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Abstract Ceria colloidal particles with a mean crystallite

size of 2 nm were synthesized by a solvothermal reaction.

The Ru/CeO2 catalyst prepared from the CeO2 colloids

exhibited higher activity than the catalyst prepared from

Ce(NO3)3. Temperature-programmed reduction analysis

indicated that the reduction of surface Ce4? was accelerated

by highly dispersed Ru species on the CeO2 particles and

occurred at low temperatures. The single component CeO2

sample prepared by the coagulation of the CeO2 colloid was

more easily reduced and re-oxidized than the CeO2 sample

prepared by the precipitation method from Ce(NO3)3. The

higher activity of Ru/CeO2 prepared from the CeO2 colloids

came from the inherent nature of the CeO2 support itself.

Keywords CeO2 � Ru/CeO2 � CeO2 nanoparticles �
Oxidation � Benzyl alcohol � Solvothermal method

1 Introduction

Ceria is widely used as catalysts or catalyst supports because

of its unique functions different from other oxide supports.

Ceria is an important oxygen-storage component inevitable

for automobile catalysts [1–4], and its high oxygen storage

capacity (OSC) is due to a facile shift between Ce4? and

Ce3? states under oxidative and reductive conditions [2].

The excellent function of ceria arises when it is combined

with noble metals such as Pd, Rh, Pt, and Ru. Ceria prevents

the sintering of these noble metals, thus stabilizing their

dispersed states [5]. Ceria also stabilizes alumina supports

and keeps their high surface areas [6].

Among various noble metal–ceria systems, the Ru/CeO2

catalyst is known to be remarkably effective for the oxidation

of organic pollutants in waste water [7, 8]. It is also active for

N2O decomposition using C3H6 as a reductant [9] and the

liquid-phase oxidation of alcohols in organic media [10, 11].

Previously, we found that the reaction of rare earth

metals such as Ce, Sm and Yb in 2-methoxyethanol at 200–

300 �C (solvothermal reaction) yielded transparent colloi-

dal solutions of ultrafine CeO2, Sm2O3, and Yb2O3

particles with diameters of 2–3 nm [12]. The pore structure

of CeO2 powders obtained by coagulating the CeO2 col-

loidal particles can be controlled by the choice of alkaline

coagulant [13]. The CeO2 obtained by the coagulation with

NaOH or (NH4)2CO3, followed by calcination at 300 �C,

had a large surface area (about 120 m2/g).

In this work, we tried to prepare a highly active

Ru/CeO2 catalyst utilizing the unique feature of the 2 nm-

sized colloidal CeO2 particles. Five Ru/CeO2 catalysts

were prepared by different methods, and the state of the Ru

species on the CeO2 particles was analyzed in relation to

the catalytic activity in the liquid-phase oxidation of benzyl

alcohol. The difference in the surface properties of the

CeO2 samples prepared from colloidal CeO2 and from

cerium(III) nitrate was also analyzed.

2 Experimental

2.1 Synthesis of Ceria Colloidal Particles

by the Solvothermal Reaction

Cerium metal chips (size, ca. 3.5 9 2.0 9 1.0 mm; total,

5 g) and 2-methoxyethanol (80 mL) were placed in a Pyrex
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test tube, and the tube was set in an autoclave (200 mL). In

the gap between the test tube and the autoclave wall, an

additional 40 mL of 2-methoxyethanol was charged. After

completely purged with nitrogen, the autoclave was heated

to 250 �C at a rate of 2.5 �C/min and kept at that tem-

perature for 2 h. The reaction mixture was centrifuged at

3,000 rpm for 10 min to remove coarse particles originat-

ing from the superficial layer of the Ce metal chips; a

transparent solution containing CeO2 colloidal particles

was obtained. The ceramic yield of CeO2 obtained from the

solution was about 70% (ca. 4 g).

2.2 Preparation of CeO2 Powder Samples

Two kinds of single-component CeO2 powder samples

were prepared.

CeO2-A: To the CeO2 colloidal solution (100 mL;

CeO2, 3–4 g) synthesized by the solvothermal reaction,

3 M-NaOH (200 mL) was added, and the thus-obtained

ceria coagulate was washed with deionized water repeat-

edly until the pH of the filtrate became lower than 8, and

finally with methanol. The products were dried at room

temperature overnight, followed by calcination at 400 �C

for 3 h in air.

CeO2-D: To an aqueous solution (500 mL) containing

Ce(NO3)3�6H2O (0.03 mol; 5.16 g as CeO2), 3 M-NaOH

(200 mL) was added and the precipitate was washed, dried,

and calcined under the condition mentioned above.

2.3 Preparation of Ru/CeO2 Catalysts

Four Ru/CeO2 catalysts (A–D) were prepared by different

methods, three of which (A–C) utilized the ceria colloidal

solution synthesized by the solvothermal method. The Ru

loading was adjusted to 2 wt% on metal basis.

Catalyst A: To an aqueous solution (500 mL) containing

the CeO2 colloids (in 100 mL of 2-methoxyethanol; CeO2,

3–4 g), RuCl3�nH2O, and formalin (10 mL), 3 M NaOH

was added until the pH of the solution became about 11.

The thus-obtained precursor solid was washed with

deionized water until the pH of the filtrate became below 8,

and it was calcined at 500 �C for 3 h in air.

A CeO2 coagulate was used to prepare catalysts B and

C. This coagulate was obtained by treating the ceria col-

loidal solution with 1 M NaOH, followed by washing and

calcination at 300 �C.

Catalyst B: The CeO2 coagulate (1.0 g) was impreg-

nated with a THF solution (15 mL) of ruthenium(III) tris–

acetylacetonate (B1), Ru3(CO)12 (B2) or RuCl3�nH2O (B3).

After the solvent was evaporated, the precursor was cal-

cined under the same conditions applied for catalyst A.

Catalyst C: To an aqueous suspension of the CeO2

coagulate (3 g) containing RuCl3�nH2O and formalin

(10 mL), 3 M NaOH was added up to pH = 11, and the

precursor solid thus obtained was washed and calcined just

as for catalyst A.

Catalyst D: To an aqueous solution (500 mL) containing

Ce(NO3)3�6H2O (0.03 mol,: 5.16 g as CeO2), RuCl3�nH2O

and formalin (10 mL), 3 M NaOH was added up to

pH = 11, and the precursor solid obtained was washed and

calcined as described above.

2.4 Liquid Phase Oxidation of Benzyl Alcohol

The catalyst (0.5 g, Ru: 0.1 mmol), acetonitrile (10 mL),

and benzyl alcohol (1 mmol in 5 mL of acetonitrile) were

charged in a glass vessel equipped with a reflux condenser.

The vessel was immersed in an oil bath maintained at

50 �C and the mixture was stirred with a magnetic agitator

under atmospheric O2. Benzyl alcohol conversion and

benzaldehyde yield were determined after 4 h reaction with

a FID gas chromatograph (Shimadzu GC-14A) using

diphenyl ether as an internal standard.

2.5 Characterization

The XRD analysis was performed with a Shimadzu XD-D1

X-ray diffractometer. The crystallite size of ceria was

calculated from the 220 diffraction peak (47.5� 2h) based

on the Scherrer equation.

The TPR was carried out with a flow-type reactor

under the atmospheric pressure. Hydrogen (2 vol% in Ar;

30 mL/min) was passed through a quartz tube containing

the sample. The sample tube was heated with an electric

furnace, and the amount of H2 consumed was monitored

with a TCD detector of a gas chromatograph (Shimadzu

4CPT).

Nitrogen adsorption isotherms were measured using a

volumetric gas-sorption system (Quantachrome Autosorb-1).

3 Results and Discussion

3.1 Oxidation Activity and Characteristics of Ru/CeO2

Catalyst

Catalysts A and B1 prepared from the ceria obtained by the

solvothermal method showed higher activities than catalyst

D prepared by the conventional precipitation method

(Table 1). Although the BET surface area of catalyst B1

was lower than that of catalyst A, their performances were

essentially the same. The BET surface area of catalyst C

was much lower than that of catalyst D; however, these two

catalysts gave essentially the same benzaldehyde yield.

The oxidation activity of the Ru/CeO2 catalysts, therefore,

is not sensitive to their BET surface areas.
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Figure 1 shows the XRD patterns of the catalysts. All

the diffraction peaks detected for the catalysts A, B1 and D

are attributed to CeO2, suggesting that the Ru species were

highly dispersed on the CeO2. On the other hand, catalyst C

exhibited a peak due to RuO2 (2h = 358); a part of the Ru

species was crystallized.

The TPR measurement was carried out to see the

reduction behavior of Ru/CeO2 (Fig. 2). Catalysts A, B1

and D had only one reduction peak at around 75 �C, while

catalyst C exhibited two peaks at 75 and 85 �C. Previously,

we reported that the Ru species on CeO2 have two reduc-

tion peaks; the low-temperature peak is attributed to the

reduction of highly dispersed Ru species, and the high-

temperature peak is due to the reduction of bulk RuO2 [14].

Figure 2 indicates that catalysts A, B1, and D have only

highly dispersed Ru species, while catalyst C has both

highly dispersed Ru species and bulk RuO2. This result

accords with the XRD results.

In the previous work, we found that the active sites of

the Ru/CeO2 catalyst for benzyl alcohol oxidation are

highly dispersed Ru species [13], which have a pentaco-

ordinated structure formed from Ru–O–Ce and Ru = O

bonds [9]. Judging from the XRD analysis and TPR mea-

surement, the benzaldehyde yields of catalysts A, B1 and C

can correlate to the amount of the highly dispersed Ru

species on CeO2.

Catalysts B and C were prepared from the CeO2 coag-

ulate. Although this sample had both micro- and meso-

pores, it possessed a large pore volume due to micropores

as judged by the N2 adsorption isotherm (Fig. 3). We found

that only a small amount of the Ru species is loaded on the

surface inside the micropores of CeO2 coagulates by the

formalin reduction method [13] presumably because the Ru

metal particles formed by the reduction of Ru precursor

with formalin cannot penetrate into the micropores through

the narrow entrance of the pores. Therefore, a large part of

the Ru species in catalyst C was loaded on the outer surface

of CeO2 coagulates, making RuO2 particles grow large on

calcination. On the other hand, catalyst B was prepared

using a THF solution of a Ru compound that could diffuse

into the micropores of CeO2 coagulates, and Ru species

were, therefore, highly dispersed inside the micropores of

CeO2 coagulates.

The activity (benzaldehyde yield: 61%) of the catalyst

B2 was almost the same as catalyst B1. However, the

activity of catalyst B3 was low (benzaldehyde yield: 22%),

suggesting that chloride ions remaining in the catalyst

retarded the reaction.

In the process of preparing catalyst A, coagulation of

ceria colloid, precipitation of Ru species and reduction of Ru

by formalin take place simultaneously. In other words, Ru

loading and pore formation occur at the same time. There-

fore, Ru species can be loaded even on the surface inside the

micropores, leading to the high activity of this catalyst.

Table 1 BET surface area, H2 consumption and oxidation activity of Ru/CeO2

Methoda Ce source Ru source BET surface area

(m2/g)

H2 consumptionb

(9104 mol/g)

Benzyl alcohol

conservationc

(%)

Benzaldehyde

Selectivityc

(%)

Yieldc

(%)

A Ce colloid RuCl3�nH2O 135 8.7 78 79 60

B1 Ce coagulate Ru(acac)3 106 7.8 70 85 60

B2 Ce coagulate Ru3(CO)12 – – 67 91 61

B3 Ce coagulate RuCl3�nH2O – – 33 67 22

C Ce coagulate RuCl3�nH2O 80 7.3 (5.6)d 42 88 37

D Ce(NO3)3�6H2O RuCl3�nH2O 142 7.2 53 67 36

a See the text
b Theoretical H2 consumption based on the reduction, RuO2 ? H2 ? Ru0 ? 2H2O, is 4.0 9 10-4 mol/g
c After 4 h
d H2 consumption was calculated from the peak at low temperature range from 60 to 85 �C

Catalyst A

Catalyst B1

Catalyst C

Catalyst D

2θ/degree (CuKα)

In
te

ns
it

y 
(a

.u
.)

RuO2

30 32 34 36 38 40

Fig. 1 XRD patterns of Ru/CeO2 catalysts prepared by various

methods
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3.2 Reduction Behavior of Ru/CeO2 Catalyst

Table 1 also shows the amount of H2 consumed on the

Ru/CeO2 catalysts (Fig. 2). The theoretical hydrogen con-

sumption is calculated on the basis of the following

equation, assuming that all of the Ru species are in the

form of RuO2:

RuO2 þ 2H2 ! Ru0 þ 2H2O

The amounts of H2 consumed on all the Ru/CeO2 cata-

lysts were much larger than the theoretical value

(4.0 9 10-4 mol/g), indicating that the reduction of the

CeO2 occurred in addition to the reduction of the Ru

species.

Figure 4 shows the TPR profiles for catalyst D, RuO2

mixed with a-alumina, and CeO2-D. Two reduction peaks

appeared for pure CeO2. The low-temperature peak

observed at around 400 �C is attributed to the reduction of

the surface Ce species in a valence state of four, and the

peak at higher temperature is ascribed to the reduction of

lattice Ce4? [2]. On Ru loading, the reduction peak of

CeO2 at lower temperature disappeared. The amount of H2

consumed by Ru/CeO2 (Catalyst D, 7.2 9 10-4 mol/g) is

essentially the same as the total amount of H2 consumed by

RuO2/a-alumina (2.7 9 10-4 mol/g) and by the pure CeO2

sample at low-temperature (4.1 9 10-4 mol/g). These

results clearly indicate that the reduction of CeO2 surface is

accelerated by the Ru species loaded on the CeO2 particles

and occurs simultaneously with the reduction of the Ru

species.

The acceleration of reduction of CeO2 surface can be

explained either by hydrogen spillover from Ru species to

the surface of CeO2 facilitating the reduction of surface

Ce4? or by oxygen migration from CeO2 to Ru species

where the oxygen reacts with hydrogen yielding water.

TPR profiles of catalyst A measured with various

heating rates are shown in Fig. 5. The reduction peak of

Ru/CeO2 was observed at 47–60 �C at heating rate of

0.5 �C/min, and was shifted toward higher temperature

with the increase in heating rate. These results suggest that

the contact time of hydrogen with catalyst affected the

reduction temperature. Therefore, we concluded that the

oxygen migration is a rather slow process but can con-

tribute to the benzyl alcohol oxidation at 50 �C for 4 h.

Note that the apparent intensity of the reduction peak
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H
2
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um
pt
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n 

(a
.u

.)

Catalyst A

Catalyst B1

Catalyst C

Catalyst D
40 60 80 100 120

Fig. 2 TPR of Ru/CeO2 catalysts prepared by various methods.

Heating rate, 2 �C/min; Catalyst loading, 0.05 g; 2% of H2 in Ar

(30 mL/min)
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Fig. 3 N2 adsorption isotherm of CeO2 coagulate obtained by

coagulation of CeO2 colloid with 1 M NaOH
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Ru/CeO2 (catalyst D)

RuO2/α-Al2O3
a)

CeO2 (CeO2-D)
0 200 400 600 800

Fig. 4 TPR profiles of Ru/CeO2 (catalyst D), RuO2/a-Al2O3 (RuO2

was physically mixed with a-alumina. The Ru content was adjusted to

2 wt% on metal basis) and CeO2 (CeO2-D). Heating rate, 5 �C/min;

Catalyst loading, 0.1 g; 2% of H2 in Ar (30 mL/min)
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decreased with the decrease in the heating rate. This is

because the temperature is taken as the abscissa of the

figure and total hydrogen consumptions calculated by

integration of the TCD response with time were essentially

identical for the results with all the heating rates.

3.3 Reduction–oxidation Behavior of CeO2 Support

Close examination of the data shown in Table 1 revealed

that the benzyl alcohol conversion depended on H2 con-

sumption calculated from the TPR peak observed up to

85 �C. Although catalyst D has highly dispersed Ru species

(i.e., the XRD pattern and TPR profile of catalysts D were

essentially the same with those of catalyst A). Catalyst D

exhibited a low H2 consumption and a low benzyl alcohol

conversion. Since the H2 consumption calculated from the

TPR profile contains the H2 consumption due to reduction

40 60 80 100 120

Temperature ( )

T
C

D
 r

es
po

nc
e 

(a
.u

.)

a)

b)

c)

d)

Fig. 5 TPR profiles of Ru/CeO2 (catalyst A) at various heating rates;

(a), 0.5 �C/min; (b), 1 �C/min; (c), 2 �C/min; (d), 5 �C/min

Table 2 TPR of CeO2-A and CeO2-D

CeO2 source BET surface

area (m2/g)

Crystallyte

size (nm)

H2 consumed (9 10-4 mol/g) Extent of

reoxidationc

(%)First run Second run

La La Hb

CeO2-A CeO2 colloid 103 7.7 3.6 2.9 5.4 81

CeO2-D Ce(NO3)3�6H2O 139 7.4 4.1 2.5 4.3 61

a Low temperature peak
b High temperature peak
c Defined by (Lfirst/Lsecond) 9 100. Lfirst and Lsecond are the amounts of H2 consumed at low temperature region in the first and second runs,

respectively

200 300 400 500

950

T
em
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ra

tu
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Fig. 6 Repeated TPR analysis

of CeO2-A (solid line) and

CeO2-D (broken line).

Temperature diagram for the

experiment is given in the upper
part of the figure
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of CeO2 surface, inherent nature of CeO2 particles affects

the TPR behavior and thus the catalyst activity: Catalyst A

was prepared from the CeO2 colloids synthesized by the

solvothermal reaction of Ce metal, while catalyst D was

prepared from Ce(NO3)3. Therefore, the reduction–oxida-

tion behavior of pure CeO2 samples prepared from CeO2

colloids (CeO2-A) and Ce(NO3)3 (CeO2-D) was investi-

gated. Since the BET surface areas of CeO2 obtained by the

calcination at 500 �C (CeO2-A; 78 m2/g, CeO2-D; 111 m2/

g) were smaller than those of the Ru/CeO2 catalysts, the

CeO2 samples calcined at 400 �C were used in these

experiments. The BET surface areas of Ru/CeO2 catalysts

and the CeO2 samples calcined at 400 �C are shown in

Tables 1 and 2, respectively.

In the upper part of Fig. 6, the temperature diagram of

the experiment is shown. First, the sample was reduced at a

rate of 5 �C/min up to 500 �C, then, oxidized with O2 (20

vol% in He) at 300 �C for 1 h, and, finally, subjected to the

subsequent TPR procedure up to 950 �C. The results are

shown in the lower part of Fig. 6. The reduction of surface

CeO2 took place at lower temperature for CeO2-A than for

CeO2-D, indicating that their surface properties are differ-

ent. Intensity of the low-temperature peak at the second

reduction also differed between CeO2-A and CeO2-D:

Reduction of the surface of CeO2-A required a larger

amount of H2 as compared with CeO2-D (Table 2), indi-

cating that only a part of the surface of CeO2-D was re-

oxidized. Recovery of the oxidized state of the CeO2 sur-

face on re-oxidation treatment was calculated by comparing

the first and the second reduction peaks at low temperature

region. For CeO2-A, 81% of the original oxidized surface

was recovered, while only 61% for CeO2-D. These results

indicate that the surface of CeO2-A prepared from CeO2

colloids is more easily reduced (lower reduction tempera-

ture) and more easily re-oxidized than CeO2-D. In other

words, CeO2-A prepared from the CeO2 colloids has high

surface oxygen mobility. These results suggest that the high

performance of the Ru/CeO2 catalyst prepared from the

solvothermally synthesized CeO2 colloidal particles is due

to the high oxygen mobility of the CeO2 support.

4 Conclusions

Among the Ru/CeO2 catalysts prepared from CeO2 colloids

(catalysts A–C), catalysts A and B had higher activity for

the oxidation of benzyl alcohol than catalyst C. The TPR

and XRD analysis indicated that the Ru species in catalysts

A and B were highly dispersed on the CeO2 particles. The

oxidation activity of the Ru/CeO2 catalysts was sensitive to

the dispersion of the Ru species on the CeO2 particles, but

not to the surface area of the catalysts.

Catalyst A prepared from the ceria colloid showed

higher activity than catalyst D prepared by a precipitation

method. TPR analyses of the CeO2 supports indicated that

CeO2-A prepared from the CeO2 colloid was more easily

reduced and re-oxidized than CeO2-D prepared from

Ce(NO3)3. Therefore, the oxygen mobility of the CeO2

support and the dispersion state of Ru species are the key

factors for the oxidation activity of Ru/CeO2.
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