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bstract

Nanostructure Ce0.8Zr0.2O2 powders used as the support were synthesized by a hydrothermal route and the Au/Ce0.8Zr0.2O2 catalysts were prepared
ia deposition-precipitation method. The samples were characterized by X-ray diffraction pattern (XRD), Fourier transform Raman spectra (FT-
aman), high-resolution transmission electron microscope (HRTEM), X-ray photoelectron spectra (XPS) and temperature-programmed reduction

TPR) techniques. The influence of the pH values, Au loadings, calcination temperature and calcination time on the catalytic activity of the
u/Ce0.8Zr0.2O2 catalysts was investigated. The suitable pH value to prepare the catalysts was 7.0 and the suitable calcination conditions were
00 ◦C and 3 h. The Au(2 wt.%)/Ce0.8Zr0.2O2 catalyst showed the best catalytic performance among all the prepared samples. TPR analysis indicated
hat the addition of gold can improve the reducibility of the catalyst obviously. XPS analysis revealed that both Ce4+ and Ce3+ were present on the

urface of the catalyst. According to TPR and XPS analyses, the gold particles (Au0 and Au3+) existed in the catalyst, which played an important
ole in the catalytic activity. XRD and XPS results showed that the high dispersion degree of gold particles on the support was responsible for the
uperior catalytic property.
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. Introduction
Cerium dioxide containing materials have been the subject
f numerous investigations in recent years. Ceria is an interest-
ng oxide in the three-way catalysts (TWCs) used for eliminating
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oxic gases in automobile exhaust. The success of ceria is mainly
ue to the enhancement of the metal dispersion, the application
n the water–gas shift reaction and the oxygen storage capac-
ty provided by the redox couple Ce4+/Ce3+ [1–3]. Despite of its
idespread applications, the use of pure cerium dioxide is highly
iscouraged because of its poor thermal stability [4,5]. To solve
his problem, one way is to associate ceria to other elements
or obtaining solid solutions with improved thermal properties.

any studies have focused on the zirconia–ceria solid solu-
ions [5–8]. Because of their high OSC, redox property, thermal
esistance and better catalytic activity at lower temperatures, the
irconia–ceria has been applied widely as a component of TWCs
or the treatment of automotive exhaust gases.

Precious metals are well-known oxidation catalysts with high
ctivity and widely used for CO oxidation reaction. Pt, Pd, Rh,
u loaded catalysts have been reported by many investigations

9–12]. However, few literatures have reported the study of Au
upported on ceria-zirconia as catalysts for low-temperature CO
xidation.

The present paper reported the study of the catalysts
u/Ce0.8Zr0.2O2 on the catalytic performance for CO oxida-

ion. The support Ce0.8Zr0.2O2 was prepared via a hydrothermal
oute and the Au/Ce0.8Zr0.2O2 catalysts were synthesized by a
eposition-precipitation method. The samples were character-
zed by XRD, FT-Raman, HRTEM, XPS and TPR techniques.
he catalytic activities of the catalysts were evaluated by using
microreactor-GC system. The influence of the pH values, Au

ontents, calcination temperature and calcination time on the cat-
lytic property for low-temperature CO oxidation is discussed
n this paper.

. Experimental

.1. Preparation of support and catalyst

The support Ce0.8Zr0.2O2 was prepared via a hydrothermal
oute by using Ce(NO3)3·6H2O, Zr(NO3)4·5H2O as precursors.
.78 g Ce(NO3)3·6H2O and 0.69 g Zr(NO3)4·5H2O were dis-
olved into 80 ml distilled water in a Teflon bottle with an inner
olume of 100 ml. A transparent solution was obtained under
igorous stirring. Then 0.96 g urea (CO(NH2)2) was slowly
dded into the above solution. The addition was carried out
nder agitation in order to keep the local concentration homoge-
eous. While stirring for about 1 h, the Teflon bottle was put in a
tainless-steel autoclave and sealed tightly. Then it was put in an
ven and the hydrothermal treatment at temperature of 160 ◦C
or 24 h was performed. After the hydrothermal treatment, white
recipitates were formed. The precipitates were separated by
entrifuging and washed with deionized water several times.
hey were dried at 80 ◦C overnight in the oven and then cal-
ined at 500 ◦C in the muffle furnace for 4 h; yellow powder
as obtained.
The Au/Ce0.8Zr0.2O2 catalysts were prepared via a
eposition-precipitation method. 0.3 g Ce0.8Zr0.2O2 support was
lurred in 10 ml distilled water. 0.39 g HAuCl4·4H2O was dis-
olved into 38 ml distilled water to form HAuCl4 solution
0.21 mol/ml). Then calculated volume HAuCl4 solution was

3
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lowly added into the support by separating funnel under vig-
rous stirring. At the same time, the pH was adjusted to 7.0 by
he addition of NH3·H2O (0.1 M) and kept stirring for about 1 h.
he above solution was centrifuged, and washed with deionized
ater until chloride ions cannot be detected using AgNO3 solu-

ion. The production was dried at 70 ◦C overnight in the oven
nd then calcined at 300 ◦C in a muffle furnace for 3 h. For com-
arative study, a series of samples were also prepared at different
H value and calcined at different temperature and time.

.2. Catalyst characterization

The high-resolution transmission electron microscope
HRTEM) was performed with a Philips T20ST transmission
lectron microscope operated at 200 kV. The X-ray diffrac-
ion patterns (XRD) were operated by using a DMAX-2500
iffractometer with Cu K� radiation. The working voltage
nd current of the X-ray tube were 40 kV and 100 mA. The
verage crystalline size was calculated from the X-ray line
roadening, according to Scherrer’s equation. Fourier transform
aman spectra (FT-Raman) were recorded with a RTS 100/S FT-
AMAN spectrometer (BRUKER, Germany) with liquid N2
etector, using the 1064 nm excitation line of Nd-YAG laser.
he sample powders were pressed into small disc and then
ounted on the analytic chamber. X-ray photoelectron spec-

ra (XPS) were analyzed on a PHI-1600 spectrometer (U.S.A.)
quipped with Mg K� radiation for exciting photoelectrons. X-
ay source was operated at an accelerating voltage of 15 kV
nd 250 W. The pressure in the ion-pumped analysis chamber
as maintained at 1.1 × 10−7 during data acquisition. All bind-

ng energies (BE) were referenced to the adventitious C 1s line
t 284.6 eV (1 eV = 1.602 × 10−19 J). Temperature-programmed
eduction (TPR) experiments were performed on a TPDRO 1100
pparatus supplied by Thermo-Finnigan Company. Fifty mil-
igrams of the sample was heated from room temperature to
000 ◦C at a rate of 10 ◦C/min under the mixture of 5% H2
n N2 flowing (20 ml/min). The H2 uptake amount during the
eduction was measured by a gas chromatograph equipped with
thermal conductivity detector (TCD).

.3. Catalytic activity test

The catalytic activity measurements of the prepared catalysts
or CO oxidation were tested using a fixed bed flow microre-
ctor (7 mm i.d.) under atmospheric pressure. 0.05 g catalyst
owder was mixed with 2.00 g SiO2 uniformly. The airflow rate
as 33.3 ml/min, and the CO gas flow rate was 0.5 ml/min. The

eactant and product composition were analyzed on-line by a
C-508A gas chromatograph equipped with a thermal conduc-

ivity detector.

. Result and discussion
.1. Characterization of catalysts

Figs. 1 and 2 depict the XRD patterns of the catalysts with
ifferent Au loadings and prepared at different pH values,
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ig. 1. XRD patterns of the Au/Ce0.8Zr0.2O2 catalysts with different Au load-
ngs.

espectively. Diffractions attributed to the typical structure of
eO2 (true cubic, fluorite structure) were clearly detectable for
ll the catalysts, which indicated that the zirconia dopant was
ontained within the lattice and not as a separate phase [5]. The
ame result can be confirmed by Raman spectroscopy (Fig. 3).
rom Fig. 1, no obvious peaks attributed to Au particles can
e observed for the catalysts up to 4 wt.% gold suggesting a
ell-dispersed state of the gold particles on the support. When

he Au loading increased to 6 wt.%, a small peak correspond-
ng to Au(1 1 1) can be detected at 2θ = 38.3◦. We think that the
gglomeration of gold particles on the surface of the support
ccur with the increase of gold loadings, which may have neg-
tive effect on the catalytic activities for CO oxidation. From
ig. 2, we can find that the catalysts with the pH > 6 could not
roduce reflections characteristic of the Au particles. But for the
atalyst with pH 6, a weak peak can be observed at 2θ = 38.3◦,

hich was the (1 1 1) plane of gold particles. When the pH was
, the peak attributed to the gold particles at 2θ = 38.3◦ was
bvious. The results indicated that the pH values adjusted in

ig. 2. XRD patterns of the Au/Ce0.8Zr0.2O2 catalysts with different pH values.

m
o
b

C
7
s
t
s
w
S
t
c
t
d
t
f
c
c
t

z

ig. 3. The FT-Raman spectra of the support Ce0.8Zr0.2O2 and the catalyst
u(1 wt.%)/Ce0.8Zr0.2O2.

he process of preparation were mainly responsible for the dis-
ersion degree of gold particles. The average particle sizes of
he support calculated from line broadening of (1 1 1) diffraction
eak by using Scherrer equation were similar and about 15.1 nm,
hich indicated that the addition of gold should have no effect
n the size and structure of the support. The same result was
eported by Flytzani-Stephanopoulos and coworkers [13].

The FT-Raman spectra of the support Ce0.8Zr0.2O2 and the
atalyst Au(1 wt.%)/Ce0.8Zr0.2O2 (pH 7) are shown in Fig. 3.
e can find that there was only one adsorption peak centered at

bout 464 cm−1 for the samples, which was typical of the F2g
aman active mode of a fluorite structured material [14]. The

esult was in good agreement with the XRD analysis, which also
ndicated the presence of only the cubic fluorite structure type
or the support of all the catalysts. Furthermore, the different
ntensity of the two samples can be observed. Because the atomic

ass of Au is larger than that of Ce and Zr, we think the insertion
f Au ions can decrease the vibration frequency of metal–anion
and and thus decrease the intensity of the catalyst.

Fig. 4 shows the HRTEM micrographs of the support
e0.8Zr0.2O2 (a) and the catalyst Au(1 wt.%)/Ce0.8Zr0.2O2 (pH
) (b–d). Viewed at lower magnifications (Fig. 4a and b), the two
amples appeared to be spherical particles, which indicated that
he addition of Au had no influence on the morphology of the
upport. The average particle sizes estimated from the HRTEM
ere about 15 nm and agreed well with that calculated from the
cherrer equation. From Fig. 4c and d, the encircled darker par-

icles could be discerned, but whether they were gold or smaller
eria particles was difficult to determine from the contrast. We
hink most of the gold particles could be much smaller and not
etectable or they were less due to the lower Au loading. Fur-
hermore, we can obtain the interplanar spacing (ca. 0.32 nm)
rom Fig. 4d, corresponding to the value of the (1 1 1) facet of
ubic, fluorite structure of CeO2. This can also be the identifi-

ation for Ce0.8Zr0.2O2 structure which was in agreement with
he result of the XRD analysis.

XPS analysis showed in Fig. 5 reveals the presence of cerium,
irconium, gold and oxygen on the surface of the catalyst
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Fig. 4. HRTEM micrographs of the support Ce0.8Zr0.2O

u(1 wt.%)/Ce0.8Zr0.2O2 (pH 7) calcined at 300 ◦C for 3 h. The
P spectrum of cerium 3d (Fig. 5a) showed two principle bind-

ng energies of Ce 3d3/2 and Ce 3d5/2 at about 900.6 and 882 eV,
espectively. The difference of the binding energies between the
e 3d3/2 and Ce 3d5/2 photoemission feature was about 18.6 eV,
hich was in agreement with the reported value [15]. The peak

t about 916 eV was the satellite arising from the Ce 3d3/2 ion-
zation, while bands 885.2 and 898 eV were that of the Ce 3d5/2
onization. The main peaks at about 916 and 898 eV represented

he 3d104f0 initial electronic state corresponding to the Ce4+ ion,
hile a small peak at about 885.2 eV represented the 3d104f1

nitial electronic state corresponding to the Ce3+ ion. The XP
pectrum of Ce 3d exhibited peaks due to the presence of both

t
w
t
a

and the catalyst Au(1 wt.%)/Ce0.8Zr0.2O2 (pH 7) (b–d).

e4+ and Ce3+, thus implying that both Ce4+ and Ce3+ presented
n the surface of the catalyst. Reddy and Khan [16] considered
hat the reduction of Ce4+ may occur under the procedure of
PS measurement. Delmon and coworkers [17] also consid-

red that partial reduction could occur during the analysis if the
xposure of the sample to exciting X-ray beam was long, and
aused local heating of the sample. The XP spectrum of zir-
onium is showed in Fig. 5b, the double peaks at about 182.0
nd 184.4 eV corresponded to the Zr 3d5/2 and Zr 3d3/2, respec-

ively. The difference between the two peaks was in agreement
ith an expected value of about 2.4 eV [15]. The O 1s spec-

rum of the sample (Fig. 5c) showed two peaks, one main peak
ppearing at 529.5 eV represented the lattice oxygen associated
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peak at 570 ◦C and the high temperature peak at 830 ◦C were
typically interpreted as the reduction of surface-capping oxygen
and bulk-phase lattice oxygen, respectively. Kang and Wan [21]
reported that reduction peaks of Au at about 125 and 525 ◦C
Fig. 5. XPS pattern of Au(1 wt.%)/Ce0.8Zr0.

ith metal oxides and a shoulder peak at about 531.8 eV was
ttributed to the absorbed oxygen [5]. The Au 4f XP spectrum
f the catalyst shown in Fig. 5d consisted of two Au 4f7/2 and
ne Au 4f5/2 peaks. The peaks at about 84.0 and 88.0 eV were
orresponded to the Au 4f7/2 and Au 4f5/2, respectively, sug-
esting the Au0 presented on the surface of the catalyst. While
nother Au 4f7/2 component at about 86.5 eV can be assigned to
u3+ species [18]. There was no indication of the presence of
ther Au species such as Au1+. Bond and Thompson proposed
hat both Au0 and Au3+ were required for high activity. They
onsidered that Au0 adsorbed CO, while Au3+ cemented the
etallic particle on the support and activated surface hydroxyl

roups, which can react with the adsorbed CO to form adsorbed
arboxylate [19]. However, whether ionic or metallic gold is
mportant for high activity has been disputed. We think that the
ighly dispersed gold particles (Au0 and Au3+) were responsi-
le for the superior catalytic performance, which was consistent
ith the XRD analysis. The surface chemical composition of

he catalyst was also investigated by XPS. The Au/(Ce + Zr)
tomic ratio value was 0.0067, which was in good agreement

ith that expected value for the bulk composition of the sample
ith 1.0 wt.% Au content (Au/(Ce + Zr) = 0.0066).
The TPR profiles of the catalyst Au(1 wt.%)/Ce0.8Zr0.2O2

pH 7) and the support Ce0.8Zr0.2O2 are shown in Fig. 6. Yao
F
C

(a) Ce 3d, (b) Zr 3d, (c) O 1s and (d) Au 4f.

nd Yao [20] have reported that the low-temperature reduction
ig. 6. TPR profiles of the catalysts: (1) Au(1 wt.%)/Ce0.8Zr0.2O2; (2)
e0.8Zr0.2O2.
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ould be observed, which attributed to oxygen adsorbed on the
urface of metallic gold and the reduction of Au3+, respectively.
n Fig. 6, it can be seen that for the support Ce0.8Zr0.2O2 there
ere two obvious bands at about 530 ◦C (b) and 830 ◦C (c).
hile two main reduction peaks can be observed at 134 ◦C (a)

nd 822 ◦C (c) obviously for Au(1 wt.%)/Ce0.8Zr0.2O2 and a
eaker board reduction peak b can be observed, too. We can
nd that when gold was added, the lower temperature reduction
eak shifted to the low value of 134 ◦C, which may be due to
he fact that the presence of gold helped to weaken the surface
xygen on ceria-zirconia and thereby improved the reducibil-
ty of the catalyst [22]. Flytzani-Stephanopoulos and coworkers
13] suggested that this can facilitate the oxygen transfer across
he solid–gas interface during the reaction. We believed that the
eaks b and c were attributed to a concomitant reduction of the
urface/partially bulk reduction of the support and further reduc-
ion of the support in the bulk, respectively. Furthermore, we
hink the reduction of oxidic gold (Au3+) may exist in the board
eak b (420–590 ◦C), although it was masked by the much higher
mount of the surface oxygen associated to the ceria-zirconia.

.2. Catalytic activity for CO oxidation

The activities of the catalysts for CO oxidation as a function
f the reaction temperature are shown in Figs. 7–9. It can be
bserved that the CO conversion increased with the increasing
eaction temperature for all the prepared catalysts. Most of the
atalysts began to oxidize CO to CO2 at 30 ◦C. In order to search
he proper experimental condition, the influence of the pH val-
es, Au contents, calcination temperature and time on the CO
xidation catalytic activity was studied.

.2.1. Effect of the pH value

Fig. 7 presents the catalytic activity for CO oxidation of the

atalysts Au/Ce0.8Zr0.2O2 prepared at different pH values. It is
oted that the pH values of the solution had a great influence
n the catalytic activity of the catalysts. With the same Au con-

ig. 7. Catalytic activity for CO oxidation of the catalysts Au/Ce0.8Zr0.2O2 with
ifferent pH values.

p
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ig. 8. Catalytic activity of the catalysts Au/Ce0.8Zr0.2O2 with different Au
ontents.

ent and calcination condition (300 ◦C, 3 h), the temperatures of
00% CO conversion (T100%) for these catalysts were different,
bviously. The T100% for the catalysts with pH 6, 7, 8, 9, 10 were
10, 150, 170, 170, 190 ◦C, respectively. While the catalyst with
he pH 5 could not reach the complete conversion and the max-
mum CO conversion was only 66.0% under the given reaction
ondition. The XRD analysis results showed that the pH value
djusted in the process of preparation played an important role
n the dispersion of gold on the support. When the pH < 7, the
u dispersion degree was lower than that of the samples with
H ≥ 7, which resulted in the inferior activity for the sample
ith pH 5 and 6. Several groups have reported that the presence
f the chloride ions was detrimental to the catalytic property of
he catalyst [23–26]. Haruta et al. [24] have reported that when
he pH value achieved to above 6, the main Au species was
ransformed from AuCl4− to Au(OH)nCl4−n

− (n = 1–3). In our

resent study, the catalytic activity for the catalysts increased
rom pH 5 to 7, but it decreased when the pH > 7 and the cat-
lyst with pH 7 exhibited a better catalytic activity. According
o the above analyses, we think that much chloride ions might

ig. 9. Catalytic activity of the catalysts Au/Ce0.8Zr0.2O2 with different calci-
ation temperature and calcination time.
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ssociate with the gold complex ions adsorbed on the support
t pH 5 and 6, while chloride ions decrease and OH− increase
ith increasing pH value. The similar result was reported by
hu et al. [23]. Therefore, we suggested that pH 7 was a suitable
ondition to prepare other samples.

.2.2. Effect of the Au content
The catalytic activity of the catalysts Au/Ce0.8Zr0.2O2 with

ifferent Au contents is shown in Fig. 8. It depicted that the activ-
ty of the support Ce0.8Zr0.2O2 was quite low, but the Au-loading
atalysts showed higher catalytic activities. This indicated that
here was a strong interaction between gold and the support,
hich was responsible for the high CO catalytic activity [13].

n the present case, the addition of gold played an important
ole in the catalytic performance of the catalysts. The T100%
f the samples with 0.2, 0.5, 1, 2, 4 and 6 wt.% Au loadings
ere 200, 190, 150, 140, 140 and 150 ◦C, respectively, and

he 0.1 wt.% Au/Ce0.8Zr0.2O2 cannot reach the complete con-
ersion under the experimental condition. The phenomena can
e explained by TPR analysis which showed that the addition
f gold can weaken the surface oxygen on ceria-zirconia and
mprove the reducibility of the catalyst [22]. It is noted that the
100% decreased with the increase of the gold loadings from 0.1

o 2 wt.%, however, it increased when the Au loading increased
rom 4 to 6 wt.%. This indicated that a well-dispersed state of
old particles on the surface of support was responsible for the
uperior catalytic property and the agglomeration of gold parti-
les may have negative contribution in the present study, which
as in good agreement with the result of XRD and XPS analyses.
or the purpose of comparison, the Au(1 wt.%)/Ce0.8Zr0.2O2
as selected to continue the following study.

.2.3. Effect of the calcination temperature and time
The influence of calcination temperature and calcination time

f the catalysts Au(1 wt.%)/Ce0.8Zr0.2O2 (pH 7) on the catalytic
ctivity for low-temperature CO oxidation was investigated and
he results are showed in Fig. 9. The different calcination process
an lead to different catalytic effect for the catalysts. It is noted
hat higher calcination temperature and longer calcination time
ad negative effect on the catalytic activity. It can be found that
he catalyst calcined at 300 ◦C for 3 h showed higher catalytic
erformance (T100% = 150 ◦C). Zhu et al. [23] have reported that
igher calcination temperature can accelerates the agglomera-
ion of the gold particles and decrease the activity of catalyst.
t can be seen that the T100% of the sample calcined at 400 and
00 ◦C for 3 h were 160 and 180 ◦C, respectively, which were
igher than that of the sample calcined at 300 ◦C. But when
he calcination temperature was 200 ◦C, the T100% was 170 ◦C,
hich showed a decrease in the catalytic activity. We think that at

ower temperature, small particles can be obtained but the inter-
ction between gold and the support was weak and influenced the
atalytic performance. The catalysts with the treatment at differ-
nt calcination time showed the similar catalytic performance,

he T100% of the samples calcined 300 ◦C for 1, 2, 4 h were all
60 ◦C, but when the calcination time increased to 5 h, the T100%
ncreased to 170 ◦C. This may be due to the agglomeration of
old when it was calcined for long time.

[

[

alysis A: Chemical 272 (2007) 45–52 51

From Figs. 7–9, it can be seen that the Au(2 wt.%)/
e0.8Zr0.2O2 catalyst with pH 7 and calcined at 300 ◦C for 3 h
xhibited the best catalytic performance (T100% = 140 ◦C) in the
resent case. The results indicated that the pH values, Au con-
ents, calcination temperature and time had evident influence on
he catalytic performance of the Au-loading catalysts for low-
emperature CO oxidation under the experimental conditions.

. Conclusions

Ce0.8Zr0.2O2 nano-particles and Au/Ce0.8Zr0.2O2 catalysts
ere successfully prepared by hydrothermal route combined
ith deposition-precipitation method. XRD and FT-Raman

nalyses indicated the presence of only the cubic fluorite
tructure type for the support of the catalysts. The HRTEM
easurements showed that the morphology of the samples was

pherical. XPS analysis revealed both Ce4+ and Ce3+ existed on
he surface of the catalyst and the Au species presented were
u0 and Au3+. The study of the catalytic activity for CO oxida-

ion indicated that the catalytic property of the catalysts strongly
epended on the pH values adjusted in the process of prepara-
ion, gold loadings, calcination temperature and time. It can be
bserved that the addition of gold can improve the reducibil-
ty of the catalyst obviously, which may be due to the weaker
onding of the surface oxygen with ceria-zirconia revealed by
PR analysis [23]. From the XRD and XPS analyses, we think
ighly dispersed gold particles were responsible for better cat-
lytic activity and the agglomeration of gold particles may have
egative contribution. The suitable condition to prepare the cat-
lysts was pH 7 and the optimum thermal pretreatment were
00 ◦C and 3 h.
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