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Abstract

The constant potential discharge technique, constant current discharge technique and electrochemical impedance
spectroscopy were employed to determine the hydrogen diffusion coefficient in a metal hydride electrode of
MINi; 65Co¢.7sMng 4Alj » alloy with various depth of discharge (DOD) at room temperature and with a specific
DOD at various temperatures. The results were compared and the advantages and disadvantages of these

techniques were also discussed.

1. Introduction

In recent years, nickel-metal hydride (Ni/MH) batt-
eries have attracted attention because of their advan-
tages over conventional nickel-cadmium (Ni/Cd)
batteries and lead-acid batteries in discharge capacity,
energy density, power density, high-rate dischargeabi-
lity, cycle life and environmental compatibility, and
therefore extensive research has been carried out. In
general, the characteristics of the Ni/MH battery, such
as discharge capacity, rate-dischargeability, cycle life
etc., depend on the properties of the metal hydride
electrode [1]. They are determined not only by the
kinetics of the process occurring at the alloy—electro-
lyte interface, but also by the hydrogen diffusion
behaviour within the bulk of the alloy, and the latter
is believed to play an important role in hydriding—
dehydriding process of the metal hydride electrode [2].
The hydrogen diffusion coefficient is an important
parameter in understanding the diffusion behaviour of
hydrogen atoms in the metal hydride electrode, and
the larger the diffusion coefficient, the faster is the
hydrogen diffusion and the better is the electrode
performance [3]. Thus, determination of the hydrogen
diffusion coefficient is crucial for the study of hydro-
gen storage alloys and metal hydride electrodes.

Up to now, hydrogen diffusion in various hydrogen-
storage alloys has been studied using various methods
such as nuclear magnetic resonance (NMR) [4, 5],
quasic-elastic neutron scattering (QNS) [6, 7] and
various electrochemical techniques. Significant discrep-
ancies, however, exist between the reported values of the

hydrogen diffusion coefficient in ABs-type hydrogen
storage alloys measured with these techniques at ambi-
ent temperature. Sometimes, even the results for the
same alloy determined using the same method are quite
different. Using NMR, Bowman et al. [4] and Khodosov
et al. [5] reported 7 x 107 cm? s and 5 x 107 cm? 57!
for the hydrogen diffusion coefficient in LaNis, res-
pectively. Lebsanft et al. [6] obtained a value of
6.1 x 107 cm? s~ for the hydrogen diffusion coefficient
in LaNis with QNS, but Fischer et al. [7] reported that
the hydrogen diffusion coefficient in LaNis; was on the
order of 107° cm? s™! using the same technique. Using
constant current discharge technique, Zheng et al. [8]
obtained a value of 6.75 x 10™'! cm? s™' for the hydro-
gen diffusion coefficient in LaNiy »7Sng 54, but Ura et al.
[9] and Iwakura et al. [10] concluded that the diffusion
coefficients of hydrogen in LaNis and MmNiy ,Alg sMg 3
(M =Cr, Mn, Fe, Co, Ni) are of the order of
107® cm? s™' using constant potential discharge tech-
nique. Using electrochemical impedance spectroscopy
(EIS), Haran et al. [11] reported that the diffusion
coefficient of hydrogen in LaNi4,;Sng,4 varies from
1.671 x 107" em? 57! at 45% SOC (state of charge) to
3.851 x 107" ecm? s™" at 0% SOC.

In the present work, the hydrogen diffusion coefficient
in a metal hydride electrode with MINi; 5C0q 75-
Mng 4Aly, alloy was determined using the constant
potential discharge technique, constant current dis-
charge technique and electrochemical impedance spec-
troscopy. The results are compared and the advantages
and disadvantages of these techniques are also dis-
cussed.
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2. Theory

Assuming that the alloy particles in the metal hydride
electrode are in spherical form with uniform size, the
diffusion equation can be written as

oC(r,t) 0*C(r,t) 20C(r,t)
ot =D or? +D; or (1)

where D is the hydrogen diffusion coefficient (cm® s™1), r
is the distance from the centre of the sphere (cm), 7 is
time (s), and C(r,¢) is the hydrogen concentration at the
site of r in the alloy and at the time of .

The diffusion equation (1) can be solved with appro-
priate initial conditions and boundary conditions re-
sulting in a final formula used to calculate diffusion
coefficient.

2.1. Constant potential discharge technique (CPDT)

When the surface of the electrode is held at a constant
potential, the hydrogen concentration on the electrode
surface is also constant (C;). Assuming that the initial
hydrogen concentration in the bulk of the alloy is
uniform (Cjy), the solution of the diffusion equation (1)
given by Schneider [12] can be rearranged to give the
following [13]:

) 6FD > n?miDt
l:iW(CO—CS);exp(— y ) (2)

When ¢ is large enough, Equation 2 reduces to

6FD n’D
logzzlog{iW(Co—Cs)} BEREEP N (3)
where i is the diffusion current after the application of a
constant potential, d is the sphere radius of the alloy
particles, J is the diffusion layer thickness, the £ sign
indicates the charge (—) or discharge (+) process. So, D
can be calculated from the slope of log 7 against 7 if the
sphere radius d is known.

2.2. Constant current discharge technique (CCDT)

When the discharge process is carried out at constant
current, it is reasonable to assume that a constant flux of
hydrogen flows through the electrode surface. Suppos-
ing the initial hydrogen concentration in the bulk of the
alloy is uniform (Cy), the diffusion equation (1) can be
solved and the value of D can be evaluated for large
transition time t [12] with the known value of sphere
radius d by

d2

where Qg is the initial capacity in the electrode (C), iy
is the constant discharge current (A), and 7 is the

transition time (s), that is, the time required for
hydrogen concentration on the electrode surface to
become zero and a drastic potential change occurs to
compensate the hydrogen surface concentration de-
crease in order to keep the constant discharge current.

2.3. Electrochemical impedance spectroscopy (EIS)
When a small sinuous a.c.-voltage is imposed on an

electrode system, the concentration gradient of hydro-
gen at the electrode surface can be expressed as

[(‘3C (r, t)] Linax SIn 0t
r=d

or _ ~ D (5)

where I, 1s the amplitude of responding a.c. current,
o is angular frequency, F is faradaic constant
(96 485 C mol™"), n is the number of transferred elec-
trons. Similarly, on the assumption that the initial
hydrogen concentration in the bulk alloy is uniform
(Cyp), the diffusion equation (1) can be solved and a
formula for the impedance of the electrode will be
obtained which can be used to evaluate the hydrogen
diffusion coefficient.

Theoretically, the electrochemical impedance spec-
trum of an electrode system can be illustrated as
Figure 1 [14]. It is obvious that charge transfer controls
the electrode reaction at high frequency and semiinfinite
diffusion, which appears as a straight line with slope of 1
(noted as the 45°line in the following paragraphs)
dominates the electrode process at medium frequencies.
At low frequency the finite size of the alloy particle
limits the extent of the diffusion behaviour and a ‘redox
capacitance’, displayed as a vertical line is observed. In
an experimental Nyquist plot, however, because of
porosity [15] or fractal geometry effects [16, 17] of the
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Fig. 1. Theoretical Nyquist plot of an electrode system.



electrode surface, the ‘redox capacitance’ rarely appears
and the semiinfinite diffusion-controlled region deviates
from the 45° line. But, the fact is that the slope of the
diffusion-controlled impedance increases gradually. The
region between the 45° line and the vertical line is
generally considered as the transition region which
contains information on hydrogen diffusion behaviour.

According to Haran et al. [11], the slope of the
Nyquist plot in the transition region can be expressed as

d(Im)  Ty[—T3 + (S35 + S4S7 — S1S6 + S2Ss )] — 2T3(S4S3 + S281 )Y
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The activated metal hydride electrode was charged at
60 mA g~' (based on the amount of alloy powder) for
7.5 h, after a rest of 10 min, it was discharged at
60 mA g' for a certain period of time to reach a
specified depth of discharge (DOD) at room tempera-
ture. After the open-circuit potential (OCP) was stabi-
lized (i.e., the variation of the potential was less than
1 mV in 1 h), the working electrode was discharged at
15mA g~ to the cut-off potential of —0.6 V vs Hg/

d(Re)  Ty[—Ts + (8386 + SaSs — S1Ss + $287)Y] — 2T5(SaS3 + 281 )y

where Im and Re are the real components and imagi-
nary components of the electrochemical impedance,
respectively, d(Im)/d(Re) is the slope of the Nyquist
plot, all 7; (i = 3-5) and S; (j = 1-8) are functions with
the only unknown variable , and

wd?

D (7)

l,b =
Equation 6 involves only the unknown parameter
(given by Equation 7) and can be used to extract the
diffusion coefficient by equating it to the slope in the
transition region [11].

3. Experimental details

The MINij; ¢5Cog 75sMng 4Aly > alloy was prepared from
component metals of purity of at least 99.9 wt % in a
vacuum medium frequency induction furnace. To assure
the homogeneity of the alloy, the ingot was turned over
and remelted five times. Then, the ingot was crushed and
ground mechanically followed by capturing particles
with two sequential sieves, and the particle size of the
resulting powders was measured by a Malvern particle
analyser Mastersizer2000, which gave an average parti-
cle diameter of 125.2 ym.

The metal hydride electrodes were prepared by mixing
the alloy powder and nickel powder (Inco Company,
Canada) in a weight ratio of 1:4 followed by pressing at
room temperature onto both sides of a nickel foam
under a pressure of 1.8 x 10® Pa for 1 min. The resulted
pellet had a diameter of 15 mm and a thickness of
1.68 mm and weighed 1.5 g.

Electrochemical measurements on the metal hydride
electrodes were performed in a glass cell with three
compartments by means of a EG&G Princeton Applied
Research potentiostat/galvanostat (model 273A) and
lock-in amplifer (model 5210) driven by M270 software
or Powersine in the Powersuite package. In addition to
the metal hydride electrode as working electrode, a
nickel hydroxide electrode, with an excessive capacity,
was employed as the counter electrode, a Hg/HgO (6 M
KOH) as the reference electrode and 6 M KOH solution
as the electrolyte.

()

HgO. The time dependence of the potential was record-
ed to determine the diffusion coefficient with CCDT.
Alternatively, the electrochemical impedance of the
electrode was measured, followed by a constant poten-
tial discharge, the potential step amplitude of which was
50 mV, since the a.c. impedance technique has been
proved to be capable of holding the electrode at
constant state during the measurement [18]. The imped-
ance spectra of the electrodes were recorded from
100 kHz to 0.001 Hz with a.c. perturbation of +5 mV
as amplitude.

For the experiments at various temperatures, the
electrodes were initially charged at 60 mA g~' for 7.5 h
at ambient temperature, then the electrochemical cell
was moved to a container at a constant specified
temperature controlled by a thermostat. After sufficient
time for the OCP to become stabilized, the electrodes
were discharged at 15 mA g~! to —0.6 V vs Hg/HgO.
Alternatively, after the electrodes had been discharged
to 50% DOD at room temperature, the electrochemical
cell was moved to the container at a constant specified
temperature. When the OCP had stabilized, similar
electrochemical impedance and constant potential dis-
charge measurements were carried out.

4. Results

4.1. Determination of hydrogen diffusion coefficient with
CPDT

The potential step amplitude of 50 mV was selected
after preliminary tests with different amplitudes were
carried out. The potentiostatic discharge curves of a
MINi; 65C0g 75sMng 4Aly > alloy electrode at various
DOD are shown in Figure 2.

The current—time response as a semilogarithmic plot
(log i against 7) is a straight line when ¢ is larger than
250 s. The hydrogen diffusion coefficients in the elec-
trode evaluated from the slope of the linear part in
Figure 2 are represented in Figure 3. The diffusion
coefficients range from 1.11 x 10™° cm? s™! (0% DOD)
to 1.01 x 107* em? s™' (80% DOD) and increase with
the increase in DOD. This is in good agreement with the
results of Iwakura [10] that the hydrogen diffusion
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Fig. 2. Time dependence of responding current of MINi; 45C0q 75 Mng 4Aly » alloy electrode at various DOD after application of a potential step

of 50 mV at room temperature.

12
TU)
N 8
=]
(8]
~
cEO
< 4
Q
O 1 1 1
0 20 40 60 80
DOD / %

Fig. 3. DOD dependence of hydrogen diffusion coefficient in MINij3 g5-
Cog.7sMng 4Aly,> alloy electrode determined by CPDT at room
temperature.

coefficient in MmNiy4»Aly sMy3 (M = Cr, Mn, Fe, Co, Ni)
increases with decrease in hydrogen concentration in it.

The hydrogen diffusion coefficients in MINij g5-
Cog.7sMng 4Aly, alloy with 50% DOD at various
temperatures were also evaluated and are shown in
Figure 4. The hydrogen diffusion coefficient increases
with the increase in temperature, and an approximately
linear relationship exists between In D and the reciprocal
of the absolute temperature (1/7). According to the
Arrhenius equation, the activation energy for hydrogen
diffusion in MlNi3.65C00_75Mn0.4A10‘2 alloy with 50%
DOD was calculated to be 19.8 kJ mol™!. This is in
good agreement with 19.9 kJ mol™" for the hydrogen
diffusion activation energy in MmNi4»Aly 5Coq 3 deter-
mined by Iwakura [10].

4.2. Determination of hydrogen diffusion coefficient with
CcCDT

The constant current discharge curves of MINij¢s-
Cog.75sMng 4Aly» alloy at various DOD are shown in
Figure 5 and the calculated hydrogen diffusion coeffi-
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Fig. 4. Temperature dependence of hydrogen diffusion coefficient in
MINi3 65C0g.75Mng 4Al » alloy electrode determined by various elect-
rochemical techniques (states of the measured electrode: (A)
CPDT—50% DOD, (@) CCDT—0% DOD, (O) EIS—50% DOD).

cient as a function of DOD are shown in Figure 6. The
hydrogen diffusion coefficient also increases with in-
crease in DOD. But, in comparison with the results
obtained with CPDT, which are shown in Figure 3, it
increases more slowly.

The estimated hydrogen diffusion coefficients in
MINi; 65Co¢.7sMng 4Aly» alloy with 0% DOD as a
function of temperature are also shown in Figure 4
along with the results of other techniques and the
activation energy for hydrogen diffusion in this electrode
evaluated with the Arrhenius equation is 19.0 kJ mol™".
This is in good agreement with the results of CPDT.

4.3. Determination of hydrogen diffusion coefficient
with EIS

Nyquist plots of the MINi;5Cog75Mng4Aly, alloy
electrode with various DOD at room temperature are
shown in Figure 7. Similarly to Motupally et al. [18], the
data points with slopes in the range from —1.5 to —2.5
in the transition region were used for determining the
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Fig. 5. Constant current discharge curves of MINi; ¢sCog 75Mng 4Aly » alloy electrode with various DOD at 15 mA g™' at room temperature.
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Fig. 6. DOD dependence of hydrogen diffusion coefficient in MINi; ¢5-
Cog.7sMng 4Aly,> alloy electrode determined by CCDT at room
temperature.

diffusion coefficients by the following procedure [19]:
the real and imaginary parts of the EIS data in the
transition region were fitted to a polynomial function

Im = aRe? + bRe + ¢ (8)

Thus, the fitting parameters @, b and ¢ were determined
and then the slope at each data point were obtained by
differentiating the polynomial function. Next, Equa-
tion 6 was solved for y at each data point. Finally, with
the known value of ¥, angular frequency w and radius
of the spherical alloy particles d, the hydrogen diffusion
coefficient D was calculated using Equation 7.

The calculated values of D as a function of DOD
are shown in Figure 8. It can be seen that increasing
DOD from 0% to 80% caused the hydrogen diffusion
coefficient at room temperature to increase from
3.46 x 107 ecm? s7! to 2.0 x 107 cm? s™!. The evaluat-
ed values of D for the electrode with 50% DOD at
various temperatures are shown in Figure 4 along with

the results of the other two techniques. According to the
Arrhenius equation, the activation energy for hydrogen
diffusion in MINi; ¢5C0g 75Mng 4Aly > alloy with 50%
DOD is 17.9 kJ mol ™.

5. Discussion
5.1. DOD dependence of hydrogen diffusion coefficients

Three electrochemical measurements reported here
unanimously indicated that the hydrogen diffusion
coefficient in the MINi;3 ¢5Co0g75sMng 4Aly»> alloy elec-
trode increases with increase in DOD. The probable
reason for this is that at lower DOD the hydrogen
concentration is higher and the number of vacant sites
available for hydrogen to occupy is less than that at
higher DOD. This makes hydrogen diffusion in the
metal hydride electrode with lower DOD more difficult.
On the other hand, hydrogen diffusion in a metal
hydride electrode might be related to the transformation
of the electrode active material between metal hydride in
the § phase and solid solution in the o phase and the
interaction between the absorbed hydrogen atoms and
the constituent metals.

5.2. Comparison of the used electrochemical techniques

According to this study, the values of hydrogen diffu-
sion coefficients in the MINi; ¢5Cog7sMng4Aly» alloy
electrode determined by various electrochemical tech-
niques are not exactly the same. In addition to the
uncertainty or inaccuracy of some parameters used in
these techniques as a cause, this is mainly due to the fact
that each technique has its own essential conditions and
proper application conditions, and different simplifi-
cations were made during the deduction of the formulae
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Fig. 7. Nyquist plots of MINis 65C0g 75Mng 4Aly , alloy electrode with various DOD at room temperature (the amplitude of a.c. perturbation was
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Fig. 8. DOD dependence of hydrogen diffusion coefficient in MINij; ¢5-
Cog.7sMng 4Alg > alloy electrode determined by EIS at room temper-
ature.

for calculation of the D value in individual technique.
This makes some difference between these techniques.

For the CPDT technique, the hydrogen concentration
dependence of D was neglected during the derivation of
Equation 3 [8]. However, CPDT measurement was
carried out along with the changing hydrogen concen-
tration in the electrode. Thus, the calculated hydrogen
diffusion coefficient is an average value over this
hydrogen concentration range and cannot accurately
reflect its DOD dependence.

CCDT measurements were carried out under succes-
sively changing hydrogen concentrations that led to an
average diffusion coefficient over the previous DOD and
the fully discharged state. So, similarly to CPDT, CCDT
cannot be used to exactly determine the DOD depen-
dence of hydrogen diffusion coefficient. Besides, Equa-
tion 4 is valid only for small discharge currents which

increase the duration of the experiment, and the
difficulty in accurately defining the transition time t
usually leads to errors in the calculated diffusion
coefficient [8]. Further analysis of the results indicates
that the values of D determined from CCDT increase
much more slowly than that from CPDT and EIS. The
probable reason is that the diffusion coefficients calcu-
lated from this technique are mainly determined from
the values of (Qp/iq — t) which are embodied at the late
stages of the discharge process and are almost the same
for electrodes of the same alloy with various DOD. This
makes CCDT unsuitable for comparison of hydrogen
diffusion coefficients in metal hydride electrodes with
various DOD.

EIS measurement was carried out with a small a.c.
voltage perturbation. The small positive and negative
deviations from the OCP ensured that the electrode
stayed at almost constant state during the measurement.
This is the distinctive characteristic of the EIS technique.
Thus, the hydrogen diffusion coefficient determined by
EIS can accurately reflect its DOD dependence and the
hydrogen diffusion behaviour in the metal hydride
electrode in the given state.

In brief, all three above-mentioned electrochemical
techniques can be used for studying hydrogen diffusion
behaviour in a metal hydride electrode. However, for
investigation of the DOD dependence of the hydrogen
diffusion coefficient, EIS is most appropriate.

6. Conclusions
The hydrogen diffusion coefficient in MINi; ¢5C0q 75-

Mn 4Aly, alloy electrode increases with increase in
DOD and temperature, and the activation energies for



hydrogen diffusion in this electrode lie in the range
17.9 ~ 19.8 kJ mol™".

Hydrogen diffusion coefficients in MINij3 ¢5Co0g. 75-
Mn, 4Aly » alloy electrode determined by CPDT, CCDT
and EIS differ. CPDT and CCDT can only measure an
average value of diffusion coefficient, which means that
the results are not capable of accurately reflecting their
DOD dependence. For investigation of the DOD
dependence of the hydrogen diffusion coefficient, EIS
is more appropriate than CPDT and CCDT.

References

1. D.-M. Kim, H. Lee, K.-J. Jang and J.-Y. Lee, J. Electrochem. Soc.
145 (1998) 3387.

2. M.H.J. Van Rijiswick, in A.F. Anderesen and A.J. Maeland (Eds.),
‘Hydride for Energy Storage’ (Pergamon Press, Oxford, 1978),
p. 261.

3. T. Nishna, H. Ura and 1. Uchida, J. Electrochem. Soc. 144 (1997)
1273.

4. R.C. Bowman, D.M. Gruen and M.H. Mendelsohn, Solid State
Commun. 32 (1979) 501.

5. E. Khodosov, A. Linnik, G. Kobsenko and V. Ivanchenko, in
Proceedings of the 2nd international congress on ‘Hydrogen in

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

1039

Metals’, (Paris, 1977) (Pergamon Press, Oxford, 1977), paper
1D10.

. E. Lebsanft, D. Richter and J.M. Topler, Z. Phys. Chem. N.F. 116

(1979) 175.

. P. Fischer, A. Furrer, G. Busch and L. Schlapbach, Helv. Phys.

Acta. 50 (1977) 421.

. G. Zheng, B.N. Popov and R.E. White, J. Electrochem. Soc. 143

(1996) 834.

. H. Ura, T. Nishina and I. Uchida, J. Electroanal. Chem. 396 (1995)

169.

C. Iwakura, T. Oura, H. Inoue, M. Matsuoka and Y. Yamamota,
J. Electroanal. Chem. 398 (1995) 37.

B.S. Haran, B.N. Popov and R.E. White, J. Power Sources 75
(1998) 56.

P.J. Schneider, in J.F. Lee and A.B. Cambel (Eds.), ‘Conduction
Heat Transfer’ (Addison-Wesley, Cambridge. 1955), p. 246.

G. Zheng, B.N. Popov and R.E. White, J. Electrochem. Soc. 142
(1995) 2695.

T.B. Hunter, P.S. Tyler, W.H. Smyrl and H.S. White, J.
Electrochem. Soc. 134 (1987) 2198.

L.M. Gassa, J.R. Vilche, M. Ebert, K. Juttner and W.J. Lorenz,
J. Appl. Electrochem. 20 (1990) 677.

T. Pajkossy and L. Nyikos, Electrochimica Acta 34 (1989) 171.

B. Sapoval, Solid State Ionics 23 (1987) 253.

S. Motupally, C.C. Streina and J.W. Weidner J. Electrochem. Soc.
142 (1995) 1401.

P. Yu, B.N. Popov, J.A. Ritter and R.E. White, J. Electrochem.
Soc. 146 (1999) 8.



