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Highly efficient hydrogenation of carbon dioxide to methyl formate over 
supported gold catalysts  

Congyi Wu, Zhaofu Zhang,* Qinggong Zhu, Hongling Han, Yingying Yang and Buxing Han* 
 
Transformation of carbon dioxide (CO2) into valuable chemicals is an interesting topic in green chemistry. 
Hydrogenation of CO2 to methyl formate (MF) in the presence of methanol is an important reaction. In this 
work, Au nanocatalysts immobilized on different supports were prepared and characterized by X-ray 
diffraction (XRD), transmission electron microscope (TEM) and X-ray photoelectron spectrometer (XPS). 
The catalytic performances of the catalysts for the reaction were studied. It was demonstrated that the 
Au/ZrO2, Au/CeO2 and Au/TiO2 were very active and selective for the reaction in the absence of any basic 
additives. The Au/ZrO2 was more active than Au/CeO2 and Au/TiO2 if the sizes of Au particles on the 
supports were similar. Moreover, for the Au/ZrO2 catalysts, Au particles with smaller size had higher 
activity. The possible mechanism of the catalytic reaction was proposed. 

Introduction 

Carbon dioxide (CO2) is the major greenhouse gas. On the 
other hand, it is also a nontoxic, abundant and inexpensive carbon 
source. Transformation of CO2 into value-added chemicals is of 
vital importance. Different routes have been developed for the 
conversion of CO2 into valuable products,1 such as urea, formic 
acid,2 methanol,3 carbonate4 and dimethylformamide.5 With the 
progress in hydrogen generation from biomass6 and splitting of 
water by photocatalysis,7 hydrogenation of CO2 to produce 
various chemicals will receive more and more attention.  

Methyl formate (MF) is an important chemical with wide 
applications.8,9 Currently, MF is produced by carbonylation of 
methanol with CO or by methanol dehydrogenation.10 Synthesis 
of MF from CO2, H2 and methanol, which is shown in Equation 
(1), has been studied by different researchers. For example, 
Jessop et al.11 used RuCl2(PMe3)4 as the catalyst to synthesize MF 
and the TON could be 3500 in 60 hrs. Baiker and co-workers12 

carried out the reaction promoted by [RuCl2(dppe)2]. Federsel et 
al.13 studied the reaction using bio-inspired iron based 
homogeneous catalyst and a TON of 292 for MF was obtained. 
Heldebrant14 reported capture of CO2 and subsequent 
homogeneous hydrogenation of CO2 to MF catalyzed by 
RuCl2(PPh3)3/DBU system. For these homogenous catalysts, a 
base (e.g. triethylamine) was used in the reaction. 
Heterogeneous catalysts have also been utilized to promote 
the reaction. It was shown that silica hybrid gel supported 
RuCl2[PMe2(CH2)2Si(OEt)3]3 was very effective for the reaction   
using triethylamine as the base.15 Tsang et al.16,17 demonstrated 
that Pd/Cu/ZnO and Cu/ZnO catalyst systems could fix CO2 into 
MF in the absence of bases, but the catalytic activity was low and 
by-product CO was produced. Xin and co-workers et al. reported 
photocatalytic reduction of CO2 to MF using ZnS18 and 
CuO/TiO2

19 as the catalysts. A study of photocatalytic reduction 
was also conducted over Bi2S3 prepared by solvothermal 
method.20   

Gold based catalysts have attracted much attention due to 
their unique catalytic performance in oxidation of carbon 
monoxide,21 hydrogenation of unsaturated compounds22,23 and 
low temperature water gas shift reaction.24 It was reported that 
Au/TiO2 could catalyze hydrogenation of CO2 to formic acid in 
the presence of an amine.25 Formic acid can react with methanol 
to produce MF by esterification reaction. We expect that using 

Au as the catalyst, MF can be formed by hydrogenation of CO2 in 
the presence of methanol without any basic additive. CeO2, TiO2, 
and ZrO2 are commonly used supports for hydrogenation of 
carbon dioxide.3c,5c In this work, we studied the reaction of CO2 
with H2 and methanol to produce MF. It was found that the 
supported gold catalysts Au/CeO2, Au/TiO2, and Au/ZrO2 had 
very activity and selectivity for the reaction without use of any 
base. Especially, the Au/ZrO2 with small Au particles was very 
active and selective for the reaction.  

  
H2+CO2+CH3OH→HCOOCH3+H2O (1) 

Results and discussion  

In this work, we prepared Au/CeO2 and Au/ZrO2 using well 
established deposition-precipitation method.26,27 The detailed 
procedures are described in Experimental section. In preparation 
of the Au/ZrO2 catalysts, the pH values of the solutions were 
controlled at 9.0 and 10.5, respectively, and the corresponding 
catalysts are denoted as Au/ZrO2-9.0 and Au/ZrO2-10.5. The 
reduced Au/CeO2, Au/ZrO2-9.0, Au/ZrO2-10.5, and commercial 
Au/TiO2 catalyst were characterized by X-ray diffraction (XRD), 
transmission electron microscope (TEM) and X-ray 
photoelectron spectrometer (XPS).   

The TEM images of the catalysts are illustrated in Fig. 1. The 
sizes of the Au particles in the catalysts were evaluated by 
counting two hundred particles, and the size distributions are also 
presented in the figure. The average diameters of gold particles in 
the Au/CeO2, Au/TiO2, Au/ZrO2-9.0 and Au/ZrO2-10.5 were 2.5 
nm, 2.6 nm, 1.9 nm, and 2.4 nm, respectively.  
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Fig. 1 The TEM images of catalysts and the size distributions of the Au 
particles. (a) and (b) Au/CeO2; (c) and (d) Au/TiO2; (e) and (f) 
Au/ZrO2-9.0; (g) and (h) Au/ZrO2-10.5.  

Fig. 2 gives the XRD patterns of the catalysts. All the 
samples show characteristic peaks of corresponding supports 
(TiO2, CeO2 and ZrO2). For all of the four catalysts, the peak of 
the gold particles was not observed, suggesting very small size. 
This is consistent with the conclusion obtained by the TEM 
observation.  
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Fig. 2 The XRD patterns of the catalysts. (a) Au/CeO2; (b) Au/TiO2; (c) 
Au/ZrO2-9; (d) Au/ZrO2-10.5.   

Fig. 3 shows the XPS spectra of the catalysts. As can be 
known from the figure, the Au 4f7/2 binding energies of the gold 
in Au/ZrO2-9.0 and Au/ZrO2-10.5 are 84.2 eV and 84.1 eV, 
respectively. The slightly difference may be attributed to the  
size effect.28 The binding energies of gold 4f7/2 in the Au/TiO2 
and Au/CeO2 are respectively 83.5 eV and 83.9 eV, which are 
lower than the value of bulk metal (84.0 eV), implying the 
electron transfer from supports to gold nanoparticles.  
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Fig. 3 XPS spectra of (a) Au/CeO2, (b) Au/TiO2, (c) Au/ZrO2-9, 
and (d) Au/ZrO2-10.5.   

 

 
The turnover frequencies (TOFs, moles of MF formed per 

hour per mole of Au) of the reaction catalyzed by the Au 
nanocatalysts on different supports are compared in Fig. 4a. As 
discussed above, the Au particles in the Au/CeO2, Au/TiO2, 
Au/ZrO2-10.5 have similar size. It can be concluded from the 
results in Fig. 4a that the activity of the Au particles on the ZrO2 
was considerably higher than that on the TiO2 or CeO2 when the 
size of the Au particles was similar. In general, CeO2 is 
considered as basic and TiO2 is nearly neutral29-31 while ZrO2 has 
amphoteric nature.32 Therefore, the main reason for the higher 
activity of the Au particles on the ZrO2 may be that the basic sites 
facilitate the adsorption and activation of CO2 and the acidic sites 
promote desorption of formed formic acid, which will be 
discussed in the following.   

Fig. 4a also shows that the activity of the Au/ZrO2-9.0 is 
higher than that of the Au/ZrO2-10.5. The main difference of the 
two catalysts is that the Au particles in the former have smaller 
size. This indicates that smaller size of the Au particles is 
favourable to accelerate the reaction. In this work, the effects of 
various factors on the reaction were further studied using 
Au/ZrO2-9.0 as the catalyst.  

Fig. 4b demonstrates dependence of the conversion of 
methanol on reaction time at 120 oC and 140 oC. The conversion 
increased with reaction time and a maximum conversion of 5.4% 
was reached at 120 oC. However, the maximum conversion was 
4.0% at 140 oC. The standard Gibbs free energy of the overall 
reaction is 26.8 kJ/mol.33 Therefore, the reaction is reversible and 
equilibrium conversion was reached. It can also be known from 
the figure that the equilibrium conversion at higher temperature is 
lower. This is easy to understand because the reaction is 
exothermic with standard reaction enthalpy of –10.5 kJ/mol.33a 
We also characterized the catalysts used after the reaction at 120 
oC and 140 oC for 7 hrs by TEM, and the images are presented in 
the supporting information (Fig. S1), together with the TEM 
image of the catalyst before used (Fig. 1e) for comparison. The 
size of the Au particles did not change notably in the reaction, as 
can be known from Fig. 1 and S1.  

Fig. 4c shows the effect of total pressure of CO2 and H2 on 
catalytic activity of the catalyst at 120 oC. It can be seen that the 
TOF increased with the total pressure. The main reason for this 
phenomenon is that the concentrations CO2 and H2 increased 
with pressure, which is favourable to the conversion of methanol.   

The dependence of the TOF on reaction temperature is 
illustrated in Table 1. As expected, the TOF increased with 
increasing temperature. Our experiments showed that there was 
no by-product in the reaction at all of the temperatures. Cu/ZnO 
and Pd/Cu/ZnO were reported to be active for the reaction.16,17 To 
the best of our knowledge, these were the only catalysts reported 
for the reaction without using basic additives. Comparing these 
catalysts, the gold based catalysts have obvious advantages. The 
activity of the catalysts is very high. For example, at 120 oC and 
12 MPa, the TOF of the Au/ZrO2-9.0 prepared in this work is 71 
h-1. At the similar condition, the TOFs of Pd/Cu/ZnO16 and 
Cu/ZnO17 were 3.47 h-1 (150 oC, total pressure 6 MPa) and 2.38 
h-1 (150 oC, total pressure 13 MPa ), respectively. In addition, the 
catalysts of this work had very high selectivity and no 
by-products were generated, while the catalysts Cu/ZnO and 
Pd/Cu/ZnO were reported to produce some by-products, such as 
CO.16,17 This indicates that the supported Au nanocatalysts have 
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unique feature for the reaction. The main reason may be that Au 
is much more efficient than Cu for the generation of formic acid, 
which can react easily with methanol to form MF at the reaction 
condition.   
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Fig. 4 The influence of reaction conditions on reaction. (a) The 
TOF values of the catalysts with different supports (PH2=8 MPa, 
PT=16 MPa, 120 oC, 80 mg catalysts, 3 hrs); (b) effect of reaction 
time on the conversion of methanol (PH2=8 MPa, PT=16 MPa, 80 
mg Au/ZrO2-9.0 at 120 oC, 60 mg Au/ZrO2-9.0 at 140 oC); (c) 
effect of the reaction pressure on the TOF values (120 oC, 80 mg 
Au/ZrO2-9.0, 3 hrs).   
 
Table 1 Reaction results at different temperatures 

Entry PH2 

(MPa) 

PT 

(MPa)a 

T 

(oC)

Time  

(h) 

Selectivity TOF 

(h-1)b

1 8 16 60 3 >99.9% 4 

2 8 16 80 3 >99.9% 14 

3 8 16 100 3 >99.9% 40 

4 8 16 120 3 >99.9% 102 

5c 8 16 140 1 >99.9% 204 

6d 8 16 160 1 >99.9% 309 

7e 8 16 180 1 >99.9% 430 

8f 8 16 200 1 >99.9% 534 

a Total pressure of hydrogen and CO2 at reaction temperature, b TOF values 

denotes moles of MF per mole of gold per hour, c-f reactions conducted using 

60 mg, 40 mg, 30 mg, and 20 mg Au-ZrO2-9.0 as the catalyst, respectively. 

 
It is interesting to study the reaction mechanism promoted by 

the Au catalysts. It has been reported that Au based catalysts have 
satisfactory catalytic activity for the hydrogenation reactions of 
unsaturated carbonyl compounds, alkynes and nitroaromatics.34 

Hydrogen can be dissociated on low coordinated Au surface 
sites35 and H2 are activated more efficiently when the Au particle 
was smaller than 2 nm.36 Based on the results of this work and 
the related researches reported in the literature, we propose a 
possible mechanism for this reaction, as is shown in Scheme 1. 
The CO2 was activated mainly by the interaction of its oxygen 
atoms with catalysts. Formic acid is first formed on Au 
particles.25 Then, esterification reaction between the formic acid 
and methanol takes place. It is known that generation of formic 
acid from hydrogenation of CO2 is a thermodynamically 
unfavourable reaction.2a However, the formed MF moves away 
from the surface of the catalyst. Therefore, the formic acid 
intermediate can be yielded continuously until the equilibrium of 
the reaction shown in Eq. (1) is reached. Thus, effective 
activation of hydrogen and CO2 and desorption of the MF are all 
important for the reaction.  

 
Scheme 1 Possible mechanism for the formation of MF from 
CO2, hydrogen and methanol over Au catalyst. 

Conclusion  

The synthesis of MF from CO2, H2, and methanol catalyzed 
by supported Au nanocatalysts has been carried for the first time. 
All the catalysts, Au/ZrO2, Au/CeO2 and Au/TiO2 have very high 
activity and selectivity for the reaction in wide temperature and 
pressure ranges without any basic additives. The performances of 
the catalysts depend considerably on the characters of the 
supports and the size of the Au nanopartices. The TOF of the 
Au/ZrO2 with an average Au size of 1.9 nm can be higher than 
200 h-1 at 140 oC and 16 MPa. The catalytic reaction may include 
mainly formation of formic acid intermediate and esterification of 
formic acid and methanol.  

 
Experimental details 
 
Materials 
 

ZrOCl2
. 8H2O (A. R. grade) and HAuCl4

.4H2O (A. R. grade) 
were purchased from Sinopharm Chemical Reagent Co. Ltd. 
Ammonia aqueous solution (28%), urea, ammonia cerium nitrate, 
DMF, n-butanol, and methanol were all A. R. grade and provided 
by Beijing Chemical Reagent Company. The CO2 (>99.99%), H2 
(>99.99%), and N2 (>99.95%) were supplied by Beijing 
Analytical Instrument Company. All the chemicals were used as 
received without further purification. 
 
Catalyst preparation 
 

The ZrO2 support was prepared by the methods reported in 
literature.27 The Au/ZrO2-9.0 was fabricated by 
deposition-precipitation method27 with minor modification. 
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Briefly, 1.0 g ZrO2 support was added to 60 mL HAuCl4 aqueous 
solution of 0.8 mmol/L, and then the pH value was adjusted to 
9.0 by addition of 0.25 mol/L ammonia solution drop by drop. 
After stirring at room temperature for 6 hours, the solid was 
filtrated and washed for 5 times using deionized water. The 
sample was dried at 40oC under N2 flow for 12 hours. The 
Au/ZrO2-9.0 was obtained after reduction in H2 flow for 2 hours 
at 250 oC. The gold loading in the catalyst was 0.8 wt% as 
determined by inductively coupled plasma atomic emission 
spectroscopy (ICP-AES). 

The procedure to prepare the Au/ZrO2-10.5 was similar to 
that used to fabricate Au/ZrO2-9.0. The only difference was that 
the pH value of the solution was adjusted to 10.5, instead of 9.0. 
The content of the gold in the Au/ZrO2 determined by ICP-AES 
was 0.8 wt%. 

Ceria support and Au/CeO2 catalyst was prepared by 
deposition-precipitation method26,37 with some modification. 
Briefly, 1.0 g CeO2 was immersed in 100 mL HAuCl4 aqueous 
solution of 0.5 mmol/L, and the pH value of the solution was 
adjusted to 9.0 by adding 0.02 mol/L NaOH solution. After 
stirring at 70 oC for 2 hours, the solid was filtrated and washed 
for 5 times using deionized water. The sample was dried at 40 o C 
under N2 flow for 12 hours. The Au/CeO2 was obtained after 
reduction in H2 flow for 2 hours at 250 oC. The content of in the 
Au/CeO2 was 0.78 wt% as determined by ICP-AES. 

The Au/TiO2 catalyst with 1.0 wt% Au was supplied by 
AUROlite Corporation. 

 
Sample characterization 
 

The gold content in the catalysts was determined by ICP-AES 
(PROFILE SPEC, Leeman). The XRD characterization was 
carried out on Rigaku D/max 2500 with nickel filtered Cu-Kα 
(λ=0.154 nm) operated at 40 kV and 20 mA. The XPS analysis 
was performed using ESCALab 220I-XL equipment electron 
spectrometer from VG Scientific using 300 W AlKα radiation 
with a hemispherical energy analyzer. The binding energies were 
calibrated with the C1s line at 284.8 eV from contaminated 
carbon element. The TEM images of the catalysts were measured 
on JEOL-2100F electron microscopy operated at 200 kV.  

 
Reaction 
 

The reaction was carried out in a Teflon-lined stainless steel 
reactor of 16 mL, which was similar to that used previously.38 In 
a typical experiment, 1.0 g methanol, desired amount of catalyst 
was added into the reactor. The air in the reactor was replaced by 
H2. Then the reactor was placed in an air bath of desired 
temperature. After stabilization for 1 hour, the H2 and CO2 gas 
were charged into the reactor and the stirrer was started with a 
speed of 500 rpm. After the certain reaction time, the reactor was 
placed in ice-water mixture and the gas was released slowly 
through DMF cold trap to capture the MF in the gas flow. The 
gas sample was collected in a gas bag. The liquid in the cold trap 
was mixed with that in the reactor, and the mixture was analyzed 
quantitatively by GC (Agilent 6820) equipped with a flame 
ionization detector (FID) and a PEG-20M capillary column. 
n-Butanol was used as external standard. The gas sample was 
analyzed on GC with TCD detector. 
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Supported gold catalysts show excellent efficiency in methyl formate 

synthesis from carbon dioxide, hydrogen and methanol.  
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