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Abstract: Ce-Zr oxide-supported nano-sized Au catalysts Au/Ce1-xZrxO2 (x = 0, 0.2, 0.4, 0.6, 0.8) were prepared by a deposition-precipitation 
method. Their catalytic properties were examined in both the combustion of methanol and the selective oxidation of methanol to methyl 
formate. The composition and structure of the catalysts were characterized by complementary methods including nitrogen physisorption, 
X-ray diffraction, Raman spectroscopy, X-ray photoelectron spectroscopy, and high resolution transmission electron microscopy. Their acid-
ity and basicity were probed by CO2 and NH3 temperature-programmed desorption and also Fourier transform infrared spectroscopy for CO 
adsorption. The characterization results showed that the catalysts possessed similar particle size and phase of the Ce1-xZrxO2 supports, and 
their Au nanoparticles were of around 3.0 nm mainly in the state of Au0. In the CH3OH combustion reaction (1% CH3OH + 14% O2), the 
activity of the Au/Ce1-xZrxO2 catalysts decreased with decreasing the Ce contents in the Ce1-xZrxO2 supports. Similar change was also found 
in the methanol selective oxidation (6% CH3OH + 3% O2), while the selectivity to methyl formate increased with decreasing the Ce contents. 
Such changes in the catalytic activity of the Au/Ce1-xZrxO2 catalysts were in positive parallel with their oxygen storage capacity values, which 
reflect the number of the lattice oxygen atoms active for the methanol oxidation. The support effects on the selectivity for methyl formate 
were clear not due to effects of the supports on the acid-base properties of the catalysts but to the effects on the active lattice oxygen atoms 
on catalyst surfaces and consequently their reducibility. Such understanding on the support effects provides useful information for design of 
oxide-supported Au catalysts with improved activity or selectivity for the targeted oxidation reactions. 
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Fig. 1.  XRD patterns of Au/Ce1-xZrxO2 catalysts calcined at 573 K. 
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Table 1  Characterization of Au/Ce1-xZrxO2 catalysts calcined at 573 K 

Catalyst Oxide compositiona 
Au loadingb 

(w/%) 
Surface areac  

(m2/g) 
Binding energyd 

(eV) 
Support particle sizee 

(nm) 
Au particle sizee 
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Au/CeO2 CeO2 1.96  86.8 83.9 8.6±1.5 3.3±0.7 
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Au/Ce0.2Zr0.8O2 Ce0.21Zr0.79O2 1.23  94.2 83.5 6.3±1.5 3.2±0.4 
aDetermined by XRF. bDetermined by ICP-AES. cObtained by BET method. dBinding energy of Au 4f determined by XPS. eDetermined by HRTEM.
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Fig. 2.  Raman spectra of Au/Ce1-xZrxO2 catalysts calcined at 573 K.
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Fig. 3.  Correlation between the support compositions of the 
Au/Ce1-xZrxO2 catalysts and their activity in CH3OH combustion at 
different reaction temperatures. Reaction conditions: 1% CH3OH-14% 
O2, balance N2, 150 ml/min total flow rate, 10–80 mg catalyst. 
OSC—oxygen storage capacity measured at 303 K. 
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Fig. 5.  Dependence of the activity and selectivity for methyl formate 
(MF) in CH3OH oxidation on the support compositions of 
Au/Ce1-xZrxO2 catalysts. Reaction conditions: 353 K, 6% CH3OH-3% 
O2, balance N2, 150 ml/min total flow rate, 10–80 mg catalyst, 
1.1%–1.4% conversion. 
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Fig. 6.  Correlation between the OSC values and the activity of 
Au/Ce1-xZrxO2 catalysts in CH3OH selective oxidation. Reaction condi-
tions: 353 K, 6% CH3OH-3% O2, balance N2, 150 ml/min total flow 
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Fig. 9.  FT-IR spectra of CO adsorbed on Au/Ce1-xZrxO2 at 298 K. 

 
 Au/Ce1-xZrxO2 , 

 MF 

,  OSC 

, .  

 Ce , , 

,  MF .  

 

[30,34].   

4.   

-  Ce/Zr 

 Au/Ce1-xZrxO2 .  , 

Au Au 

.  , 

, 

.   Au/Ce1-xZrxO2  Ce 

, 

.   Ce  

Au , .  

 Ce 

.  

.   Ce , 

, , 

,  CO2 

.   Au 

, 

.   

          

1 Bond G C, Thompson D T. Catal Rev-Sci Eng, 1999, 41: 
319 

2 Haruta M, Daté M. Appl Catal A, 2001, 222: 427 
3 Choudhary T V, Goodman D W. Top Catal, 2002, 21: 25 
4 Kung H H, Kung M C, Costello C K. J Catal, 2003, 216: 

425 
5 Stephen A, Hashmi K, Hutchings G J. Angew Chem, Int Ed, 

2006, 45: 7896 
6 Grzybowska-Swierkosz B. Catal Today, 2006, 112: 3 
7 Kung M C, Davis R J, Kung H H. J Phys Chem C, 2007, 

111: 11767 
8 Della Pina C, Falletta E, Prati L, Rossi M. Chem Soc Rev, 

2008, 37: 2077 
9 Corma A, Garcia H. Chem Soc Rev, 2008, 37: 2096 

10 Ma Zh, Dai Sh. Nano Res, 2011, 4: 3 
11 Wei Y Ch, Liu J, Zhao Zh, Duan A J, Jiang G Y. J Catal, 

2012, 287: 13 
12 Lopez N, Janssens T V W, Clausen B S, Xu Y, Mavrikakis 

M, Bligaard T, Nørskov J K. J Catal, 2004, 223: 232 
13 Choudhary T V, Goodman D W. Appl Catal A, 2005, 291: 32 
14 Grunwaldt J-D, Maciejewski M, Becker O S, Fabrizioli P, 

Baiker A. J Catal, 1999, 186: 458 
15 Bond G C, Thompson D T. Gold Bull, 2000, 33: 41 
16 Haruta M. Gold Bull, 2004, 37: 27 
17 Weiher N, Bus E, Delannoy L, Louis C, Ramaker D E, 

 2  NH3-TPD  Gauss 
 NH3  

Table 2  Temperatures of deconvoluted NH3 desorption peaks and 
desorption amounts of NH3 

Catalyst 
Peak temperature (K) Amount of NH3 ( mol/g) 

1 2 3 Peak 1 Peak 2 Peak 3 Total
Au/CeO2 504.9 577.6 677.5 5.1 23.9 9.5 38.5
Au/Ce0.6Zr0.4O2 510.2 582.6 681.2 6.6 23.4 7.8 37.8
Au/Ce0.2Zr0.8O2 513.3 586.9 682.6 7.9 23.5 8.3 39.6



242        Chin. J. Catal., 2013, 34: 235–242 

Miller J T, van Bokhoven J A. J Catal, 2006, 240: 100 
18 Carrettin S, Concepción P, Corma A, Lopez-Nieto J M, 

Puntes V F. Angew Chem, Int Ed, 2004, 43: 2538 
19 Zhang X, Wang H, Xu B Q. J Phys Chem B, 2005, 109: 

9678 
20 Schubert M M, Hackenberg S, van Veen A C, Muhler M, 

Plzak V, Behm R J. J Catal, 2001, 197: 113 
21 Janssens T V W, Carlsson A, Puig-Molina A, Clausen B S. 

J Catal, 2006, 240: 108 
22 Kotobuki M, Leppelt R, Hansgen D A, Widmann D, Behm 

R J. J Catal, 2009, 264: 67 
23 Dobrosz-Gomez I, Kocemba I, Rynkowski J M. Appl Catal 

B, 2008, 83: 240 
24 Dobrosz-Gomez I, Kocemba I, Rynkowski J M. Appl Catal 

B, 2009, 88: 83 
25 Dobrosz-Gomez I, Kocemba I, Rynkowski J M. Catal Lett, 

2009, 128: 297 

26 Dobrosz-Gomez I, Gomez-Garcia M A, Rynkowski J M. 
Pol J Environ Stud, 2009, 18: 587 

27 Dobrosz-Gomez I, Gomez-Garcia M A, Rynkowski J M. 
Kinet Catal, 2010, 51: 823 

28 Si R, Zhang Y W, Li Sh J, Lin B X, Yan Ch H. J Phys Chem 
B, 2004, 108: 12481 

29 Zhang H P, Liu H Ch. J Nat Gas Chem, 2012, in press 
30 Tatibouët J M. Appl Catal A, 1997, 148: 213 
31 Xu B J, Liu X Y, Haubrich J, Madix R J, Friend C M. An-

gew Chem, Int Ed, 2009, 48: 4206 
32 Wittstock A, Zielasek V, Biener J, Friend C M, Bäumer M. 

Science, 2010, 327: 319 
33 Han M M, Wang X J, Shen Y N, Tang Ch H, Li G Sh, 

Smith R L Jr. J Phys Chem C, 2010, 114: 793 
34 Liu H, Iglesia E. J Phys Chem B, 2005, 109: 2155 
35 Manzoli M, Boccuzzi F, Chiorino A, Vindigni F, Deng W 

L, Flytzani-Stephanopoulos M. J Catal, 2007, 245: 308 

 
 

 

Graphical Abstract

Chin. J. Catal.

Support effects on properties of Ce Zrmixed oxide supported gold catalysts in
oxidation ofmethanol

Peking University

x x

0.0 0.2 0.4 0.6 0.8
0

2

4

6

8

x in Au/Ce1-xZrxO2

Sp
ec

ifi
c 

ra
te

 (m
ol

/(m
ol

·m
in

))

0

20

40

60

M
et

hy
l f

or
m

at
e 

se
le

ct
iv

ity
 (%

)

 


