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Abstract: Excessive CO2 emissions and alternative energy fuels are two major difficult issues. The 

utilization of CO2 into fine chemicals is an optimal route. Diethyl carbonate (DEC) is an extremely 

versatile chemical intermediate. DEC is used in gasoline, pharmaceutical, chemical and other 

fields. DEC synthesis from CO2 and ethanol is a typical green synthetic route. Ni-Cu@Na3PW12O40 

catalysts were synthesized by two novel methods of supported and mixed. The catalyst prepared 

by mixed method showed nice catalytic performance. It was confirmed that water removal was 

the key to improving conversion efficiency. In the presence of dehydrating agent of ethylene, 

ethanol conversion increased from ca. 3% to ca. 40%. Propylene oxide (PO) was participated in the 

reaction and ethanol conversion continued to reach to ca.90% while DEC selectivity dropped by 

half. Under optimal conditions, our Ni-Cu@Na3PW12O40 catalyst effectively solved the two major 

issues above.  
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1. Introduction 

Two major issues of excessive CO2 emissions [1] and alternative energy fuels [2] are getting 

global attention due to various disasters in recent years. Some cities had to relocate as a whole due 

to rising sea levels. The culprit was excessive CO2 emissions. Therefore, how to reduce the emission 

of CO2 and how to make rational use of existing CO2 had become the focus of research [3-6]. Also, 

with the development of the economy, the energy consumed in total was growing exponentially. If 

no alternative energy could be found, social development will be forced to stop, which will lead to a 

series of social disasters. Among the various solutions [7, 8], the route of catalytic conversion of CO2 

into energy substances stands out based on weighing the advantages and disadvantages. 

Diethyl carbonate (DEC) is a very common intermediate for chemical synthesis and it has a 

very wide range of uses. DEC is a commonly used carboxylation reagent [9]. It can be used to 

synthesize ketones, tertiary alcohols and heterocyclic compounds [10]. DEC can also be used as an 

alkylating agent for silicon carbonate and nucleophile substrates [11]. DEC is commonly used for 

carbonization, cyanogenation, esterification and alkylation of amines [12]. In addition, DEC has a 

wide range of applications in the pharmaceutical industry, chemical industry and battery industry. 

DEC is essential in the synthesis of products of phenobarbital and insect chrysanthemum [13]. DEC 

is also a chemical agent that has to be used in instrument sealing liquids and analytical chemistry 

[14]. And most importantly, the octane number of gasoline can be greatly increased by adding DEC 

into gasoline [15]. 

The industrial synthesis methods of diethyl carbonate include phosgene method, ethanol 

oxidative carbonylation and transesterification method. The phosgene method [16] was not only 
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highly toxic to the raw materials, but also had a severe corrosion effect on the equipment. This 

method had been phased out by the industry. The product yield of ethanol oxidative carbonylation 

method [17] was not ideal and catalysts were easily deactivated. The transesterification method [18] 

not only had a high cost of raw materials, but also had a low product yield, which had no industrial 

competitive advantage. Direct DEC synthesis from CO2 and ethanol is a green and streamlined 

method [19-22]. The price of raw materials was low and the utilization rate of atoms was high [23, 

24]. The whole process was nontoxic and green [25-27]. Consequently, this route attracts more and 

more attention of researchers. 

As is known to all, CO2 is a very chemically inert gas and it is difficult to react [28-30]. Thus, 

the route of DEC synthesis from CO2 and ethanol has low conversion [31, 32]. However, the issue of 

low conversion can be solved by adding dehydrating agent [33-35]. The dehydrating agents can 

remove water in situ [36-38] and continuously move the chemical equilibrium forward, which 

greatly increases the conversion.  

In this paper, Ni-Cu@Na3PW12O40 catalysts synthesized by mixed synthetic method and 

supported synthetic method was prepared. The catalysts were estimated for direct synthesis DEC 

from CO2 and ethanol. And the catalyst prepared by mixed method showed better performance. 

Ethylene was chosen to be as dehydrating agent and mixed with CO2 together. Surprisingly, 

ethanol conversion increased from ca. 3.5% to ca. 40% for the route of DEC synthesis from CO2 and 

ethanol in the presence of dehydrating agent of ethylene under Ni-Cu@Na3PW12O40 catalyst 

synthesized by mixed synthetic method. For further research, propylene oxide (PO) was added to 

the reaction and the ethanol conversion of ca. 90% was obtained under mixed Ni-Cu@Na3PW12O40 

catalyst.  

2. Results and Discussion 

2.1 Characterization of Synthesized Catalysts 

2.1.1 X-ray diffraction (XRD) spectra 

 

 

 

 

 

 

 

Figure 1 XRD patterns of Supported Ni-Cu@Na3PW12O40 and Mixed Ni-Cu@Na3PW12O40 

 

The X-ray diffraction (XRD) spectra in Figure 1 demonstrate the peaks of Ni-Cu@Na3PW12O40 

catalysts synthesized by two different methods of supported method and mixed method. For the 

supported Ni-Cu@Na3PW12O40 catalyst, two peaks of Ni (1 1 1) and Ni (2 0 0) were obtained. There 

were no peaks of Cu in the XRD spectra. For the mixed Ni-Cu@Na3PW12O40 catalyst, three peaks of 

Cu (1 1 1), Cu (2 0 0) and Ni (2 0 0) were obtained. As we known, diethyl carbonate synthesis from 

CO2 and ethanol was catalyzed by crystal planes. Owing to some uncertain reasons, Cu (1 1 1) and 

Cu (2 0 0) planes were too weak to be detected in the XRD spectra of Ni-Cu@Na3PW12O40 catalysts 
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synthesized by supported method. The catalytic performance of mixed Ni-Cu@Na3PW12O40 catalyst 

could be better than supported one based on this XRD results. 

2.1.2 Morphology of Synthesized Catalysts 

   

Figure 2 SEM profiles (picture a was supported Ni-Cu@Na3PW12O40 and picture b was mixed 

Ni-Cu@Na3PW12O40) 

 

Morphology of Ni-Cu@Na3PW12O40 catalysts synthesized by two different methods of 

supported method and mixed method was estimated by Scanning Electron Microscopy (SEM) as 

shown in Figure 2. Catalyst obtained by supported method consisted of larger particles than mixed 

method. Obviously, a large number of channels of micron level were distributed in the surface of 

catalyst synthesized by mixed method. And no channels were detected in the surface of catalyst 

synthesized by supported method. These channel structures were more conducive to the occurrence 

of catalytic reaction.  

2.1.3 Temperature Programmed Reduction (TPR) measurement  
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Figure 3 Temperature Programmed Reduction (TPR) profiles of Supported 

(a) (b) 
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NiO-CuO@Na3PW12O40 and Mixed NiO-CuO@Na3PW12O40 

 

Temperature Programmed Reduction (TPR) characterization (Figure 3) was measured to 

analyze the interaction between catalysts components and determine the best hydrogen reduction 

temperature [39] in the step of catalyst preparation. The characteristic reduction peak of CuO was 

392℃; The characteristic reduction peak of NiO was 493℃; And the decomposition temperature of 

sodium phosphotungstate was 682℃ for supported NiO-CuO@Na3PW12O40. The characteristic 

reduction peak of CuO was 392℃; The characteristic reduction peak of NiO was 529℃; And  the 

decomposition temperature of sodium phosphotungstate was 624 ℃ for mixed 

NiO-CuO@Na3PW12O40. Therefore, hydrogen reduction temperature in the next step of catalyst 

preparation was determined to be 550℃. In the case of NiO-CuO@Na3PW12O40 catalysts synthesized 

by supported method and mixed method, two NiO reduction peaks were appeared at 493℃ and 

529℃. Therefore, the interaction mode between NiO and Na3PW12O40 was significantly different, 

which led to different catalytic properties.  

2.1.4 Temperature Programmed Desorption (TPD) measurement 
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Figure 4 TPD-CO2 profiles of Mixed Ni-Cu@Na3PW12O40 and Supported Ni-Cu@Na3PW12O40 

 

Temperature programmed CO2 desorption (TPD-CO2) spectra revealed the characteristics of 

basic sites on the catalyst surface and the absorption capacity of CO2 as shown in Figure 4. The 

number of peaks stands for the number of types of active centers and the area of a peak indicates 

the amount of one certain active site of the catalyst [40]. There was only one peak around 179 °C 

and 230 °C for Ni-Cu@Na3PW12O40 catalysts obtained by mixed method and supported method, 

respectively. Thus, it was indicated that only one type of active center bonding CO2 exists in each 

case. Based on peak area values, the amount of active center for the catalyst that is prepared by 

mixed method is much higher than that for the catalyst prepared by supported method. Therefore, 

the absorption strength of CO2 and the activation extent of CO2 for Ni-Cu@Na3PW12O40 catalyst 

produced by mixed method are higher than supported method.  
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Figure 5 TPD-NH3 profiles of Mixed Ni-Cu@Na3PW12O40 and Supported Ni-Cu@Na3PW12O40 

 

Temperature programmed NH3 desorption (TPD-NH3) spectra (Figure 5) revealed the 

characteristics of acid sites [41] on the catalyst surface and allowed to investigate the activation of 

ethanol on catalyst. There were two peaks of NH3 desorption, corresponding to two types of acid 

active centers, at around 191℃and 418℃, for Ni-Cu@Na3PW12O40 catalyst prepared by mixed 

method. Also, there were two peaks of NH3 desorption at around 191℃and 378℃ for catalyst 

synthesized by supported method. Based on peak area values, much more acid active centers were 

produced when catalysts were synthesized by mixed method. Consequently, the activation of 

ethanol for the catalyst is expected to be stronger than the catalyst synthesized by supported 

method. The observed differences between the two catalysts in TPD-CO2 and TPD-NH3 spectra 

could be attributed to well-dispersed and large numbers of channels, which produced extra acid 

and base active centers.  

2.1.5 Thermo-gravimetric analysis (TGA) measurement 
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Figure 6 Thermo-gravimetric analysis (TGA) profiles (Left: Na3PW12O40; Right: Supported 

Ni(NO3)2-Cu(NO3)2@Na3PW12O40 and Mixed Ni(NO3)2-Cu(NO3)2@Na3PW12O40 under Air;) 
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The influence of different atmosphere nitrogen or air on the thermal stability of sodium 

phosphotungstate was different as shown in Figure 6. The loss of free water and crystal water 

occurred before 250℃. There was a relatively stable platform from 250℃ to 500℃. They had the 

same thermal decomposition trend as shown in Figure 6. After 500℃, the weight was no longer 

reduced and maintained constant. Therefore, the calcination temperature in the next step of catalyst 

preparation was determined to be 500℃. 

2.2 Catalytic Performance Characterization 

2.2.1 Diethyl Carbonate (DEC) Synthesis from CO2 and Ethanol 

 

Table 1 Effect of reaction temperature on the performance of Ni-Cu@Na3PW12O40 catalyst synthesized 

by mixed method for DEC synthesis from CO2 and ethanol 

Temperature/°

C 

Ethanol 

Conversion/% 

DEC 

Selectivity/% 

DEC 

Yield/% 

90 0.66 90.6 0.60 

110 1.76 91.2 1.61 

130 2.39 90.2 2.16 

150 3.11 95.0 2.95 

170 2.85 92.5 2.64 

190 2.14 91.4 1.96 
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Figure 7 Effect of reaction temperature on the performance of Ni-Cu@Na3PW12O40 catalyst 
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synthesized by mixed method for DEC synthesis from CO2 and ethanol 

 

Catalytic performance of Ni-Cu@Na3PW12O40 catalyst synthesized by mixed method was 

measured for the reaction of DEC synthesis from CO2 and ethanol. The detailed result was shown 

in Table 1 and the changing tendency was shown in Figure 7, respectively. With the increasing of 

reaction temperature, ethanol conversion became larger. And it was reached up to the max value 

when temperature was 150℃. When the temperature continued to rise, ethanol conversion declined. 

DEC selectivity did not show obvious changing tendency.  

 

Table 2 Effect of reaction pressure on the performance of Ni-Cu@Na3PW12O40 catalyst synthesized by 

mixed method for DEC synthesis from CO2 and ethanol 

Pressure/MPa 
Ethanol 

Conversion/% 

DEC 

Selectivity/% 
DEC Yield/% 

0.6 0.26 96.8 0.25 

1.0 0.86 95.1 0.82 

1.4 1.95 92.6 1.81 

1.8 2.69 95.7 2.57 

2.2 3.11 95.0 2.95 

2.6 2.88 90.5 2.61 

3.0 2.13 92.9 1.98 
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Figure 8 Effect of reaction pressure on the performance of Ni-Cu@Na3PW12O40 catalyst synthesized by 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 5 January 2020                   doi:10.20944/preprints202001.0046.v1

https://doi.org/10.20944/preprints202001.0046.v1


 8 of 22 

 

mixed method for DEC synthesis from CO2 and ethanol 

 

Effect of reaction pressure on the performance of Ni-Cu@Na3PW12O40 catalyst synthesized by 

mixed method was measured for the reaction of DEC synthesis from CO2 and ethanol. The detailed 

result was shown in Table 2 and the changing tendency was shown in Figure 8, respectively. With 

the increasing of reaction pressure, ethanol conversion increased and reached up to the max value 

of 3.11% when the pressure was 2.2 MPa. Beyond this pressure, ethanol conversion declined. DEC 

selectivity showed changing tendency of wave properties.  

Table 3 Effect of reaction temperature on the performance of Ni-Cu@Na3PW12O40 catalyst synthesized 

by supported method for DEC synthesis from CO2 and ethanol 

Temperature/°

C 

Ethanol 

Conversion/% 

DEC 

Selectivity/% 

DEC 

Yield/% 

90 0.36 91.6 0.33 

110 1.47 91.3 1.34 

130 1.91 90.6 1.73 

150 2.75 95.8 2.63 

170 2.10 94.5 1.98 

190 1.63 91.9 1.50 
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Figure 9 Effect of reaction temperature on the performance of Ni-Cu@Na3PW12O40 catalyst synthesized 

by supported method for DEC synthesis from CO2 and ethanol 
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Catalytic performance of Ni-Cu@Na3PW12O40 catalyst synthesized by supported method was 

measured for the reaction of DEC synthesis from CO2 and ethanol. The detailed result was shown 

in Table 3 and the changing tendency was shown in Figure 9, respectively. With the increasing of 

reaction temperature, ethanol conversion increased and arrived at the max value of 2.75% when 

temperature was 150℃. When temperature continued to rise, ethanol conversion declined. DEC 

selectivity showed changing tendency of wave. The catalytic performance was less than catalyst by 

mixed method.  

Table 4 Effect of reaction pressure on the performance of Ni-Cu@Na3PW12O40 catalyst synthesized by 

supported method for DEC synthesis from CO2 and ethanol 

Pressure/MPa 
Ethanol 

Conversion/% 

DEC 

Selectivity/% 
DEC Yield/% 

0.6 0.12 95.4 0.11 

1.0 0.47 94.7 0.45 

1.4 1.32 96.0 1.27 

1.8 2.14 93.1 1.99 

2.2 2.75 95.8 2.63 

2.6 1.98 91.5 1.81 

3.0 1.24 92.4 1.15 
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Figure 10 Effect of reaction pressure on the performance of Ni-Cu@Na3PW12O40 catalyst synthesized 

by supported method for DEC synthesis from CO2 and ethanol 
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Effect of reaction pressure on the performance of Ni-Cu@Na3PW12O40 catalyst synthesized by 

supported method was measured for the reaction of DEC synthesis from CO2 and ethanol. The 

detailed result was shown in Table 4 and the changing tendency was shown in Figure 10, 

respectively. With the increasing pressure, ethanol conversion became larger and obtained max 

value of 2.75% when pressure was 2.2 MPa. Beyond this pressure, ethanol conversion decreased. 

DEC selectivity did not show obvious changing tendency. And the results were less than the 

catalyst prepared by mixed method.  

2.2.2 Diethyl Carbonate (DEC) Synthesis from CO2 and Ethanol in the presence of Dehydrating 

Agent of Ethylene 

Table 5 Catalytic performance of Ni-Cu@Na3PW12O40 catalyst synthesized by mixed method for DEC 

synthesis from CO2 and ethanol in the presence of Dehydrating Agent of Ethylene 

Temperature/°

C 

Ethanol 

Conversion/% 

DEC 

Selectivity/% 

DEC 

Yield/% 

90 19.5 90.1 17.6 

110 27.9 92.4 25.8 

130 36.5 91.6 33.4 

150 41.3 90.6 38.2 

170 38.8 88.7 34.4 

190 30.1 89.0 26.8 
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Figure 11 Catalytic performance of Ni-Cu@Na3PW12O40 catalyst synthesized by mixed method for 

DEC synthesis from CO2 and ethanol in the presence of Dehydrating Agent of Ethylene 
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Effect of reaction temperature on the performance of Ni-Cu@Na3PW12O40 catalyst synthesized 

by mixed method was measured for the reaction of DEC synthesis from CO2 and ethanol in the 

presence of dehydrating agent of ethylene. The detailed result was shown in Table 5 and the 

changing tendency was shown in Figure 11, respectively. Ethanol conversion became larger and 

reached to the max value of 41.3% when temperature was 150℃. Temperature continued to raise, 

ethanol conversion decreased. DEC selectivity was around 90% and slightly fluctuated. In the 

presence of dehydrating agent of ethylene, ethanol conversion increased from ca. 3% to ca. 40%. 

The constant removal of water from ethylene caused the chemical equilibrium to continuously 

move forward, which made ethanol conversion improve more than 10 times.  

Table 6 Catalytic performance of Ni-Cu@Na3PW12O40 catalyst synthesized by mixed method for DEC 

synthesis from CO2 and ethanol in the presence of Dehydrating Agent of Ethylene 

Pressure/MPa 
Ethanol 

Conversion/% 

DEC 

Selectivity/% 
DEC Yield/% 

0.6 14.5 96.4 14.0 

1.0 20.3 92.2 18.7 

1.4 28.8 90.8 26.2 

1.8 35.7 89.6 32.0 

2.2 41.3 90.6 38.2 

2.6 36.4 89.7 32.7 

3.0 24.5 90.1 22.1 
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Figure 12 Catalytic performance of Ni-Cu@Na3PW12O40 catalyst synthesized by mixed method for 

DEC synthesis from CO2 and ethanol in the presence of Dehydrating Agent of Ethylene 
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Effect of reaction pressure on the performance of Ni-Cu@Na3PW12O40 catalyst synthesized by 

mixed method was measured for the reaction of DEC synthesis from CO2 and ethanol in the 

presence of dehydrating agent of ethylene. The detailed result was shown in Table 6 and the 

changing tendency was shown in Figure 12, respectively. With the increasing reaction pressure, 

ethanol conversion improved and got the best value when pressure was 2.2 MPa. Surpass this 

pressure, ethanol conversion would decrease. DEC selectivity showed changing tendency of reduce 

and the best DEC selectivity was 96.4%. The usage of dehydrating agent of ethylene played the 

most important role.  

Table 7 Catalytic performance of Ni-Cu@Na3PW12O40 catalyst synthesized by supported method for 

DEC synthesis from CO2 and ethanol in the presence of Dehydrating Agent of Ethylene 

Temperature/°

C 

Ethanol 

Conversion/% 

DEC 

Selectivity/% 

DEC 

Yield/% 

90 9.80 90.8 8.90 

110 18.4 90.5 16.7 

130 28.3 96.2 27.2 

150 32.7 92.4 30.2 

170 28.9 89.2 25.8 

190 20.6 86.5 17.8 
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Figure 13 Catalytic performance of Ni-Cu@Na3PW12O40 catalyst synthesized by supported method for 

DEC synthesis from CO2 and ethanol in the presence of Dehydrating Agent of Ethylene 
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Effect of reaction temperature on the performance of Ni-Cu@Na3PW12O40 catalyst synthesized 

by supported method was measured for the reaction of DEC synthesis from CO2 and ethanol in the 

presence of dehydrating agent of ethylene. The detailed result was shown in Table 7 and the 

changing tendency was shown in Figure 13, respectively. With the increasing temperature, ethanol 

conversion improved and obtained the best value of 32.7% when temperature was 150℃. Beyond 

this point, ethanol conversion became decreased. DEC selectivity showed changing tendency of 

wave from 86.5% to 96.2%. The catalytic performance was less than the catalyst prepared by mixed 

method.  

Table 8 Catalytic performance of Ni-Cu@Na3PW12O40 catalyst synthesized by supported method for 

DEC synthesis from CO2 and ethanol in the presence of Dehydrating Agent of Ethylene 

Pressure/MPa 
Ethanol 

Conversion/% 

DEC 

Selectivity/% 
DEC Yield/% 

0.6 6.70 93.4 6.26 

1.0 11.8 93.5 11.0 

1.4 19.5 91.4 17.8 

1.8 26.6 86.5 23.0 

2.2 32.7 92.4 30.2 

2.6 27.5 84.8 23.3 

3.0 16.7 92.5 15.4 
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Figure 14 Effect of pressure for Ni-Cu@Na3PW12O40 catalyst synthesized by supported method 

for DEC synthesis from CO2 and ethanol in the presence of Dehydrating Agent of Ethylene 
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Effect of reaction pressure on the performance of Ni-Cu@Na3PW12O40 catalyst synthesized by 

supported method was measured for the reaction of DEC synthesis from CO2 and ethanol in the 

presence of dehydrating agent of ethylene. The detailed result was shown in Table 8 and the 

changing tendency was shown in Figure 14, respectively. Ethanol conversion improved with the 

increasing pressure and obtained the max value when pressure was 2.2 MPa. Beyond this pressure, 

ethanol conversion declined. DEC selectivity showed changing tendency of symbol of “W” from 

84.8% to 93.5%.   

2.2.3 Diethyl Carbonate (DEC) Synthesis from CO2, Ethanol and Propylene Oxide (PO) in the 

presence of Dehydrating Agent of Ethylene 

Table 9 Effect of reaction temperature on the performance of Ni-Cu@Na3PW12O40 catalyst synthesized 

by mixed method for DEC synthesis from CO2, Ethanol and Propylene Oxide (PO) in the presence of 

Dehydrating Agent of Ethylene 

Temperature/°

C 

Ethanol 

Conversion/% 

DEC 

Selectivity/% 

DEC 

Yield/% 

90 87.3 51.7 45.1 

110 90.7 54.3 49.3 

130 96.9 56.8 55.0 

150 100 56.2 56.2 

170 98.5 55.1 54.3 

190 94.1 57.4 54.0 
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Figure 15 Effect of reaction temperature on the performance of Ni-Cu@Na3PW12O40 catalyst 

synthesized by mixed method for DEC synthesis from CO2, Ethanol and Propylene Oxide (PO) in the 
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presence of Dehydrating Agent of Ethylene 

 

Effect of reaction temperature on the performance of Ni-Cu@Na3PW12O40 catalyst synthesized 

by mixed method was measured for the reaction of DEC synthesis from CO2, ethanol and propylene 

oxide (PO) in the presence of dehydrating agent of ethylene. The detailed result was shown in 

Table 9 and the changing tendency was shown in Figure 15, respectively. Ethanol conversion 

increased with the increasing reaction temperature and got the highest value of 100% when 

temperature was 150℃. Surpass this temperature, ethanol conversion became declined. DEC 

selectivity showed changing tendency of symbol of “N” from 51.7% to 57.4%. Owing to 

participation of PO, ethanol conversion increased up to 100% and DEC selectivity substantially 

reduced to ca. 50%.  

Table 10 Effect of reaction pressure on the performance of Ni-Cu@Na3PW12O40 catalyst synthesized by 

mixed method for DEC synthesis from CO2, Ethanol and Propylene Oxide (PO) in the presence of 

Dehydrating Agent of Ethylene 

Pressure/MPa 
Ethanol 

Conversion/% 

DEC 

Selectivity/% 
DEC Yield/% 

0.6 86.3 58.5 50.5 

1.0 92.4 56.3 52.0 

1.4 96.9 55.8 54.1 

1.8 97.6 56.4 55.0 

2.2 100 56.2 56.2 

2.6 98.6 54.1 53.3 

3.0 96.5 55.9 53.9 
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Figure 16 Effect of reaction pressure on the performance of Ni-Cu@Na3PW12O40 catalyst synthesized 

by mixed method for DEC synthesis from CO2, Ethanol and Propylene Oxide (PO) in the presence of 

Dehydrating Agent of Ethylene 

 

Effect of reaction pressure on the performance of Ni-Cu@Na3PW12O40 catalyst synthesized by 

mixed method was measured for the reaction of DEC synthesis from CO2, ethanol and propylene 

oxide (PO) in the presence of dehydrating agent of ethylene. The detailed result was shown in 

Table 10 and the changing tendency was shown in Figure 16, respectively. With the increasing 

pressure, ethanol conversion improved and obtained its highest value when pressure was 2.2 MPa. 

DEC selectivity showed slightly fluctuation from 54.1% to 58.5%. The participation of PO made 

ethanol conversion a sharp rise and DEC selectivity a sharp decline.  

Table 11 Effect of reaction temperature on the performance of Ni-Cu@Na3PW12O40 catalyst synthesized 

by supported method for DEC synthesis from CO2, Ethanol and Propylene Oxide (PO) in the presence 

of Dehydrating Agent of Ethylene 

Temperature/°

C 

Ethanol 

Conversion/% 

DEC 

Selectivity/% 

DEC 

Yield/% 

90 76.5 44.6 34.1 

110 81.3 47.2 38.4 

130 85.7 45.8 39.3 

150 91.4 49.5 45.2 

170 82.8 50.6 41.9 
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Figure 17 Effect of reaction temperature on the performance of Ni-Cu@Na3PW12O40 catalyst 

synthesized by supported method for DEC synthesis from CO2, Ethanol and Propylene Oxide (PO) in 

the presence of Dehydrating Agent of Ethylene 

 

Effect of reaction temperature on the performance of Ni-Cu@Na3PW12O40 catalyst synthesized 

by supported method was measured for the reaction of DEC synthesis from CO2, ethanol and 

propylene oxide (PO) in the presence of dehydrating agent of ethylene. The detailed result was 

shown in Table 11 and the changing tendency was shown in Figure 17, respectively. The ethanol 

conversion increased with the increasing temperature and obtained its best value of 91.4% when 

temperature was 150 ℃ . Beyond this reaction temperature, ethanol conversion declined 

substantially. DEC selectivity (44.6%~51.4%) did not show obvious changing tendency. Compared 

to the results of mixed catalyst, supported catalyst had less catalytic performance. 

Table 12 Effect of reaction pressure on the performance of Ni-Cu@Na3PW12O40 catalyst synthesized by 

supported method for DEC synthesis from CO2, Ethanol and Propylene Oxide (PO) in the presence of 

Dehydrating Agent of Ethylene 

Pressure/MPa 
Ethanol 

Conversion/% 

DEC 

Selectivity/% 
DEC Yield/% 

0.6 70.5 47.1 33.2 

1.0 79.6 51.9 41.3 

1.4 82.7 48.8 40.4 
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Figure 18 Effect of reaction pressure on the performance of Ni-Cu@Na3PW12O40 catalyst synthesized 

by supported method for DEC synthesis from CO2, Ethanol and Propylene Oxide (PO) in the presence 

of Dehydrating Agent of Ethylene 

 

Effect of reaction pressure on the performance of Ni-Cu@Na3PW12O40 catalyst synthesized by 

supported method was measured for the reaction of DEC synthesis from CO2, ethanol and 

propylene oxide (PO) in the presence of dehydrating agent of ethylene. The detailed result was 

shown in Table 12 and the changing tendency was shown in Figure 18, respectively. Ethanol 

conversion increased a sharp with the increasing pressure and got its highest value when pressure 

was 2.2 MPa. Surpass this pressure, ethanol conversion declined slightly. DEC selectivity ranged 

from 47.1% to 51.9%. PO raised ethanol conversion and decreased DEC selectivity. The best result 

of supported method was less than the result of mixed method. Compared with the literatures 

[42-52] reported in recent years, this result was a major breakthrough.  

3. Materials and Methods  

3.1. Catalysts Synthesis 

3.1.1 Mixed Synthetic Method of Ni-Cu@Na3PW12O40 Catalyst 

An aqueous ammonia solution of copper nitrate and nickel nitrate was prepared, in which Cu 

was 0.4 mol / L and Ni was 0.2 mol / L. Dissolve the powder of Na3PW12O40 in ammonia water and 

stir while adding until it was completely dissolved. The prepared two solutions were mixed and 
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stirred evenly. Rotary evaporation was used to remove ammonia. Put into 100℃ oven for drying. 

And grind with agate mortar and pass through 200 mesh sieve. Put it into a 500 ℃ muffle furnace 

under air atmosphere for 12h, and the heating rate is 1 ℃ / min. It was reduced with hydrogen for 

12h at 550 ℃, and the heating rate was 1 ℃/ min. Mixed Ni-Cu@Na3PW12O40 catalyst was obtained. 

3.1.2 Supported Synthetic Method of Ni-Cu@Na3PW12O40 Catalyst 

An aqueous ammonia solution of copper nitrate and nickel nitrate was prepared, in which Cu 

was 0.4 mol / L and Ni was 0.2 mol / L. The ammonia complex solution of copper and nickel was 

placed in a spray bottle of 50mL. Take a glass plate and flatten aluminum foil on it. Spread the 

Na3PW12O40 powder (fully dried, milled through a 200 mesh sieve) evenly on the aluminum foil. 

Spray the powder sample on the aluminum foil with a spray bottle, and put an infrared lamp 

beside it for quick drying. So as to spray intermittently until the solution was exhausted. Put into 

100℃ oven for drying. And grind with agate mortar and pass through 200 mesh sieve. Put it into a 

500 ℃ muffle furnace under air atmosphere for 12h, and the heating rate is 1 ℃ / min. It was 

reduced with hydrogen for 12h at 550 ℃ , and the heating rate was 1 ℃/ min. Supported 

Ni-Cu@Na3PW12O40 catalyst was obtained. 

3.2. Catalysts Characterization 

SEM was performed on a Hitachi S-3000N (Hitachi Company, Tokyo, Japan) with electronic 

light source of tungsten filament.  

The X-ray powder diffraction was performed on Shimadzu XRD-7000 (Shimadzu Company, 

Tokyo, Japan) with generator power of 3 kW. The sample was scanned from 3°to 60°at a rate of 3°

/min.  

TPD and TPR were performed on Biod PCA-1200 (Biod Electronics Company, Beijing, China) 

with TCD detector. 

TGA was performed on Mettler Toledo TGA2 (Mettler Toledo Company, Berne, Switzerland) 

with temperature accuracy of ±1 K and balance sensitivity of 0.1μg. 

3.3. Evaluation of Catalytic Performance 

The direct DEC synthesis from CO2 and ethanol was carried out in a continuous micro-reactor 

(Yanzheng Company, Shanghai, China). The resulting products of the reaction were analyzed by a 

GC-112N chromatograph (INESA Company, Shanghai, China) equipped with a flame ionization 

detector.  

4. Conclusions 

Ni-Cu@Na3PW12O40 catalysts prepared by mixed synthetic method and supported synthetic 

method was synthesized and estimated for the route of direct DEC synthesis from CO2 and ethanol. 

For mixed Ni-Cu@Na3PW12O40 catalyst, ethanol conversion of 3.11% was obtained when the 

temperature was 150℃ and pressure was 2.2 MPa. For the supported catalyst, ethanol conversion 

of 2.75% was obtained under same conditions. When adding dehydrating agent of ethylene, ethanol 

conversion of ca. 40% was obtained under 150℃, 2.2 MPa. PO was participated in the reaction and 

the ethanol conversion of ca. 90% was obtained under same conditions. Also, microstructure of 

mixed catalyst and supported catalyst were measured by XRD, TGA, TPR, TPD-NH3, TPD-CO2 and 

SEM. According to results, a large number of channels of micron level were distributed in the 

surface of catalyst by mixed method while no channels were detected in the surface of catalyst by 

supported method. These differences of microstructure resulted in discrepant catalytic performance 

for direct DEC synthesis from CO2 and ethanol.  
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