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Hydrogen permeation of thin Pd-25Ag membranes with the thickness down to 1.2 mm was investigated by conventional gas permeation
method within the temperature range of 473–673K. The thin Pd-25Ag membranes with the thickness down to 51 mm were prepared by cold
rolling method. The 1.2mm-thick Pd-25Ag membrane was prepared by microsystem technology. The hydrogen permeation of the prepared Pd-
25Ag membranes was independent of the membrane thickness until down to 51 mm. The 51 mm-thick Pd-25Ag membrane had the hydrogen
permeability lower by 60% than that of the bulk Pd-25Ag metal. It mainly resulted from slow surface reaction and lower hydrogen solubility
near the surface of the 51mm-thick Pd-25Ag membrane. The hydrogen permeability of the 1.2 mm-thick Pd-25Ag membrane was one order
lower than that of bulk Pd-25Ag metal because the hydrogen permeation was mainly limited by surface reaction. However, literature review
indicated that the microfabricated 1.2 mm-thick Pd-25Ag membrane had the hydrogen permeability superior to those conventional Pd-25Ag
membranes supported by porous materials, suggesting attractive advantages of the microsystem technology in hydrogen-separation membrane
applications. [doi:10.2320/matertrans.MRA2007260]
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1. Introduction

Membrane materials with high hydrogen permeability are
necessary for hydrogen-separation applications such as on-
site production of high purity hydrogen and other chemicals
including phenol1) and H2O2.

2) Costly palladium-based
metals are the most commonly used membrane materials
for the hydrogen-separation applications.3) Large-scale com-
mercial application of the palladium-based membranes,
however, is difficult because of the extremely limited
resource of Pd metal on Earth. Therefore, much of recent
effort has been devoted to developing low-cost metallic
membranes with high hydrogen permeability.4–8) As a matter
of facts, thin Pd-based membranes are necessary for low-cost
metallic membranes because of their high oxidation resist-
ance and excellent catalytic capability on atomic splitting and
recombination of hydrogen molecular. In addition, the
hydrogen permeation of the Pd-based membranes has not
been completely understood so that there are still consid-
erable interests.9–15)

It is noteworthy that the hydrogen permeation of the Pd-
based membranes has apparent dependencies on the mem-
brane thickness, i.e. hydrogen permeability of the Pd-based
membranes is subject to decreasing with thinner membrane.
There are numerous reports on the thickness dependencies of
the hydrogen permeation through pure Pd membrane.
Hurlbert et al.16) experimentally confirmed that the hydrogen
permeation of Pd membrane is independent of the membrane
thickness until 20 mm. Ward et al.17) predicted that nearly
diffusion-limited permeation is possible for the clean Pd
membrane with the thickness down to 1 mm if the external
mass transfer resistance is absent. The prediction has been
well supported by our recent work.18) As a matter of facts,

there is much less effort on the thickness dependency of
hydrogen permeation through thin Pd-25Ag membrane. The
Pd-25Ag membrane is more important than pure Pd
membrane in practical applications because the former has
higher hydrogen permeability and higher resistance to the
hydrogen-induced embrittlement. It is therefore imperative to
clarify the thickness dependency of the hydrogen permeation
through thin Pd-25Ag membranes, which is also helpful for
understanding the hydrogen permeation behavior of those
aforementioned metallic membrane candidates.

In this work, we would investigate the hydrogen perme-
ation of the Pd-25Ag alloy membrane with the thickness
ranged from 1.2 to 510 mm by conventional gas permeation
method. The Pd-25Ag membranes with the thickness down to
51 mm were prepared by cold rolling while the 1.2 mm-thick
one was prepared by microsystem technology.

2. Experimental

510 mm-thick Pd-25Ag membrane was directly prepared
from commercial Pd-25Ag alloy sheet (VACOM GmbH,
Germany). The 110, 81 and 51 mm-thick Pd-25Ag mem-
branes were prepared by cold rolling of the commercial Pd-
25Ag alloy sheet. All the membrane samples were then
annealed in vacuum at 973K. Just before performing
hydrogen permeation experiment, the membrane samples
were mechanically polished and ultrasonically cleaned in
acetone. Purposes of the mechanical polishing were to
remove oxide and contamination layer and to achieve same
surface conditions for hydrogen permeation experiment.

The 1.2 mm-thick Pd-25Ag film was prepared by multi-
target sputtering. Pd (99.99% pure) and Ag (99.99% pure)
targets were used. Table 1 lists the optimized parameters
of the multi-target sputtering. The 1.2 mm-thick Pd-25Ag
membrane was prepared using the microsystem technology,*Corresponding author, E-mail: yi.zhang@aist.go.jp
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which has been described in details in our previous work.18)

We chose 50 mm-thick nickel metal layer as the mechanical
support because it has excellent mechanical properties and
much lower hydrogen permeability than the Pd-25Ag
metal.19) The 1.2 mm-thick Pd-25Ag membrane was cleaned
using electron cyclotron resonance (ECR) before hydrogen
permeation experiment.

Hydrogen permeation experiment was performed using
high purity hydrogen within the temperature range of 473–
673K and in a homemade gas permeation apparatus describ-
ed in previous work.20) The downstream side was kept in
vacuum during the hydrogen permeation experiment. We had
examined the gas-tightness of the 1.2, 51 and 81 mm-thick Pd-
25Ag membrane as follows. After the membrane sample was
loaded, the gas permeation apparatus was evacuated to
1� 10�4 Pa and heated up to 673K for 30 minutes. Air was
introduced slowly into the upstream side until 20 kPa while
the downstream side was kept in vacuum by continuous
evacuation. If there were any leakages in the loaded
membrane sample, there would be gas flow through a mass
flow meter at the downstream side. After the gas-tightness
examination, baking treatment was carried out using air in
order to activate the Pd-25Ag membranes.21)

The hydrogen permeability was measured using the
following equation,22)

J ¼
�� ðP0:5

u � P0:5
d Þ

L
; ð1Þ

where �, J, L and P denote hydrogen permeability,
permeation flux, membrane thickness and hydrogen pressure,
respectively. The subscript u and d denote the upstream and
downstream side, respectively. Since the downstream side
was in vacuum during the permeation experiment in this
work, the eq. (1) was written as follows:

J ¼
�� P0:5

u

L
; ð2Þ

The hydrogen diffusion coefficient of the 510 and 110 mm-
thick Pd-25Ag alloy membranes were measured using a time-
lag method.23) The Pd-25Ag alloy membranes were exam-
ined in scanning electron microscope (SEM) before and after
the hydrogen permeation experiment.

3. Results and Discussion

Figure 1(a) and (b) show SEM image of the 510 mm-thick
Pd-25Ag membrane before and after the mechanical polish-
ing, respectively. Some grain boundaries were visible in
Fig. 1(a). The grain size ranged from several to tens mm. The
grains became invisible after the mechanical polishing.
Similar surface morphologies and roughness were achieved,
too, for the other cold-rolled Pd-25Ag membranes by the

mechanical polishing. Figure 1(c) and (d) are SEM image of
the 510 and 51 mm-thick Pd-25Ag membrane, respectively,
after the hydrogen permeation experiment. Fine grain
boundary-like morphologies were dominant in Fig. 1(c)
and (d). The recrystallization had occurred on the membrane
surface during the hydrogen permeation experiment.24,25)

Figure 2 is SEM image of the 1.2 mm-thick Pd-25Ag alloy
membrane. There were no pinholes and other visible defects.
Figure 3 plots x-ray diffraction (XRD) pattern of the 1.2 mm-
thick Pd-25Ag alloy membrane and the Ni metal support. The
1.2 mm-thick Pd-25Ag alloy membrane was polycrystalline
in Pd structure mainly with (1 1 1) orientation. The Ni metal
support prepared by electroplating was polycrystalline
mainly with (2 0 0) orientation.

Figure 4(a) is top-view SEM image of the Ni-supported
1.2 mm-thick Pd-25Ag membrane. There was some residual
resist on the Pd-25Ag membrane next to the Ni wall, which
was pointed out by white arrows. The negative resist residual
is usually difficult to be removed.26) Figure 4(b) shows cross-
sectional SEM image of the Ni-supported 1.2 mm-thick Pd-
25Ag membrane. The Pd-25Ag membrane had peeled off
from the Ni support. Actually, the peel-off had only occurred
when we had tried to cut the membrane sample for the cross-
sectional observation.

Figure 5 plots the measured hydrogen diffusion coeffi-
cients of the 510 and 110 mm-thick Pd-25Ag alloy membrane.
The hydrogen diffusion coefficients of the 110 mm-thick Pd-
25Ag membranes were slightly deviated from those of the
510 mm-thick one in particular at higher temperatures. It
mainly resulted from that the time-lag measurement became
more difficult with thinner membrane because the time-lag is
proportional to L2 (L, membrane thickness).23) For example,
the measured time-lag of the 510 mm-thick Pd-25Ag mem-
brane was 16.3 second at 623K while that of 110 mm-thick
membrane was only 1.1 second. The measured hydrogen
diffusion coefficients were independent of the membrane
thickness and within the literature range.9,27) It agreed with
that the hydrogen diffusivity of metal is independent of
membrane thickness until 300 nm.16,17,29)

Figure 6 is Arrhenius plot of temperature dependency of
hydrogen permeability of the prepared Pd-25Ag membranes.
The measured hydrogen permeability of the Pd-25Ag
membranes with the thickness ranged from 81 to 510 mm
fitted well with each other and the literature result,9) whereas
the 1.2 and 51 mm-thick Pd-25Ag alloy membrane had much
lower hydrogen permeability. It demonstrated that the
hydrogen permeation through the thin Pd-25Ag membranes
exhibited strong dependencies on the membrane thickness.
The measured hydrogen permeability of the 1.2 and 51 mm-
thick Pd-25Ag membrane was lower by about one order and
60%, respectively, than that of the 510 mm-thick Pd-25Ag
alloy membrane. For example, the hydrogen permeability of

Table 1 Optimal parameters of sputtering.

d. c. Power

for Ag target

RF Power for

Pd target

Rotation

speed

Work

pressure

Base

pressure

Substrate

temperature

Target/substrate

distance

100W 180W 10 rpm 0.2 Pa < 3� 10�5 Pa
Room

150mm
temperature
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Fig. 2 SEM image of the 1.2 mm-thick Pd-25Ag membrane.

Fig. 1 (a) SEM image of the 510mm-thick Pd-25Ag alloy membrane after the vacuum annealing. (b) SEM image of the 510 mm-thick Pd-

25Ag alloy membrane after the mechanical polishing. (c) SEM image of the 510mm-thick Pd-25Ag alloy membrane after the hydrogen

permeation experiments. (d) SEM image of the 51 mm-thick Pd-25Ag alloy membrane after the hydrogen permeation.

Fig. 3 XRD patterns of the 1.2mm-thick Pd-25Ag alloy membrane and the

Ni support.
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the 510, 51 and 1.2 mm-thick Pd-25Ag alloy membrane was
1:8� 10�8, 6:97� 10�9 and 2:29� 10�9 mol H2 s

�1 Pa�0:5,
respectively, at 673K. At 473K, they were 1:39� 10�8,
5:23� 10�9 and 4:22� 10�10 mol H2 s�1 Pa�0:5 at 473K,
respectively. Similar phenomenon had been reported by Tosti
et al.11) They observed that the hydrogen permeability of
50 mm-thick Pd-25Ag membrane was very low at the
beginning and increased gradually with the continuing
hydrogen permeation. Finally, the hydrogen permeability
reached to 50–65% of that of Pd-25Ag metal after the long-
term hydrogen permeation.11) They attributed the phenom-
enon to the fact that the 50 mm-thick Pd-25Ag alloy
membrane had lower hydrogen solubility near the surface.11)

It thus indicated that high hydrogen permeability could be
possible if the surface conditions of the cold-rolled Pd-25Ag
membrane could be improved. Roshan et al.28) found that
mechanical polishing and chemical cleaning could improve
the hydrogen permeability of Pd alloy membranes by one
order. In this work, all the cold rolled Pd-25Ag alloy
membranes had similar surface morphologies and conditions
after the mechanical polishing. The hydrogen permeability of
the 51 mm-thick Pd-25Ag alloy membrane was about 40% of
that of the Pd-25Ag bulk metal at the very beginning of the
hydrogen permeation. The long-term permeation was not
necessary here. Therefore, this work supported the conclu-
sions of Tosti et al. although the mechanisms were not clear.
One possible reason was that Ag element, which has very
poor affinity to hydrogen, had enhanced the formation of
microstructure defects including voids and dislocations
during the cold roll process. Therefore, the effective hydro-
gen solubility was reduced for the hydrogen permeation.

In order to clarify these thickness dependencies, we
measured the variation of the hydrogen permeation flux
through the prepared Pd-25Ag membranes as the function of
pressure at 523K. The results were plotted in Fig. 7. The
hydrogen permeation flux through solids could be described
as follows.22)

J ¼
�� ðPn

u � Pn
dÞ

L
; ð3Þ

where n denotes pressure exponent. If hydrogen permeation
is bulk-diffusion limited, the pressure exponent is 0.5. If

Fig. 4 (a) Top view of the Ni-supported 1.2 mm-thick Pd-25Ag membrane.

(b) Cross sectional image of the Ni-supported 1.2mm-thick Pd-25Ag

membrane.

Fig. 5 Measured hydrogen diffusivity of the 110 and 510mm-thick

Pd-25Ag alloy membranes.

Fig. 6 Arrhenius plot of temperature dependence of the hydrogen perme-

ability of the prepared Pd-25Ag alloy membranes.
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hydrogen permeation is limited by surface reaction, the
pressure exponent is 1. The pressure exponent of the 510 and
110 mm-thick Pd-25Ag alloy membrane ranged from 0.52
and 0.55, respectively, suggesting that the hydrogen perme-
ation was mainly limited by the hydrogen diffusion in bulk.
The pressure exponent of the 1.2 mm-thick Pd-25Ag mem-
brane was about 1.1 so that the hydrogen permeation was
mainly limited by the surface reaction and thereby the
measured hydrogen permeability was much lower. The
pressure exponents of 81 mm-thick Pd-25Ag membrane was
0.58. Since the measured hydrogen permeability of the
81 mm-thick Pd-25Ag membrane fitted well with the liter-
ature values, the hydrogen permeation is mainly limited by
the hydrogen diffusion in bulk. The higher pressure exponent
was mainly resulted from that the 81 mm-thick Pd-25Ag
membrane had slightly deformed upon the hydrogen per-
meation because there was not mechanical support and
thereby the effective permeation area had increased. Con-
sequently, the hydrogen feed pressure was reduced for the
hydrogen permeation of the 51 mm-thick Pd-25Ag membrane
in order to reduce the deformation. Figure 7 shows that the
pressure exponent of the 51 mm-thick Pd-25Ag membrane
was 0.59, which was still higher than 0.5. The surface
reactions became significant on determining the hydrogen
permeation. We could draw the conclusions that except for
the aforementioned lower hydrogen solubility near the
membrane surface, slow surface reactions were also respon-
sible for the lower hydrogen permeability of the 51 mm-thick
Pd-25Ag membrane.

Figure 8 plots the hydrogen permeation flux through Pd-
25Ag membranes with the thickness less than 3 mm from this
work and the literatures.30–36) The hydrogen permeation flux
using the hydrogen feed pressure of 105 Pa. The hydrogen
permeation flux was normalized by the membrane thickness

for comparisons. The thin Pd-25Ag alloy membranes
prepared by the microsystem technology show much higher
values than those supported by porous materials.32–35) For
example, the thickness normalized permeation flux of the
1.2 mm-thick Pd-25Ag membrane prepared in this work was
one order higher than that of the 1.43 mm-thick membrane at
673K in the literature.30) It mainly resulted from that there
was less resistance to external mass transfer owing to the
absence of the porous support. The microsystem technology
exhibited superior advantages for hydrogen-separation mem-
brane applications.

Another noteworthy point was that there was no good
agreement between the thickness normalized hydrogen
permeation fluxes through those microfabricated Pd-25Ag
membranes in particular at lower temperature.31,32,35) We
thought the disagreement was mainly due to varied mem-
brane microstructure, surface morphology and conditions.
For example, the resist residual had been found in our
samples. However, there is little information available on the
membrane structure and surface conditions from the liter-
atures so that it is difficult for further discussion.

4. Conclusions

We investigated the hydrogen permeation of the Pd-25Ag
membranes with the thickness ranged from 1.2 to 510 mm
using the gas permeation method. The hydrogen permeability
of the Pd-25Ag membrane decreased by 60% when the
membrane thickness decreased from 510 to 51 mm. The lower
hydrogen permeability mainly resulted from the slow surface
reaction and the lower hydrogen solubility near the surface of
the 51 mm-thick Pd-25Ag membrane. The hydrogen perme-
ation of the microfabricated 1.2 mm-thick Pd-25Ag mem-
brane was limited by the surface reaction. It had much lower
hydrogen permeability than the Pd-25Ag bulk metal. How-
ever, the literature review here indicated that the micro-
fabricated Pd-25Ag membranes exhibited superior perme-
ability to those prepared by conventional methods,

104 105 106
1E-3

0.01

0.1

1

1.2 µm
51 µm
81 µm
110 µm
510 µm

P
er

m
ea

ti
on

 f
 lu

x,
 m

ol
 H

2
s-1

 m
-2

Pressure, Pa

0.52

0.58
0.59

1.1

0.55

T = 523 K

Fig. 7 Measured pressure dependence of the hydrogen permeation flux

through the prepared Pd-25Ag alloy membranes.

Fig. 8 Review on thickness normalized permeation flux through the Pd-

25Ag membranes with the thickness less than 3mm.
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suggesting that the microsystem technology had attractive
advantage for the preparation of thin Pd-25Ag membrane in
practical applications.
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