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ABSTRACT

This article presents a brief review of our recent studies on flowerlike nanostructured CeO
2
 materials. These materials are

monodispersed microspheres with peony appearance, open mesoporous structure, large specific surface area and nano-crystalline

feature. The applications of this type of novel material to SOFC, ethanol steam reforming and CO oxidation are introduced.
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1. Introduction

he energy demand is increased dramatically both in

China and in the world. It is observed that the content

of green house gas, especially CO
2
 in the atmosphere has

increased obviously. As a result, the global temperature

may rise with time. Therefore the utilization of sustainable

energy should be emphasized. 

Sustainable utilization energy includes at least two

issues: one is improving the efficiency of energy conversion.

Another is reducing pollution.

At present the most common primary energy sources are

coal, petroleum and nature gas. All of them contain carbon.

The utilization of carbon based energy source efficiently and

cleanly is an important strategy of the energy policy. 

Ceria (CeO
2
) has earned intensive interest in the past

decades because it plays a vital role in emerging technolo-

gies for environmental and energy related applications.1-5) It

is widely used as a promoter in three-way catalysts for the

elimination of toxic auto-exhaust gases, catalysts for low-

temperature water-gas shift reaction, fuel cells, oxygen sen-

sors and oxygen permeation membrane systems. Nano-crys-

talline CeO
2
 has showed improved and size dependent

properties. In particular, nano-crystalline CeO
2
 with high

surface area and open mesoporous structure is desired for

above applications in view of their potential kinetic advan-

tages. Actually, mesoporous ceria has shown great potential

as versatile catalysts and catalyst supports due to its high

surface area and increased dispersion of active secondary

components. 

Our recent studies on flowerlike CeO
2
 are reviewed briefly

in this article. 

2. Synthesis of flowerlike CeO
2

The flowerlike CeO
2
 materials were prepared by a hydro-

thermal method. The detailed process and synthesis mecha-

nism were described in our previous paper.6) This method

has also been used to prepare flowerlike La
2
O

3

7) and

10 mol% Y, La, Zr, Pr, Sn, Sm doped flowerlike CeO
2
.8)

These materials are monodispersed spherical particles. The

average diameter of the microspheres is about 1~5 µm. A

typical morphology is shown in Fig. 1. It has a peony flower

appearance. The microsphere is composed of many wrinkled

nano-sheets with an average thickness of about 20~30 nm.

These nano-sheets interweave together forming an open

porous structure. Fig. 2 shows that the microsphere has a

hollow texture and the pedal is composed of several nanom-

eter tiny grains. The 10 mol% doping has less influence on

the morphology of flowerlike CeO
2
, but the oxygen vacancy

concentration and the valence of Ce ion are varied with doping. 

3. F-CeO
2
 for SOFC

Solid oxide fuel cell (SOFC) combines the benefits of envi-

ronmentally benign power generation with fuel flexibility.

Hydrocarbons have been successfully oxidized electrochemi-

cally by using ceria based anode.9,10) Barnett group reported

a SOFC that combines a Ru–CeO
2
 catalyst layer with a con-

ventional anode, allowing internal reforming of iso-octane

without coking, making this solid oxide fuel cell a promising

candidate for practical and efficient fuel cell applications.11)

However, as pointed by the authors, one of the drawbacks to

the catalyst layer is that it reduces the rate at which fuel can

diffuse to the anode, thereby decreases cell power density.

The electrochemical reaction at the electrodes in SOFCs

occurs at the interface among gas, electronic conductor, and

oxygen ion conductor, which is termed as the triple-phase

boundary (TPB). Mesostructured materials show obvious

kinetic advantages over bulk materials used as components

T
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in SOFC.12,13) The advantages of using of mesoporous CeO
2

electrodes in SOFCs lie in facilitating gas diffusion and

extending the TPB length.

The flowerlike CeO
2
 has been used as a support material

for catalyst Ru in SOFC. A solid oxide fuel cell of Ru/ flower-

like CeO
2
//NiO-Ce

0.8
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1.9
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CoO

3

-Ce
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using 5% iso-octane-9% air-3% H
2
O-83% CO

2

as fuel has been investigated.14) A pronounced performance

improvement was observed when a Ru/CeO
2
 catalyst layer

was added to the anode side. The fuel cell with a normal

porous CeO
2 
catalyst layer yields maximum power density

of above 0.39 W/cm2, while the fuel cell without a catalyst

layer generates power densities only 0.081 W/cm2 at 600oC.

Especially, the fuel cell with a Ru/flowerlike CeO
2
 catalyst

layer yielded maximum power density up to 0.654 W cm-2 at

600 oC, a value significantly higher than those reported for

SOFC operated on the same fuel.11) The same cell shows bet-

ter performance using iso-octane even at 500oC. The SOFC

Fig. 1. SEM images of the flowerlike mesoporous CeO
2
 microspheres.

Fig. 2. TEM images of the flowerlike mesoporous CeO
2
 microspheres.

Fig. 3. (a) Voltage and power density versus current density for the anode supported SOFC at 500~600oC: Ru/ flowerlike CeO
2
//

NiO-Ce
0.8

Sm
0.2

O
1.9

//Ce
0.9

Gd
0.1

O
1.95

//Sm
0.5

Sr
0.5

CoO
3
-Ce

0.8
Sm

0.2
O

1.9
 using 5% iso-octane-9% air-3% H

2
O-83% CO

2
 at 100 ml min-1

as fuel. The fuel cell had the following geometries: diameter of 1.16 cm, anode thickness of 0.40 mm, electrolyte thickness of
35 µm, cathode thickness of 30 µm, and active area of 0.24 cm2. Single cells were sealed on one open end of an alumina tube
with silver paste. (b) The same SOFC using bioprocessing gas as fuel: 15.4% H

2
/4.2% CH

4
/14.7% CO/14.2 %CO

2
/51.6%N

2
. 
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using biomass processing gas (BPG) as fuel achieves similar

performance as iso-octane fuel, as shown in Fig. 3. 

According to the investigations by ac impedance spectroscopy

at open circuit from a SOFC at 600 oC, the Ru/flowerlike CeO
2

catalyst layer is most beneficial for the mass transport pro-

cesses, so the maximum power values were obtained among the

tested three fuel cells. Therefore, it can be concluded that the

flowerlike CeO
2
 can act as supporting matrix for catalyst mate-

rial in SOFC anode to achieve internal reforming of hydrocar-

bons fuels. The mesoporosity coupled with nano-crystallinity in

this material can enhance mass transport and in particular

maximize the three-phase-boundary length that controls the

simultaneous contact among gaseous reactant, electrocatalyst,

and electrode support.

Recently, we have also prepared flowerlike nanostructured

Ce
0.9

Sm
0.1

O
1.95

. Its BET area is 120 m2 g-1. Pure and Sm-doped

flowerlike CeO
2
 particles were dispersed with silver submicro-

particles as composite cathodes. The oxygen reduction behav-

iors of the electrodes composed of these materials were

studied in symmetrical cells.15) The electrode using the flower-

like Sm-doped CeO
2
 shows the highest oxygen reduction activ-

ities at low temperatures among all the tested samples. This

is related to the large BET area, the opened mesoporous struc-

ture, the nanocrystalline sheets as well as Sm-doping. These

structural and compositional features make contributions to

achieve large three phase boundary areas, high oxygen con-

ductivity and good electrical contact with the Ag. An area spe-

cific resistance below 0.6Ω cm2 has been achieved in the silver

based composite cathode at 600oC. This result is already com-

parable to that of some conventional cathodes and it exhibits

the potential use of the nanostructured doped ceria in conven-

tional oxide based composite cathodes. Although some further

optimizations are still required, flowerlike Ce
0.9

Sm
0.1

O
1.95

material exhibits promising features of applications in the

composite electrodes for intermediate temperature solid oxide

fuel cells (IT-SOFCs).

4. Flowerlike-CeO
2
 for hydrogen production

by ethanol reforming

The use of biomass-derived ethanol for the production of

hydrogen has significant interest for clean energy supply

and environmental protection. Ethanol reforming reactions

are also important reactions in either external reforming or

internal reforming processes in SOFC.

The catalytic activities of flowerlike CeO
2
 and flowerlike CeO

2

loaded by Cu, Ni, Ag respectively have been investigated for the

reactions of steam reforming of ethanol for producing H
2
. Cata-

lyst activity was evaluated in terms of ethanol conversion and

the selectivity of products. The catalyst “selectivity” of products

was defined as the mole fraction of each product. When Cu/

flowerlike CeO
2
 was used as catalyst, the conversion of ethanol

reached 100% in the range of 300~650oC.6) It produces a hydro-

gen-rich gas mixture in the wide temperature range

(300~500oC). No liquid products were detected, such as acetone

or acetaldehyde. At 300oC, typical steam reforming of ethanol

and water-gas-shift (WGS) reactions occurred obviously. The

H
2 
selectivity reached maximum value of 74.9 mol%, compared

with previously reported data using Ni/Y
2
O

3
, Ni/La

2
O

3
 and Ni/

Al
2
O

3
 as catalysts,16,17) the catalytic properties are obviously

improved in view of the H
2
 selectivity. This type of catalysts

shows very low CO selectivity below 300oC, which is related to

its strong CO oxidation ability, as discussed in later section. 

Fig. 4 shows SEM images of Ag-loaded flowerlike CeO
2
. It

Fig. 4. SEM images of nano-Ag loaded the flowerlike mesoporous CeO
2
 microspheres (8wt% Ag loading).

Fig. 5. Conversion of ethanol (C
EtOH

) and selectivity of prod-
ucts obtained over the Ag/flowerlike CeO

2
 catalyst as

a function of temperature. H
2
O/EtOH mol ratio 3:1.
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can be seen that flowerlike CeO
2
 has an advantage to dis-

perse nanosized Ag particle (20~30 nm) uniformly. The eth-

anol reforming results of nano-Ag/flowerlike CeO
2
 catalyst

is shown in Fig. 5. It shows very high activity at 250~350oC

with high hydrogen selectivity. It seems that part of water

is also involved in hydrogen production.

It should be mentioned that flowerlike CeO
2
 as supports

for ethanol reforming show high stability. The conversion of

ethanol and selectivity of products for Cu/CeO
2
 did not show

significant decay when it was tested at 550oC for 60 h. And

more recently NiO/flowerlike CeO
2
 showed a stable activity

at 350oC for 550 h.18) 

5. Flowerlike CeO
2
 based catalyst for

low-temperature CO oxidation

The oxidation of CO has attracted great interests for

decades since it is related to many important applications,

such as retreating industrial and automotive exhaust, and

removing trace CO from H
2
 for fuel cells. Noble metals

based catalyst, such as, Au/TiO
2
 have shown high activities

for low-temperature CO oxidation. Recently, many research-

ers have focused on transition metal catalysts. Among

them, Au and Cu supported on cerium oxides exhibited high

activity for CO oxidation.19-22) Au, Ag, Cu, Ni, Mn loading

and La, Zr, Pr, Sn doping on/in flowerlike CeO
2
 have been

investigated by us.23,24)

After loading with Au, Cu, Ag, Ni and Mn, low-tempera-

ture catalytic activity toward CO oxidation reaction are

much enhanced compared to unloaded flowerlike CeO
2
, as

shown in Fig. 6. Especially, for the Au-loaded flowerlike

CeO
2
 microsphere catalysts, CO gas starts its conversion

into CO
2
 above 80% at room temperature. In view of low

cost, Cu is quite attractive. It is obviously that flowerlike

mesoporous CeO
2
 is much better as support than normal

mesoporous CeO
2
 or commercial CeO

2
. A preliminary obser-

vation has shown that the catalytic activity did not decay

for 4000 min and no coking was observed after test. 

Doping effects are also observed. Mesoporous flowerlike Y,

La, Zr, Pr and Sn doped ceria have been prepared through

the hydrothermal method.8) The flowerlike structure of ceria

is maintained after doping at 10 mol% doping level. They all

have large surface area (>100 m2/g), similar pore size

parameters (pore size ~ 3.9 nm) and nano-crystalline nature

(grain size < 10 nm). Their physical and chemical properties

are tuned by different dopants. It is noticed that grain sizes

are increased from less than 10 nm to above 20 nm for all

flowerlike materials after calcinating at 800oC under reduc-

ing and oxidizing atmosphere. The doped materials show rel-

atively high stability against the grain growth. The catalytic

activities of all flowerlike ceria materials for CO conversion

are quite high (200<T
50

<320oC). Among these flowerlike

materials, Pr and Sn doped ceria show higher activity while

La, Y, Zr doped ceria show decreased activity compared to

undoped ceria. This is related to the difference in redox abil-

ity. Pr and Sn have variable valence property. La, Y, Zr dop-

ing introduces more oxygen vacancies than Ce3+, consequently

the redox ability is decreased.

6. Summary

Pure flowerlike CeO
2
 as well as doped and loaded deriva-

tive materials have been prepared by hydrothermal meth-

ods. They show large surface area, open mesoporous

structure with 3~5 nm grains. Flowerlike texture with open

mesoporous structure is beneficial to gas diffusion and

adsorption and uniform dispersion of loaded particles. CeO
2

is an active support for redox reaction. After loading and

doping, the redox ability and catalytic ability towards CO

oxidation, ethanol reforming, oxygen reduction as well as

internal reforming reactions in SOFC can be tuned further.

Some of them show superior performances. Flowerlike CeO
2

materials are stable below 600oC. Therefore, it is believed

that these new materials could be used as catalysts for a

variety of reactions. 
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