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A B S T R A C T

A novel composite membrane encapsulating Pd nanoparticles in a silica layer was prepared. The
membrane showed H2 selectivity in an equimolar mixture of H2 and CO2. The Pd nanoparticles
were synthesized within a silica layer having a thickness of 1 mm. This composite structure
showed good stability and could significantly reduce the amount of Pd used in the membrane.
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1. Introduction

Palladium-based membranes for hydrogen separa-
tion have been the focus of many studies because of
their potential in hydrogen purification at high tem-
perature. Many research groups have investigated pre-
paration of thin Pd membranes to reduce the amount of
Pd required, which directly affects the membrane cost
because Pd is very expensive [1,2].

To prepare a thin Pd based membrane, various pre-
paration methods have been applied such as electroplat-
ing [3,4], electroless plating [5,6], and chemical vapor
deposition [7]. Although thin Pd based membranes have
shown higher permeability, thermal stress and hydrogen
embrittlement significantly affect their stability.

To achieve high stability, Suda et al. reported a Pd
membrane composed of a composite layer of Pd and
porous substrate and with no interlayer [8]. This Pd
membrane had high thermal resistance because the Pd
layer did not contact the porous substrate. Tanaka
et al. prepared a Pd/g-alumina composite membrane
that had no Pd outer layer [9,10]. They reported this
composite membrane had good stability with hydrogen

embrittlement. It is known that lattice distortion due to
phase transitions is considerably suppressed when the
particle size of Pd is only a few nanometers.

Therefore, the Pd nanoparticle composite membrane
is a candidate for a new structural membrane with high
durability and low cost. To reduce the Pd amount in the
membrane and achieve high stability, the encapsulation
of Pd nanoparticles in a mesoporous silica membrane was
investigated in this study. Many studies have reported
synthesis of metal nanoparticles and nanowires in meso-
porous silica [11,12]. These metal particles have generally
been synthesized in the mesoporous silica by the repeated
impregnation and reduction method [13–15]. However, it
is probably difficult to completely fill the mesopores by
this method alone. Some researchers reported the forma-
tion of Ni nanowires in SBA-15 mesoporous channels by
electroless plating [16,17]. It would be possible to fill the
mesopores with metals by electroless plating.

Electroless plating of Pd was applied in this study to
synthesis of a Pd encapsulated membrane. Two meth-
ods for Pd nuclei generation were studied, the amine-
modification method and the counter diffusion
method. Electroless plating was employed to densify
the Pd nanoparticles in the mesopores and their hydro-
gen permeation properties were investigated.�Corresponding author
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2. Experimental

2.1. Materials

Tetraethyl orthosilicate (TEOS), colloidal silica solu-
tion 3-aminopropyltriethoxysilane (APS) and palla-
dium acetylacetonate (Pd(acac)) were purchased from
Sigma-Aldrich. Cetyltrimethylammonium bromide
(CTAB), ethylenediamine-N,N,N0,N’-tetraacetic acid,
disodium salt, dehydrate (EDTA) and palladium chlor-
ide (PdCl2, special grade) were purchased from Wako
Pure Chemical Industries Corporation. Tetraamine
palladium chloride monohydrate (Pd(NH3)4Cl2�H2O)
was purchased from Alfa Aesar. All materials were
used without further purification.

2.2. Synthesis of the mesoporous silica thin layer

The substrate used for membrane deposition was an
asymmetric porous Al2O3 disk (ø18.5 mm, thickness
3 mm) consisting of a dense layer with an average pore
diameter of 70 nm and a substrate layer with a pore
diameter of 700 nm (Noritake Corporation Limited). The
a-alumina substrate was first hydrophobized by a silyla-
tion agent including a bulky alkyl group, hexadecyltri-
chlorosilane. Hexadecyltrichlorosilane (1 mL) was
mixed with 100 ml of toluene (100 mL) and the a-alu-
mina substrate was immersed in this mixture at 323 K
for more than 2 h. The a-alumina substrate was washed
with toluene several times and dried at 333 K before use.

A thin mesoporous silica layer was prepared on the
porous a-alumina substrate by the spin-coating method.
This synthesis procedure was chosen following a
previous report [18]. The synthesis solution consisted
of TEOS, CTAB, ethanol and water (adjusted to pH
1.25 with hydrochloric acid) in a molar ratio of
1.0:0.1:11.8:5.0 (TEOS:CTAB:EtOH:H2O). The silica sol
was dropped onto the a-alumina substrate and the thin
mesoporous silica layer was synthesized by spin coating
at 4,000 rpm for 60 s. After drying at room temperature,
the spin-coating process was repeated again. This
coating-drying process was repeated four times. The
final mesoporous silica thin membrane on the a-alumina
substrate (MS/Al2O3) was obtained by calcination at
823 K for 6 h to remove the surfactant in the mesoporous
silica layer.

2.3. Direct impregnation of Pd nuclei in the mesoporous
silica membrane

Pd nuclei were directly impregnated into the meso-
pores using three Pd sources: 0.1 M H2PdCl4 aq, 0.1 M
Pd(NH3)4 aq, and 0.1 M Pd(acac)/CH3Cl. Pd/Si ratios
of the Pd impregnated silica membrane were measured
by X-ray photoelectron spectroscopy (XPS) and the size

and dispersivity of the Pd nuclei were observed by
transmission electron microscopy (TEM).

2.4. Preparation of Pd/APS/silica composite membrane

To achieve dense packing of Pd nuclei in the meso-
pores, amine-modification of the mesoporous silica
was employed. 3-Aminopropyltriethoxysilane (APS)
was chemically grafted into the mesopores of the
MS/Al2O3. Then, Pd/APS/silica composite mem-
branes were prepared by impregnation of Pd salt on
the amine-modified mesoporous silica membrane
(APS-1 and 2). The details for amine-modification were
described elsewhere [18]. Then, calcination and hydro-
gen reduction were carried out on APS-1 at 573 K for
3 h in air and at 573 K for 3 h in a hydrogen/argon gas
mixture (H2/Ar ¼ 50/50). Only hydrogen reduction
was performed on APS-2.

In addition, electroless plating was carried out to
densely fill the mesopores with Pd nanoparticles. The
electroless plating solution consisted of palladium
chloride, EDTA, aqueous ammonium solution, deio-
nized water and hydrazine. The electroless plating
solution filtered from the membrane side to the sup-
port side at room temperature for 5 h. The product was
rinsed with water and dried at 343 K. The amine-
functionalized mesoporous silica membrane produced
after electroless plating was denoted as APS-3.

2.5. Preparation of Pd/silica composite membrane by counter
diffusion methods

Pd nuclei were introduced to the mesopores using a
penetrating hydrazine solution reductant from the
membrane side and a H2PdCl4 solution Pd source from
the support side. Then, electroless plating was carried
out by the vacuum method. The electroless plating
solution was introduced from the mesoporous silica
membrane side and passed through the membrane.
This membrane was denoted as CD-1.

2.6. Preparation of intermediate silica layer

A colloidal silica sol (1 wt %) was dropped onto the
a-alumina substrate and an intermediate silica layer
was synthesized by spin coating at 4,000 rpm for 60 s
followed by calcination at 873 K for 6 h. After that,
Pd impregnation, preparation of the mesoporous silica
layer and electroless plating were carried out as same
procedure as CD-1. This membrane was denoted as
CD-2.
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2.7. Characterization

Structural analyses of these mesoporous silica
membranes were conducted by X-ray diffraction
(XRD). The Pd nanoparticle diameters of the mem-
branes were evaluated by TEM. Surface observations
and thickness measurements of the membranes were
performed with scanning electron microscope
energy-dispersive X-ray spectroscopy (SEM-EDX).
XRD patterns were recorded from 2y ¼ 1.5–10� on an

X-ray diffractometer (Rigaku RINT2000) using Cu Ka
X-ray (40 kV and 40 mA).

TEM observation was performed on a HITACHI
HF-2000 electron microscope (200 kV). Membrane sam-
ples were scratched with a blade and the obtained
powder was dispersed in 1 ml of ethanol. After 1 h, a
few drops of suspension were deposited on a micro-
grid and dried in air. The microgrid was evacuated for
1 h and then observed by TEM.

SEM-EDX micrographs were obtained with a HITA-
CHI S-5000 electron microscope (10 kV). Mesoporous
silica membranes that had been broken into pieces
were placed on a holder and coated with Pt-Pd by ion
sputtering (HITACH E102) with a current of 15 mA at
0.05 Torr for 2 min.

XPS analyses of the membranes were carried out
with an ESCA-3100 X-ray photoelectron spectrometer
(Shimadzu Corporation, Japan). Analysis conditions
were 8 kV and 30 mA.

Gas permeation properties were evaluated at 373
and 573 K in an equimolar feed gas of H2 and CO2 using
a differential pressure type gas permeability device.

3. Results and discussion

3.1. Synthesis of the mesoporous silica thin layer

The MS/Al2O3 membrane was characterized by
XRD analysis and SEM. A XRD peak at 2.88–2.90� with
a d-spacing of 3.04–3.06 nm was confirmed in the XRD
diffraction patterns of MS/Al2O3 and the Pd encapsu-
lated membranes (Fig. 1).

This XRD peak indicates that a highly ordered
mesoporous silica layer could be prepared on the
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Fig. 1. XRD patterns of MS/Al2O3 and the Pd/MS mem-
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Fig. 3. The result of nitrogen single gas permeation testing
with differential pressure over an a-alumina substrate and
MS/Al2O3 at 298 K.
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porous a-alumina substrate. The SEM image of a cross
sectional area of MS/Al2O3 showed the mesoporous
silica layer had a thickness of 0.3–0.5 mm (Fig. 2). The
silylation treatment to increase hydrophobicity on the
a-Al2O3 substrate successfully produced a thin meso-
porous silica layer on the porous substrate. From gas
permeation testing, the nitrogen permeance at 298 K
was found to be independent of the differential pres-
sure (Fig. 3). This result indicates that the Knudsen dif-
fusion mechanism was dominant and MS/Al2O3 did
not have any large cracks or pinholes.

3.2. Direct impregnation of various Pd salts into mesopores

TEM images were obtained of the Pd encapsulating
membranes synthesized by direct impregnation,

Pd(acac), Pd(NH3)4Cl2 and H2PdCl4, and their Pd to
Si ratios were measured by XPS (Fig. 4).

The silica based materials become electrically neu-
tral at pH 2.0. The pH values for Pd(NH3)4Cl2 aq and
H2PdCl4 aq were 8.5 and 1.0, respectively. Therefore,
Pd(NH3)4

2þ and PdCl4
2� could easily adsorb on the

surface of the mesoporous silica. The Pd/Si ratio of the
membrane made using H2PdCl4 was higher than that
of the membrane by Pd(NH3)4Cl2. The higher Pd/Si
ratio might be due to the difference in solubility
between PdCl2 and Pd(NH3)4Cl2. The solubility of
PdCl2 in water is lower than that of Pd(NH3)4Cl2, there-
fore more PdCl2 are likely to remain adsorbed to the
silica surface after washing with water.

The size of Pd particles in the membrane made using
H2PdCl4 was approximately 7 nm, which was larger

Fig. 4. TEM images of the Pd/MS membranes Pd(acac), Pd(NH3)4Cl2 and H2PdCl4.
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than with the other two Pd sources where the particle
size was approximately 4 nm. Of the XRD patterns for
the Pd impregnated membranes with different Pd
sources, the H2PdCl4 membrane showed the lowest
intensity peak. This indicates the strong acidity of the
H2PdCl4 solution caused disordering of the mesostruc-
ture and the particle size became larger than the pore
size. In contrast, in the case of Pd(NH3)4Cl2, most of the
Pd particles had very similar size to the pore size, sug-
gesting Pd particles could be mainly generated within
the mesopores and indeed, its XRD pattern showed high
regularity of the mesoporous material.

To achieve a high density of Pd nuclei in the meso-
porous silica layer, H2PdCl4 was used as the Pd source
and amine modification of the mesoporous silica sur-
face was employed to prevent the destruction of the

ordered mesoporous structure. In addition, Pd nuclei
were expected to form preferentially within the meso-
pores because modified amino groups can act as Pd
adsorption sites.

3.3. Structure of Pd encapsulated membranes

The prepared membranes APS-1 and 2 were charac-
terized by XRD and TEM. The main XRD peak did not
shift after amine-modification and Pd impregnation
(Fig. 1). This indicates the regularity of the mesoporous
silica membrane was retained. Fig. 5 shows TEM
images of the Pd/MS membranes APS-1 and 2.
APS-1 and 2 have an average Pd particle diameter of
approximately 4 nm. This particle size is smaller than
that in Pd/MS and similar to the size of the mesopores,

APS-2
Pd/Si = 0.13

APS-1
Pd/Si = 0.13

Fig. 5. TEM images of the Pd/MS membranes APS-1 and APS-2.

Fig. 6. SEM-EDX and TEM images of APS-3.
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indicating many Pd particles were grown inside the
mesopores.

In addition, the silica frame network was reinforced
by APS and many periodic mesopores were present
after Pd impregnation.

Thus, the amine-modification could efficiently
adsorb Pd ions within the mesopores.

The structure of APS-3 was analyzed by SEM-EDX
and TEM. SEM-EDX analysis of the cross sectional area
showed the Pd–Si composite layer was approximately
1 mm thick (Fig. 6a) and the Pd layer was observed near
the external surface of the silica layer. This indicates
amine groups had reacted not only within the
mesopores but also on the external surface of the silica
layer, and Pd nuclei were generated around these
regions. Aminosilane reagents were supplied from the
membrane side and so the adsorption sites of Pd nuclei
would be preferentially generated in the vicinity of the
membrane surface. From the XPS depth profile ana-
lyses of APS-1, it was confirmed that Pd nuclei concen-
tration decreased with depth. Therefore, the Pd layer
was synthesized near the outer surface rather than on
the internal layer.

A TEM image of the Pd/silica composite layer of
APS-3 showed the Pd nanoparticles had become larger
(approximately 5 nm) and more densely packed
(Fig. 6b). The electroless plating could make Pd nuclei
grow and Pd nanoparticles might densely pack the
mesopores.

The Pd encapsulated membrane synthesized by the
counter diffusion method was also characterized by
SEM-EDX (Fig. 7a) and TEM (Fig. 7b). No Pd layer was
observed on the outer surface of the silica layer, Pd was
detected only at the region near the interface between
the silica layer and porous substrate. This means Pd

nuclei were preferentially synthesized near the interface
because the diffusivity of substances through the porous
substrate should be much larger than that through the
mesopores in the silica layer. However, the size of Pd
nanoparticles was the same as in the amine modification
method, at approximately 5 nm. The ordered structure
of the mesoporous silica layer disappeared during the
Pd loading processes, including both Pd impregnation
and electroless plating. This occurred because the size
of the Pd nanoparticles was much larger than the pore
size of the prepared mesoporous silica layer in both
preparation methods. Lattice expansion due to phase
transition from palladium to palladium hydride caused
hydrogen embrittlement, resulting in deterioration of
the membrane performance. It has been reported that
smaller Pd particles of nanometer size suppress lattice
expansion because hydride formation is minimal with
Pd nanoparticles [19]. Therefore, this composite struc-
ture might prevent damage caused by hydrogen embrit-
tlement. In addition, this composite structure could
considerably reduce the amount of Pd metal required
for the membrane.

3.4. Hydrogen permeation properties of Pd encapsulated
membranes

Table 1 shows the hydrogen permeation properties
of Pd encapsulated membranes. The H2 selectivity of
the mesoporous silica membrane before Pd impregna-
tion was only 5, which shows that diffusion through
the membrane was controlled by the Knudsen diffu-
sion mechanism. This result agrees with the result of
the nitrogen permeation test and the membrane had
no defects larger than approximately 5 nm [20]. The
Pd/MS membrane had a hydrogen selectivity of 10,

Fig. 7. SEM-EDX and TEM images of CD-1.
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which was double that of the Knudsen diffusion, indi-
cating the Pd impregnation clearly enhanced the H2

selectivity. The H2 selectivity of APS-1 and 2 were 20
and 50, respectively, and their selectivities were much
higher than that of Pd/MS. This was because the amine
modification could achieve highly dispersed Pd nano-
particles in the mesopores. The lower selectivity of
APS-1 compared with APS-2 would be caused by calci-
nations of the membrane before hydrogen reduction.
These calcinations would completely decompose the
modified amino groups on the wall of the mesopores.
The decomposition of the modified amino groups
should enlarge clearances between Pd particles and the
wall of the mesopores, which might provide a path for
other gases. In contrast, the amino groups might be
present although they must be partially decomposed
during the hydrogen reduction process.

The gas permeation test at 573 K through APS-3
showed H2 and CO2 permeance gradually increased
over the time course of the experiment and after 72 h
they were 1.9 � 10�6 and 3.1 � 10�9 mol m�2

s�1 Pa�1, respectively (Fig. 8). The H2 selectivity was
almost stable with time and was 610 after 72 h (Fig. 8).
The H2 selectivity was considerably increased by

electroless plating. This might be caused by densely
packing the mesopores with Pd nanoparticles and it
was found that electroless plating was an efficient way
to encapsulate Pd particles in the silica layer. The gra-
dual increase of permeance implies the membrane
structure was slightly changed during the operation,
perhaps through decomposition of modified amino
groups and sintering of Pd nanoparticles. However, a
decrease in selectivity was not observed, even after
more than 100 h, indicating this membrane had good
stability against hydrogen embrittlement although the
reason for the increase of permeance remains
unknown.

Gas permeation tests were conducted over mem-
brane CD-1 at 373 and 573 K (Figs. 9a and 9b). The
H2 selectivity of CD-1 was 500 and the H2 permeance
was 1.0 � 10�7 mol m�2 s�1 Pa�1 after 24 h at 373 K.
After 24 h at 573 K, the corresponding results were
approximately 300 for the H2 selectivity and
5.6 � 10�7 mol m�2 s�1 Pa�1 for the H2 permeance.
Although the CO2 permeance slightly increased after
45 h, the performance of CD-1 was almost stable for
more than 70 h at 573 K.

Microscopic collapse of the mesoporous silica fra-
mework might have occurred due to thermal stress.
This could result in the decrease in hydrogen selectiv-
ity with increasing temperature because the thermal
expansion rate of silica is much lower than that of
a-alumina and palladium.

To reduce thermal stress damage to the Pd/silica
composite layer, an intermediate silica layer was pre-
pared on the a-alumina substrate by spin-coating of
colloidal silica solution and calcination at 873 K before
preparation of the mesoporous silica layer. The thick-
ness of the Pd encapsulated membrane including the
intermediate silica layer was approximately 5 mm, as
measured by SEM.

Gas permeation testing was conducted at 573 K
over this composite membrane with an intermediate
layer (Fig. 10). The initial H2 selectivity was more than
3,000 and H2 permeance was 1.5 � 10�7 mol
m�2 s�1 Pa�1. This high selectivity could be caused

Table 1
Hydrogen permeation properties of the membranes at 573 K.

Sample name H2 permeance (mol m�2 s�1 Pa�1) CO2 permeance (mol m�2 s�1 Pa�1) aH2/CO2

MS/Al2O3 2.1 � 10�6 4.1 � 10�7 5
Pd/MS 1.4 � 10�8 1.2 � 10�9 10
APS-1 1.0 � 10�7 4.2 � 10�8 20
APS-2 2.1 � 10�7 4.1 � 10�9 50
APS-3 1.9 � 10�6 3.1 � 10�9 610
CD-1 5.6 � 10�7 1.9 � 10�9 300
CD-2 1.9 � 10�7 1.3 � 10�10 1,500
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by a decrease in membrane defects, such as pinholes
or cracks, achieved by denser packing of the Pd parti-
cles with the increase in membrane thickness. In con-
trast, the increase in membrane thickness caused a
decrease in H2 permeance. This is illustrated by the
decreased rate of H2 permeance, between with and
without the intermediate layer, matching the increase
of the membrane thickness. Although the H2 selectiv-
ity slightly decreased to approximately 1,500 after 24–
45 h, the membrane performance was stable from 45 h
up to 120 h. This result clearly indicates the inclusion
of an intermediate layer could improve thermal stabi-
lity by relaxing thermal stress, as well as enhance H2

selectivity by densification of the Pd/silica composite
layer.

Fig. 11 shows hydrogen permeation flux of the CD-2
membrane as a function of pressure difference at 573 K.
Here, Ph and Pl shows the hydrogen partial pressure in
the feed side and permeate side, respectively. Hydro-
gen flux was increased with feed gas pressure. It
appeared that gas permeation was by the solution–
diffusion mechanism.

4. Conclusions

Pd encapsulated mesoporous silica membranes
were prepared and their gas permeation properties
were investigated. Pd impregnation into the
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mesoporous silica membrane showed hydrogen
selectivity and amine modification could enhance the
selectivity because modified amino groups adsorbed
Pd ions efficiently. Pd nanoparticles in the silica matrix
allowed efficient hydrogen separation. The Pd layer
could be synthesized within the silica layer regardless
of differences in the Pd nuclei generation method. High
hydrogen selectivity could be achieved for more than
several tens of hours at 573 K by electroless plating,
indicating that using the composite structure provides
membrane stability as well as significantly reduction of
Pd use for the membrane preparation. In addition, the
inclusion of an intermediate layer improved mem-
brane stability probably because of relaxation of ther-
mal stress. This implies that the membrane stability
could be improved further by applying materials that
have high physical and chemical stability.
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