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The role of metal oxides in promoting a copper catalyst 
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The coverage of oxygen formed on the surface of catalysts during methanol synthesis from 
CO2 has been measured for copper-based catalysts including various metal oxides using a 
method called reactive frontal chromatography (RFC). An excellent correlation between the 
specific activity for methanol synthesis and the oxygen coverage ((9) was obtained, where the 
activity increased linearly with oxygen coverage at ~9 < 0.16 and then decreased at O > 0.18. The 
results strongly indicate that the support effect or addition of metal oxides revealed in metha- 
nol synthesis over copper catalysts is ascribed to the ratio of Cu + to Cu ~ on the surface of cop- 
per particles. 
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1. Introduction 

Methanol  synthesis from CO2 and H2 has recently received much at tention as 
one of  the promising processes to convert  CO2 into raw materials for fuels and 
chemicals. Copper-based catalysts are highly effective for this reaction [1-3], and a 
number  of  mechanistic studies have been done concerning the valence state of  
copper  when working as an active center and the effect of  supports  such as ZnO, 
Cr203 and A1203 [4-6]. 

Sheffer and King [7,8] have reported that  the activity for methanol  synthesis 
f rom CO over unsuppor ted  copper catalysts increases with the concentrat ion of  
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Cu + sites which are stabilized by alkali compounds. The Cu + as well as Cu ~ is possi- 
bly an active species for methanol synthesis from CO:, where carbonate [9], for- 
mate, and methoxy species [10] may be intermediates. Szanyi and Goodman [11] 
have demonstrated that methanol synthesis activity of an oxidized Cu(100) surface 
was higher than that of an oxygen-free Cu(100) by a factor of two, and concluded 
that the very low activity of clean Cu(100) was attributed to low concentration of 
ionic copper. On the other hand, the effect of support, mainly ZnO, on the activity 
for methanol synthesis has been controversial, despite a large amount of research. 
Chinchen et al. have reported [2,12,13] that the reaction occurs exclusively on the 
surface of metallic copper and the activity is directly proportional to copper surface 
area. They have concluded that ZnO has no special role in the synthesis of metha- 
nol. However, several groups have reported [3,14,15] evidence of synergy between 
Cu and ZnO. 

The present paper reports the relationship between the specific methanol activ- 
ity, i.e., mass-time yield of methanol per copper surface area, and the oxygen cover- 
age for various copper-based catalysts. The essential support effect factor will be 
explained based on the ratio of Cu + to Cu ~ on the surface of copper particles. 

2. Experimental 

All catalysts were prepared by a coprecipitation method. A mixed aqueous solu- 
tion of metal nitrates (total metal concentration 1 mol /0  and an aqueous solution 
of Na2CO3 (1.1 mol/s were added dropwise to distilled water. Subsequently, the 
precipitate was filtered out, washed with distilled water, dried in air at 393 K over- 
night, calcined in air at 623 K for 2 h, and finally screened to size between 60 and 
80 mesh. The catalyst fixed in a reactor was reduced in a gas mixture of H2 (10%) 
and He (90%) at 523 K with a total pressure 5.0 MPa. The hydrogenation of CO2 
was then carried out at 523 K in a flow reactor by feeding a gas mixture of H2 and 
CO2 with the mole ratio of H2/CO2 = 3. The total pressure of H2 and CO2 was 
5.0 MPa. The typical reaction time was 2 h. The reaction products were analyzed 
by means of gas chromatographs directly connected to the reactor. A routine and 
reproducible measurement of copper surface area is available by monitoring the 
reaction of N20 with copper atoms [16,17,18]. The most convenient form of this 
method for in situ applications is called reactive frontal chromatography (RFC) 
[2,19], which is readily employed in the microreactor for assessing copper surface 
area. After the methanol synthesis reaction, CO2 and H2 were depressurized and 
swept out of the reactor, and the post-reaction catalyst was exposed to a stream of 
helium at near ambient temperature. A N20/He (2.5% N20) gas stream was then 
fed over the catalyst to estimate the surface area of metallic copper (CUreaet) during 
methanol synthesis. The amounts of N2 formed by the reaction between Cu and 
N20 were measured with a thermal conductivity detector at 333 K. The total cop- 
per surface area of each catalyst after the reaction (Cutotal) was also determined 



T. Fujitani et al. / Role of metal oxides for methanol synthesis 273 

by the RFC technique after rereducing the post-reaction catalysts with H2 at 
523 K. The following equation was used to calculate the oxygen coverage (O): 

O ~- (CUtotal -- Cureact)/(Cutotal  • 2 ) .  

Here, we assumed that a N20 molecule reacts with two Cu atoms, which was in 
agreement with surface science data [20,21], that is, the saturation coverage of Oa 
on the low index plane of copper was O ,,~ 0.5, where O --- 1 corresponded to the 
number of copper surface atoms. 

3. Results  and discussion 

The activities for methanol synthesis and oxygen coverage after the reaction 
using various catalysts were measured to elucidate the effect of metal oxides con- 
tained in copper catalysts and the role of oxygen adsorbed on the copper surface. 
As shown in table 1, it is clear that the specific activities were different for the var- 
ious catalysts, indicating an effect of metal oxides contained in the copper catalysts 
on the methanol synthesis. The order of metal oxides on the specific activity was 
GazO3 > ZnO > Cr203 > ZrO2 ~ A1203 > SiO2. In this study, Ga203 was found to 
be a more effective material for methanol synthesis than ZnO which is a suitable 
metal oxide for copper catalysts. The specific activities of Cu/Cr203, Cu/ZrO2, 
and Cu/AlzO3 were also promoted by adding ZnO to these three catalysts, where 
the activities increased with an increase in the ZnO content as seen in table 1. 

Fig. 1 shows the relationship between the specific activities and the oxygen cover- 
age which are listed in table 1. An excellent correlation was obtained, where the 
activity increased linearly with the oxygen coverage at below O --- 0.16, and then 
decreased at above 69 = 0.18. The oxygen on the surface of copper may stabilize 
Cu + which is a possible active center that several authors have pointed out 
[8,10,22]. The results are consistent with data reported by King et al. [8], where the 
specific activity of the Cu catalyst in methanol synthesis increases with the content 
of Cu + which is formed by the addition of alkali (Li, Na, K, Rb, Cs) to unsup- 
ported copper catalysts. However, in our studies, the decrease in activity at 
O > 0.18 was also seen, which suggests that the active component is not only Cu + 
but also Cu ~ . Note that the relationship between oxygen coverage (or Cu +) and spe- 
cific activity was obtained for various copper catalysts containing different metal 
oxides. Therefore, the present results provided evidence that the effect of contained 
metal oxides or the support effect is ascribed to the difference in the amount of 
Cu + stabilized by both surface oxygen and foreign elements. 

The increase in specific activity with the oxygen coverage at 69 < 0.16 suggests 
that the rate determining step during methanol synthesis requires the Cu + sites 
rather than the Cu ~ sites. Waugh et al. have reported [9] that CO2 is hydrogenated 
to methanol through carbonate, formate, and methoxy adspecies on the surface of 
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Fig. 1. Specific activity at 523 K as a function of oxygen coverage of Cu surface for various catalysts 
listed in table 1. 

copper. The role of Cu + may be due to the stabilization of any oxygenates near 
the Cu + sites. 

The oxygen should be formed by the dissociation of CO2: 

CO2g --~ Oa -{- COg. 

On the low index plane of copper, the dissociation of CO2 is considerably slow 
[23], and Oa easily reacts with CO and HE. In contrast, the oxygen, which is meas- 
ured in this study, may be rather stable and bound to both Cu and other elements 
such as Zn, Ga, Cr, A1, where the CO2 dissociation may easily take place. Recently, 
we observed [24] Zn atoms in copper particles for Cu/ZnO catalysts after reducing 
with HE at temperatures as high as 723 K, indicating that partially reduced ZnOx 
migrates on the copper particles. The effect of metal oxides, therefore, can be 
explained by the role of Cu + site formation at the interface between a Cu particle 
and a metal oxide moiety which is located on the surface of Cu or near the perimeter 
of the Cu particles. 
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