
Journal of AUoys and Compounds, 185 (1992) 295-300 295 
JALCOM 241 

Hydrogen permeability for oxide-metal multflayered films 

H. Sakaguchi ,  H. Shirai, K. Nishioka, T. Suenobu,  H. Tanaka  and 
G. Adachi* 
Department of Applied Chemistry, Faculty of Engineering, Osaka University, 
Yamadaoka, Suita, Osaka 565 (Japan) 

(Received January 8, 1992) 

A b s t r a c t  

The hydrogen permeability of multilayered films consisting of various oxide and metal 
films, e.g. V2OJCu, was investigated using the colouring phenomenon of amorphous 
W03 and was found to be associated with the capability of dissociation of hydrogen 
molecules and the hydrogen densities of the oxide layers. 

Hydrogen separation has been performed using V2Os/Cu multilayered films formed 
on a polyimide membrane. The hydrogen permeability coefficient of the films in the 
temperature range 343-368 K was found to be about 10 times as large as that of copper 
films owing to the capability of hydrogen dissociation at the V2OJCu double layer and 
owing to the large amount of hydrogen taken up by V205. Mixtures of H2-CO and H2-Ar 
with 50 mol% H2 had a concentration of H2 as high as 97 mol% after permeation through 
the membrane. When an LaCu5 film was formed between the copper and polyimide film, 
the hydrogen permeability coefficient of the film increased owing to enhanced recombination 
of H atoms. 

1. I n t r o d u c t i o n  

Blue colora t ion  of  a t r ansparen t  a m o r p h o u s  WOa (a-WO3) film has been  
known to occu r  as a result  of  a double injection of  p ro tons  and e lect rons  
to fo rm a tungs ten  bronze  [1 ]. 

Adachi  and coworkers  r epor ted  tha t  a-WO3 films coated  with hyd rogen  
s torage  alloys such  as LaNi~ co loured  blue when held in an a tmosphere  of  
h y d r o g e n  gas, while films covered  with coppe r  exhibited no change  [2, 3]. 
They also revealed that  V2OJCu/a-WO3 multi layered films exhibited blue 
shading of  a-WOa after  applying an H2 pressure  [4, 5l. These p h e n o m e n a  
can be r ega rded  as being due to  hyd rogen  spill-over [6]. Hydrogen  injection 
into a-WO3, however ,  did not  occu r  when  the coppe r  and V205 layers existed 
separa te ly  and there  were some cases where no colorat ion was  observed  
even t h o u g h  an oxide layer  was  combined  with a metal  layer, e.g.  SiO2/Cu. 

In the  presen t  s tudy the hyd rogen  permeabil i ty  of  mult i layered films 
consis t ing  of  var ious  metals  and  oxides  is investigated by using the colora t ion 
of  the a-WO3 film in order  to clarify the mechan i sm of hydrogen  permea t ion  
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through the oxide/metal dual-layered films. Furthermore, the hydrogen sep- 
aration characteristics were studied using V2OJCu/polyimide composite  films. 

2. E x p e r i m e n t a l  deta i l s  

Figure 1 is a schematic representation of  the test  piece used to estimate 
the hydrogen permeabilities of the oxide/metal multilayered films. Films of 
a-WO3, copper,  various metals (silver, gold, cobalt and copper) and various 
oxides (V205, Sn02 and Si02) were successively formed on a glass substrate. 
These metal and oxide layers were deposited using a conventional vacuum 
evaporation method, except  for copper  and Si02 layers which were prepared 
by means of a sputtering method. The copper  layer between the a-W03 and 
metal layers was used to contrast the blue shade of a-WO3 with the colour 
of copper  metal. An H2 pressure of  2.0 × l0  s Pa was applied to the samples 
in a stainless steel vessel in the temperature range 296-363  K. The progress 
of  coloration of  the a-WO3 film was observed at given intervals of elapsed 
time. 

V205(0.3 /~m)/Cu(1.1 /~m) and V20~(0.3 /~m)/Cu(1.1 /~m)/LaCus(0.03 
/zm) multilayered films deposited on a hydrogen-permeable polyimide mem- 
brane were used as hydrogen separation membranes.  Gas mixtures of H2(50 
mol%)-Ar(50 mol%) and H2(50 mol%)-CO(50 mol%) with a pressure of 
1.5 × 10 ~ Pa at around 318 -368  K were applied to the V2Os-deposited side 
of  the membranes.  The characteristics of hydrogen separation were estimated 
by a hydrogen separation factor and a hydrogen permeability coefficient 
[7, 8]. 
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Fig. 1. S c h e m a t i c  r e p r e s e n t a t i o n  o f  t e s t  p m c e .  
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3. Resul ts  and d i scuss ion  

3.1. Hydrogen permeability 
Table 1 shows the colouring behaviour of a-WOz on various oxide/metal 

multilayered films after applying hydrogen for 4 .8×102  s at 314 K. The 
colour of a-WO3 on the VzOs/Cu film showed the deepest  shade of  blue of 
all the samples. This indicates that the hydrogen permeation rate of  the film 
is the largest of all the multilayered films. The blue shade of a-WO3 under 
the area covered with the V2OJCu layer was found to be deeper  than that 
with the copper  layer alone. The colouring behaviour of the V2OJ(Au,Co) 
and SnO2/(Au,Cu~Ag) films is unlike that of the V2OJCu film, a uniform blue 
shading of a-WO3 being observed under the area coated with the metal layer. 
In the case of the Si02/(Au,Cu,44~) films no colouring occurred. It was 
confirmed that the rates at which coloration had proceeded were in the 
following order: 

V2OJCu > V205/Au > V205/C0 = SnOz/(Au,Cu#kg) >> SiO2/(Au,Cu~g) 

The difference in colouring behaviour of the various oxide/metal  mul- 
tilayered films may be attributed to the capability of dissociation of hydrogen 
molecules at oxide/metal films and of hydrogen storage in the oxides, both 
the diffusivity and solubility of  hydrogen in the metals being important. 

V205 exhibits a phenomenon of electrochromism similar to WOz [9] and 
ShOe [10]. When hydrogen gas was applied to the Cu/V205 and Cu/SnO2 
films, a colour change of  V205 and SnO2 was observed, though no colouring 

TABLE 1 

Schematic illustration of multilayered specimens and their colouring behaviour at 314 K and 
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occurred when these oxide films existed separately. This fact indicates that 
these two oxides were reduced by the spilt-over hydrogen. Consequently, it 
is confirmed that the Cu/V205 and Cu/SnO2 films can dissociate hydrogen 
molecules into atoms or ions. 

V205 is known to absorb hydrogen at high densities comparable to that 
of liquid hydrogen [11 ]. The spilt-over hydrogen dissolves into the V205 
layer and the hydrogen concentration between the V205 and copper layers 
becomes adequately high, so that the concentration gradient of hydrogen 
reaches a critical value needed for the diffusion of hydrogen in the copper 
layer. Therefore the blue colour of the area covered with V2Os/Cu has become 
sufficiently deep before colouring of the surroundings. 

Since the capability of hydrogen storage in SnO2 is very poor in comparison 
with that  in V205, the dissociated hydrogen appears to spill over the surface 
of the copper layer and permeates through the copper layer into the SnO2/ 
Cu film. Consequently, the colouring of a-WO3 was observed uniformly under 
the copper layer. 

The SiO2/Cu film does not seem to be able to dissociate hydrogen 
molecules because no colouring occurred. 

There is a difference in the colouring behaviour of the metal layers 
formed under the same oxide layer, e.g. V2OJCu vs. V2Os/Au. For the V205/ 
Au film the colouring of a-WO3 occurred uniformly under the region covered 
with the gold layer. The diffusivity of hydrogen (D~) in copper and the 
solubility of hydrogen (SH) in copper at 773 K are 2 .7> 10 -9 m 2 s - '  and 
2 × 10 -1 at.% H respectively [12, 13]. Both D n and SH for copper are larger 
than for gold ( D n = l . 4 × 1 0  -9 m 2 s -I,  S H = 3 × 1 0  -2 at.% H) [12, 13]. Since 
the permeation rate of hydrogen is dominated by the product of D H and SH, 
copper exhibits a large permeation rate in comparison with gold. Therefore 
it appears that the large amount of hydrogen stored in the V205 layer was 
transported to the copper layer immediately, permeated through the copper 
layer and was injected into the a-WO3 layer. However, since the gold layer 
hardly absorbs the hydrogen supplied from the V205 layer, most of the 
hydrogen did not dissolve into the gold layers directly but spilt from the 
interface between the V2Q and gold layers. After spreading over the surface 
of the gold layer, the hydrogen dissolved into the gold layer. 

3.2. Hydrogen separat ion characterist ics 
Since the permeation rate of hydrogen for the V2OJCu multilayered film 

was largest of all the samples, the hydrogen separation characteristics, such 
as the separation factor and permeability coefficient, were investigated using 
the film formed on the hydrogen-permeable polyimide membrane. Figure 2 
reveals the temperature dependence of the hydrogen permeability coefficient 
for the V2OJCu and copper films. The coefficient for the copper film at 343 
K was 5 ×  10 -Is m 2 s -1 Pa -lrz. However, it was found that the permeation 
rate of the V2OJCu film became more than 10 times as large. This can be 
attributed to the fact that the V2OJCu film dissociates hydrogen molecules 
easily and the surface of V205 absorbs much hydrogen. 



299 

20 

-- 1 5  
g_ 
'm 

~ 1 0  

cr 5 

0 
300 320 340 360 380 

T / K  

Fig. 2. Temperature dependence of hydrogen permeability coefficient for V2Os/Cu and V2OJ 
Cu/LaCu5 multilayered films: ©, V2OJCu; A, V2OJCu/LaCus;., copper. Applied gas 99.999% 
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TABLE 2 

Hydrogen separation characteristics of V2OJCu/polyimide films 

Composition of Composition 
applied gas of film 
(mol%) 

Hydrogen permeabihty Hydrogen concentration Hydrogen 
coefficient in permeated gas separation 
(10 -17 m 2 s -1 Pa -112) (mol%) factor 

v20JCu 6.6 97.7 42.5 
Ha(50)-Ar(50) 

VzOJCu/LaCu~ 14.4 >99 >99 

H2(50) - CO(50) V2OJCu 6.2 > 99 > 99 

In o rder  to acce l e ra t e  the r e c o m b i n a t i o n  of  H a toms ,  a thin LaCu~ film 
was  f o r m e d  b e t w e e n  the  c o p p e r  film and  the  po ly imide  m e m b r a n e .  The  
hyd rogen  pe rmeab i l i ty  coeff icient  o f  the  V2OJCu/LaCu~  mul t i l ayered  film 
obvious ly  inc reased  in c o m p a r i s o n  with tha t  of  the mul t i l ayered  film wi thou t  
an  LaCu5 film. 

Table  2 shows  the  hyd rogen  s epa ra t i on  cha rac te r i s t i c s  of  the  V 2 O J C u  
and  V2OJCu/LaCu5  fi lms depos i t ed  on  the  po ly imide  m e m b r a n e .  A mix tu re  
conta in ing  50 mol% H2 was  c o n c e n t r a t e d  to 94 .6  mo l% H2 us ing  the  po ly imide  
m e m b r a n e .  The h y d r o g e n  concen t r a t i on  in the  p e r m e a t e d  gas  inc reased  to 
97 .7  mol% H2 or  m o r e  (as  h igh  as  99 mo l% H2) w h e n  the  V 2 O J C u  and  
V2OJCu/LaCu~ layers  w e r e  f o r m e d  on  the  po ly imide  m e m b r a n e .  I t  is wor th  
no t ing  tha t  the re  was  no  dif ference in s epa ra t i on  f ac to r  b e t w e e n  the  Hz-Ar  
and  H2-CO gas  m i x t u r e s  used  as  the  appl ied  gas.  The  V 2 O J C u  film a p p e a r s  
to  have  a large res i s t ance  to  ha rmfu l  CO as  an impur i ty  in the  hyd rogen  
gas.  
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