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Abstract: The hydrogenation of ethylene carbonate (EC) to produce 

methanol and ethylene glycol (EG) is one of the key steps in the 

promising route for CO2 utilization on a large scale. However, the 

high H2/EC ratio in feed (usually as 200~300) was generally required 

to achieve favorable catalytic activity, inducing the high cost for H2 

circulation in the industrial application. Here, we report a series of 

nanoflower-like catalysts with curved fibers and open ends, among 

which the catalyst with the highest fiber density exhibited nearly 98% 

EC conversion, 75% methanol selectivity and over 99% EG 

selectivity when the H2/EC ratio was decreased to 60. Combining the 

characterizations of active species distribution and high-pressure H2 

adsorption, it is demonstrated that the nanoflower-like morphology 

with dense fibers could remarkably enrich the hydrogen adsorption, 

consequently accelerate the reaction rate and present the excellent 

performance at a low H2/EC ratio. These insights may provide 

instructive suggestions for further design of catalysts for the 

hydrogenation reactions. 

Introduction 

Carbon dioxide, being one of the main greenhouse gases, 

has caused a series of environmental issues with its gradually 

increasing concentration in the atmosphere.[1-4] Meanwhile, as 

an economical, safe and renewable carbon resource, carbon 

dioxide can be used to produce many kinds of organic 

components, materials and carbohydrates.[5-7] From the 

viewpoint of resource utilization, developing the synthetic routes 

from CO2 for industrial production could be one of the most 

attractive options. As the simplest saturated mono-carbon 

alcohol, methanol is not only the basic organic feedstock used in 

plastics, fine chemicals and petrochemical industries, but also a 

new type of clean fuel energy with broad application prospect.[8-9] 

However, because of the thermodynamically stable and inert 

properties, direct hydrogenation of CO2 to methanol is restricted 

to chemical equilibrium, and the single-pass conversion as well 

as the product selectivity is not satisfying even at harsh and 

favorable reaction conditions, which hampers its development 

process in industrialization.[9-12] 

 

Scheme 1. Utilization of CO2 with ethylene oxide to produce methanol and EG 

via EC hydrogenation. 

In recent years, the route of carbon dioxide reacting with 

ethylene oxide to produce ethylene carbonate (EC) which is as 

an intermediate then hydrogenated to methanol and ethylene 

glycol (EG) (Scheme 1) has attracted numerous attention from 

both academics and industry.[13-14] The technique has many 

advantages in both thermodynamics and kinetics, as well as 

high atom economy, mild reaction conditions and good 

selectivity of methanol.[14-19] Moreover, the ethylene oxide could 

finally be converted to EG in this process, an vital raw material 

for the synthesis of polyesters and resins[20], further boosting the 

technological economic efficiency and promising market 

application. Notably, CO2 inserting into ethylene oxide to 

produce EC, as one of the key steps in the omega process (as 

shown in Scheme 1), is a relative mature technology and has 

established industrial applications.[15, 21-22] Therefore, the 

research to explore effective catalysts for EC hydrogenation is of 

great importance in developing commercial utilization of CO2. 

Homogeneous (PNP) RuII pincer complex catalysts were 

reported by Ding and co-workers for the hydrogenation of EC 

under relative mild conditions, achieving over 99% conversion 

and selectivity.[15] Zubar and co-workers prepared the first base-

metal Mn-PNN complex in the hydrogenation of cyclic organic 

carbonates, which presented 92% methanol yield and over 99% 

EG yield in EC hydrogenation.[13] Despite the good catalytic 

performance, homogeneous catalysts suffer from high cost, 

difficulty in separation and recovery from the products, making it 

hard for the large-scale industrial applications. Cu-based 

catalysts have been wildly used in heterogeneous continuous 

and selective hydrogenation of C=O/C-O bonds and exhibited 

good activity and products selectivity. 
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Great advances in EC hydrogenation have been achieved 

on Cu-based catalysts. Liu and co-workers investigated the 

effect of different supports in Cu-catalyzed EC hydrogenation, 

revealing that excessive surface basicity or acidity of the 

supports would induce side reactions, and SiO2 was the most 

suitable support among those.[18] Concerning the nature of active 

sites, many studies have reported that the synergy effect of Cu0 

and Cu+ species was crucial to achieve excellent catalytic 

performance of Cu/SiO2 in EC hydrogenation, where the Cu0 

species could facilitate the dissociation of H2, while the Cu+ 

species acted as the Lewis acid sites to activate the EC 

molecules.[18, 23-26] Cu/HMS catalyst prepared by ammonia 

evaporation method was applied in the continuous fixed-bed 

reactor and exhibited 100% EC conversion and 74% methanol 

selectivity, over 99% EG selectivity.[23] After investigating the 

evolution of surface active sites on Cu/MCM-41 catalysts with 

different Cu/Si ratios, Deng et al. suggested that the appropriate 

surface Cu+/(Cu0+Cu+) ratio of ca.28% might contribute to the 

optimal catalytic activity.[27] Additionally, doping oxides with 

intermediate Lewis acidity, which may increase the surface acid 

concentration to some proper extent, is believed to contribute to 

the activation of carbonate reactant and enhancing the catalytic 

performance in EC hydrogenation, such as Cu8-Mg1-

Zr0.47/SiO2
[28]

 and Cu/ZrOx@Al2O3
[29]

 catalysts. Moreover, 

polyhydroxy compounds have been used in the Cu/SiO2 

catalysts to improve the dispersion of copper species and 

prolong the life-span. Zhang and co-workers found that 

modification by β-cyclodextrin could promote the dispersion of 

active species and hinder the particles aggregation, furnishing 

the long-time stability.[30] Chen et al. developed a glucose-

modified Cu/SiO2 catalyst for EC hydrogenation with over 500 h 

life-time, showing that optimal glucose remarkably alleviated the 

catalyst deactivation and promoted catalytic stability.[16] 

However, most reported Cu-based catalysts for EC 

hydrogenation were used under high partial pressure of 

hydrogen[13, 15, 17-18, 29] or huge hydrogen-to-ester ratio (ie, the 

molar ratio of H2 to EC, denoted as H2/EC, usually reported 

between 200~300)[14, 16, 23, 27, 31] to achieve a favorable catalytic 

performance, which would lead to huge hydrogen circulation 

flow in the system and increase the costs of recycling 

compressors and driving power in the potential industrial 

application. In our previous work, we found out that the catalyst 

with nanotube-assembled hollow sphere structure could 

significantly enrich hydrogen adsorption, and exhibited superior 

catalytic activity in the hydrogenation of dimethyl oxalate even 

under low hydrogen partial pressure. The hydrogen-to-ester ratio 

could be reduced from 80 to 20, which was attributed to the 

enhanced adsorption ability on the concave side of curved 

surfaces.[32-33] However, when we tried to apply this catalyst for 

EC hydrogenation, there was still one unavoidable problem. The 

spatial restriction effect of the nanotubes on the surface of 

hollow sphere could promote the further hydrogenation in a 

consecutive reaction[32], which might lead to unsatisfactory 

selectivity of target products. 

Herein, we designed and fabricated a series of nanoflower-

like catalysts with curved surfaces and open ends by one-step 

hydrolysis precipitation method for the hydrogenation of EC to 

produce methanol and EG, denoted as Cu/SiO2-F catalysts. To 

illustrate the effect of nanoflower-like structure on enriching 

hydrogen adsorption, we further prepared a copper catalyst 

supported on solid silica spheres for comparison. It is 

demonstrated that the Cu/SiO2-F catalyst with the highest fiber 

density could achieve the nearly 98% EC conversion even under 

the decreased H2/EC of 60, which is far lower than that of 

200~300 used in literature[23, 27-28, 31], accompanied with the high 

methanol selectivity of 75% and over 99% EG selectivity. 

Combining the quantitative characterizations of the surface 

active species and high-pressure hydrogenation adsorption tests 

at reaction temperature, it could be concluded that nanoflower-

like morphology could significantly enhance the hydrogen 

adsorption and enrich hydrogen concentration among the fibers, 

sequentially favorable to the excellent performance under a low 

H2/EC ratio in feedstock. These insights may provide practical 

guidance for further design of catalysts for consecutive 

hydrogenation reactions. 

Results and Discussion 

Morphology and Textural Properties of the Catalysts  

A series of nanoflower-like silica supported copper-based 

catalysts were fabricated by using one-step hydrolysis 

precipitation method, denoted as Cu/SiO2-F-x, where x means 

the molar ratio of (NH4)2CO3 to copper used in the preparation 

step. To compare with the nanoflower morphology, silica support 

of solid sphere structure was applied to prepare the Cu/SiO2-S 

catalyst with similar copper loading via modified ammonia 

evaporation method. In order to characterize whether the 

designed morphology was synthesized, scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM) 

images of the calcined Cu/SiO2-F and Cu/SiO2-S samples were 

measured. As demonstrated in Figure S1, the as-prepared 

Cu/SiO2-F samples exhibited the nanoflower-like morphology 

with special V-type fiber channels with open-ended structure. 

Meanwhile, the spherical morphology of solid silica support in 

the Cu/SiO2-S catalyst was well maintained after the preparation 

procedures. There are no obvious channels observed but a lot of 

small interlaced flakes appeared and stacked on the sphere 

surface, indicating the formation of lamellar copper silicate.[32, 34] 

TEM images at high magnifications were further conducted. 

As illustrated in Figure S1f-l, it is notable that the fiber density of 

nanoflower-like catalysts increased when the molar ratio of 

(NH4)2CO3 to copper changed from 3 to 3.75 during the 

preparation. It could be inferred that as enlarging the molar ratio 

of (NH4)2CO3 to copper, the pH value of solution was increased, 

which would accelerate the hydrolysis of tetraethyl orthosilicate 

(TEOS) in the beginning of precipitation. In this case, more 

nuclei underwent growth to form fibers due to the increasing 

concentration of hydrolyzed TEOS, consequently nanoflower-

like structure with fibers of higher density could be fabricated.[35] 

Additionally, Figure S1e further evidenced the solid sphere 

structure without obvious open-ended channels of the as-

prepared Cu/SiO2-S, while some lamellar copper silicate 

appeared on the surface of spheres. 

To further demonstrate the pore structure of the catalysts, 

N2 adsorption-desorption isotherms and the pore size 

distribution curves were measured and illustrated in Figure 1. 

The corresponding specific surface areas and pore properties 

were summarized in Table S1. As shown in Figure 1a, N2 

physisorption isotherms of all the samples could be assigned to 

the typical type IV isotherms with H3-type hysteresis loops 

according to the IUPAC classification, suggesting the 
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mesoporous structures.[36-37] Notably, the hysteresis loops of the 

Cu/SiO2-F samples appeared at comparatively high relative 

pressure, implying that all the Cu/SiO2-F catalysts presented 

large wedge-shaped pores with open ends,[28] which is 

consistent with their fiber-assembled nanoflower-like 

morphology. Besides, the pore size distribution curves in Figure 

1b for Cu/SiO2-F catalysts exhibited broad and wide peaks at 

ca.10~30 nm, which could reflect the distance between 

assembled fibers.[36] With the increasing molar ratio of 

(NH4)2CO3 to copper, the average pore diameter declined from 

22.3 nm of Cu/SiO2-F-3 to 18.4 nm of Cu/SiO2-F-3.75, which 

agrees with the fiber density variation observed from TEM 

images. Additionally, for the Cu/SiO2-S sample, it is noticed that 

there was no obvious N2 adsorption at the low relative pressure 

and the specific surface area was small, both indicating that the 

pores were mainly located on the sphere surface and the solid 

spherical structure hadn’t been dissolved to form micropores. In 

addition, the pore size distribution curve of Cu/SiO2-S showed a 

narrow and sharp peak around 3 nm, which could be ascribed to 

the formation of lamellar copper silicate, in accordance with the 

literature.[25] Therefore, the above results of pore properties 

correspond well to the SEM and TEM results, confirming the 

success fabrication of nanoflower-like catalysts with different 

fiber density and the catalyst of solid sphere structure. 

 

Figure 1. (a) N2 adsorption-desorption isotherms and (b) pore size distribution 

curves of the as-prepared catalysts. 

Active Copper Species Distribution of the Reduced 

Catalysts 

Copper loadings of the catalysts were detected by 

inductively coupled plasma optical emission spectrometer (ICP-

OES) and listed in Table 1. For the nanoflower-like catalysts, the 

copper content slightly increased from 17.8 wt.% to 23.3 wt.% 

when the molar ratio of (NH4)2CO3 to copper changed from 3 to 

3.75, possibly because the high concentration of ionic 

ammonium could promote the precipitation of copper ions. The 

copper loading of Cu/SiO2-S sample was similar with that of 

Cu/SiO2-F-3.75 sample, which were both around 24 wt.%. 

Because all the catalysts were first reduced before the 

reaction, characterization of the reduced catalysts especially for 

their surface active species distribution was necessary for 

further study. As shown in Figure 2, both morphology and pore 

structure of the nanoflower-like samples and the sphere one 

were not destroyed during the reduction, meanwhile, a lot of 

nanoparticles appeared among these catalysts. By testing high-

resolution TEM, it was found that the lattice fringes of those 

particles showed the d-spacing of 0.207 nm, which can be 

ascribed to the (111) plane of metallic copper.[32, 38] The counted 

copper particle sizes of all the catalysts displayed narrow 

distributions with most particles of 5 nm approximately. 

Particularly, with the increase of fiber density, the average 

copper particle sizes of Cu/SiO2-F catalysts slightly decreased 

from 5.2 nm to 4.4 nm. It is worthy pointing out that the average 

copper particle sizes decreased despite of the increase in 

copper loadings for a series of Cu/SiO2-F catalysts, implying that 

the higher fiber density with stronger metal-support interaction 

resulting from the increasing pH value and raising concentration 

of ionic ammonium to copper in the preparation process could 

effectively enhance the particle dispersion.[39-40] 

Powder X-ray diffraction (XRD) patterns of the reduced 

catalysts are displayed in Figure S2. A broad diffraction peak at 

approximately 23° of all catalysts was attributed to amorphous 

SiO2. The diffraction peaks at 2θ of 43.3°, 50.4°, 74.1° were 

observed as well in all the reduced catalysts, which should be 

assigned to the (111), (200) and (220) planes of metallic Cu, 

respectively.[27] It is noticed that the peaks at 2θ of 43.3° in the 

diffraction patterns were sharp. According to Scherrer equation, 

the average metallic copper crystallite sizes of the reduced 

Cu/SiO2-F-3, Cu/SiO2-F-3.3, Cu/SiO2-F-3.75 catalysts were 

calculated, which are 11.4 nm, 10.1 nm, 9.9 nm, respectively, 

while that of Cu/SiO2-S is 11.5 nm. Comparing the copper 

particle sizes of the reduced catalysts obtained from XRD and 

TEM characterizations, it is easy to find the values are quite 

different. The particle sizes calculated from XRD data are 

around 10 nm, whereas they are about 5 nm counted from the 

TEM images. Actually, the poor correlation has been reported 

several times.[30, 41-42] Although benefiting from the strong metal-

support interaction, most the copper particles are about 5 nm as 

demonstrated, there could be some large ones aggregated in 

the core areas where the fibers intersected together, which were 

difficult to be distinguished and counted from the TEM images.[30] 

And when characterizing the bimodal distribution case, the XRD 

line broadening analysis alone was not reliable.[41]
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Figure 2. TEM images of the reduced catalysts. (a, e) Cu/SiO2-S, (b, f) Cu/SiO2-F-3, (c, g) Cu/SiO2-F-3.3, (d, h) Cu/SiO2-F-3.75. Scale bars in (a-d) and (e-h) are 

100 nm and 50 nm, respectively. Corresponding Cu particle sizes distribution is shown in the inset. 

In this case, we applied N2O titration to identify the 

dispersion of copper species quantitatively and accurately. The 

dispersion (dCu) and the specific surface area (SCu
0) of metallic 

copper are summarized in Table 1 and Table S1. It could be 

found that when the fiber density of Cu/SiO2-F catalysts 

increased, the copper dispersion increased from 10.2% to 

15.9%, as well as the specific surface area of metallic copper 

was improved from 11.7 m2/g to 23.9 m2/g. This further 

confirmed that the high molar ratio of (NH4)2CO3 to copper could 

provide strong metal-support interaction and promote the 

dispersion of copper species. According to the metal dispersion, 

the calculated average Cu particle sizes were listed in Table S1. 

It is indicated that the fibers of nanoflower-like catalysts possibly 

played an important role during the reduction process as well, of 

preventing the copper species from aggregation and reducing 

the average particle sizes. In addition, it is displayed that the Cu 

dispersion and specific surface area of metallic copper in 

Cu/SiO2-S sample were the highest ones among all the samples, 

possibly due to the spatial confinement effect of lamellar copper 

silicate during reduction.[43] To further verify the above results, 

temperature programmed reduction of hydrogen (H2-TPR) 

experiments were conducted. As depicted in Figure S3, the main 

reduction peak of Cu/SiO2-F-3 sample was situated at 230 oC, 

and gradually shifted to 223 oC with the increase of fiber density, 

companied with the narrowing peak width, which could be 

attributed to the decreased copper particle size and narrowed 

bimodal size distribution. Additionally, there were two reduction 

peaks of Cu/SiO2-S catalyst appeared at 222 oC and 237 oC 

respectively. The high-temperature one indicated the existence 

of some large copper particles in the bimodal distribution of 

Cu/SiO2-S sample. These results are consistent with all the 

above characterizations, evidencing the reliable quantitative 

measurement of metallic copper species. 

Thus, it could be summarized that the fibers of high density 

in the nanoflower-like catalysts could effectively promote the 

active species dispersion, in which most copper particles located 

on the surfaces are small, ca.5 nm, while some of large ones 

might generate between the crossed fibers. Meanwhile the 

Cu/SiO2-S as the contrast sample, showed the highest copper 

loading and surface area of metallic copper species, allowing us 

to compare their morphology effects on hydrogen adsorption, 

which is generally considered to be related to the Cu0 species. 

The surface copper chemical states of the reduced catalysts 

were detected by X-ray photoelectron spectra (XPS) and Auger 

electron spectroscopy (AES) to analyze the active species 

distribution. As shown in Figure 3a, two peaks at 932.6 eV and 

952.5 eV were assigned to the binding energy of Cu 2p3/2 and 

Cu 2p1/2, respectively.[44] Moreover, no any obvious satellite peak 

between 942 eV and 944 eV ascribed to Cu2+ species, can be 

observed, implying the complete reduction of Cu2+ to Cu+ or Cu0 

species.[45] Due to the similar binding energy of Cu+ and Cu0 

species, it is difficult to distinguish them only by the XPS spectra, 

then Cu LMM AES spectra of the reduced catalysts were 

collected. As illustrated in Figure 3b, the peaks of all the reduced 

catalysts were asymmetrical and broad, suggesting the 

coexistence of Cu+ and Cu0 species on the surface. According to 

the deconvolution results, the two peaks at 573.1 eV and 570.0 

eV could be assigned to Cu+ and Cu0, respectively.[46] Thus 

combining with the metallic copper dispersion obtained from N2O 

titration, the amount of surface Cu+ and Cu0 species can be 

calculated, under the assumption that Cu+ and Cu0 ions occupy 

the same surface area and have the same atomic sensitivity 

factor. As shown in Table 1, by increasing the fiber density, 

Cu/SiO2-F catalysts exhibited a decreasing proportion of Cu+ 

species as well as the surface area declined from 17.0 m2/g to 

12.2 m2/g. For the Cu/SiO2-S catalyst, it showed the smallest 

surface area of Cu+ species, which might be attributed to the 

small specific surface area of spheres.[47] 
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Figure 3. (a) Cu 2p XPS spectra and (b) Cu LMM Auger spectra of the 

reduced catalysts. 

Table 1. Contents and the surface distribution of copper species in the as-

prepared catalysts. 

Catalyst Cu loading [a] 

[wt.%] 

SCu
0 [b] 

[m2/g] 

XCu
+ [c] 

[%] 

SCu
+ [d]

 

[m2/g] 

Cu/SiO2-S 24.8 29.8 16.5 5.9 

Cu/SiO2-F-3 17.8 11.7 59.2 17.0 

Cu/SiO2-F-3.3 19.1 17.6 47.7 16.1 

Cu/SiO2-F-3.75 23.3 23.9 33.8 12.2 

[a] Determined by ICP-OES analysis. [b] Determined by N2O titration method. 

[c] Cu+/(Cu++Cu0) calculated from Cu LMM AES spectra. [d] Cu+ surface area 

obtained with the combination of SCu
0 and XCu

+ assuming Cu+ and Cu0 occupy 

identical areas and have identical atomic sensitivity factors. 

To verify the specific surface areas of copper species, all 

the catalysts were further characterized by in situ Fourier 

transform infrared spectroscopy (FTIR) of CO absorption,[46] and 

the results were displayed in Figure 4. Considering that the 

interaction between CO and Cu0 or Cu2+ species is weak and 

there are no Cu2+ species existed after reduction evidenced by 

XPS and XRD results, the bands at 2100~2200 cm-1 should be 

ascribed to CO absorbed on the Cu+ species.[46, 48] As shown in 

Figure 4, for the Cu/SiO2-F catalysts, the intensity of the bands 

increased with the decrease in fiber density, suggesting the 

increase of surface Cu+ species. Meanwhile, the intensity band 

of Cu/SiO2-S sample was quite weak, indicating a few Cu+ 

species existed on the solid sphere surface. To compare the 

analysis results of surface active copper species obtained by 

different characterizations, the correlation of calculated surface 

Cu+ areas based on Cu LMM AES analysis (SCu
+) and integral 

peak areas obtained from the in situ FTIR of CO adsorption 

(marked as ACu
+) was exhibited in Figure S4. It is shown a good 

linear relationship, which indicates the reliable quantitative 

analysis of surface Cu0 and Cu+ species. 

Figure 4. In situ FTIR of CO adsorption spectra of the reduced catalysts. 

Catalytic Performance in the EC Hydrogenation 

Gas-phase hydrogenation of EC to produce methanol and 

EG was conducted in a fixed-bed reactor to investigate the 

catalytic performance of the as-prepared catalysts. The reaction 

was conducted at 180 oC, 3 MPa of the total system pressure, 

and H2/EC ratios varied from 200 to 60. As shown in Figure 5a, 

all the catalysts achieved almost 100% EC conversion at high 

H2/EC ratio of 160 to 200. When the H2/EC ratio was decreased 

to 140, the EC conversion of Cu/SiO2-S catalyst with solid 

sphere morphology firstly dropped below 98%, while those of 

Cu/SiO2-F catalysts still maintained well, implying the significant 

improvement in catalytic activity by using the nanoflower-like 

morphology catalysts. As the H2/EC ratio further decreased, the 

EC conversion of Cu/SiO2-S catalyst reduced rapidly as well as 

the decline in EC conversion of Cu/SiO2-F-3 and Cu/SiO2-F-3.3 

could be observed at the H2/EC ratio of 120 and 80 respectively. 

Notably, the Cu/SiO2-F-3.75 catalyst with fibers of the highest 

density continued to exhibit a remarkable high performance with 

the EC conversion of approximately 98%. Benefiting from the 

appropriate properties of silica support with few acidic and basic 

sites, all catalysts showed great selectivity of methanol and 

EG,[18] around 70% and 99%, respectively. Notably, with the 

increasing of Cu+/(Cu0+Cu+), methanol selectivity of those as-

prepared catalysts slightly increased first and then declined. The 

highest methanol selectivity of 75% was achieved on the 

Cu/SiO2-F-3.75 catalyst at the Cu+/(Cu0+Cu+) of 33.8%, 

consistent with the literature,[16, 27] which has been reported that 

appropriate synergetic effect between surface Cu0 and Cu+ 

species contributed to the selective production of methanol. 

It has been widely accepted that the surface Cu0 sites 

primarily contribute to the H2 decomposition in ester 

hydrogenation.[18, 27, 46] As demonstrated above, the Cu/SiO2-F-

3.75 with the highest density of fibers possessed a large surface 

area of metallic copper species (23.9 m2/g), which exhibited 

excellent catalytic performance even at a very low H2/EC ratio of 

60. However, when it comes to the solid sphere-shaped 

Cu/SiO2-F-S catalyst with more surface Cu0 sites of 29.8 m2/g, 

the EC conversion dropped rapidly once the H2/EC ratio was 

decreased below 140. It is inferred there are other factors 

influencing the catalytic performance. 
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Figure 5. Catalytic performance of the catalysts with different morphologies in the hydrogenation of EC. (a) conversion of EC, (b) selectivity of EG, (c) selectivity 

of methanol. Reaction conditions: T = 180 oC, P = 3 MPa, WHSVEC = 0.3 h-1. 

According to our previous study as well as the literature, the 

Cu+ sites could act as electrophilic or Lewis acidic sites to 

polarize the C=O bond via electron lone pair in oxygen, thus 

activate the ethylene carbonate, and the synergy effect of Cu0 

and Cu+ species was crucial for enhancing the catalytic 

performance of Cu/SiO2 in the EC hydrogenation.[18, 27, 46] Thus, 

to gain further insights of the contributions of Cu0 and Cu+ 

species toward the EC hydrogenation, we tested the samples 

under the same harsh conditions (the H2/EC ratio was 60) and 

analyzed their catalytic performance on each Cu species site, 

denoted as TOFCu
0 and TOFCu

+ shown in Figure S5. The 

catalytic performance was positive correlated with the surface 

area of Cu+ species as reported, implying the contribution of Cu+ 

species in the activation of EC.[14, 16, 28] Notably, for the 

nanoflower-like catalysts, TOFCu
+, which is calculated based on 

the corresponding surface amount of Cu+ sites, was increasingly 

rising with the increasing number of the Cu0 sites, instead of a 

linear correlation. And when it comes to the solid sphere-shaped 

sample, it exhibited an unexpected drop of TOFCu
+, indicating 

there must be some other factors besides the amount of Cu0 and 

Cu+ species greatly affecting the catalytic performance. 

 

Hydrogen-Enrichment Effect of the Nanoflower-like 

Catalysts 

It has been found that the morphology of catalysts could 

also act as a main contributor to the enhanced catalytic 

performance. The concave side of curved surface exhibited 

more strongly interaction with the H2 molecules than with the 

convex surface when the distance was equal, which had been 

calculated by using DFT and Monte Carlo methods in our 

previous work and literature.[32-33, 49] Accordingly, the better 

adsorption ability of hydrogen on the concave side of nanoflower 

fibers than the convex sphere surface could probably be the 

reason for the difference in catalytic performance. 

To explore that, high-pressure hydrogen adsorption 

measurement was carried out under the reaction temperature of 

180 oC. As demonstrated in Figure 6, it is observed that at the 

reaction pressure of 3 MPa, the H2-adsorption volume of 

Cu/SiO2-F-3.75 was 3.2 mL/g, higher than 2.5 mL/g of the 

Cu/SiO2-S. As the pressure increased, the difference in the H2-

adsorption volumes between the two catalysts became more 

significant. Although the surface area of metallic copper in 

Cu/SiO2-F-3.75 sample was not as large as that of the Cu/SiO2-

S catalyst, it possessed a higher adsorption volume of H2. These 

results indicated that nanoflower-like structure of Cu/SiO2-F-3.75 

presented a remarkable enhancement of the hydrogen 

adsorption, probably owing to the dense fiber channels with lots 

of concave surfaces compared to the solid spherical Cu/SiO2-S 

with convex surfaces. Consequently, the hydrogen-enrichment 

effect could increase the local hydrogen concentration around 

the active sites on the fibers, further improve the TOFCu
+ as well 

as the hydrogenation rate and result in the maintained excellent 

activity even in the feed at a low H2/EC ratio. Additionally, 

combining the catalytic performance of other nanoflower-like 

catalysts, the increasing growth rate of TOFCu
+ as the increased 

fiber density could also be attributed to the hydrogen-enrichment 

effect of the concave surfaces of fibers. 

 

Figure 6. H2-adsorption isotherms of the Cu/SiO2-F-3.75 and Cu/SiO2-S 

catalysts. Adsorption temperature: 180 oC. 

Conclusion 

In this work, we report a series of nanoflower-like catalysts 

prepared via one-step hydrolysis precipitation method. By tuning 

the molar ratio of ammonium carbonate to copper in the 

preparation, nanoflower-like catalysts with different fiber density 

were successfully fabricated. It is demonstrated the Cu/SiO2-F-

3.75 catalyst with fibers of the highest density exhibited the 

excellent catalytic performance in EC hydrogenation, which 

enabled the H2/EC ratio to be reduced to 60 to obtain an EC 

conversion of approximately 98%, while the contrast sample of 

silica sphere supported copper catalyst required at least a H2/EC 

ratio of 140. The selectivity of methanol (75%) and EG (99%) for 

the Cu/SiO2-F-3.75 catalyst were excellent and not greatly 

influenced by the drop of H2/EC ratio as well. Combining the 
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characterizations and analysis of the textural properties and 

distribution of the active copper species of these catalysts, the 

effect of nanoflower-like morphology on enhancing the catalytic 

performance in hydrogenation reaction was revealed. It could be 

concluded that the nanoflower fibers with high density could 

effectively enriching the H2 adsorption, consequently accelerate 

the hydrogenation rate and keep the performance at the low 

H2/EC ratio. These understandings could make an instructive 

contribution to the further design of catalysts for the industrial 

application concerning the hydrogenation reactions. 

Experimental Section 

Catalyst Preparation 

   The nanoflower-like Cu/SiO2 catalysts were prepared by one-step 

hydrolysis precipitation method in the presence of poly(ethylene glycol)-

block-poly(propylene glycol)-block-poly(ethylene glycol) (P123, Aldrich) 

with tetraethyl orthosilicate (TEOS) as silica source.[30, 44] Different 

catalysts were synthesized by tuning the molar ratio of ammonium 

carbonate to copper to 3, 3.3, 3.75, respectively. Briefly, a required 

amount of Cu(NO3)2·3H2O and 1.5 g P123 were dissolved in a mixture of 

100 mL water and 50 mL ethanol under stirring. Subsequently, 

ammonium carbonate aqueous was added dropwise into the mixed 

solution. TEOS of corresponding weight was dropped into the mixture 

with the same drop velocity. After further stirred for 4 h at 30 oC, the 

suspension was heated to 80 oC to evaporate ammonia until the pH 

value reached 6-7. Then, the precipitate was filtered, washed several 

times with deionized water and ethanol, and dried at 90 oC overnight. 

The samples were calcined in static air in a muffle furnace at 450 oC for 4 

h. Finally, the catalysts were tableted, crushed and sieved to collect 40-

60 mesh particles. These catalysts were denoted as Cu/SiO2-F-x (x 

means the molar ratio of (NH4)2CO3 to copper). 

For a comparison, another Cu/SiO2 catalyst with similar copper loading 

was synthesized by ammonia evaporation method with solid Stöber 

spheres as the silica source, denoted as Cu/SiO2-S. First, to prepare 

solid spheres, 18 mL ammonia was added into 50 mL deionized water, 

followed by the addition of a mixture of 9 mL TEOS and ethanol. The 

mixture was then stirred at 40 oC for 2 h to obtain the solid silica spheres. 

Afterwards, the spheres were separated by centrifugation and washed by 

ethanol and deionized water for several times, and redispersed into 45 

mL deionized water for the next preparation step. Cu(NO3)2·3H2O was 

dissolved in 100 mL water followed by the addition of 9.8 mL ammonia. 

Under stirring, the 45 mL dispersed silica spheres solution was added 

dropwise. Then the mixture was maintained at 30 oC, stirring 4 h. 

Afterwards the suspension was heated to 80 oC to evaporate ammonia 

until the pH reached 6-7. Then, the precipitate was filtered, washed with 

deionized water, and dried overnight at 90 oC, calcined in a muffle 

furnace at 450 oC for 4 h. Finally, the catalysts were tableted, crushed 

and sieved to collect 40-60 mesh particles. 

Catalyst Characterization 

N2 physisorption analysis was measured at -196 oC by Micromeritics 

ASAP 2460. Before the measurement, the samples first were degassed 

at 300 oC for 4 h. The specific surface area and pore size distribution 

were calculated by the Brunauer-Emmett-Teller (BET) method and the 

Barrett-Joyner-Halenda (BJH) method based on the adsorption branches 

of isotherms, respectively. 

ICP-OES was applied to determine Cu contents of the catalysts. 

XRD was conducted on Rigaku Model C/max-2500 diffractometer 

equipped with a Cu Kɑ radiation source (λ= 1.5406 Å). The patterns were 

obtained from 2θ of 10° to 90° with a rate of 8°/min. All catalysts were 

first reduced at 300 oC for 4 h, then sealed by N2 to avoid air oxidation. 

The particle sizes of catalysts were calculated using the Scherrer 

equation. 

H2-TPR was performed on a Micromeritics Autochem II 2920 instrument 

equipped with a thermal conductivity detector (TCD). Briefly, samples 

were placed into a U-type quartz tube and then pretreated in Ar 

atmosphere at 200 oC for 1 h to remove water or other absorbed 

substances. After cooling to ambient temperature, the samples were 

heated to 800 oC in 10% H2/Ar at a rate of 10 oC/ min. 

SEM images were collected on a Hitachi S4800 field-emission 

microscope operating at 10.0 kV to observe the overall morphology. TEM 

images were obtained by JEM-2100F system electron microscope to 

measure the detailed morphology and structure. The samples were 

ultrasonically dispersed in ethanol for 20 min, then dropped onto the 

ultra-thin carbon membrane and dried in air. About 100 nanoparticles 

were counted to illustrate the average copper particle size distribution. 

XPS and AES were carried out on PHI 1600 ESCA with an Al Kɑ X-ray 

radiation source (hν = 1486.6 eV). The catalysts were first reduced in a 

flow of H2 at 300 oC for 4 h before the measurement. The binding 

energies were calibrated using the C 1s peak at 284.6 eV as the 

reference. The experimental errors were within ± 0.2 eV. 

N2O titration combined pulse reduction was used to measure the specific 

surface area of metallic copper by Micromeritics Autochem II 2920. About 

50 mg sample was reduced in H2 at 300 oC for 1 h, followed by purge 

and then treating with N2O flow at 90 oC for 1 h to completely oxidize 

surface metallic copper to Cu2O. After purge for 1 h, the sample was then 

reduced at 300 oC by 10% H2/Ar pulse titration. The amounts of 

consumed H2 during the both reduction steps were monitored by TCD. 

The Cu dispersion (dCu) and metallic Cu surface area (SCu
0
 ) were 

calculated by the equations described by Zhao et al.[44] 

In situ FTIR of CO adsorption was conducted to verify the surface Cu+ 

species amount by using a Nicolet 6700 spectrometer. Catalysts were 

pressed in to self-supporting disks with a certain weight. Then the sample 

was loaded into the in situ cell and reduced in the flow of 10% H2/Ar at 

300 oC for 1 h. After cooling to 30 oC in He flow, the sample was exposed 

to CO flow for 30 min. After that, the sample was purged by He, at the 

same time the spectra were collected until no changes between the latest 

two spectra. 

High-pressure hydrogen adsorption was implemented on a pressure 

composition isothermal system (Micromeritics ASAP 2050). The sample 

was reduced at 300 oC in a flow of hydrogen before measurement. 

Afterwards, a 2 mL stainless steel tube was filled with the reduced 

sample and linked to the instrument. Pretreatment was taken at 300 oC 

for 2 h under vacuum in order to remove water and other adsorbed 

molecules. Subsequently cooled down to the reaction temperature of 180 
oC, H2 was injected gradually to increase the pressure up to 8 MPa, and 

the isotherms of H2 adsorption were put on record during this step. 

Catalytic Performance Tests 

The catalytic performance for the gas-phase hydrogenation of ethylene 

carbonate was investigated in a stainless-steel fixed-bed reaction system. 

Typically, 0.8 g catalyst (40-60 mesh) was loaded into a certain region of 

the tubular reactor where could keep temperature constant. A 

thermocouple was inserted for the supervision of reaction temperature. 

The catalyst was first reduced in situ under a flow of H2 at 300 oC for 4 h. 

After cooling down to 180 oC, the feed (10 wt.% , EC (> 99%, Aladdin) 

dissolved in 1,4-dioxane) was continuously pumped into the reaction 

system at a certain weight hourly space velocity (WHSV). After the 

reaction was steady under the condition, the liquid products were 
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collected and analyzed on the Agilent Micro GC 6820 with an HP-

INNOWAX capillary column (Hewlett-Packard Company, 30 m × 0.32 

mm × 0.50 μm) with a flame ionization detector (FID). Several samples 

under one experiment condition were taken and analyzed through GC 

system to ensure the repeatability. The outlet gas was analyzed by the 

Shimadzu GC 2014C instrument with both TCD and FID detectors. 
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In the hydrogenation of ethylene carbonate (EC), nanoflower-like catalysts with high fiber density exhibited nearly 98% EC 

conversion when the H2/EC ratio was decreased to 60, while the catalyst with solid sphere structure required at least a H2/EC ratio of 

140. This is attributed to the H2-enrichment effect of nanoflower-like morphology with dense fibers, which accelerated the reaction 

rate and achieved excellent activity at a low H2/EC ratio. 
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