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This review describes recent progress in the development of hydrogen-permselective ceramic membranes derived

from organometallic precursors. Microstructure and gas transport property of microporous amorphous silica-

based membranes are briefly described. Then, high-temperature hydrogen permselectivity, hydrothermal stabili-

ty as well as hydrogen�steam selectivity of the amorphous silica-based membranes are discussed from a view-

point of application to membrane reactors for conversion enhancement in the methane steam reforming reac-

tion, which leading to development of a novel highly efficient hydrogen production system. Novel nickel �Ni�-

nanoparticles dispersed amorphous silica-based membranes with a unique hydrogen permselectivity, and poly-

mer-derived amorphous Si–�B�–C–N membranes having enhanced thermal and chemical stability are also dis-

cussed to develop novel ceramic membranes for high-temperature separation of hydrogen.
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1. Introduction

B
ECAUSE of concerns about global warming, increasing

attention has been directed towards finding an alternative

to fossil fuels, of which hydrogen is rapidly becoming one of

the leading candidates. Hydrogen can be used in combustion

devices and fuel cells without production of polluting green-

house gases. Today, most hydrogen is produced through

steam reforming of natural gas, described by the reaction:

CH4�H2O� 3H2�CO–206 kJ�mol �1�

This reaction is endothermic, and the methane �CH4��

hydrogen �H2� conversion efficiency is limited by thermo-

dynamic equilibrium. Generally, the reactor is operated at

approximately 1073 K. The synthesis gas then proceeds to a

water-gas shift reactor where steam and carbon monoxide

�CO� can be converted into more H2 and carbon dioxide

�CO2�. Finally, H2 must be separated from the mixed gas

using an adsorption technology such as pressure swing adsorp-

tion �PSA�. Due to the higher operation temperature and

several complicated purification steps, the cost to produce H2

with these current technologies is too high for it to be an alter-

native to the conventional hydrocarbon fuels.

It is well known that the application of high-temperature

membrane reactors to this steam reforming step has the

potential to achieve the same conversion efficiencies as those

attained in conventional reactors at a significantly lower

temperature of about 773 K.1�–4� In addition, membrane reac-

tors may simplify the process of producing H2 from natural

gas and purifying it by combining these processes into a single

step, leading to development of a novel highly efficient hydro-

gen production system.

For application to high-temperature membrane reactors,

two types of inorganic membranes are considered: dense pal-

ladium-based membranes and porous ceramic membranes.

Palladium-based membranes, while exhibiting excellent H2

permselectivity, suffer from a number of drawbacks: they

are very expensive, susceptible to poisoning by sulfur and

prone to formation of pinholes or cracks as a result of

hydrogen embrittlement. Organometallic precursors-derived

ceramic membranes with micropores smaller than one nano-

meter have great potential for gas separation. Compared with

polymer membranes, microporous ceramic membranes with

molecular sieve-like properties have relatively high gas perme-

ances and a good stability at higher-temperatures, and they

have been expected to use in membrane reactors for the con-

version enhancement in dehydrogenation of hydrocarbons5� as

well as in the methane steam reforming reaction mentioned

above. The present review describes recent progress in the

development of precursors-derived microporous ceramic

membranes for high-temperature separation of hydrogen,

especially focused on amorphous silica-based membranes,

novel amorphous silica-based nanocomposite membranes with

a unique H2-permselectivity, and polymer-derived thermally

and chemically stable amorphous Si–�B�–C–N membranes.

2. Microporous amorphous silica-based membranes

2.1 Microstructure and gas transport property

Precursors-derived microporous amorphous silica-based

membranes are well known for their H2 permselectivity, and

generally fabricated as a thin film on a permeable alumina

�Al2O3� porous support. The Al2O3 support has a graded and

layered porous structure with macropores in a-Al2O3 support

layers to mesopores in a g-Al2O3 surface thin layer. The pore

size of the Al2O3 support decreases layerwise from several

hundred nanometers to an average pore size of about 4 nm for

the g-Al2O3 surface thin layer.6�,7� A typical transmission

electron micrograph �TEM� of a focused ion beam cross

section of a microporous ceramic membrane on a porous

Al2O3 support
8� is shown in Fig. 1.

The overall gas transport properties of a porous support are

examined to study the effect of defect formations such as pin-

hole and cracks in the microporous ceramic membranes, and

gas transport resistance in the porous support. Possible gas

transport mechanisms are Knudsen's diffusion, viscous flow,

and molecular diffusion. The dominant mechanism for the gas

transport properties depends on the Knudsen's number �Kn�:

Kn
�

l

Dp

; l�
kT

2 sp
�2�

where l is the mean free path length of a gas molecule, Dp the
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Fig. 1. Cross-sectional TEM image of a precursor-derived micro-

porous ceramic membrane fabricated on a porous support. �a�

microporous membrane, �b� mesoporous g-Al2O3 thin layer and �c�

a-Al2O3 macroporous support.

Fig. 2. Mesoporous anodic alumina capillary �MAAC� tube synthe-

sized by a novel pulse sequential anodic oxidation technique: �a�

Optical microscope image, �b� Schema, and �c� Cross sectional TEM

image of the near outer surface area fabricated by changing the

anodizing voltage in steps.

Fig. 3. Gas permeation behaviors at 773 K of a MAAC tube and a

sol–gel derived amorphous silica membrane fabricated on the MAAC

tube. �a� Variation of gas permeances through a MAAC tube with

M�0.5, and �b� Gas permeances as a function of kinetic diameter of

gas molecules. �: MAAC tube, �: amorphous silica membrane.
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pore radius, k the Boltzmann constant, T the temperature, s

the collision cross section of a gas molecule, and p the gas

pressure. Knudsen's diffusion dominates at the Kn�1, and

the permeance �Q� can be described by following equation:9�

Q�
eDp

tL �
8

9pMRT�
1�2

�3�

where e is the porosity,Dp the pore daiameter, t the tortuosity,

L the mean membrane thickness, R the gas constant, T the

temperature, and M the molecular weight.

The gas diffusion resistance of the mesoporous g-Al2O3

surface thin layer is much larger than that of the macroporous

a-Al2O3 support. Therefore, the overall gas transport proper-

ties of the Al2O3 porous support are considered to be governed

mainly by the transport properties of the mesoporous g-Al2O3

surface thin layer. The ratios of the lengths of mean free paths

of the gas molecules such as H2, CO2, CO and CH4, and the

mean pore size of the mesoporous g-Al2O3 surface thin layer

are approximately 30 to 120.10� The gas permeation behaviors

through the mesoporous g-Al2O3-coated a-Al2O3 porous sup-

port have been experimentally confirmed to show Knudsen's

diffusion characteristics as predicted.10�,11�

To study the gas transport properties of a microporous

amorphous silica-based membrane on a porous Al2O3 support

systematically, a mesoporous anodic alumina capillary

�MAAC� tube having highly oriented radial mesopore

channels was used as an ideal alumina-based support with a

graded and layered porous structure �Fig. 2�. The mean pore

diameters of region I, II and III in Fig. 2�c� were about 3–4

nm, 6 nm and 16 nm, respectively.12�,13� Single gas permeance

through the MAAC tube was evaluated for helium �He�, H2,

CO2, argon �Ar� and nitrogen �N2� at 773 K. As shown in

Fig. 3�a�, the gas permeance was proportionate to the

reciprocal of the square root of the molecular weight �M�.

The H2�He permselectivity given by the ratioQH2
�QHe was 1.4,

which was well consistent with the theoretical value �1.41�

based on the Knudsen's diffusion. The dominant mechanism

for the gas permeation behaviors through the MAAC tube

could be well explained by the Knudsen's diffusion, which

indicating that the MAAC tube was defect-free, and the gas

molecules could permeate only through the radial mesopore

channels in the MAAC tube.12�

Figure 3�b� shows gas permeation behaviors at 773 K of

a sol–gel derived amorphous silica membrane fabricated on

the MAAC tube.14� The gas permeance order apparently
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Fig. 4. H2 permselectivity of precursors derived microporous amor-

phous silica-based membranes measured under �: dry condition at

773–798 K, : hydrothermal condition at 773 K �steam 75–90 kPa�.

The literature data21–38� measured under dry condition at permea-

tion temperatures ranging from �: 573 K�T�673 K, �: 673 K�T

�773 K and �:773 K�T�873 K were taken and plotted.
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changed, and followed the kinetic diameter of the gas molec-

ules, He �0.260�	H2�0.289�	CO2�0.330�	Ar�0.340�	N2

�0.364�.15� The permeances of the smaller gas molecules below

0.3 nm �He and H2� were much higher than those of other gas

molecules with larger dimensions. This could be recognized as

the molecular sieve-like property of microporous amorphous

silica membranes.

Recently, Oyama et al. analyzed and discussed on the selec-

tivity and transport mechanism for the smaller gas molecules

�He and H2� through amorphous silica membranes synthe-

sized by the chemical vapor deposition �CVD� method.16�

They employed a permeation mechanism of molecular diffu-

sion in which gas molecules adsorb in the solubility sites and

then diffuse through the amorphous silica by jumping to

adjacent solubility sites under the driving force of a concentra-

tion gradient. The solubility sites were thought to be approxi-

mately 0.3 nm in diameter, and formed from cavities in the

amorphous silica similar to a disordered form of b-crystoba-

lite containing 5 to 8 membered rings.17� The well controlled

size of the solubility site in the amorphous silica could restrict

sorption of the larger gas molecules above 0.3 nm in kinetic

diameter, which resulted in the excluding passage of CO2, CO

and CH4 through the amorphous silica membranes.

The theory for the permeation mechanism of He and H2

could be adapted from an existing classical statistical mechan-

ics treatment for vitreous silica glasses.18�–20� A monatomic gas

permeance through silica glass has been expressed by the fol-

lowing equation,

Q�
1

6L �
d 2

h��
h2

2pmkT�
3�2



NS�NA

�e hv��2kT�e�hv��2kT�2
e�DEK�RT �4�

where Q is the permeance of a monatomic gas, L the mem-

brane thickness, d the jump distance, h the Planck's constant,

k the Boltzmann constant, m the mass of the species, NS the

number of solubility sites available�m3 of glass volume, NA

the Avogadro's number, n�the vibrational frequency of gas

molecules on the doorway sites, R the gas constant, T the

temperature, and EK the activation energy for hopping

between sorption sites.20� This permeance model could be

applied to H2 in a similar form taking into account loss of

rotational freedom at the doorway sites through the factor

sh2��8pIkT�1�2�0.2, where s is the symmetry factor �2� for

H2, I is its moment of inertia, and the exponent, 0.2 is empiri-

cal. The two key parameters of d and NS obtained by the Per-

kus-Yevick treatment of their experimental data were 0.8 nm

and 1026 m�3, respectively, which could be physically realistic

to explain the CVD-derived lower dense amorphous silica net-

work structure compared to the vitreous silica glasses.16�

2.2 High-temperature hydrogen permselectivity

Figure 4 shows the H2 permselectivity of the amorphous

silica-based membranes synthesized by the CVD or chemi-

cal vapor infiltration �CVI�,21�–34� sol–gel,35�–37� and polymer

pyrolysis38� methods. The literature data measured at permea-

tion temperatures ranging from 573 to 873 K were taken and

plotted. The amorphous silica-based membranes generally

exhibit a trade-off relationship between the H2�N2 selectivity

and H2 permeance, and there is an empirical upper bound in

performance shown by a broken line in Fig. 4. Compared with

the higher-performance of palladium-based membranes, the

amorphous silica-based membranes need to surpass this

bound. Furthermore, hydrothermal stability and H2�steam

selectivity of the amorphous silica-based membranes are also

important properties to apply for steam reforming reactions as

a hydrogen permselective membrane reactor.

Recently, Kanezashi and Asaeda studied on the hydrother-

mal stability and H2�steam selectivity of sol–gel derived nickel

�Ni�-doped amorphous silica membranes having Si�Ni atomic

ratios ranging from 4�1 to 1�1.39� The membranes were fabri-

cated on a porous a-Al2O3 support coated with hydrothermal-

ly stable zirconium-doped amorphous silica.40� After hydro-

thermal treatment at 923 K, the amorphous silica-based mem-

brane with Si�Ni�2�1 showed H2 permeance of 3.5
10�7

�mol�m�2�s�1�Pa�1� at 773 K, while H2�N2 permselectivity

was measured to be 480 �A in Fig. 4�. Even after the

hydrothermal treatment �steam: 90 Pa� at 773 K for one

week, the membrane exhibited relatively high H2 permeance,

2.0
10�7 �mol�m�2�s�1�Pa�1� with H2�N2 permselectivity

of 400. The H2�steam selectivity was also found to be depen-

dent on the Ni content, giving a maximum observed selectivity

of 37 for the Ni-doped amorphous silica membrane �Si�Ni�

1�1�.39�

Nomura et al. also developed stable amorphous silica

membranes by using the counter diffusion CVD method where

two kinds of reactants, tetramethylorthosilicate �Si�OCH3�4,

TMOS� and oxygen �O2� were supplied from the opposite

side of the mesoporous g-Al2O3-coated a-Al2O3 porous

support.41�,42� At 773 K, the H2 permeance and H2�N2 per-

mselectivity of the CVD-derived amorphous silica membrane

achieved 1.2
10�7 �mol�m�2�s�1�Pa�1� and 1800, respec-

tively. Even under a severe hydrothermal condition of steam�

N2�3 at 773 K, the H2�N2 permselectivity was kept over 800

for 82 h �B in Fig. 4�, and the H2�steam selectivity was found

to be 290.42�

Further study on the microstructure refinement for the

counter diffusion CVD-derived amorphous silica membranes

has been performed as a collaboration research work between

The University of Tokyo and JFCC. The performance of the

amorphous silica membrane could successfully reach above
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Fig. 5. High-performance microporous amorphous silica membrane

synthesized by the counter diffusion CVD method. �a� Typical cross-

sectional TEM image of the membrane fabricated on a mesoporous

g-Al2O3-coated a-Al2O3 porous support, and �b� Distribution of

Si�Al ratios for the mesoporous g-Al2O3 surface thin layer by EDS

analysis. Fig. 6. Cross-sectional TEM images of a precursor-derived Si–Ni–O

membrane �Ni��Si�Ni��0.3� on a MAAC tube. �a� As-synthe-

sized, and �b� After heat treatment in hydrogen.
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the upper bound, the H2 permeance and H2�N2 permselectivity

at 798 K were measured to be 1.2
10�7 �mol�m�2�s�1�

Pa�1� and 12200, respectively �C in Fig. 4�.11� A typical

cross-sectional TEM image of the high-performance amor-

phous silica membrane fabricated on a mesoporous g-Al2O3-

coated a-Al2O3 porous support is shown in Fig. 5�a�. The

mesoporous g-Al2O3 was observed as a defect-free surface thin

layer having a thickness of approximately 2.3 mm. The results

of EDS analysis showed that the entire surface thin layer was

composed of aluminum, silicon and oxygen, and the amor-

phous silica membrane was found to be formed at the contact

points of TMOS and O2 inside the mesoporous g-Al2O3 sur-

face thin layer. The Si�Al atomic ratios of the surface thin

layer evaluated by the EDS analysis are shown in Fig. 5�b�.

For minimizing pressure drop, the mesoprous g-Al2O3 surface

thin layer was gradually modified with amorphous silica as

designed, and the effective amorphous silica membrane thick-

ness for gas separation could be estimated to be 180 nm.11�

3. Novel amorphous silica-based nanocomposite

membranes

As mentioned in the previous section, amorphous silica-

based composite membranes have been investigated in order

to enhance their thermal and hydrothermal stabilities for prac-

tical application, and the composite membrane with a mixed-

oxide system such as Si–Ni–O showed a better hydrothermal

stability.39� Recently, another type of composite membranes,

nanoparticle-dispersed amorphous silica-based membranes

have been designed and synthesized. Some metals with high-

temperature H2 affinity have been selected for the nanoparti-

cles. This is expected to be essential to enhance the high-tem-

perature H2 permselectivity of the amorphous silica-based

membranes. Based on the design concept mentioned above,

novel Ni nanoparticle-dispersed amorphous silica membranes

have been synthesized by an in-situ compositing method com-

posed of three main processes:43� �1� preparation of a homo-

geneous solution precursor for the Si–Ni–O system, �2� dip-

coating of the solution precursor on a MAAC tube �Fig. 2�,

and �3� heat treatment at 873 K in air, followed by an addi-

tional heat treatment at 773 K under a H2 flow. A cross-sec-

tional TEM image of an as-synthesized membrane is shown in

Fig. 6�a�. The precursor-derived amorphous Si–Ni–O layer

was located on a MAAC tube with a thickness of about 400

nm. During the 773 K-heat treatment under flowing H2,

nanometer-sized Ni particles having a size range of about 5–10

nm were found to be in-situ formed both within the Si–Ni–O

layer and mesopore channels of the MAAC tube �Fig. 6�b��.

The novel nanocomposite membranes having Ni��Si�Ni�

ratios ranging from 0.1 to 0.3 showed a molecular sieve-like

property, and the permeances of He and H2 were apparently

higher than those of other larger gas molecules. However, as

shown in Fig. 7�a�, the H2 permeance at 773 K of the compo-

site membranes increased selectively with increasing the Ni

content, i.e. Ni��Si�Ni� ratio. As a result, the H2 permeance

reached the highest value of 1.3
10�7 �mol�m�2�s�1�Pa�1�

at the Ni��Si�Ni� ratio of 0.3, and the permselectivites of

H2�He and H2�CO2 were measured to be 5 and 89, respectively

�Fig. 7�b��.

To study the mechanism for the unique H2 permselectivity,

H2 chemisorption isotherm analysis was performed on the

powdered samples of the precursors-derived Ni-nanoparticle

dispersed amorphous silica, Ni, and Ni-free amorphous

silica.44� At the first step, an isotherm analysis at 773 K was

performed to measure a total amount of adsorbed H2, which

was the sum of the strongly and weakly adsorbed H2 on the

sample. Then, the sample was exposed to high vacuum at

773 K to remove the weakly �reversibly� adsorbed H2 from the

sample. Then, the second isotherm analysis was performed to

evaluate the amount of the reversibly adsorbed H2. The results

are summarized and shown in Fig. 8. An apparent reversible

H2 adsorption was observed for the Ni-nanoparticle dispersed

amorphous silica powder, while the Ni power exhibited only

irreversible strong H2 adsorption, and the Ni-free amorphous

silica powder showed no interaction with H2. Subsequent

research work on the effect of Ni content on the high-tempera-

ture H2 adsorption property revealed that there was no simple

proportionality between the Ni content and the amount of

reversibly adsorbed H2. The highest amount of the reversibly

adsorbed H2 was achieved at around the Ni��Ni�Si� atomic

ratio of 0.20 to 0.33, when Ni nanoparticles approached to

saturate in the amorphous silica matrix.45� Consequently, the

reversible H2 adsorption could be an important property for

the selective enhancement in the H2 permeance at 773 K of the

novel Ni-nanoparticle dispersed amorphous silica membranes.

Study on other amorphous silica-based nanocomposite sys-

tems for further enhancement in the H2 permeance is under in-
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Fig. 7. Gas permeation behaviors at T�773 K of Ni nanoparticle-

dispersed amorphous silica membranes. �a� Relation between H2 per-

meance and H2�He permeselectivity of membranes with Ni��Si�Ni�

atomic ratios ranging from 0.1 to 0.3, and �b� Gas permeation behav-

iors evaluated for the membrane �Ni��Si�Ni��0.3� showing selec-

tive enhancement of H2 permeance by Ni nanoparticles dispersion.

Fig. 8. Hydrogen chemisorption isotherms at 773 K of precursors-

derived powdered samples showing �a� Total amount of H2 adsorp-

tion, and �b� Reversibly adsorbed H2.�: Ni, 	: Ni-nanoparticle dis-

persed amorphous silica with Ni��Si�Ni��0.3, and 
: Ni-free

amorphous silica.
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vestigation.

4. Polymer-derived amorphous Si–�B�–C–N membranes

Organometallic precursors-derived amorphous silicon car-

bonitride �Si–C–N� ceramics were found to show enhanced

thermal stability compared to the binary Si–N or Si–C amor-

phous ceramics,46� and amorphous Si–C–N ceramics with a

C�Si atomic ratio, R	0.5 can remain in the amorphous state

up to 1673–1773 K.47� They also exhibit excellent oxidation48�

and creep resistance49� at very high temperatures due to the

absence of metal oxide additives. Incorporation of hetero

element into the ternary Si–C–N system also strongly

influences the crystallization behavior of amorphous Si–C–N

ceramics to thermodynamically stable silicon nitride�silicon

carbide �Si3N4�SiC� ceramics. Especially, boron �B� can

stabilize the amorphous state of Si–C–N ceramics at 1973–

2073 K.50�–52� These findings indicate that the amorphous Si–

�B�–C–N ceramics are candidate materials for high tempera-

ture applications.

Recently, novel polymer precursors have been designed

and synthesized for the fabrication of thermally stable

amorphous Si–�B�–C–N membranes at Technische Univer-

sitat Darmstadt, Germany. Volger et al. synthesized a novel

poly�silyl�carbodiimide53� for the ternary amorphous Si–C–N

ceramics by a non-oxide sol–gel process based on reactions

of bis�trimethylsilyl�carbodiimide with chlorosilanes.54�,55�

The gelation process as well as the viscosity of the poly

�organosilyl�carbodiimide was adjusted for spin coating on a

porous membrane support by reacting dimethyldichlorosilane

��CH3�2SiCl2� and methyltrichlorosilane ��CH3�SiCl3� in a

molar ratio of 10:1 with bis�trimethylsilyl�carbodiimide

��CH3�3Si–N�C�N–Si�CH3�3� using pyridine as catalyst.

n�CH3�SiCl3�m�CH3�2SiCl2
��1.5n�m��CH3�3Si–N�C�N–Si�CH3�3

cat. Pyridine

120�C
�

��CH3�2Si�NCN�m��CH3�Si�NCN�1.5�n�x�����

Gel

��3n�2m��CH3�3SiCl �n:m Ratio�10:1� �5�

Thermal gravimetric analysis of this preceramic polymer

exhibited extraordinary high ceramic yield of 91� after

pyrolysis up to 1473 K in Ar. The novel polymer precursor

film on a Si3N4 porous support was fabricated by solvent-free

dip coating. The precursor film was successfully converted

into an amorphous Si–C–N thin film by pyrolysis at 1273 K in

Ar. The SEM observation revealed that a thin layer with a

thickness of about 500 nm was homogeneously deposited on
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Fig. 9. Amorphous Si–C–N thin film synthesized from a novel

sol–gel process-derived poly�organosilyl�carobodiimide. �a� SEM

image, and �b� Pore size distribution of the amorphous Si–C–N thin

film fabricated on a porous Si3N4 support.

Fig. 10. Amorphous Si–B–C–N thin film derived from poly

�borosilazane�. �a� Cross sectional SEM image, and �b� Pore size

distribution of the SiBCN thin film fabricated on a porous a-Al2O3

in comparison with a polysilazane-derived amorphous silica mem-

brane.38�
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the porous support surface �Fig. 9�a��. The N2 sorption

isotherm analysis of the thin layer showed the existence of a

certain amount of mesopores of 2–5 nm in size �Fig. 9�b��.

Hauser et al. synthesized a novel preceramic polymer for the

thermally stable quaternary Si–B–C–N amorphous ceramics

by hydroboration reaction of 1,3,5-trivinyl-1,3,5-trimethyl-

cyclotrisilazane with borane dimethylsulphide.56�

�6�

The polymer-to-ceramic conversion was achieved at 1323 K

under Ar atmosphere, and a relatively high ceramic yield of

65� was achieved. The polymer-derived amorphous Si–B–

C–N ceramics showed a high thermal stability up to 2073 K,

and an excellent oxidation resistance at 1673 K. Using the dip-

coating technique, the amorphous Si–B–C–N ceramic thin

film was fabricated directly on a macroporous a-Al2O3 sup-

port. As shown in Fig. 10�a�, A crack-free amorphous Si–B–

C–N layer was formed with a thickness of approximately 2.5

mm. Obviously, no precursor solution was soaked up into the

porous support and filled or sealed the pores.

Figure 10�b� presents the pore size distribution of the

amorphous Si–B–C–N thin film in comparison with that of a

polysilazane-derived amorphous silica membrane which was

formerly studied at JFCC.38� The amorphous silica membrane

exhibited an apparent H2 separation property, and the H2�N2

permselectivity was measured to be 141. As the kinetic dia-

meters of H2 and N2 are 0.289 and 0.364 nm, respectively,15�

the observed H2 permselectivity was thought to be achieved by

the molecular sieve-like property derived from the amorphous

silica network having micropores of about 0.3 nm. As shown

in Fig. 10�b�, the N2 sorption analysis of this membrane

revealed the existence of micropores of about 0.5 nm, and a

considerable amount of mesopores having a size range of 2 to

50 nm. A certain amount of the detected micro- and meso-

pores could act as defects, which lead to the degradation of the

molecular sieve-like property. As a result, the H2�N2 per-

mselectivity was limited to be 141. The pore size analysis of the

amorphous Si–B–C–N thin film showed a trimodal distribu-

tion with maxima at 0.6, 2.7 and 6 nm, however, the total

pore volume was found to be approximately three-orders of

magnitude smaller than that of the amorphous silica mem-
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brane.

Amorphous non-oxide ceramic membranes that can with-

stand very high temperatures are of great technological

interest. Resent study on the preceramic polymers mentioned

above present novel routes for the synthesis and fabrication of

amorphous polymer-derived membranes in the Si–C–N terna-

ry and Si–B–C–N quaternary systems, which are known to

exhibit enhanced thermal and chemical stability as compared

to polycrystalline oxidic counterparts. Therefore, applications

of mesoporous Si–C–N especially as a surface thin layer of a

macroporous membrane support or catalyst support for high-

temperature membrane reactors are highly promising, while

the polymer-derived amorphous Si–B–C–N is expected to use

as a high-temperature H2 separation membrane based on the

intrinsic molecular sieve-like property as well as the excellent

thermal stability of the Si–B–C–N amorphous network.

5. Conclusions

Precursors-derived ceramic membranes with molecular

sieve-like properties exhibit relatively high gas permeances

and a good stability at higher-temperatures. Moreover, they

have been expected to use in membrane reactors for the

conversion enhancement in the methane steam reforming

reaction and dehydrogenation of hydrocarbons, which leading

to development of a novel highly efficient hydrogen produc-

tion system. In this paper, precursors-derived amorphous

silica-based membranes, novel Ni nanoparticles-dispersed

amorphous silica membranes, and non-oxide Si–�B�–C–N

amorphous ceramic membranes were briefly reviewed.

Significant improvements in the stability under severe

hydrothermal conditions �steam 75–90 Pa at 773 K� were suc-

cessfully achieved for the sol–gel derived Ni-doped amorphous

silica, and CVD-derived amorphous silica membranes. The

microstructure refinement also achieved further enhancement

in the high-temperature performance, the CVD-derived amor-

phous silica membrane exhibited a high H2 permeance, 1.2


10�7 �mol�m�2�s�1�Pa�1� with an excellent H2�N2 per-

mselectivity of 12200. These results show that the amorphous

silica-based membranes are suitable for the application of

steam reforming reactions as a membrane reactor.

Novel Ni nanoparticle-dispersed amorphous silica mem-

branes were designed and synthesized by an in-situ composit-

ing method. The H2 permeance through the amorphous silica-

based membrane selectively increased by the Ni-nanoparticles

dispersion, and the H2 permeance at 773 K reached 1.3
10�7

�mol�m�2�s�1�Pa�1�. This value was approximately five

times higher even in comparison with that of a smaller gas

molecule of helium. The results of H2 chemisorption isotherm

analysis revealed that the reversible hydrogen adsorption

property detected for the nanocomposite membrane material

could act an important role for the selective enhancement in

the H2 permeance. The nanostructure design concept for the

use of H2 affinity can be highly expected to offer an oppor-

tunity to develop novel ceramic membranes for hydrogen

separation.

Novel preceramic polymers were designed and synthesized

for the fabrication of non-oxide ceramic membranes of Si–

C–N, and Si–B–C–N systems. A mesoporous amorphous Si–

C–N thin film, and a crack-free amorphous Si–B–C–N thin

film were successfully fabricated on a porous support. Amor-

phous Si–C–N and Si–B–C–N ceramic systems are known to

exhibit enhanced thermal and chemical stability. Therefore,

applications of the polymer-derived mesoporous Si–C–N,

especially for high-temperature membrane reactors are highly

promising, while the amorphous Si–B–C–N thin film is

expected to use as a molecular sieve membrane suitable for

high-temperature separation of small gas molecules like H2

below 0.3 nm in size. These applications are currently under

investigation.57�
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