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Relationship Between Equilibrium Hydrogen Pressure and Exchange
Current for the Hydrogen Electrode Reaction at
MmNi; g Mng 4Al, Coq ; Alloy Electrodes

Hiroshi Senoh,? Kohji Morimoto,* Hiroshi Inoue,? Chiaki Iwakura,>*Z and P. H. L. Notten®*

“Department of Applied Chemistry, Graduate School of Engineering, Osaka Prefecture University; Sakai,
Osaka 599-8531, Japan

bPhilips Research Laboratories, 5656 AA Eindhoven, The Netherlands

Eindhoven University of Technology, 5612 AZ Endhoven, The Netherlands

‘We present a theoretical relationship between equilibrium hydrogen pressure and exchange current for the hydrogen electrode reac-
tion which considers the degree of hydrogen coverage at the electrode surface. Electrochemical measurements at
MmN, 5, Mng 4ALCog 7 (0 < x = 0.8) electrodes were performed to prove the theoretical model. The equilibrinm hydrogen pres-
sures were analyzed from electrochemical pressure-composition isotherms, and the exchange currents were determined by linear
polarization measurements. Fitting the experimental data to the theoretical model indicated that the rate constants for the charge-
transfer reaction as well as the charge-transfer coefficient were influenced by the partial substitution of nickel by aluminum. Also,
the exchange current passed throngh a maximum with decreasing equilibrium hydrogen pressure, i.e., with increasing aluminum
content, indicating that it is possible to design new materials which combine high electrocatalytic activity with an appropriate equi-
librium hydrogen pressure. Because of its high energy density and high power density, MmNi; (Mny 4Aly 5Cog 7 Was found to be
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the most appropriate composition.

© 2000 The Electrochemical Society. S0013-4651(99)11-008-5. All rights reserved.
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Nickel-metal hydride (Ni-MH) batteries have attracted signifi-
cant attention during the last decade because of their applications in
consumer eléctronics, electric vehicles (EVs), and hybrid electric
vehicles (HEVs). Research and development of the negative elec-
trode materials are, however, still essential for further improvement
of energy density, power density, and rate capabilit:y.l*2

The exchange current (density), Iy, for the hydrogen electrode
reaction is one of the most important parameters for understanding
electrode kinetics and is a measure of electrocatalytic activity of the
negative electrode. The exchange current is influenced by changing
the alloy composition, by mixing the alloy with other metals or
oxides, or by adding chemical reducing agents to the electrolyte in
order to activate the electrode surface.>”” Equations for the exchange
current for metal hydride electrodes have been proposed by many re-
search groups, and the electrode reaction mechanisms have been dis-
cussed extensively.>*8-11

Enyo and Maoka® investigated the detailed mechanism of the hy-
drogen electrode reaction by overpotential transients on a Pd hydro-
gen electrode and presented individual rates of the elementary steps
and the activity of hydrogen adatoms on the electrode surface. Yaya-
ma et al.® proposed a simple theoretical model to describe the depen-
dence of the equilibrium potential and exchange current on the hydro-
gen content of crystalline TiMn, sH,. The experimental data could,
however, only fit the model at low H content. Yang et al. 19 derived a
modified model for this dependence and obtained several parameters,
such as the equilibrium constant of the hydrogen transfer process, the
maximum value of the storable hydrogen concentration, and the reac-
tion order of the electrode reaction, from the fit of a model with no
H-H interaction to Yayama’s experimental data. Wakao and Yonemu-
ra!! investigated the. rate determining process in the electrode reac-
tion on hydrogen-absorbing metal electrodes, such as LaNis_ Al,, by
anodic polarization measurements, and determined the charge-trans-
fer coefficient for selected electrodes. Furthermore, one of the present
authors®* derived an expression for the exchange current involved in
Fhe electrochemical formation/decomposition process, by consider-
ing the influence of electrode blocking by adsorbed hydrogen.

The equilibrium hydrogen pressure (Py,) is another important
parameter for hydrogen storage alloys to predict the electrochemical
discharge capacity of the negative electrodes because the capacity

* Electrochemical Society Active Member.
* E-mail: iwakura@chem.osakafu-u.ac.jp

could be calculated from the hydrogen storage capacity (H/M) be-
tween Py, = 5 and 0.1 atm based on pressure-composition isotherm
(PCT) curves at 45°C.12 For high energy density and high power
density of Ni-MH batteries, it is essential that the negative electrode
material combines an appropriate plateau pressure with excellent
electrocatalytic activity for the hydrogen electrode reaction. The pur-
pose of the present study is to propose a theoretical model to define
the relationship between the equilibrium hydrogen pressure and the
exchange current and to prove its validity by experiments, using
ABs-type hydrogen storage electrodes. Moreover, from the as-
obtained model parameters, the effect of partial substitution of Ni by
Al on the reaction order of adsorbed hydrogen, charge-transfer coef-
ficient, and reaction rate constants was investigated.

Theory
1t has been shown that the hydrogen electrode reaction on the sur-
face of ABs-type hydrogen storage alloy in an alkaline solution pro-
ceeds via the Volmer-Tafel mechanisni and not via the Heyrovsky
reaction mechanism.”!314 The hydrogen transfer across the metal
interface into the absorption state should be included in the overall
electrode process.!® The following steps must be considered

k
H,O + e~ ;<—>° H,, + OH" 1]
a

Subsequently, two H,4 atoms can recombine, forming hydrogen
molecules which desorb into the electrolyte and gas phase

2H,; 2 H,) (2]

Hy(D) 2 Hy(g) [3]

Alternatively, H,4 can be absorbed by the host material, according to
H,4 2 Hy, (4]

The absorbed hydrogen (H,,,) can produce hydrogen gas in a cavity
of the host material’ '

2H,,, © Hy(m) [5]

where k_ and k, are the rate constants for the reduction and oxidation
reaction. Hy(1), Hy(g), and H,(m) are hydrogen in the electrolyte, in
the gas phase, and in the cavity of the host material, respectively. In
the case of an AB;-type hydrogen storage alloy, most of the H,4 dif-

P —
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fuses into the bulk of the alloy at a rate proportional to their concen-
tration gradient.!” Tn order to reduce the complexity of characteriz-
ing the kinetics of these reactions, it is assumed that hydrogen diffu-
sion is sufficiently fast under certain conditions. _

Under steady-state conditions in the absence of an external cur-

rent, i.e.; when the Tafel reaction does not take place, 8 the configu-

rational part of the chemical potential (juy) of Hyg is detetmined for
an ideal, two-dimensional, randomly occupied surface lattice, by!

0

— o

- H‘Had + RT In -]__——6 [6]
where w3, R, 7, and 6 are the standard chemical potential of Hyg,
the gas constant, absolute temperature, and the fraction of the elec-
trode surface covered by H,4, respectively. A similar relationship can
be written for the chemical potential of Ho(m) (Mg based on the
cavity pressure or the equilibrium hydrogen pressure for hydrogen
storage alloy® :

p"Had

By
p"H2(m) = pd%z(m) + RT n —P—léf- [7]
Hy
where W) and P{fzf are the standard chemical potential of Hy(m),
and the value of Py, in the reference state, respectively. If equilibri-
um is ultimately attained between Hyq and H,(m), the above chemi-
cal potentials become equal

2p"Had =2p Habs . PYH2(m) (8l
so that we obtain
24® +2RTIn—— =pl  +RTI Py
“’Had n 1 — e e Mﬂz(m) Pézf [9]

which yields after rearrangement

— =R [10]

hence

Tr + K o

where K is constant, according to

[ 2R T P .
Kl = Hy €Xp T [12]

I, is an important parameter to evaluate the electrocatalytic activ-
ity for the hydrogen electrode reaction. Considering Eq. 1 at the
equilibrium potential, it has been shown that the electrochemical
charge-transfer kinetics can be quantified by the exchange current,
according to>*

Io = A ke01-(1 — 0adis Vafho 1131

where Ay is the electrode surface area. doy— and ay,, are the activ-
ities of OH~ and H,O species, respectively, x, ¥ and z their corre-
sponding reaction orders, the charge-transfer coefficient, and F the
Faraday constant. Assuming that the diffusion limitations of H,0
and OH~ in the electrolyte are negligible due to their high concen-
trations in 6 M KOH solution, these activities can be considered as
constant. Consequently, [, depends only on Ags ke, kyy o, and 8.

Introducing the equation for 6 into Eq. 13 ultimately gives a more
convenient expression for I vs. Pyy, i.€.

o

L 0w
)[X(l —a)tal o~

( x(1—a)

Hy
(\[}g + K

in which K, is k{! ™%k

Iy = FAGK, affo  [14]
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Experimental

ABs-type hydrogen storage alloys with the composition
MmNij g, Mng 4ALCog7 (0 = x = 0.8) were prepared by arc melt-
ing under an Ar atmosphere. The alloy ingots were mechanically
pulverized under Ar, and the powders were sieved down to 53 pm.
Crystallographic characterization of the alloys was carried out by the
same method as reported previously6 Pressure-composition iso-
therms for hydrogen absorption were determined via the gas phase,
using Sieverts’ method at 25°C.

Electrodes were prepared by mixing 0.1 g of the alloy powder
with 0.3 g Cu powder. These mixtures were pressed into pellets at
8 X 10° kg cm~2 for 5 min at room temperaure. The resulting pel-
lets, of diam 13 mm were covered with Ni sheets (30 mesh) and sol-
dered to Ni wires. The setup of the electrochemical cell was similar
to that described in a previous paper.2! A 6 M KOH solution was used
as electrolyte, and all measurements were performed at 25°C. For ini-
tial electrode activation, charge-discharge cycles were repeated ten
times, using an automated charge/discharge unit (Hokuto Denko, HJ-
201M6). The electrodes were charged for 3.5 b at 100 mA g~} fol-
lowed by an open-circuit period of 30 min. They were then dis-
charged at 40 mA g~ ! to a cutoff potential of —0.65V vs. Hg/HgO.

After 10 cycles, the electrodes were charged at 100 mA g1 for

15 min [depth of charge DOC) = ca. 10%], followed by a rest peri-
od of 30 min to aliow the elecirodes to reach equilibrium. Subse
quently, the equilibrium potentials (Eg) of the electrodes were meas
ured vs. the Hg/HgO reference electrode. A linear polarization test was
carried out in the vicinity of the equilibrium potential (= 10 mV) at
scan rate of 1. mV s~ 1. AC impedance measurements were carried ou
in the frequency range of 10 kHz to 0.01 Hz with the perturbation o
10 mV. The electrode was kept at the equilibrium potential during th
AC impedance measurements.™* These measurements were repeate
after every 15 min charging period (DOC was changed in steps of ca
10%) until the negative electrodes were fully charged. The measure;
potential range was from —0.65 to ca. —0.95V vs. Hg/HgO.

The Py, values were calculated from the measured equilibriu
potentials at 25°C, according o3

Egy(Vvs. Hg/HgO) = —0.9310 — 0.0206 log Py,  [15

I, values were also obtained from the slope of the linear polarization _
(Iim) curves, according to

I RT e

The impedance spectra were fitted to an equivalent circuit using a
nonlinear least-squares fit program EQIVCT.

Results and Discussion

The effect of Al content on the crystallographic structure of
MmNij g, Mng 4ALCoq 7 alloys was determined by X-ray diffrac-
tion (XRD). The XRD patterns showed that all alloys crystallized in
the hexagonal CaCus structure and that a second phase was rarely
observed, indicating that all alloys in the present study had a homo-
geneous composition. From the spectra, the unit cell volume (V) was
calculated. The results indicated that V increased steadily with in-
creasing Al content. This is in agreement with generally adopted
geometric considerations?’ because the atomic radius of Al (1.42 A)
is significantly larger than that of Ni (1.24 A).

The surface areas of MmNisg_,Mng4ALCog7 electrodes were
changed appreciably by pulverization of the alloys during the initial
activation. In order to activate the electrodes fully 10 activation cycles
were carried out before the electrochemical measurements were per- 2
formed. The discharge capacities of MmNi; g_,Mng 4AL,Coq 7 elec-
trodes are shown in Fig. 1 as a function of cycle number. Each elec-
trode reached its maximum discharge capacity within a few cycles, §
and the MmNi; (Mng 4Aly3Coq 7 electrode was found to exhibit the
best electrochemical characteristics in the present study. The elec-
trode surface areas were determined by measuring the double layer &
capacitance by ac impedance spectroscopy, as mentioned later.
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Figure 1. Activation profiles of MmNi; o_ Mn 4AL,Coy ; electrodes at 25°C.

Figure 2 shows a comparison of the electrochemically deter-
mined PCT curves for hydrogen absorption in the various alloys at
25°C and those determined by gas phase measurements (Sieverts’
method). The electrochemically measured PCT curves are in good
agreement with those measured by Sieverts’ method, indicating the
validity of Py, evaluation by the electrochemical method.*** More-
over, in the low Py, region, the electrochemical method is more
effective than the gas phase method. Additionally, as can be con-
cluded from Fig. 2, partial substitution of Ni by Al leads to a sub-
stantial decrease of hydrogen pressure. This is in accordance with
the fact that the stability of the hydrides increases with increasing
wunit cell volume of the host material. Furthermore, increasing the Al
content in the alloy results in an increased slope, suggesting a con-
traction of the a-to-B phase transition region.

The dependencies of I, on the DOC are shown in Fig. 3 for all
electrodes. In the low DOC region, the slope of the I, vs. DOC plots
changes from negative to positive with increasing Al content. On the
other hand, the I, values in the high DOC region are nearly inde-
pendent of DOC for all electrodes. Considering the maxirum ;, val-
ues for each material, it is remarkable that I first increases at lower
Al conient (see upper part of Fig. 3) then succéssively decreases at
higher Al content (see lower part of Fig. 3). The maximum level is
found for the Al ; compound.
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e, 001 405 I
0.0 i 'f ° 002 o 06 1
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Figure 2, Pressure-composition isotherms for hydrogen absorption in
MmNiglg_anMAGCoOJ alloy-hydrogen systems at 25°C measured by
Sieverts’ method (solid lines) and electrochemical method (symbols). The
measured potential range was from —0.65 V to ca. —0.95 V vs. Hg/HgO.

500 T T T T
400 -0 s
0.2
- 0.1
> 300 -
‘é x=0
= 200 0\0\0\(}_0_:.
C )
100 F -
0 1 I L |
0 20 40 60 80 100
DOC /%
500 T T T T
400 -
0.4
- 0.5 .
o 300 -
g 0.6
S 200 |- g
= 08
100 -
0 i l | 1
0 20 40 60 80 100
DOC /%

Figure 3. Exchange current as a function of depth of charge (DOC) for
MmNi; g_,Mn, LAl Coy ; electrodes at 25°C.

The relationships between the electrochemically determined 1,
and Py, values are shown in Fig. 4. Strikingly, /, changes with in-
creasing Py, for each electrode. In general, from the viewpoint of
high energy density and high power density, an ideal negative elec-
trode material combines an appropriate Py, value of about 0.01 MPa
with a high I, value. MmNi; (Mng 4Al, 3Coy 7 appears to be the opti-
mum composition in the present study.

In order to account for the experimental exchange current depen-
dence on the equilibrium hydrogen pressure, Eq. 14 was used to
generate the theoretical dependency. The parameters used in the sim-
ulations are given in Table L. The agy— and ay, values in 6 M KOH
at 25°C and the reaction orders of OH™ and H,0, y, and z, were
obtained from the literature.?®?” The value for Ay was obtained from
ac impedance measurement as follows.

The double layer capacitance (Cy) is generally considered as a
measure for the electrode surface area (4;) in contact with the elec-
trolyte. Therefore, the capacitance was determined by ac impedance
spectroscopy for all electrode materials at various DOC. The elec-
trochemical impedance spectra for a MmNiz gMng 4Aly 3Cog 7 elec-
trode measured from 10 kHz to 0.01 Hz are, as an example, shown
in Fig. 5. As can be seen from this figure, each spectrum consists of
small and large semicircles. The large semicircle clearly increases
with DOC, indeed revealing an increase of the charge-transfer resis-
tance. This is in agreement with the observed decrease in I at high
DOC (see Fig. 3). Between the large and small semicircles, short lin-
ear regions are observed over a limited frequency region for all spec-
tra. This may be attributed to the distribution of reacting species
through the porous electrodes?®?® or to the contact resistance be-
tween the alloy particles in the pellet.39 On the other hand, an ap-
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(symbols) for MmNi; g, Mng4ALCog 7 electrodes at 25°C. Theoretical
curves (solid lines) are drawn based on the simulations described in the text.
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proximate straight-line behavior in the low-frequency region corre-
sponds to the spherical diffusion into the particles.’! In the present
study, a simplified equivalent circuit®® was used to fit the impedance
spectra and to evaluate the Cy values. The as-analyzed Cy values
were approximately constant and independent of DOC, indicating
that the change of I, with DOC, as shown in Fig. 3, is not influenced
by A, Figure 6 shows the effect of Al content on Cy for fully
charged electrodes. The Cq values are found to be constant, irre-
spective of Al content, indicating that the activated electrodes in the
present study have identical surface areas. From Fig. 6 an average Ag
value of 7.4 m? g~ ! was determined, assuming a double layer capac-
itance of 20 wF cm™23

By using the parameters listed in Tables I and by optimizing the
values of x, a, K;, and K, in Eq. 14, the influence of Py, on I was
simulated for all electrodes. The results are represented in Fig. 4 by the
solid lines. The theoretical curves are in quite good agreement with

Table I. The parameters used in the simulation.

0.6 T T am T T T T

05 | -

DOC = 18%

07

04 05 06 08

Zigy 1Q

Figure 5. Impedance spectra for a MmNiz Mng 4419 3C007 electrode at var-
jous depths of charge (DOC). Solid lines are simulated results.

03

experimental values for all electrodes, indicating the validity of Eq. 14
for these multicomponent hydrogen storage alloys. The exchange cur-
rents show éxperimentally and theoretically a maximum with equilib-
rium hydrogen pressure for all electrodes. This indicates that it is, in
principle, possible to design materials which combine an increase of
electrocatalytic activity with a lower partial hydrogen pressure. The
present results also indicate that the MmNiz ¢Mng 4Aly 3Coy 7 alloy not
only has the highest electrocatalytic activity but also has a large hydro-
gen storage capacity. Some deviations are, however, observed but only
at higher pressures. The explanation for this behavior must be involved
in the phase transformation occurring at higher H content, implying
that outside the solid-solution region Eq. 14 no longer holds. In addi-
tion, a nonequilibrium state at higher hydrogen pressures may play a
role in the present experimental open-cell configuration.

From the simulations, a unique combination of four parameters in
Eq. 14 was obtained for each electrode. The most reasonable value of
reaction order for H,y (x) was found to be unity for all electrodes.
Yayama et al. have reported a value of 0.67 for the TiMn, 5 system.”
However, this value did not fit the present experimental results. The
other parareters are summarized in Table II. From this table, it can be
concluded that o assumes a reasonable value for all electrodes, which
is similar to those measured at LaNis_, Al electrodes by anodic
polarizat:ion.11 & decreases with increasing Al content, suggesting thaf
the effective contribution of the overpotential to the hydrogen elec
trode reaction is changed by changing the Ni content in the alloy. The

Property Symbol Value
Faraday constant F 96485 (C mol ™)
Specific surface area Ay 74 @2 g™h
Activity of OH™ Qop- 10.4 (mol 171
Activity of HyO Gp00 0.649 (mol 174
Reaction orders of OH™ and H,O ¥z 1,1

0.20 T 7 T T T T T
A® 1O L
Q
012 .
L
S
0.08 -
0.04 -
0 i ! ! | i i [
0 0.1 02 03 04 05 06 07 ‘_0.8

x in MmNig o, Mng 4ALCOg 7

Figure 6. Effect of Al content on the double layer capacitance (Cq) measure!
by ac impedance method at fully charged MmNi; g Mng 4A1,Cog;
electrodes.
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Table IL. The charge-transfer coefficient o, parameters K;, K, of
Eq. 14 for MmNi; 5 Mny 4AL,Coy7 (0 = x = 0.8) electrodes.

X 63 Kl Kz X 10_11 (cm S_I)
0o 0.66 0.170 41
0.1 0.63 0.149 49
0.2 0.61 0.134 5.1
03 0.57 0.091 52
0.4 0.54 0.070 4.6
0.5 0.52 0.060 3.9
0.6 0.49 0.043 3.0
038 0.40 0.032 2.1

equilibrium constant for the hydrogen absorption process; Kj, is be-
Jow unity, indicating that hydrogen is more easily transferred from the
absorbed into the adsorbed state. The decrease of K; with increasing
Al content indicates that hydrogen absorption becomes more inhibit-
ed. This is in agreement with the higher stability of these hydrides, as
can also be concluded from the much lower equilibrinm hydrogen
pressures found for these materials (Fig. 2). The stabilization of the
hydrides is due to the partial substitution of Ni by Al, which expands
the unit cell. K,, which is directly proportional to the I, value (see Eq.
14), increases at low Al content, but decreases above an Al content of
0.3. This is in agreement with Fig. 4.-It should be noted that it is
impossible to determine k. and k, independently from the present
results and that K, may be influenced somewhat by the a value.

The theoretical relationship between I and 6, as represented in
Eq. 13, is shown in Fig. 7 for all electrodes. Based on the experi-
mental data of Py, (see Fig. 2), the § value was determined by using
Eq. 11 and also shown in Fig. 7 by the symbols. The I, values show
theoretically and experimentally a maximum when 8 is about 0.5,
i.e., when half of the electrode surface is covered with adsorbed hy-
drogen. Considering the theoretical implications of Eq. 13, this is in-
deed to be expected with a values close to 0.5 (see Table IT).>* The
surface coverage at which the alloy is converted into the B-phase is
about 0.8. This value is independent of Al content. Obviously, for the
0 values larger than 0.5, I, decreases. This means that the adsorbed
hydrogen blocks the elecirode surface, inhibiting the electrode
charge-transfer reaction.

Conclusions

A model which reveals the importance of the relationship between
the equilibrium hydrogen pressure and the exchange current for metal
hydride electrode materials is presented. Using homogeneous
MmNi; g, Mn,, ;AL Coy ; electrode materials, in which x was varied
between 0 and 0.8, this dependence was verified experimentally, The
double layer capacitance of these electrodes, as determined by ac
impedance spectroscopy, was found to be constant, irrespective of
composition and depth of charge, indicating a constant electrode sur-
face area. The equilibrium hydrogen pressures and the exchange cur-
rents were determined experimentally by electrochemical PCT and
linear polarization measurements, respectively, and were found to be
in good agreement with the theoretically derived relationship. Reac-
tion rate constants and electrochemical parameters were obtained via
simulations. The present model is, however, restricted to the solid-
solution region. Outside this region other relationships must be taken
into account, as will be outlined in a forthcoming paper.> Strikingly,
both the simulations and experimental data indicate that the exchange
current passes through a maximum with increasing equilibrium hy-
drogen pressure, indicating that it is, in principle, possible to design
new materials which combine improved electrocatalytic activity with
low partial hydrogen pressure. An alloy with composition
MmNi; (Mn, 4Al, 5C0y  has both an appropriate equilibrium hydro-
gen pressure and high electrocatalytic activity.

) Osaka Prefecture University assisted in meeting the publication costs of
this article.
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Figure 7. Exchange current as a function of the surface coverage by adsorbed
hydrogen for MmNi; g, Mng 4A1,Coq; electrodes at 25°C. Symbols were
determined based on the experimental data of Py, (see Fig. 2) by using
Eq. 11.
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