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a b s t r a c t

The composite membranes based on group 5 metals are capable of H2 separation with high speed and
infinite selectivity. Hydrogen transport through Pd–V–Pd composite membranes of planar and tubular
shape was investigated in the pressure range of (1�10�8–6�10�1) MPa at 400 1C. Due to the wide
pressure range both the diffusion rate limited regime of hydrogen permeation and the regime limited by
the H2 molecule dissociation were observed in one experiment. The density of flux permeating through
the 100 mm-membrane reached 2.4 scc/(cm2 s) that seems to be one of highest ever achieved in the
membranes based on group 5 metals as well as in any other unsupported metallic membranes. The
concentration of dissolved hydrogen сН=сV reached 0.42 but no noticeable reduction in hydrogen
diffusivity was found. The constant value of sticking probability of H2 molecules (4�10�4) that was
observed over full range of pressures used in this study indicates that the surface saturation has
insignificant influence on the kinetics of boundary processes. The 100-fold cycling of hydrogen pressure
from 0 to 0.6 MPa did not result in any loss of tubular membrane integrity and change of its shape
despite the fact that the ductile-to-brittle transition occurred in each cycle. The operation with samples
of planar and tubular shape demonstrated that V-based composite membranes can be used at least for
laboratory studies. Further work to improve the long-term stability is necessary for their practical
applications.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Generation of pure hydrogen from hydrocarbon fuels (e.g. by
steam reforming) and its further use for electricity production
through fuel cells is one of the important directions in hydrogen
energy applications. Selective metallic membranes are most effi-
cient for extraction of fuel cell grade hydrogen from reformate.

Usually the membranes made of Pd alloys (typically with Ag,
Cu, and Y) are used for this purpose. Self-standing membranes of
Pd alloys (usually of tubular shape) are commercially available,
their selectivity is perfect but they are too expensive and their
specific output is insufficient. The supported membranes of fine
rolled foil (E20 mm and even thinner) have higher specific
throughput, which is still insufficient [1]. To solve the problem
the composite membranes are under development with Pd or Pd
alloy films with the thickness of several microns deposited on
porous substrates. Such membranes have a very high throughput
[2–4]. Their main issues are selectivity and durability. Major
advances in fabrication of such membranes have been made last
years, and thin (o10 μm) Pd and Pd alloy membranes deposited

on or supported by alumina or stainless steel supports have shown
high selectivity and mechanical stability.

Another option is the membranes based on group 5 metals
(V, Nb, and Ta) and their alloys. The speed of hydrogen transport
through the lattice of group 5 metals is orders of magnitude higher
than that through any other metallic lattice including the palla-
dium one [5–7] while the transcrystalline hydrogen transfer
through vanadium is fastest among the group 5 metals [7–11].
That is why group 5 metals (especially vanadium) were investi-
gated as a material most suitable for the membranes super-
permeable to hydrogen atoms and other suprathermal hydrogen
particles (suprathermal hydrogen particles can permeate through
the superpermeable membranes with probability close to 1)
[5,6,8–10]. Such membranes (in particular made of vanadium)
were developed and proposed for the separation of D/T from
helium in the fusion reactors [6–8,10,12].

For separation of usual molecular, not suprathermal, hydrogen
from the gas mixtures with membranes based on group 5 metals,
two problems should be solved. First, the surface of these metals is
covered by dense nonmetallic films, mainly of oxides, which
hinder the dissociative absorption of molecular hydrogen making
these metals practically impermeable to molecular hydrogen
[6,11]. Secondly, although covered by nonmetallic film these
metals are subject to further corrosion in the media of chemically
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active gases at the required operation temperature 4350 1C [11].
Both problems can be solved, if the surface of group 5 metal is
covered by a layer of palladium or palladium alloy which ensures
the catalytic dissociation of H2 molecules and protects the main
membrane material from corrosion. If the palladium layer is thin
enough, it does not significantly decrease the high hydrogen
permeation that the membrane of group 5 metal can potentially
provide due to fast hydrogen transport through its lattice. We
should note that the permeate surface of superpermeable mem-
branes made of Nb was also covered with palladium to promote
the release of permeating hydrogen and to secure a favorable
membrane asymmetry [8].

An important peculiarity of such composite membranes is their
limited thermal stability caused by interdiffusion between the
coating and main membrane material [5,6,13]. As a rule tempera-
ture should not exceed 400 1C. However even at this maximum
temperature, the hydrogen solubility in group 5 metals is so high
[11,14] that the concentration of dissolved hydrogen at pressures
of practical interest may exceed a limit admissible from the
viewpoint of mechanical stability. Although the hydrogen solubi-
lity in vanadium is lowest among the group 5 metals [11,14], the
equilibrium concentration of dissolved hydrogen сН=сV

� �
eq at

400 1C exceeds 0.25 at feed pressure of H2, Pin, higher than
0.1 MPa and reaches almost 0.5 at Pin¼0.3 MPa. Such a high
concentration of hydrogen gives rise to several problems.

(1) At such concentrations the hydrogen diffusivity in vanadium
may become substantially lower than its reference value. This
may hinder the hydrogen transfer and lead to the substantial
limitation of achievable permeation flux.

(2) The great hydrogen dilatation may result in failure of connec-
tion tightness between the membranes and the
structural parts.

(3) The hydrogen dilatation may lead to a destructive mechanical
stress caused by hydrogen concentration gradient across the
membrane.

(4) It is likely that vanadium gets brittle at so high сН=сV even at
relatively high temperature (e.g. 400 1C). According to Yukawa
et al., the ductile-to-brittle transition occurs for pure vana-
dium at 400 1C when сН=сV ¼ 0:22 (i.e. at P4 0.5 bar) [15],
though Gahr and Birnbaum [16] have found that niobium does
not get brittle at this conditions and remains ductile at any
сН=сNb, if T4450 1C (notice, that niobium is more predisposed
to hydrogen embrittlement than vanadium [15,17]).

To improve membrane properties it would be desirable to
decrease сН=сV at the operation conditions. This can be done in
two ways.

First, vanadium-based alloys with optimized solubility of
hydrogen may be developed. Many such alloys were tested and
some of them demonstrated rather good properties with regards
to the hydrogen solubility and permeability although the latter is
inevitably somewhat lower than in the case of membranes based
on pure vanadium. This typically happens not only due to the
desirable reduction in solubility but also due to the decrease in
diffusivity [15,18–22]. The main problem of such alloys is their
insufficient ductility resulting in difficulties with the fabrication of
fine rolled products (sheets or tubes). As a result the composite
membrane based on vanadium alloy for practical applications is
not developed yet.

The second way is to increase operating temperature of
composite membranes based on V (Nb, Ta) and due to that to
decrease сН=сV at the operating pressures. A barrier hindering the
interdiffusion between the palladium coating and V (Nb, Ta)
substrate, but nevertheless “transparent” to dissolved H atoms
could improve thermal stability of the composite membrane

[23,24]. With the same purpose Paglieri et al. tried to find
V-based alloys specifically resistant to interdiffusion with palla-
dium [13,20]. Although these studies have provided interesting
results, they also have not yet led to development of the mem-
brane for practical applications.

The question is: “Is it still possible to make the composite
membranes based on pure vanadium despite the problems listed
above?” Moss et al. demonstrated very successful operation of
composite vanadium-based membrane at temperature as low as
300 1C (still at partial pressure of hydrogen lower than 0.1 MPa)
[7]. However, most of researchers believe that it is difficult to
make and use the vanadium based membrane not only for the
practical applications but even for laboratory studies. Nevertheless
vanadium-based membranes continue to be of great interest
for both practical applications and fundamental research. The
primary reason is in that, theoretically, only vanadium and
niobium membranes allow achieving the densities of permeation
flux otherwise unattainable with any other metallic materials.
We believe that the study of vanadium-based membranes can be
successfully carried out, if proper precautions are taken. The
principal tasks to solve are

� careful removal of dissolved hydrogen from the membrane
before its cooling and

� proper connections of the membrane with stainless steel
components.

In this paper the hydrogen permeation through the Pd–V–Pd
membranes was investigated in a wide range of pressures that
allowed observing the membrane operation in both the diffusion
limited regime and the regime limited by the H2 molecule dissocia-
tion. We also discuss practical and physical aspects of hydrogen
transport in the case of concentrated hydrogen solution in vanadium.

2. Theoretical background

If the hydrogen feed pressure Pin is much higher than the
permeate one, the correlation between the density of steady
state hydrogen flux through a multilayer metallic membrane
j and Pin is [5]

Pin ¼
j

ZH2

1
αin

þ
 

1ffiffiffiffiffiffiffiffiffi
αout

p þ
ffiffiffiffiffiffiffiffiffiffiffiffi
4ZH2 j

q
∑
i

li
SiDi

!
:

2
3
5

2
4 ð1Þ

where ZH2 is the gas kinetic theory coefficient, αin is the prob-
ability of dissociative sticking of H2 molecule to the feed surface
followed by hydrogen solution in the metal lattice (sticking
coefficient), αout is the same for the permeate surface, li the
thickness of i-th layer, Si and Di are the hydrogen solubility
constant and diffusivity related to the i-th layer respectively.
Notice that j in Eq. (1) is the gaseous flux expressed in H2

molecules while the flux through the metallic membrane flows
in the form of H atoms and is, accordingly, twice larger. Eq. (1) is
valid for dilute solutions of hydrogen in metal when Si and Di do
not depend on the concentration of dissolved H.

Eq. (1) can be easily generalized to the case when the hydrogen
permeate pressure Pout is not negligible in comparison with Pin.
This represents a practically important case because typically
PoutE0.1 MPa while Pin is a few tenths MPa or even just a little
higher than 0.1 MPa:

Pin ¼
j
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Eqs. (1) and (2) are solved relative to Pin and give the explicit
dependence Pin(j) (and correspondingly j(Pin), if this dependence is
plotted). To better clarify the physical meaning, Eq. (2) can be
rewritten in a more symmetric form:ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pin�

j
ZH2αin

s
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Poutþ

j
ZH2αout

s
�2j∑

li
SiDi

¼ 0 ð3Þ

Notice that Eq. (3) is symmetric relative to Pin and Pout. For
example, if Pout4Pin, hydrogen flows in the opposite direction (but
j should be substituted by – j in Eq. (3)).

In the particular case of Pd–V–Pd membrane the sum in
Eqs. (1)–(3) can be written as [5]

∑
i

li
SiDi

¼ lPd
SPdDPd

� �
in
þ lb

SbDb

� �
in
þ lV
SVDV

þ lPd
SPdDPd

� �
out

þ lb
SbDb

� �
out

;

ð4Þ
where SPd, SV, Sb, DPd, DV, Db, lPd, lV and lb are hydrogen
solubility constants, diffusivities and thicknesses for the Pd, V
and boundary layers (Pd–V) respectively. Subscripts “in” and
“out” designate the feed and permeate sides respectively. If the
membrane is not damaged by interdiffusion [5], the contribu-
tion of boundary layers is negligible and the sum (4) can be
reduced to

∑
i

li
SiDi

¼ lPd
SPdDPd

� �
in
þ lV
SVDV

þ lPd
SPdDPd

� �
out

ð5Þ

Consider the case when Pin⪢Pout and the feed and permeate
surfaces are identical (αin¼αout¼α). According to Eq. (1), when
the pressure is sufficiently high

Pin⪢
1

scale120%αscale100%ZH2

1

∑
i

li
SiDi

0
B@

1
CA

2

; ð6Þ

the permeation is limited by the bulk diffusion and j can be
found in an explicit form:

j� 0:5

ffiffiffiffiffiffiffi
Pin

p
∑
i

li
SiDi

: ð7Þ

The factor 0.5 appears because the gaseous flux of H2 molecules
is 2 times smaller than the transcrystalline flux of H atoms. Vice
versa, when the pressure is sufficiently low

Pin⪡
1

αZH2
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; ð8Þ

dissociative sticking of H2 molecule becomes the rate limiting
step and j is expressed as

j¼ 1
2
scale120%αscale100% ZH2 Pin : ð9Þ

Eqs. (1)–(3) are valid for dilute solutions of hydrogen when SV
and DV do not depend on hydrogen concentration сН=сV. However,
SV actually depends on сН=сV just in the pressure range of greatest
practical interest (PinZ0.1 MPa at 400 1C) [11,14]. There are two
factors providing for SV dependence on сН=сV: the attraction
between dissolved H atoms and the saturation of hydrogen
solution as сН=сV approaches 1 [14]. The first factor results in a
noticeable increase of hydrogen solubility with the increase of
hydrogen concentration starting from сН=сV � 0:1. The second one
intervenes at сН=сVZ0:4 and has an opposite effect resulting in
a sharp decrease of hydrogen solubility. For сН=сVZ0:1, the
permeation flux as well as the hydrogen concentration at the inlet
boundary of vanadium layer ðсН=сVÞin (where hydrogen concen-
tration is maximum) were found numerically with taking known

data for the solubility of hydrogen in the case of its undiluted
solutions in vanadium [14] and with the assumption that
DV¼const up to at least ðсН=сVÞin � 0:5. The latter was roughly
confirmed by our experimental data, see below.

The permeation flux for сН=сVo0:1 was calculated with
Eqs. (1) and (5) taking SPd¼4.45�1017 exp(10157(J/mol)/RT)
atomН/(cm3 Pa0.5), SV¼1.5�1017 exp(32646(J/mol)/RT) atomН/
(cm3 Pa0.5), DPd¼5.25�10�3 exp(�24077(J/mol)/RT) cm2/s, DV¼
3.5�10�4 exp(�4807(J/mol)/RT) cm2/s [11], lPd¼2� (2�10�4)
cm, lV¼0.01 cm and ZH2 ¼1.85�1020/T 0.5 molecule H2/(cm2 s Pa).
The calculations for сН=сVZ0:1 were performed numerically
according to the above. The isotherm family calculated for differ-
ent sticking coefficients α (αin¼αout) at Pout⪡Pin is presented
in Fig. 1.

The isotherms in Fig. 1 overlap the areas where the rate-
limiting step of permeation is the bulk diffusion (jp

ffiffiffiffiffiffiffi
Pin

p
,

Eqs. (6) and (7)) and where the rate-limiting step is the dissocia-
tive sticking (jpPin, Eqs. (8) and (9)). Importantly, if PinZ0.1 MPa
(i.e. in the pressure range of practical interest), the dissociative
sticking has only a small effect on the permeation flux until
α remains higher than 10�4 (Fig. 1). Therefore the permeation is
expected to be rather insensitive to the reactivity of Pd surface
at PinZ0.1 MPa. This is in spite of the fact that the surface effects
on the overall permeation process are larger for the membranes
with faster H transport through the metal bulk as that takes place
in the case of V-based composite membrane. Thus the membranes
like Pd–V–Pd may be efficient in the chemically active gas
mixtures (reformates) typical for the conversion of hydrocarbon
fuels.

There are some grounds to believe that α can become
substantially lower than 10�4 in WGS atmosphere at 400 1C [2].
In this case the permeation flux j is expected to decrease
even at PinZ0.1 MPa (Fig. 1) though j can remain substantially
higher than in the case of similar membrane made of Pd alloy.
On the other hand, when α⪡10�4, j becomes almost indepen-
dent on membrane thickness and therefore the membrane
can be taken substantially thicker than 100 μm to enhance its
strength.

It is noteworthy that сН=сV
� �

in for the Pd(2 μm)–V(100 μm)–Pd
(2 μm) membrane is noticeably lower than the equilibrium con-
centration сН=сV

� �
eq even in the case of diffusion limited regime,

e.g. сН=сV
� �

in ¼ 0:25 at PinE0.125 MPa and 400 1C (Fig. 1)
while сН=сV

� �
eq ¼ 0:3 at this conditions [14]. That is because the

resistance of 2 μm thick palladium layer to hydrogen transport is
not negligible.

Fig. 1. 400 1C isotherms of hydrogen flux density through the composite mem-
brane of Pd (2 μm)–V (100 μm)–Pd (2 μm) calculated for different sticking coeffi-
cients α (αin¼αout) at Pout⪡Pin. The maximum possible flux through the 100 μm
thick vanadium membrane is shown by dash-and-dot line. Hydrogen concentra-
tions ðсН=сVÞin¼0.1, 0.25 and 0.42 are indicated for each isotherm.
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3. Experimental

3.1. Membrane setup

Main feature of the membrane setup was that it allowed to
investigate the hydrogen permeation in a wide range of feed
pressures, e.g. from 10�8 MPa to 0.6 MPa in the present work.
The setup was equipped with vacuum pumps, vacuum gauges and
fine piezoelectric gas suppliers for the operation at vacuum
pressures, as well as deformation manometers and flowmeters
for the operation at near-normal and higher pressures. A mass-
analyzer was used for the gas purity measurements. The scheme of
the setup, its more detailed description and method of permeation
measurements was given elsewhere [5].

3.2. Membrane samples

The plane and tubular V-based composite membranes were
prepared and investigated. The plane membranes (Fig. 2a) were
made as disks of 1 cm in diameter cut from the sheet of pure
vanadium of 100 μm thickness (produced by JSC GIREDMET). The
vanadium disk was spot-welded to the ring of austenitic stainless
steel. Next, both sides of the whole assembly were plated with Pd
of 2 μm thickness and then it was arc-welded to the stainless steel
holder (Fig. 2b). The membrane was heated by a Nichrome heater
(Fig. 2c) located inside the water-cooled downstream chamber [5].
Membrane temperature was measured by a thermocouple. Pure
hydrogen and the gas mixtures containing hydrogen could be
admitted directly to the membrane vicinity by means of gas-
intake pipe.

The tubular membranes were 0.6 cm in diameter. One of their
ends could be joined to the setup while the second one was closed.
The feed gas was admitted to inner side of the tubular membrane
by means of thin gas-intake pipe passing inside to the dead end.
Two types of tubular membranes were tested.

The vanadium tubes for the membranes of first type were made
of 100 μm thick vanadium foil spot-welded along the generatrix.
Both ends of the vanadium tube were spot-welded with thin-
walled (100 μm) tubes of austenitic stainless steel. Then the outer
and inner sides of this tubular unit were electrolessly plated with
palladium. The picture of such membrane sample is presented
in Fig. 3.

The tubular membranes of second type were made by MEVO-
DENA OJSC on the base of weldless vanadium tubes 20 cm long,
0.6 cm in diameter with 150 μmwall thickness. Its inner and outer
sides were electrolessly plated with palladium. Mechanical sealing
with graphite gaskets was used in this case to join the membrane
to the setup and to shut its second end.

The reference membrane sample of pure palladium was cut
from the sheet of 100 μm thickness. Its arrangement was similar to
the plane V-based membranes described above.

3.3. Palladium plaiting

The plating with palladium was made by two methods: by the
plasma and electroless deposition.

The plasma deposition was made in the magnetron type
machine by the Innolume GmbH. The layer of �120 nm from
each side was etched by the Arþ ion bombardment before theFig. 2. Membrane unit (a), plane membrane (b) and membrane heater (c).

Fig. 3. Tubular membrane made of vanadium foil.
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deposition of palladium (RF discharge at argon pressure of 0.3 Pa
at biasing 620 V). Palladium was deposited on the preheated
vanadium substrate (�120 1C) at the deposition rate of 0.5 nm/s.
A typical scanning electron microscopy (SEM) image of palladium
layer deposited on a plane vanadium substrate by magnetron
sputtering is presented in Fig. 4A.

The electroless deposition was used as a more practical method
especially for plating the inner surfaces of tubular membranes. The
electroless palladium plating has been carried out with the routine
procedure. First, the vanadium membrane surface was sensitized
and activated sequentially by dipping it into SnCl2 (4.5�10�3

mol/l) and PdCl2 (5.9�10�4 mol/l) solutions, respectively. The
samples were then rinsed with distilled water and immersed in
the electroless-plating bath containing PdCl2 (4 g/l), ethylenedia-
mine as a complexing agent (12 g/l), and N2H4 �H2O (6 ml/l
(5% solution)) as a reducing agent. The reaction temperature
was 40 1C. Pd deposition rate was about 2 mm/h. The deposited
palladium layer had a peculiar morphology (Fig. 4B) typical for
electroless plating [25].

3.4. Activation procedure

Just after the installation, all membrane samples made of
vanadium foil covered with palladium, as well as of sheet of pure
palladium demonstrated extremely low hydrogen permeability
caused by low sticking coefficient α at operation temperature
(400 1C). An activation procedure consisted of exposure of mem-
brane sample to oxygen at O2 pressure of E10 Pa (at the both
sides) and at 400 1C using successive 10 min cycles. The probability
of H2 molecule absorption was found after each cycle through
the measurement of hydrogen permeation at low pressure (10�3–

10�1 Pa). The activation was terminated when the absorption
probability stopped to increase. Typically that happened after
3–6 cycles of exposure to O2. One should note that when
vanadium sample was not plated with palladium, such exposure
to O2 resulted in the further reduction of absorption probability.

4. Results and discussion

4.1. Activation of the membrane samples

If the permeation through the composite membrane Pd
(2 μm)–V (100 μm)–Pd (2 μm) at 400 1C was observed without
any pre-activation starting from lowest H2 pressures, the depen-
dence of j on Pin was obtained in a hysteresis mode (Fig. 5). That
indicates that when high enough hydrogen pressure is attained
at 400 1C, some surface activation in hydrogen occurs causing
permeation growth.

Since the permeation is limited by the dissociative sticking in
the range of low pressures (Fig. 1, Eqs. (8) and (9)), the sticking

coefficient α before and after activation can be easily found to be
equal 3�10�6 and 7�10�5 respectively. Thus the initial reactivity
of palladium surface was extremely low compared to αE1 for the
atomically clean palladium surface [26]. The activation in H2

increases α dramatically by a factor of more than 30, but it still
remains so low (7�10�5) that the dissociative sticking signifi-
cantly hinders the overall hydrogen transport through the mem-
brane. As a result, the permeation flux turns out to be noticeably
lower than its theoretical limit even at our highest pressures
(compare Figs. 1 and 5).

Most of our membrane samples were pre-activated in oxygen
with the procedure described in Section 3.4. The evolution of
surface reactivity after the activation was monitored by the
permeation in the range of low pressure (Pin¼0.4 Pa) where the
permeation is mainly determined by the dissociative sticking
(Eqs. (8) and (9), Fig. 1). A typical example of such experiment is
presented in Fig. 6. The permeation flux immediately after
first post-activation admittance of hydrogen corresponded to
α as great as E0.1. Thus the activation in O2 was much more
efficient than that in H2. However, the achieved permeation
has to drop to a substantially lower level (Fig. 6) to remain
stable under the conditions of our experiment. This stable level
of permeability corresponds to much smaller value of α (e.g.
αE4�10�4) than immediately after activation in O2 (αE0.1)
but it was still significantly greater than α after the activation in H2

(αE7�10�5).
The fact of radical increase in surface reactivity (αE0.1) due to

its exposure in O2 means that the Pd surface was initially contami-
nated with carbon species [26,27] that were catalytically burned
during the activation in O2. Sticking of H2 molecules with αE0.1 is
typical for the almost clean surface of Pd that is formed due to
removing carbon contaminations [26]. Of course, the atomically clean
metal surface cannot be kept under the non-ultra-vacuum conditions

Fig. 4. SEM images of Pd layer deposited on the plane V substrate by magnetron sputtering (A) and by electroless plating (B).

Fig. 5. The effect of activation in H2 in the course of permeation experiment at
400 1C with the plane membrane Pd (2 μm)–V (100 μm)–Pd (2 μm) with the plasma
deposited palladium.
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of our experiment and, as expected, the great decrease of α occurred
during the first few minutes of operation in the hydrogen media
(Fig. 6). This post-activation drop was most probably caused by
carbon contamination as well. That is proved by the fact that the
repeated exposure to O2 restored the surface reactivity with αE0.1
(Fig. 6). Importantly, the dissociative sticking of H2 molecules with
α¼4�10�4 (stable post-activation value) is expected to almost not
impede the hydrogen permeation through Pd (2 μm)–V (100 μm)–
Pd (2 μm) membrane in the range of pressure of practical interest
(Pin4
0.1 MPa, Fig. 1), though this level of α is orders-of-magnitude lower
than for clean Pd surface. In the same time the sticking with
α¼4�10�4 should drastically impede the permeation at lower
pressures, e.g. at Pino0.001 MPa, according to Fig. 1.

4.2. Permeation at low pressures

The 400 1C isotherms of density of permeation flux through the
Pd (2 μm)–V (100 μm)–Pd (2 μm) membranes of plane and
tubular shape plated by plasma and electroless methods are
presented in Fig. 7. For comparison, we present also similar data
for the 100 μm palladium membrane as well as the results of
calculations for Pd (2 μm)–V (100 μm)–Pd (2 μm) and Pd mem-
branes. The calculations were performed at the assumption that
DV¼const, as for the permeation isotherms in Fig. 1.

The permeation flux through the V-based membranes is nearly
equal to the flux through the palladium one in the range of low
pressures (Fig. 7a). That is an expected result (see Eqs. (8) and (9))

because the dissociative sticking of H2 molecules to the palladium
surface limits the permeation at low pressures. Correspondingly,
permeation flux was observed to be proportional to hydrogen
pressure here. Still it is noteworthy that almost the same permea-
tion flux and therefore the nearly equal sticking coefficients α
were observed with the Pd surfaces of different morphologies and
formed by completely different methods: the surface made by the
plasma deposition (Fig. 4a), by the electroless plating (Fig. 4b) and
by the metal rolling (palladium foil).

According to Eq. (9), if hydrogen dissociation is a limiting step
of the permeation and if αin¼αout�α, the flux is simply propor-
tional to the sticking coefficient α, and therefore α can be easily
found from the presented experimental data: αE4�10�4. That
was a relatively stable value of α established under the conditions
of our permeation experiment after the membrane activation
in O2. Taking into account that α close to 1 for the clean palladium
surface [26], this value of α indicates heavy contamination of the
palladium surface, most probably by carbon [27], which inevitably
happens under non-ultra-high vacuum conditions.

4.3. Permeation at higher pressures

In the transient pressure range, where the contributions
of dissociative sticking and bulk diffusion are comparable, per-
meation flux through the palladium and the composite (based on
vanadium) membranes start to differentiate. This difference
increases with increasing pressure (Fig. 7a).

At even higher pressures the diffusion limited regime jp
ffiffiffiffiffiffiffi
Pin

p
was reached for the V-based membranes and for the palladium
one. The ratio jV=jPd attains E16 (Fig. 7b) and then remains nearly
constant with the further pressure rise (Fig. 7a). The hydrogen
permeance for the composite membrane Pd (2 μm)–V (100 μm)–
Pd (2 μm) can be determined from these data as 1.8�10�3 mol/
(m2 Pa0.5 s).

The density of flux permeating through the 100 mm-membrane
is as high as 2.4 scc/(cm2 s). This value is one of highest ever
achieved in the membranes based on group 5 metals as well as in
any other unsupported metallic membranes (only Mundschau
et al. have earlier reported about the flux E4 scc/(cm2 s) through
“composite membranes of IVB–VB elements” [28]). Notice that
there is an opinion [29] that only much smaller permeation
flux can be attained with composite membranes based on group
5 metals (e.g. Pd–Nb–Pd) because of fundamental limitations
caused by high concentration of dissolved hydrogen.

The attained density of permeation flux and achieved per-
meance are certainly higher than those typically observed with

Fig. 6. The effect of activation in O2: post-activation evolution of hydrogen
permeation at 400 1C through Pd (2 mm)–V (100 mm)–Pd (2 mm) membrane with
the plasma deposited palladium.

Fig. 7. The 400 1C isotherms of density of permeation flux through the Pd (2 μm)–V (100 μm)–Pd (2 μm) membranes and the 100 μm Pd membrane in the logarithmic (a) and
linear (b) scales. and ○ – experiment with plane Pd (2 μm)–V (100 μm)–Pd (2 μm) membranes plated by the plasma and electroless methods respectively, activated in O2;
▲ – experiment with tubular Pd (2 μm)–V (100 μm)–Pd (2 μm) membrane electrolessly plated, activated in H2 (but not in O2); –experiment with the 100 μm palladium
membrane activated in O2; solid and dashed lines – calculations at α¼4�10�4 and α¼1 respectively (with the assumption that the hydrogen diffusivity does not depend on
concentration of absorbed hydrogen).
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composite membranes based on the group 5 metal alloys (e.g.
jr0.14 scc/(cm2 s) at Pinr10 bar for V–10Ni alloys [30]) because
the alloys have a reduced hydrogen solubility. Still that is not the
only reason of the reduction in flux/permeance for the alloys.
Another cause is a significant drop of hydrogen diffusivity in the
alloys comparing to pure vanadium [19,30]. One more cause is that
the experimental samples of composite membranes based on the
group 5 metal alloys are typically rather thick (e.g. of 1 mm scale
[18,19,22,30]) because of difficulties in making fine rolled alloy
products, which are usually much less ductile than pure vanadium
[18,19,22,30].

Comparison of the experimentally obtained permeation flux
through the Pd (2 μm)–V (100 μm)–Pd (2 μm) membrane with the
calculated one at α¼1 (Fig. 7a, dashed line) demonstrates that
the theoretical limit of permeation flux density was almost
reached at the pressure of practical interest Pin40.1 MPa (while
this limit remained far unattainable in the range of low pressures).

Several consequences of such permeation behavior at high
pressures seem to be important for physics and applications of
hydrogen transport in metals.

4.3.1. Constancy of hydrogen diffusivity at high concentration of
dissolved hydrogen

The high permeation flux observed in the pressure range of
practical interest (Fig. 7) occurs at the concentrations of dissolved
hydrogen сН=сV exceeding 0.2 at Pin40.1 MPa and reaching 0.42
at our maximum pressure 0.6 MPa (Fig. 1). Thus at these pressures
the hydrogen solution is by no means diluted. However, the
permeation isotherm still fits well to the curve plotted with the
assumption of DV independent of сН=сV over the whole range of
hydrogen concentrations investigated. Therefore one can conclude
that within the accuracy of our experiment, DV keeps its reference
value even in undiluted solution of hydrogen in vanadium. Only
due to this fact the increase of pressure could result in the high
permeation flux observed.

In contrast, a rather significant effect of high hydrogen con-
centration on hydrogen diffusivity in group 5 metals was reported.
For example, Zhang et al. [29] reported a significant (up to 3-folds)
drop in hydrogen diffusivity in niobium in the range of pressures
relevant for practical applications, in comparison with its reference
value for dilute solutions derived from a rather low permeation
flux through the composite membrane Pd–Nb–Pd.

4.3.2. Insignificance of surface saturation
According to the above (Section 4.1), palladium surface is covered

with nonmetallic impurities (most probably by carbon) under the
conditions of our experiment. The dissociative sticking of H2 mole-
cules to such a passivated surface occurs with the probability
αo10�3. One can presume that adsorbed H atoms can additionally
reduce the reactivity of such surface and impede dissociative sticking
of H2 molecules. This assumption is based on the fact that the heat
of hydrogen chemisorption on the surface of palladium can be
substantially higher than the enthalpy of hydrogen absorption in
vanadium. That is true at least in the case of atomically clean
palladium surface [31]. If so, the surface of palladium is expected to
be deeply saturated with H atoms at the pressures at which cH/cV
becomes comparable to 1 (Pin40.1 MPa at 400 1C). In this case α is
expected to drop drastically with the increase of pressure and the
highest permeation flux (Fig. 1) cannot be achieved.

However, if one takes the experimental value of sticking coeffi-
cient at low pressures (α¼4�10�4), the experimental results are
well fitted over the whole pressure range from 10�8 MPa to
0.6 MPa (Fig. 7, solid lines). That means that the sticking coeffi-
cient remains constant up to the highest pressure (at 400 1C) and,
in particular, α does not drop due to a possible saturation of

palladium surface by hydrogen atoms. Hence, our experiment
provides the evidence of insignificance of surface saturation for
reaching the highest permeation flux at high pressure. Similar
conclusion also follows from other papers where high densities of
permeation flux were reported [2,7,20,28]. The physical explana-
tion of this result may be in significantly lower heat of hydrogen
chemisorption on the contaminated Pd surface (including the
active centers, if any) than on the clean metal surface [8,27].
As a result, the surface saturation is not reached. In general, the
problem relates to the great effects of nonmetal impurities on the
reactivity of metallic surface [27,32–34].

4.4. Long term behavior

Two plane membranes were investigated: with the plasma
and electrolessly deposited palladium coatings. Both membranes
were activated in O2 with the procedure described above. After the
activation the nearly stable sticking coefficient was established
(αE7�10�4 for both membranes). As a result the permeation
flux observed at low pressures (Pino10�5 MPa) and 400 1C was
practically stable and, if some chemical effect still lead to the
permeation drop, the permeation at low pressures could be
recovered by repeated activation in O2. One should mention that
the dissociative sticking of H2 molecules is the rate limiting step of
permeation at low pressures (Section 2, Figs. 1 and 5).

However when the experiment was performed at the same
temperature (400 1C) but at the high pressures (0.43 MPa), the
permeation flux was gradually decreasing (Fig. 8) and it could not
be recovered by additional activation in O2. The membrane with
the plasma deposited palladium demonstrated somewhat better
stability than the electrolessly plated one but the difference was
not significant. This decrease dramatically accelerated when tem-
perature was increased to 500 1C (Fig. 8). The latter suggests that
interdiffusion between the palladium coating and vanadium sub-
strate is the most probable cause of the permeation drop in the
range of high pressures.

The pressure dependences of the initial permeation flux and
the degraded one (Fig. 9) also support this interpretation. The
characteristic feature of these two isotherms is that the permea-
tion flux noticeably decreased with time only at higher pressures
whereas it remained nearly unchanged at the lower ones.
As concluded above, this means constancy of sticking coefficient
α and reduction in the speed of hydrogen bulk transport, i.e. in the
sum (4) of Eq. (1). That was confirmed by the above mentioned
fact that the activation in O2 was inefficient in recovering the
permeation flux, which dropped at higher pressures.

Correspondingly, in contrast to the experimental pressure
dependence j(Pin) for the initial state (solid line in Fig. 9), j(Pin)
for the degraded membrane cannot be fitted by Eq. (1) with using

Fig. 8. The time evolution of permeation flux through the Pd (2 μm)–V (100 μm)–
Pd (2 μm) plane membranes.
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experimentally found α (α¼7�10�4) and the bulk transport sum
(5) without any interlayer barriers. Such additional interlayer
terms ðlb=SbDbÞinþðlb=SbDbÞout lead to substantial (nearly two-fold)
increase in the transport sum (4) (dashed line in Fig. 9).

We also attempted direct observation of the intermixing at
the Pd–V interface by means of analysis of concentration profiles
in the initial state of the membrane and after its irreversible
degradation (presented in Fig. 8). The concentration profiles were
obtained with Glow Discharge–Optic Emission Spectroscopy
method (GD–OES) with using GD-Profiler 2, Horiba Co., as that
was described in details elsewhere [5]. The concentration profiles
appeared to be similar within an accuracy of the method. That
means that the intermixed zone did not exceed E100 nm, which
is the limit of resolution for particular case of our sample with a
relatively thick (2 mm) and rough Pd layer. Notice that the inter-
mixing was clearly observed when the same method was used for
analysis of membrane samples Pd (2 μm)–Nb (100 μm)–Pd (2 μm)
but in the state of significantly greater degradation [5]. Using
concentration profile analysis, Paglieri et al. demonstrated that the
intermixing between palladium (plasma deposited) and vanadium
occurs at 400 1C throughout the entire depth of the Pd layer of
50 nm for 400 h [35].

Edlund et al. [36] found that the permeability of Pd–V
alloy formed as a result of interdiffusion between palladium
and vanadium was E100 times lower than the permeability of
palladium at 700 1C. This difference most probably is even much
greater at 400 1C. If so, intermixing in a few tens of nm could be
quite enough for the observed drop of permeation as that can be
easily estimated from Eqs. (1) and (4). On the other hand, the Pd–V
intermixing at temperature as low as 400 1C is difficult to explain

as a trans-crystalline diffusion of vanadium in palladium. Usually
the diffusion along the grain boundaries is considered responsible
for the low-temperature intermixing in the case of thin films [37].
In this context the stability of membranes plated by plasma
and electroless methods could demonstrate even much greater
difference than that was actually observed (Fig. 8) taking into
account the pronounced difference in the morphology of palla-
dium films (Fig. 4).

In conclusion, though the gradual decrease of permeation was
observed at 400 1C, the permeation flux remained very large (more
than 2 scc/(cm2 s) after 45 h of operation for plasma deposited Pd
coating – Fig. 8).

4.5. Mechanical stability

4.5.1. Effect of hydrogen pressure cycling
The tubular membrane with the mechanical sealing was sub-

jected to 100-fold cycling of hydrogen pressure from 0 to 0.6 MPa
at 400 1C. After each series of several cycles the membrane was
visually inspected and tested for leaks with nitrogen (at 0.1 MPa
N2 at the feed side and vacuum at the permeate one). After 100
cycles, the tubular membrane kept its shape, integrity and did not
exhibit any visual changes. The results of leak test are presented in
Fig. 10. The mechanical sealing was not absolutely tight initially.
This initial leak gradually increased by approximately a factor of
two in the course of first 20 cycles and then remained nearly
constant. This final tightness of the sealing ensured rather high
purity of hydrogen permeating through the tubular membrane,
e.g. the purity is expected to be 99.997% in the case of hydrogen
extraction from the equimolar H2/N2 mixture at the total feed
pressure 1.2 MPa and vacuum at the permeate side.

One should note that the hydrogen concentration сН=сV in this
experiment reached 0.42 in each pressure cycle (according to the
data presented in Fig. 1). That significantly exceeds the concen-
tration сН=сV ¼ 0:22 when the ductile-to-brittle transition occurs
at 400 1C as Yukawa et al. reported [15]. If so, the tubular
membrane performed 100 ductile-to-brittle transitions without
any damage of its integrity and with only small loss in tightness of
mechanical joint.

4.5.2. Stability of membrane shape
As described above, the tubular membrane kept its shape in the

course of its operation with hydrogen, which included the test with
the cycled hydrogen loading (from 0 to 0.6 MPa at 400 1C). In contrast
to that, the shape of plane membrane irreversibly changed (Fig. 11).
Membrane, that was initially flat, becomes domed after being used in
hydrogen media (at Pinr0.43 MPa and vacuum at the permeate
side). Surprisingly, the dome was curved in the direction opposite to
the pressure force (i.e. in the feed side direction). The reason may be
in the higher hydrogen dilatation of vanadium in the zone adjacent
the feed side than that in the zone adjacent to the permeate side due
to the gradient of dissolved hydrogen. Consequently this factor may
become even more significant in case of vacuum on the permeate
side. Once formed, this shape did not change at the next operation in
hydrogen media.

Note that the concentration сН=сV in the plane membrane
reached E0.3, i.e. this membrane also became brittle [15] and the
ductile-to-brittle transitions repeatedly occurred at changes of
hydrogen pressure.

4.5.3. Effect of temperature
No failure of membrane body integrity was observed with all

membrane samples tested at operated temperature (400 1C),
though destruction features appeared in the area of welded or
mechanical joints when they were made too rigid.

Fig. 9. The 400 1C isotherms of permeation flux through the Pd (2 μm)–V
(100 μm)–Pd (2 μm) plane membrane plated by magnetron sputtering. ○ – initial
state ▲ – after long term operation in H2 at Pin¼0.43 MPa and T¼400 1C solid lines
– calculation with Eq. (1) at α¼7�10�4 and α¼7�10�5 with sum (5) dashed
line – calculation with Eq. (1) at α¼7�10�4 and sum (4) taken twice as large as
sum (5).

Fig. 10. Evolution of nitrogen flux through the tubular membrane with mechanical
sealing in the course of hydrogen pressure cycling.
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We also examined specifically the capability of vanadium foil to
keep its integrity in the hydrogen media at lower temperatures. An
unfixed strip of Pd (2 μm)–V (100 μm)–Pd (2 μm) was loaded with
1 MPa H2 for reaching equilibrium concentration of hydrogen at
given temperature. Then hydrogen was evacuated, the sample was
degassed, cooled and visually inspected. No damages were
observed after such test at 400 1C, 350 1C, 300 1C, 250 1С and
200 1C. Note that the equilibrium hydrogen concentration сН=сV at
1 MPa H2 was higher than 0.5 at all temperatures and it was as
high as 0.71 at 200 1C. Still after the exposure to 1 MPa H2 at 150 1C
the sample turned out to be destructed (Fig. 12). One should note
that 150 1C is lower than the critical temperature of vanadium
hydride formation [11] and the hydride phase should be actually
formed at 1 MPa H2.

5. Conclusions

We studied the hydrogen transport through Pd–V–Pd compo-
site membranes of planar and tubular shape in the pressure range
of (1�10�8–6�10�1) MPa at 400 1C. Due to the wide pressure
range both the diffusion limited regime of hydrogen permeation
and the regime limited by the H2 molecule dissociation were
observed in one experiment. The density of flux permeating
through the 100 mm thick membrane reached 2.4 scc/(cm2 s). This
value is one of the highest ever achieved in the membranes based
on group 5 metals as well as in any other unsupported metallic
membranes. Though the concentration of dissolved hydrogen
сН=сV was as high as 0.42 no noticeable reduction in hydrogen
diffusivity was observed. The constant value of sticking probability
of H2 molecules (4�10�4) that was observed over full range of
pressures used in this study indicates that the surface saturation
has an insignificant influence on the kinetics of boundary pro-
cesses. The 100-fold cycling of hydrogen pressure from 0 to
0.6 MPa did not result in any loss of tubular membrane integrity
and shape distortion despite the fact that the ductile-to-brittle
transition occurred in each cycle. The operation with samples of
plane and tubular shape demonstrated that V-based composite
membranes can be used at least for laboratory studies. As to the

prospect of practical applications, first of all additional research is
needed for improving the long term stability restricted by the
interdiffusion between palladium coating and vanadium. The strict
condition for no cooling of the membrane in the hydrogen media
also entails inconveniences but does not seem to be insurmoun-
table barrier for practical applications.
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