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Electrochemical Determination of the Diffusion Coefficient of 
Hydrogen Through an LaNi . sAI0. s Electrode in 

Alkaline Aqueous Solution 
G. Zheng,* B. N. Popov,** and R. E. White** 

Depar tment  of  Chemical Engineering, University of South  Carolina, Columbia, South  Carolina 29208, USA 

ABSTRACT 

The constant potential and constant current discharge techniques were used to determine the hydrogen diffusion 
coefficients in an LaNi~.~A10.v~ electrode. The values obtained were 2.97 • 10 -~1 and 3.30 • 10 -~1 cm2/s, respectively. The 
advantages and disadvantages of these two techniques are discussed. 

Introduction 
Metal hydrides are being used as electrodes in nickel/  

metal-hydride batteries because of their ability to store 
large quantities of hydrogen and because of their many 
advantages over conventional lead-acid and nickel-cad- 
mium batteries. 1'2 The performance of a metal hydride elec- 
trode is determined by both the kinetics of the processes 
occurring at the metal/electrolyte interface and the rate of 
hydrogen diffusion within the bulk of the metal. 3 Although 
this system has been studied extensively, understanding of 
the fundamental properties such as reaction mechanisms 
and transport phenomena have not been completed and 
disagreements exist in the literature. 4-14 Reported values of 
the diffusion coefficient of hydrogen in LaNi~ vary over 
three orders of magnitude at room temperature. Using nu- 
clear magnetic resonance (NMR), Khodosov et al. 4 reported 
a value for the hydrogen diffusion coefficient in LaNi5 of 
5 • 1O-6cm2/s. Using the same technique Reilly and 
Wiswall ~ determined a value of 2.7 • 10 -8 cm2/s for the 
hydrogen diffusion coefficient. Lebsanft et al. 6 used a 
quasi-elastic neutron scattering technique (QNS) to meas- 
ure the diffusion of hydrogen in LaNi~, FeTi, and Ti2Ni and 
reported diffusion coefficient values of 6.1 • i0 -9, 1.8 • 
i0 -~2, 2.3 • 10 -1~ cm2/s, respectively. Using the same tech- 
nique, Fischer et al. 7 reported that the hydrogen diffusion 
coefficient in LaNi5 is on the order of 19-6 cm~/s. Although 
most measurements for the diffusion coefficient of hydro- 
gen through metal-hydride systems were performed using 
NMR 4'~'s-~~ and QNS 6'7'11'~2 electrochemical techniques have 
been also applied 3'I~'14 to determine the hydrogen diffusion 
coefficient. 

Electrochemical measurements using the current pulse 
method were carried out by Zuchner et al. ~ as a function of 
crystal orientation and temperature to determine the diffu- 
sion of hydrogen in LaNi5 single crystals. Their results indi- 
cated an anisotropic, orientation-dependent diffusion co- 
efficient with a value of 19 -8 cm2/s. The diffusion in the 
[001] direction was preferred compared to that in the [i00] 
direction. 

Van Rijswick 3 using the transfer-limited portion of a 
potentiostatic discharge curve estimated the hydrogen 
diffusion coefficient in an LaNi5 electrode to be in the order 
of i0 i0 cm2/s. Ciureanu et al. i~ determined the diffusion 
coefficient of hydrogen in an Ni64Zr36 ribbon using the 
chronopotentiometric method. They reported hydrogen 
diffusion coefficient values in the range of 2.2 • i0 10 to 
4.5 • 10 ~o cm2/s. 

LaNis_=Al= alloys are promising hydrogen absorbing ma- 
terial because of their high resistance to degradation 15'1~ 
and because of their low equilibrium pressure when com- 
pared with Mn, Cu, Co and Cr substitutions. 17'18 Since 
LaNis_=AI= alloys have been recently very well character- 
ized in literature, I9-21 we measured the hydrogen diffusion 
coefficient in LaNi4.2~A10 ~5. In this work constant-potential  
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and constant-current discharge techniques were used to 
estimate the hydrogen diffusion coefficient through a pal- 
ladium-plated LaNi4.2~A10.75 electrode. 

Theory 
Assuming that the hydride alloy is in spherical form, the 

diffusion equation is 

O(rc) ~ 02(rc). 
~t - Or 2 [1] 

where c is hydrogen concentration in the alloy, t is time, D 
is an average (or integral) diffusion coefficient of hydrogen 
over a defined concentration range, and r is a distance from 
the center of the sphere. 22 The diffusion equation may be 
solved under two different boundary conditions: (i) con- 
stant hydrogen surface concentration and uniform initial 
hydrogen concentration in the bulk alloy, and (if) constant 
flux at the surface and uniform initial concentration in the 
bulk of the alloy. Assuming uniform initial hydrogen con- 
centration in the bulk of the alloy, Co and a constant surface 
concentration, c,, the solution of the above equation is 
given by Crank 23 

- 2a .~ (-1)  n n ~ r  ( - - ~ 2 t )  
C C o _ l + _ _  sin exp - -  [2] 
Cs -- co ~r ~ n a 

where a is the sphere radius. The resulting diffusion current 
varies with time according to Eq. 3 

6FD , { _ n  2~r2Dt~ 
i = - ~ a  2 [ C o - C , ) ~ e x p \  a 2 / [3] 

n=l 

For large t, Eq. 3 reduces to 

{+ 6FD ) w 2 D 
log i = log \ _  da 2 (Co - c,) 2.303 a 2 t [4] 

The -+ sign in Eq. 3 and 4 indicates the charge ( - )  and 
discharge (+) process. From the slope of a plot of log (i) vs. 
t, according to Eq. 4, D/a 2 may be evaluated, and if the 
sphere radius is known, D can be calculated. 

The diffusion coefficient may also be determined from 
the amount of charge transferred. The total moles of hydro- 
gen entering (charging) or leaving (discharging) the sphere 
is given by Crank 22 

M= 
t [5] 

where Mt and M~ are the amounts of hydrogen that have 
been transferred in or out after time t and % respectively. 
D/a 2 may be estimated from the slope of the plots In [6Dr 2 
(MJM~ - Mr)] vs. t according to Eq. 5. In praetiee, it is 
usually not convenient to make an integration in order to 
estimate the amount of hydrogen as a function of time. 
However,_ if the time is known for a specified value of Mr, 
then D/a 2 can be ealeulated from Eq. 5. For example, if t = 
t0.95, then 

2695 
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m 
D ln(120/~r ~) 0�9 [6] 

= ~r2to 95 = t(o.~) 

On the other hand, for a constant flux at the surface and 
uniform initial concentration of hydrogen in the bulk of the 
alloy, the value of D/a  2 may be evaluated for large transi-  
tions times, v 22.2~ 

D 1 

a ~ -  1 5 ( ~  - T) [7] 

where Qo is the initial  specific capacity (C/g), i is the cur- 
rent density (A/g),  and v is the transient time (s), i.e., the 
time when the hydrogen surface concentration approaches 
zero. The ratio Qo/i corresponds to the discharge time nec- 
essary completely to discharge the electrode under hypo- 
thetical conditions when the process proceeds without in- 
terference of diffusion. Rearranging Eq. 7, one obtains 

i a 2 
Q1 = Qo - Ti = -  15 D 
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Fig. 1. Constant potential discharge curves at different state of 
charge. Discharge potential = -0 .30 V (Hg/HgO). 

where Q1 is charge of hydrogen left in the electrode when 
the hydrogen surface concentration is zero. According to 
Eq. 8, the hydrogen content left over in the electrode after 
discharge is proportional to the discharge current and to 
the square of particle size and is inversely proportional to 
the diffusion coefficient. 

Experimental 
The alloy was prepared by arc melting under  argon atmo- 

sphere and was stored under argon atmosphere�9 The fol- 
lowing procedure was used to prepare the LaNi4.25A10.75 pel- 
let electrode. The LaNi4.~A10.75 powder was passed through 
a 230 mesh sieve, which gave a particle size of less than 
60 ~m. The alloy was chemically activated by immersing 
the alloy for 30 s in an aqueous 1M HF prior to electroless 
plating with palladium. According to Hout et  al. 24 and 
Ciureanu et  al., 2~ immersion of several alloys in 1M HF 
removed the oxide layers, significantly improving their 
electrocatalytic activity. Since the alloy was not exposed 
to air unti l  after it was palladium plated, we expect the 
thickness of any oxide layer that  may have formed on the 
surface of alloy to be negligible. The electroless plating 
process was carried out in a chamber filled with argon. 
After cleaning the alloy with HF, the LaNi4.2~A10.7~ alloy was 
microencapsulated with a thin film of palladium (approxi- 
mately 0.5 ~m thick) by electroless deposition using hy- 
pophosphite as a reducing agent. The alloy powder was 
immersed in an electroless plating solution containing 
1.7 gai ter  PdCI2, 160 ml/liter NH4OH, 26 g/liter NH4C1, and 
10 g/liter NaH2PO~H2 - H~O. The palladium to alloy ratio by 
weight was 1:5. Microencapsu]ation with palladium was 
carried out in order to prevent the LaNi4.2~A10.7~ alloy from 
oxidizing during the discharge process. Since the Pd film 
was less than 1 ~m and palladium has a relatively high 
diffusivity, the diffusion resistance of the film was assumed 
to be negligible�9 

A good electrical connection to the pellet was achieved 
through the following procedure: (i) a piece of plat inum 
wire was passed several times through a pla t inum mesh; (ii) 
the plat inum mesh and the wire were then pressed together 
to obtain good electrical connection; (iii) next, the pellet 
electrodes were prepared by mixing palladium-plated 
LaNi4.2~A10.~5 alloy powder with 2.5 % of polytetrafluorene- 
ethylene (PTFE) powder followed by hot-pressing the ma- 
terial between two plat inum meshes in a cylindrical press. 
A pellet with a diameter of 0.8 cm and thickness of 0.5 mm 
was formed at approximately 300~ using a pressure of 
5 t/cm ~. A pellet containing 112 mg of LaNi4.25A10.7~ alloy 
was then inserted between two pieces of Plexiglas holders 
with small holes on each side. The electrode was immersed 
in the test cell filled with a 6M KOH electrolyte solution. A 
piece of Pt gauze on each side of the electrode were used as 
counterelectrodes. 

The experiments were carried out using an Hg/HgO ref- 
erence electrode using the Model 342C SoftCorr System 
with the EG&G Princeton Applied Research potentiostat/ 
galvanostat Model 273 at 25~ 

Results and Discussion 
To estimate the diffusion coefficient parameter D / a  2, the 

following procedure was carried out: the alloy was acti- 
vated by fully charging and discharging the electrode for 
ten cycles�9 Then the electrodes with different states of 
charge were equilibrated unti l  an equilibrium potential 
was reached. 

Initially, the activated electrode was discharged at con- 
stant potential at different states of charge. It was found 
that the discharge current per uni t  mass becomes constant 
when the applied potential is between -0.50 and -0.30 V 
vs. Hg/I-IgO in 6M KOH indicating that the hydrogen which 
diffuses from the electrode is completely oxidized. In order 
to secure a zero concentration of hydrogen at the surface of 
each individual particle, the electrode was discharged at a 
constant anodic potential -0.30 V (Hg/HgO) by taking into 
account the ohmic voltage drop through the pellet. Dis- 
charge curves obtained for seven different charge states are 

g.o 
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Fig. 2. Dependence of D/a 2 upon the state of charge. 
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t O  ~ , , , - 0 , 3  

i0  2 

Eq. 4 .... I Eq. 3 - - -  
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~ 10 ~ 
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Fig. 3. Comparison of theoretical results with experimental data at 
8.3 % state o f  charge. 

given in Fig. I. For large times in Fig. 1 an approximately 
linear relationship exists between log i and t, which is con- 
sistent with Eq. 4. From the slope of the linear portion of 
the corresponding curves in Fig. i, the ratios of D/a 2 were 
estimated by using Eq. 4. These ratios for different states of 
charade are presented in Fig. 2. As shown in Fig. 2, the ratio 
of D/a 2 is almost independent of state of charge with an 
average value of D/a 2 of 1.32 • i0 -5 s ~. Assuming that the 
average particle radius is 15 ~m, the effective diffusion co- 
efficient of hydrogen through LaNi4.25A1075 electrode was 
estimated to be 2.97 • i0 -n cm2/s. This value is very close 
to the diffusion coefficient values of hydrogen in nickel 
alloys, which are in the range of 2.0 • i0 11 to 5.6 • 
I0 -n cm2/s, estimated using a permeation technique. 26-28 

In order to show the validity of Eq. 4, both Eq. 3 and Eq. 4 
were plotted in Fig. 3, and the plots were compared with 
the experimental data obtained at 8.3% state of charge. 
Equation 4 is a good approximation only for large times 
and, as shown in Fig. 3 can be used to estimate D/a 2 only 
four times lar~er than 6,000 s. 

Values of D/a 2 calculate_d us'ing Eq. 6 are also given in 
Fig. 2 for comparison. The D/a 2 values obtained using Eq. 6 
are much higher than those calculated from Eq. 4. The t0.95 

-0.3 . . . . .  , . . . . .  , . . . . .  , . . . . .  , . . . . .  , . . . . .  

- 0 . 4  
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o -0 ,8  

- 0 . 9  

/ 
- l .O  . . . . .  ' . . . . .  ' . . . . .  ' . . . . .  ' . . . . .  ' ' " ' , , 

0 . 0  3 , 0  6 ,0  9 .0  12 ,0  15.0 l B .O  

t i m e  ( k s )  

Fig. 4. Constant current discharge curve at i = 57.1 mA/g. 

- 0 � 9  
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�9 - 0 . 6  

~ - 0 . 7  
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t i m e  ( k s )  

Fig. 5. Constant current discharge curve at i = 4.57 mA/g. 

va lue  for  e ach  d i scha rge  curve  was  o b t a i n e d  b y  d e t e r m i n -  
ing  t he  t ime  a t  w h i c h  t he  e lec t rode  was  95% d i scharged .  
Fo r  example ,  t he  d i scha rge  curves  o b t a i n e d  a t  8.3 a n d  17 % 
a n d  s t a t e  of cha rge  h a v e  t0.95 va lues  of 7 x 103 a n d  5 • 103 s, 
respectively.  Al l  o the r s  h a v e  a n  ave rage  va lue  of t0.,5 ap -  
p r o x i m a t e l y  3 • 103 s, w h i c h  is f a r  f rom the  l i n e a r  po r t i ons  
of log i v s .  t curves  obse rved  in Fig. 1. Thus ,  Eq.  6 is no t  
va l i d  in  these  cases a n d  is no t  r e c o m m e n d e d  for  e s t i m a t i n g  
t he  d i f fus ion  coefficient�9 

Next ,  two  d i scha rge  curves  were  o b t a i n e d  u n d e r  con-  
s t a n t  c u r r e n t  condi t ions .  In  t he  absence  of a n y  o t h e r  o x i d a -  
t i on  process ,  t he  d i scha rge  p rocess  ca r r i ed  ou t  a t  a c o n s t a n t  
c u r r e n t  s h o u l d  e s t a b l i s h  a c o n s t a n t  h y d r o g e n  f lux  cond i -  
t ion.  In  t he se  g a l v a n o s t a t i c  cases,  t h e  e x p e r i m e n t  was  te r -  
m i n a t e d  a t  a p o t e n t i a l  of - 0 . 3 0  V (Hg/HgO) to  secure  t h e  
s ame  cond i t ions  as u n d e r  p o t e n t i o s t a t i c  cond i t ions .  The  
g a l v a n o s t a t i c  d i scha rge  curve  p r e s e n t e d  in  Fig. 4 was  ob-  
t a i n e d  a t  a c o n s t a n t  c u r r e n t  p e r  u n i t  mass  of 57.1 mA/g.  
The  cu rve  s h o w n  in  cu rve  Fig. 5 was  o b t a i n e d  a t  a c o n s t a n t  
c u r r e n t  p e r  u n i t  mass  of 4.57 mA/g.  In  o rde r  to eva lua t e  t he  
d i f fus ion  coeff ic ient  u s i n g  Eq.  7 i t  is neces sa ry  to e s t ima te  
t he  t r a n s i e n t  t i m e  ~. As s h o w n  in  Fig. 4 a n d  5, a f t e r  a c e r t a i n  
pe r iod  of t ime,  a d ra s t i c  p o t e n t i a l  c h a n g e  occu r red  to com-  
p e n s a t e  the  h y d r o g e n  su r face  c o n c e n t r a t i o n  d e c r e a s i n g  in 
o rder  to keep  a c o n s t a n t  cu r ren t .  The  e s t i m a t e d  t r a n s i t i o n  
t imes  in  Fig. 4 a n d  5 a re  1.39 • 104 s a n d  2.28 • 105 s, 
respect ively.  The  in i t i a l  cha rge  in  the  e lect rode,  Qo, was  
1062 C/g, a n d  the  cha rges  r e m a i n i n g  in  t he  e lec t rode  a f t e r  
d i scha rge  for  7 seconds  were  e s t i m a t e d  f rom Fig. 4 (con-  
s t a n t  c u r r e n t  d i scha rge  cu rve  o b t a i n e d  a t  i = 57.1 mA/g)  
a n d  Fig. 5 ( c o n s t a n t  c u r r e n t  d i scha rge  cu rve  o b t a i n e d  a t  i = 
4.57 mA/g))  as 268 a n d  20 C/g, respect ively.  The  ca l cu l a t ed  
va lues  of D / a  2 us ing  Eq.  7 a re  1.42 • 10 -~ s -~ a n d  1.51 • 
10 -5 s -1, respectively.  Thus,  u s i n g  a = 15 ixm, the  effect ive 
diff is ion coeff ic ient  of 3.30 • 10 - n  cm2/s was  e s t ima ted ,  
w h i c h  is close to  the  m e a s u r e d  va lues  u n d e r  c o n s t a n t - p o -  
t en t i a l  condi t ions �9  

Conclusion 
The constant hydrogen surface concentration condition, 

necessary to satisfy Crank's equation was established only 
when the discharge potential is anodic enough to cause the 
hydrogen which diffuses from the bulk of the hydride to the 
surface to be oxidized instantly. To satisfy this condition, 
the LaNi4.2~Al0.Ts electrode was discharged at a constant an- 
odic potential of -0.3 V (Hg/HgO). A linear relationship 
was found to exist between log i and t for large times, which 
is consistent with Eq. 4. From-the slope of the linear portion 
of log i vs. t curve, the hydrogen diffusion parameter D/a 2 

was established to be 1.32 • i0 -~ s -I. Assuming that the 
average particle radius a = 15 ~m, the effective diffusion 
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coefficient of hydrogen through LaNi4.2~A10.75 w a s  calcu- 
lated to be 2.97 • 10 -11 cm2/s. This value agrees well with a 
previously obtained hydrogen diffusion coefficient value of 
2.0 • 10 n cm2/s, est imated in nickel  alloys using a perme- 
ation technique. 2~-28 Note that  when the potentiostat ic 
discharge technique is used to estimate the diffusion coeffi- 
cient, electroless pa l lad ium plat ing is a necessary pre t rea t -  
ment  to prevent oxidat ion of the alloy. 

An average value for the diffusion coefficient of hydro-  
gen was also determined from the amount  of charge t rans-  
ferred during a constant  current discharge. This value was 
obtained using a = 15 ~m and agrees well with the value 
obtained during potentiostat ic  discharge. 

In the galvanostatic mode, it was possible to prevent sub- 
strate oxidat ion because the experiments were carried out 
at sufficiently negative potentials.  However, it was found 
that  the galvanostatic technique has the following d isad-  
vantages when it was used to determine the hydrogen dif- 
fusion coefficient through LaNi4.25A10.7~: (i) the transition 
time is not well defined and (it) Eq. 7 is valid only for small 
discharge currents, which increases the duration of the 
experiment. 
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LIST OF SYMBOLS 
a sphere radius, cm 
c hydrogen concentration in a sphere alloy, mol/cm 3 
ca surface hydrogen concentration of a sphere, mol/cm 3 
co ini t ial  hydrogen concentration in a sphere, mol/cm 3 
d density of the alloy, g/cm 3 
D integral  diffusion coefficient of hydrogen, cm~/s 
F Faraday 's  constant, 96,487 C/equiv. 
i current density, A/g 
Mt the amount of hydrogen entering or leaving the 

sphere at  t ime t, mol 
M~ the amount of hydrogen entering or leaving the 

sphere at  infinite time, mol 
Qo the init ial  charge in the electrode, C/g 
Q1 the charge remaining after discharge for v seconds, 

C/g 
t time, s 
t0.95 the t ime at Mt = 0.95 M~, s 

t ransient  time, s 
r distance, cm 
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