was found in XPS, which means that no Ni0 exists 

in reduced CuNi/SiO2 catalysts. Figure 6 showed the catalytic 

performance of the CuNi/SiO2 catalysts with different ratio of Cu to 

Ni in gas-phase hydrogenation of DMO. Steady-state product 

compositions were obtained after 120 h on stream. It is known that 

the hydrogenation of DMO proceeds via methyl glycolate (MG) to 

EG, while EG can dehydrate further to ethanol (Scheme 1). The 

reaction between EG and ethanol on basic sites yields 1,2-BDO.31 As 

shown in Table 1, the conversion of DMO increased with increased 

introduced Ni amount from 97.33% on the CuNi(0)/SiO2 to 99.99% 

on catalyst CuNi(2)/SiO2, and then decreased slightly to 95.63% on 

the CuNi(4)/SiO2 catalyst. Almost all the converted DMO had been 

turned into MG and EG. The selectivities to ethanol remained <1% 

and no 1,2-BDO was detected. Figure 6 compared activities on 

different particle size as well. In traditional, the smaller size of the 

Cu nanoparticles is, the better performance should be obtained. But, 

our catalysis results showed that the Cu particle with the size about 

25 nm had much better catalytic performance than that with 14 nm. 

As known, in the year of 2007, an innovative discovery regarding 

shape-dependent catalysis was made, which was heralded as the new 

face of catalysis.32 Research showed that “different atom arrays 

naturally display crystallographically distinct facets, whose surface 

atoms have distinct catalytic activities”.33 Our results implies that the 

introduction of Ni into Cu-based catalysts made the Cu has more 

specific surfaces to catalyze the DMO to final products. 

 

Figure 6. Effect of the Ni amount and Cu particles size on the catalytic 

performance of the CuNi/SiO2 catalysts. Reaction conditions: 3.0 MPa, 215
o
C, and 

H2/DMO ratio 100 (mol/mol), LHSVDMO = 0.55h
-1

 

Table 1.  The DMO hydrogenation performance of catalysts with 

different Ni content 

Catalyst XDMO，% SEG，% SMG，% SEtOH，% 

Cu-Ni(0)/SiO2 97.33 87.47 9.24 0.45 

Cu-Ni(1)/SiO2 98.90 91.16 6.24 0.84 

Cu-Ni(2)/SiO2 99.99 97.22 1.45 0.75 

Cu-Ni(3)/SiO2 97.54 90.01 3.79 0.63 

Cu-Ni(4)/SiO2 95.63 85.88 6.71 0.38 
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Note ： X-conversion ， S-selectivity. Reaction conditions: 215
o
C, 3.0Mpa, 

H2/DMO = 100(mol/mol), LHSVDMO = 0.55h
-1

. The data were acquired after 

reaction for 120 hours.  

Upon the investigations from XRD, XPS, chemisorptions and 

reactions, it could be speculated (as shown in schematic scheme 2.) 

that without the introduction of nickel, the Cu species is unstable 

during the reaction and easy to aggregate to be bigger grains due to 

the weak interaction between copper and silica. When small amount 

of nickel, were introduced, the Ni-O species could insert between Cu 

and Si species, result in the stabilization of Cu species. With further 

increasing of the nickel content, an optimized dispersion of Cu could 

be obtained based on the threshold of dispersing Ni-O species on 

silica. However, excess introduction of nickel lead to the aggregation 

of nickel oxide, on which the tiny copper sites had the chance of 

over growth.  

 

Scheme 2. Schematic model for the variation of Cu species with increased nickel 

content. 

 

Figure 7. (a) and (b) HRSTEM images and (c)-(e) STEM-EDS elemental mapping 

on a 50nm domain of CuNi(2)/SiO2 catalyst.   

Since the CuNi(2)/SiO2
 exhibited the highest hydrogenation 

efficiency, it was chosen to perform further observation and practical 

catalytic hydrogenation of DMO to EG. High resolution aberration-

corrected scanning transmission electron microscopy (HRSTEM) 

images (Figure 7a and b) revealed the activities on substrates are 

very fine nanoparticles with about 10 nm diameter. Figure 7c~e 

show the EDX mapping analysis on 50 nm domain, which reveal 

that the copper and nickel were mixed well on the SiO2 surface and 

the appearance of Cu was always coupled with the presence of Ni. 

The HRSTEM observation was in agreement to our speculation on 

scheme 2. Figure 8 displayed the detailed catalytic results on the 

optimized CuNi(2)/SiO2 catalyst. During the 2000 hours test, we 

investigated its conversion, temperature-dependent selectivity, 

stability and distribution of byproducts. The CuNi(2)/SiO2 catalyst 

could hold its over 99% conversion and 95% selectivity at the 

temperature from 215 oC to 230 oC without any decay.  

 
Figure 8. Catalytic performance and stability test of optimized CuNi(2)/SiO2 

catalyst at from 215
o
C to 230

o
C, 3.0 MPa, H2/DMO ratio 100 (mol/mol), 

LHSVDMO = 0.55h
-1

. Conversion, selectivity and temperature were shown by black 

red and blue lines, respectively.  

 
Figure 9. (a) XRD curve and (b) STEM image of reacted CuNi(2)/SiO2 catalyst.  
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The nature of the catalyst after 2000 hours’ test was then 

recorded by XRD and STEM. Figure 9a showed the compared XRD 

curves on fresh H2-reduced and reacted CuNi(2)/SiO2 catalyst. Two 

samples have full same featured peaks, meaning the reacted one 

keeping original structure unchanged. Shaper peak implies the 

particle size of reacted one is a little larger than fresh one. With 

Scherrer Formula, the particle size of reacted one could be calculated 

to 26.5 nm.  Figure 9b showed the STEM image. The average particles’ 

size was around 25 nm and separated obviously. Both the results 

revealed the catalyst’s activites be able to hold its particle size and 

dispersibility, and corresponding its super stability. 

 

Conclusions 

In conclusion, Cu-based model catalysts by adding nickel to 

improve performance have been explored for the reaction of DMO to 

EG. The appropriate amount of nickel could be vital for the 

optimized catalysis. The Ni-O species can effectively stabilize Cu 

and is ideal for using in industry as its over 99% conversion, 95% 

selectivity, and over 2000 hours’ stability. The strategy for the 

synthesis of stable mixed oxides provides a simple method in 

catalyst preparation and selectivity control. Results from the current 

study demonstrate the high potential to synthesize mixed metal 

oxides catalysts for practical applications. 

 

 

Experimental 

The Cu-based catalysts were prepared by a co-precipitation method in 

which 0.20M aqueous solution of Cu(NO3)2.3H2O, Ni(NO3)2.3H2O and 

proper amount of silica sol were taken and precipitated using 0.2M aqueous 

sodium carbonate at ambient temperature. The precipitate was aged further 

for 8 h at 60 oC. Then the mixture was separated by filtration and washed 

with deionized water to remove the traces of sodium. The solid thus obtained 

was dried in static oven at 110 oC for 24 h and calcined at 400 oC for 4 h. The 

weight percentage of copper in the Cu/SiO2 catalyst was hold as 35%. The 

samples name as CuNi(0)/SiO2 without introducing Ni and CuNi(1~4)/SiO2 

with introducing amount of Ni as 2%, 4%, 6% and 8%. 

X-ray powder diffraction (XRD) patterns on series of catalysts were 

recorded in the range of 5~80° on Bruker D8 diffractometer using Cu Kα 

radiation with a scanning step 0.002°, voltage 40kV, and current 100mA. 

High resolution Transmission Electron Microscopy (TEM) was recorded on 

a FEI TECNAI-20 instrument with accelerating voltage of 200 kV. TEM 

specimen was prepared by dispersing the powder in alcohol by ultrasonic 

treatment and dropping onto a holey carbon film supported on a copper grid, 

and then dried in air. Scanning transmission electron microscopy (STEM) 

was performed on a double-corrected Titan Cubed 60-300 and a cold field 

emission gun was operated at 200 kV. STEM images were recorded using a 

high-angle annular dark-field (HAADF) detector. Temperature Programmed 

Reduction (TPR) was performed on a Micromeritics AutoChem 2950; N2 

adsorption (BET and pore size analysis) was performed on a Micromeritics 

ASAP2000M. The dispersion and metallic copper surface areas of the 

catalysts were determined by N2O CHEMISORPTION at 333 K according 

to the literature.34 100 mg of Cu-based catalysts calcined at 623 K was 

reduced by 5% H2-95% Ar (25mL/min) at 623 K for 2 h and cooled to 333 K. 

Then pure N2O was introduced to oxidize Cu atoms completely on the 

surface. 2Cu (s) + N2O � Cu2O (s) + N2. The quantity of irreversibly 

chemisorbed O2 atoms was measured by a hydrogen pulse chromatographic 

technique on a Micromeritics Autochem II 2920 equipped with a TCD. 

Hydrogen pulse-dosing was repeated until there has no change. The 

consumed amount of hydrogen was the value obtained by subtracting the 

small area of the first few pulses from the area of the other pulses. Copper 

loading of all reduced catalysts was analyzed by X-ray fluorescence (XRF) 

on a Bruker S4 Pioneer. Copper dispersion was calculated by dividing the 

amount of chemisorption sites into total supported copper atoms. X-ray 

photoelectron spectroscopy (XPS) studies were performed on a Kratos AXIS Ultra 

DLD spectrometer equipped with a high temperature gas reaction cell. All the 

spectra were well collected with monochromatic Al Kα The C 1s peak at 284.8 eV 

was set as reference for binding energy calibration. All the spectrum processing 

and peak fitting were performed with CasaXPS. 

  All the reactions were carried out in a continuous flow, fixed-bed reactor 

and 5g catalysts were packed in the reactor. Prior to the reaction, the catalyst 

was reduced at 260 oC in H2 flow. DMO and H2 were fed into the reactor 

using an injection pump, and the LHSV flow rate of DMO was 0.55 h-1. The 

reaction temperature was adjusted between 210oC and 230oC. The reaction 

pressure was maintained at 3.0 MPa. The molar ratio of H2 to DMO was set 

as 100 (mol/mol). The hydrogenation products were analyzed using gas 

chromatography (Agilent 7890) equipped with a flame ionization detector 

and a capillary column (DB-200). The main products and byproducts were 

identified by GC-MS method on Agilent 5975C inert XL EI/CI MSD. 
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