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ABSTRACT

A SiC-CeO
2
 composite membrane was successfully fabricated using an ally-hydridopolycarbosilane (AHPCS) binder and treated

by dip-coating at 60 times with a CeO
2
 sol solution. The dip-coated SiC membrane was calcined at 773 K and then sintered at

1173 K under an air atmosphere. The coated membrane was characterized by X-ray diffraction (XRD), field-emission scanning

electron microscopy (FE-SEM) and a BET surface analysis. The difference in permeation performance between H
2
 and CO gases

was measured by varying the temperature. The permeation flux of H
2
 on the SiC membrane with layered CeO

2
 was obtained as

8.45 × 10−6 mol/m2sPa at room temperature. The CO permeation flux was 2.64 × 10-6 mol/m2sPa at room temperature. The reac-

tion enthalpy (ΔH°) for the hydrogen permeation process was calculated as −7.82 J/mol by Arrhenius plots.
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1. Introduction

ydrogen energy is of considerable interest for various

applications such as polymer electrolyte membrane fuel

cells (PEMFCs) and supply and storage carriers, and a

great deal of research accordingly has been conducted on

separation, production, and transportation of hydrogen.1,2)

Also, silicon carbide (SiC) is an attractive candidate for

hydrogen separation ceramic membranes because of its

good thermal properties and hardness at high temperature.

In addition, SiC is a promising material for use in catalyst

carriers and filters owing to its excellent thermal, mechani-

cal and chemical stability.3,4) Especially recycled SiC sludge

from the solar cell industry can be used because it is eco-

friendly and this would concurrently reduce the amount of

industrial waste.5,6)

A number of oxides have been added to SiC matrices to

prepare dense membranes and control the microstructure,

including the pore size in particular. The use of CeO
2
 leads

to improved proton conductivity and it is appropriate for a

hydrogen separation membrane because it induces electron

conductivity by reduction.7,8)

In order to prepare the CeO
2
 dip-coated SiC based mem-

brane, a sol-gel process was used to cover the SiC mem-

brane as a first layer. The sol-gel process is known to afford

good control of stoichiometry. Moreover, it is an effective

method to control the pore size and distribution for obtain-

ing high-surface area supports.9) In this study, we discuss

the fabrication of a SiC-CeO
2
 membrane by a dip-coating

process and the mechanism underlying the difference in H
2

and CO gases flux between SiC and SiC-CeO
2
 membrane.

2. Experimental Procedure

2.1. Preparation of the CeO
2
 sol solution

Cerium (III) nitrate hexahydrate (Ce(NO
3
)
3
· 6H

2
O) (99%,

CAS No.10294-41-4, Aldrich) was dissolved in distilled water

with a mole ratio of Ce : H
2
O = 1 : 100 at 353 K. As an acid cat-

alyst, nitric acid (HNO
3
) was added and refluxed overnight to

obtain the CeO
2
 sol solution via a sol-gel process. 

2.2. Fabrication of the SiC-CeO
2
 membrane by dip-

coating process

SiC (325 mesh) (BIT. Co., Ltd) generated from the solar

cell industry was used as a support membrane. Purified SiC

powders were ball-milled with ally-hydridopolycarbosilane

(AHPCS) for 24 h. The well-blended SiC powders were

pressed in a mold with a diameter of 14.5 mm and a thickness

of 2 mm by uniaxial pressing at 20 MPa. The molded mem-

brane was pressurelessly sintered at 1173 K for 2 h under an

Ar atmosphere. For the dip-coating process, a CeO
2
 sol solu-

tion was prepared at 1.60 cP viscosity. The fabricated SiC

membrane designed for use as a support was dip-coated in the

CeO
2
 sol solution at a constant dipping speed of 0.1 mm2/s 60

times. This membrane was heat-treated to complete the for-

mation of a dense CeO
2
 layer on the SiC membrane at 1173 K

for 2 h under an air atmosphere. 

2.3. Characterization and gas permeation test

The phase composition of the crystal structure on the SiC-

CeO
2
 membrane was determined by X-ray diffraction

H
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(Bruker D8, Focus, Cukα, 40 Kv, 40 mA) (λ = 1.5406) fol-

lowed by Rietveld structure refinement for a quantitative

analysis. The surface microstructure and morphology of the

membrane were observed using a Field Emission-Scanning

Electron Microscope (JEOL-JMS 7500F). The pore size dis-

tribution was analyzed by the Barrett-Joyner-Halenda

(BJH) method. The Brunner-Emmett-Teller (BET) (BEL-

SORP-max, mini II) technique was used to measure the

adsorption-desorption of N
2
 gas according to surface area

(m2/g). A permeation measurement analyzer (Fig. 1), which

consisted of a pressure controller, mass flow controller

(MFC), and stainless steel 1.4-inch cell was constructed to

withstand high temperature. The permeation performance

of H
2
/CO gases was evaluated at room temperature to 573 K

under 0.03 MPa.

3. Results and Discussion

From the XRD spectrums, the SiC membrane dip-coated

by CeO
2
 and the untreated SiC membrane are observed to

be crystalline, as presented in Fig. 2. Based on the results of

the crystalline phase analysis, SiC peaks were assigned to

α-phase of a hexagonal and β-phase of a cubic structure in

all cases. After the dip-coating process, CeO
2
 peaks having

small intensity indicated that CeO
2 
existed as nanoparticles

and the diffraction peaks are indexed to a cubic structure

(JCPDS file No.03-065-2975). By means of Rietveld refine-

ment, it was observed that the crystal size of CeO
2 
was redu-

ced from an initial value of 42.5 nm to 38.4 nm after the test.

FE-SEM images of the membranes prepared after sinter-

ing at 1173 K are provided in Fig. 3. The membranes appear

to be similar at low magnification, but enlarged images

(×10,000) in Fig. 3(d) show obvious differences with the

presence of large grains by crystallite aggregation. In agree-

ment with the results of XRD spectrums, the morphology of

the layered CeO
2  

coating is characterized by a particle size

reduction, as shown in Fig. 4. The CeO
2
 particles contracted

due to a strong tendency toward reduction. The particle size

of CeO
2
 is 35 ~ 50 nm in the FE-SEM data, consistent with

the results of XRD Rietveld refinement.

Porosity, determined by the Archimedes method, of the

SiC membrane and SiC-CeO
2
 membrane was 27.43% and

21.87%, respectively. The porosity of the SiC-CeO
2
 mem-

brane was reduced by the dip-coating process. The total

pore volume and pore size of the SiC-CeO
2
 membrane are

shown in Fig. 5. According to the results of a N
2 
adsorption-

desorption analysis, the SiC-CeO
2
 membrane exhibits a typ-

ical type IV isotherm, with a H2 hysteresis loop defined by

IUPAC (International Union of Pure and Applied Chemis-

try). This indicates a mesoporous structure with the follow-

Fig. 1. Schematicof the experimental equipment.

Fig. 2. XRD patterns of the SiC and the SiC-CeO
2
 mem-

brane before and after hydrogen permeation tests.

Fig. 3. FE-SEM micrographs of surface with different mag-
nification of (a), (b) on the SiC membrane and (c), (d)
on the SiC-CeO

2
 membrane.

Fig. 4. FE-SEM micrographs of (a) surface, (b) cross section
before hydrogen permeation test and (c) surface, (d)
cross section after hydrogen permeation test on the
SiC-CeO

2
 membrane.
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ing distinct properties. The membrane developed a H2

hysteresis loop, demonstrating the existence of ink-bottle-

like pores, each having a narrow entrance and a large cav-

ity, as shown in Fig. 5(a). The corresponding BJH pore size

distributions for this membrane are narrow with average

pore diameter of 5.9 nm, as indicated in Fig. 5(b).

Fig. 6 summarizes the results of the permeation flux

(mol/m2s2Pa) on the SiC-CeO
2
 membrane to assess its per-

formance as a separation membrane with H
2
 and CO gases

with increasing temprature. The hydrogen permeation flux

of the SiC-CeO
2
 membrane shows a decreasing tendency

with increasing temperature. The hydrogen permeation flux

of the SiC-CeO
2
 membrane, which was obtained as 8.6 × 10−6

mol/m2sPa, is the highest at room temperature. Otherwise,

the CO permeation flux at the same temperature was obtai-

ned as 2.64 × 10−6 mol/m2sPa. The permselectivity of H
2
/CO

is 3.27 ± 0.015 (standard deviation). On the other hand, the

SiC membrane without the dip-coating process shows simi-

lar permeation flux between H
2
 and CO. The SiC-CeO

2

membrane follows a typical Knudsen diffusion mechanism,

where permeation is in inverse proportion to increasing

temperature.

Fig. 7 shows the Arrhenius plots of all the permeation

tests. The SiC-CeO
2
 membrane have been reacted as endo-

thermic processwithin the range of temperature 298 K to

573 K.

4.Conclusions

Nano-crystalline cerium oxide (CeO
2
) particles on the sur-

face of a SiC membrane have been successfully prepared by

a dip-coating process. The SiC-CeO
2
 membrane was fabri-

cated using a pressureless method and evaluated via gas

permeation tests. The dip-coating process not only provided

a porous microstructure, but also promoted the formation of

nano-sized CeO
2
 on the surface and the cross section of the

membrane. The dip-coating process could be used to control

the porosity and density of the membrane and thereby influ-

ence the membrane’s gas permeation properties.
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