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sushita in its commercial lithium ion product). The latter
material has a specific capacity of only about 330 mAh/g.
Clearly, we must overcome the high irreversible capacity
and the high charging voltages which are present in these
carbon-silicon-oxygen glasses before they are commer-
cially relevant. This may be possible once we understand
the physics and chemistry of the reversible insertion of
lithium in these glassy materials, which is a subject of our
ongoing research.

Manuscript submitted March 14, 1995; revised manu-
seript received April 25, 1995,

Simon Fraser University assisted in meeting the publica-
tion costs of this article.
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ABSTRACT

The metal hydride (MH,) electrode is the negative electrode in one of the most advanced secondary batteries (i.e.,
nickel/metal hydride). The objective of this study is to obtain insight on the mechanism of the hydriding/dehydriding
reaction in the battery by using the electrochemical impedance spectroscopy (EIS) technique. An equivalent circuit for the
MH, electrode reaction is proposed. The rate capability of charge and discharge of the MH, electrode is determined by the
kinetics of the charge-transfer reaction at the alloy surface, which is mainly represented by the EIS responses in the low
frequency region. Transient and pseudo-steady-state analyses (cyclic voltammetry and potential vs. current density behav-
ior) qualitatively and quantitatively support the EIS results. EIS studies on electrodes with (i) three types of binding
additives, (i7) varying amounts of active material, and (iii} two types of alloys as active materials demonstrate the useful-

ness of this technique for developing electrodes with the optimum composition and structure.

Introduction

The nickel metal hydride (Ni/MH, ) battery, developed in
recent years, is one of the most promising secondary batter-
ies because of its high energy density, high rate capability,
and environmental acceptability.*® The metal hydride elec-
trode is the negative electrode in this battery, with hydro-
gen being stored in the alloy rather than as compressed gas
(as in the nickel/hydrogen batteries). Thus the pressure in
the batteries is greatly reduced. A number of rare earth
intermetallic compounds with the AB; or AB, general com-
positions have been found to absorb and release large

* Electrochemical Society Student Member.
** Flectrochemical Society Active Member.
? Present address: Department of Chemical Engineering, Uni-
versity of South Carolina, Columbia, SC 29208, USA.

amounts of hydrogen rapidly and reversibly.*® It was only
as recently as the 1970s 7 that these types of alloys were
first investigated as hydride electrodes.

The major difference between the hydriding reaction in
the electrode and in the gas phase is that the reaction in the
former case proceeds via a charge-transfer reaction across
the electrode/electrolyte interface, and in the latter case by
dissociative adsorption of hydrogen on the alloy surface.
The electrode reactions at the negative and positive elec-
trodes in the Ni/MH, batteries can be expressed by

M+ H,0 + e” «> MH + OH" 1]
Ni(OH), + OH" < NiOOH + H,0 + e 121

The mathematical model of Viitanen® predicts the polar-
ization behavior of a metal hydride elecirode. In this
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model, the charge-transfer reaction at the surface of alloys,
the diffusion of hydrogen in metal, and the ionic transport
in the electrolyte and electronic transport in the solid phase
were considered as the intermediate steps of the hydriding/
dehydriding reaction. It was concluded that the faradaic
process, i.e., the charge-transfer reaction at the surface, is
the rate-controlling step. Charge/discharge measurements
and cyclic voltammetry have also been previously used to
elucidate the mechanisms of the MH, electrode reaction.**!

Electrochemical impedance spectroscopy (EIS) is an ef-
fective technique for analyzing the mechanisms of interfa-
cial electrochemical reactions.” Kuriyama et al.’® have
used this method for investigating the degradation mech-
anism of metal hydride electrodes. In their recent work,*
the activity of the alloy was also analyzed by EIS. The
kinetics of the electrochemical hydriding/dehydriding re-
action of an alloy electrode was shown to depend on the
reaction resistance at the alloy surface. Agarwal et al.?®
used a mathematical model to analyze the results of the EIS
studies on an LaNi; ingot-electrode. However, to date, the
electrode kinetics of the hydriding/dehydriding reaction
have not been well elucidated. Further, it is necessary to
draw correlations between the results of EIS studies and
the performances of MH, electrodes.

The purpose of this research is to use the EIS technique
to: (¢) elucidate the mechanism of the hydriding/dehydrid-
ing reactions and (ii) determine dependence of the kinetics
of the reaction on the structure and composition of the MH,
electrodes. Such an analysis is shown to be useful in opti-
mizing the structure and composition of the electrode so as
to enhance the performance of the metal hydride electrodes
for nickel/metal hydride batteries.

Experimental

The electrochemical cell contained the metal hydride test
electrode, a nickel oxide counterelectrode, and a mercury/
mercury oxide reference electrode. The metal hydride elec-
trodes were prepared by intimate mixing of the desired
amount of the hydrogen storage alloy powder (<45 pm)
with a selected additive. The mixture was then pressed at
room temperature on both sides of a Ni mesh, producing a
sandwich structure with a geometric surface area of 2 cm®.
Before the experiments, the sample electrodes were im-
mersed in the electrolyte for at least 4 h in order to fully wet
the electrode. The counterelectrode (sintered NiOOH), ob-
tained from Hughes Aircraft Company, had a much larger
geometric area than the working electrode. The electrolyte,
31 weight percent (w/o) of KOH, which is the same as that
used in alkaline batteries, was prepared from reagent grade
KOH and deionized water. According to the half-cell reac-
tions at the negative and positive electrodes (Eq. 1 and 2},
there is no net production or exhaustion of electrolyte spe-
cies in the cell. Therefore, during the experiments, the elec-
trolyte concentration remained constant.

The experimental setup for the electrochemical measure-
ments consisted of an EG&G Princeton Applied Research
M273 potentiostat/galvanostat, M3501A lock-in ampli-
fier, modulated with an IBM PS/2 personal computer with
M378 and Headstart software for acquisition of the elec-
trochemical impedance and cyclic voltammetry data. The
EIS experiments, under open-circuit conditions, were car-
ried out after a certain number of charge/discharge cycles
to ensure that all samples were reproducibly in the highest
active and stable states. The impedance data were collected
as a function of frequency scanned from the highest (2 X
10* Hz) to the lowest value {1 mHz). The reason for do-
ing this was to avoid any changes in the electrode dur-
ing the prolonged scanning at very low frequency; how-
ever, the probability for such changes is small, as described
in following sections. The time for data acquisition in the
high frequency domain was less than several minutes;
whereas the self-discharge rate of the hydride electrode is
at most 2% per day, thus it is reasonable to assume that the
electrode condition remains the same after the high fre-
qguency test. The variation of the electrode in the total fre-
quency domain with descending frequency scans can thus

J. Electrochem. Soc., Vol. 142, No. 9, September 1995 © The Electrochemical Society, Inc.

be expected to be less than with scans in the reverse direc-
tion. The amplitude of the sine perturbation signal was
5 mV; this magnitude satisfies the linear polarization re-
quirements. Nyquist plots of the impedance data were then
fitted to a proposed equivalent circuit using a nonlinear
least square fitting program developed by Macdonald.*®

Cyclic voltammetry experiments were carried out by
scanning the potential at a rate of 1 mV/s between —1.2 and
—0.4 V (vs. Hg/HgO); this potential range includes that for
the operation of MH, electrodes in the Ni/MH, batteries
and also for other possible reactions during overcharging
and overdischarging. Charge/discharge tests of MH, elec-
trodes were monitored using a Solartron-1286 electro-
chemical interface at different rates. The cutoff voltage was
set at —0.7 V {vs. Hg/HgO). Above this value the potential
changes rapidly, indicating a complete discharge of the
MH, electrode.

In order to elucidate the mechanism of hydriding/dehy-
driding reaction, a flat electrode, prepared with the alloy
(BNL18: LaNij ;;Mng,Aly ;C0y75), was monitored using the
EIS technique. For this purpose, an ingot of the metal hy-
dride alloy was mounted in epoxy and then polished with
0.05 wm alumina powder finish. A Ni wire was soldered to
this sample for providing electrical contact. In addition to
the EIS investigation on the ingot electrode for the elucida-
tion of the mechanism, a similar study was also conducted
on the porous metal hydride electrodes. For this purpose,
two alloys, with different partial substitution of La and Ni,
La, gZry3Ni; ;Co, ;81,55 (BNL17) and LaNi, ;;Mn, ,Al, ;Cog 75
(BNL18), were used to make porous metal hydride elec-
trodes. The rate capabilities of these electrodes were de-
termined using EIS and cyclic voltammetric techniques.
The electrode kinetic parameters were calculated from
the results of the EIS and discharge measurements at dif-
ferent rates.

In order to determine the effect of composition and struc-
ture on the electrode kinetics using the EIS technique, in-
vestigations were made on electrodes: (i) containing hy-
driding alloys with different elemental substitutions; (ii)
varying the contact area between the current collector and
the metal hydride active material; (éi) using different
binders (Cu powder, high surface area Telflonized carbon
Vulcan XC-72R plus 33% of PTFE, or acetylene black) for
the active materials; and (iv) with different amounts of the
active material (Teflonized carbon as binder).

Theoretical Considerations

The hydriding reaction at the electrode/electrolyte inter-
face involves a charge-transfer step followed by a surface
to bulk hydrogen atom transfer’

k
H,0 + M (surface) + e~ <]§ MH {ad., surface)} + OH™ [3]
b

k!
MH (ad., surface) + M (bulk) <}Z§ MH (ab., bulk) + M (surface)
b [4]

The charge-transfer step is the same as that for electrolytic
hydrogen evolution. The main difference between the hy-
driding and hydrogen evolution reactions is the second
step: in the case of hydriding reaction, the adsorbed hy-
drogen transfers from the surface to the sites in the host
lattice just below the surface, which is then followed by
diffusion into the bulk alloy. In the case of the hydrogen
evolution reaction, the discharge step is followed by the
recombination or electrochemical desorption step to form
molecular hydrogen.

In order to analyze and interpret the experimental re-
sults, it is necessary to derive a theoretical expression for
the impedance for the above processes, which is different
from that for a reaction involving only the H,O charge-
transfer step. The degree of coverage, 0, is defined as

Aad.

6=A0

(5]
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where A,; and A° denote the surface concentration of ad-
sorbed hydrogen and the maximum amount of hydrogen
that can be adsorbed on the surface, respectively. The cur-
rent density for the charge-transfer step can be expressed
by the Butler-Volmer equation

7 <

i=1- 0= nF[kfcﬁzoa )

F F
exp (‘ %lrf ‘P) — k,Cox-0 exp <%nT— ‘P)] (61

and for the surface transition reaction by the expression

i~ k0 + ki Cugpa1 — 0) = nFA" 00 [
It is reasonable to assume that the diffusion limitations in
the electrolyte are negligible because of the high concen-
trations of H,O and OH"™ at the electrode surface. Thus the
current density is a function of the degree of coverage (8) of
adsorbed hydrogen on the surface and the electrode poten-
tial (¢). In the ac impedance studies, the variables consist of
a steady-state component plus an alternating component

i=i+i 06=0+0 ¢=¢+3 (8]

Since the time derivative of the steady-state de component
is zero, differentiation of Eq. 6 gives

g =" [+ o) G - R T PO G

7, 0, and § change at the same frequencies as expressed by

B= B [10]

where B represents i, 8, and §, and By is the amplitude of
these variables. The time derivative of Eq. 10 is

dB

T jwB [11]
Thus, Eq. 9 can be further simplified as follows
- 7 N nF, > -
l——(m+§>e ET(OLZ +BZ)<.P [12]

According to the definition of impedance, the interfacial
impedance of the MH, electrode is

161

Z=—= [13]
I3
From Eq. 12 and 13
RT RT ( i ‘{)5
= -2 = *+ -2 <. +o = 14]
nF(ai +Bi) nF(i+pi) \M1—6) 0/ [

Hence, the contribution to the impedance is due to the fara-
daic and surface intermediate steps which occur in series.
Thus

Z=Zi+Zy [15]
where
Zi=—325 =R, [16]
nF(at +Bi)
and

I

RT i i )
Zat nF(ai +pi) ((1 -9 8/73 [17]
where R, is the charge-transfer resistance, which expresses
the kinetics of reaction 3.

In order to obtain the surface impedance, Z, the phase
transition reaction (Eq. 4) is taken into account. By in-
troducing the alternating component, Eq. 7 can be modi-
fied to give

(G+3)—ki(8+0)

+ 1 Crmout(1 — 0 — 8) + nFA® ‘“—Bd:—e) (18]
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At the equilibrium potential
i=0
and
k0 — Kk Cumpun(l — 6) =0 [19]
Thus
7= kB — kCrmrpund = nFA% 0B [20]
and
] 1
T jollet + ol Coms + NFAY) (2]

By substituting Eq. 21 into 17, the surface impedance can
be expressed as

&

___RT < i +L> 1
T F(ai +p5) A —0) " 8/ jolki+ kiCyrpux + nFA®)

1
_jwcsf

[22]

where C,; is a pseudo-capacitance of the MH, electrode due
to the surface reaction. At equilibrium

<
2

anda+B=1 231
and the surface capacitance is

Ca= 2L 01 = 6) (67 + i Cumpn + nFAY)  [24]

The Randles-Ershler equivalent circuit for the hydriding
reaction, proposed in Fig. 1, consists of a charge-transfer
resistance, a double-layer capacitance, and a pseudo-ca-
pacitance of the surface reaction. It should be pointed out
that the diffusion processes in both the electrolyte and the
bulk solid are neglected. The rationale for such an assump-
tion is discussed in the next section. The expression for the
total impedance of the electrode processes is as follows

1 1 1 1 1
277 Rt 1T . 1 [29)

joCa 7 juCy

where Cy is a double-layer capacitance. Upon rearranging
the above equation
Z _ Rctcszf

£ (Ca + Co)* + (wR4Cy:Ca)’

.y (Ca+Cy+ "‘)ZR:‘:Cszfcdl
w[(cdl + Csf)2 + (cht sfcdl)z]

=Z' —~3zZ" 28]

where
R 2
ZI = ct ~sf 27
(Ca+ Csf)z + (chtCstdl)z (271
Cdl
RSI
— W —

Rct CSf
Fig. 1. The Randles-Ershler equivalent circuit model representing
the inferfacial impedance of an ingot MH, electrode.

right; see http://www.ecsdl.org/terms use.js
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Fig. 2. Kramers-Kronig transforms of impedance data for BNL18
hydride electrode at 50% discharged state. a, top) Experimental real
components of impedance as a function of frequency. (b, bottom]
Imaginary components of impedance vs. frequency, comparison of
experimental data {solid line) with that obtained by KK transforma-
tion using real components (dashed line).

and

A (Cdl + Csf) + szCZtCSZdel

T o[(Cy+ Cy) + ((")Rctcsfcdl)z] (28]

By eliminating the frequency variable (), the direct rela-
tionship between real and imaginary components of im-
pedance can be expressed by

(Zr _ Rctcsf >2 -

Rct szf _ :l
Cq+Cy 1 [29)

( ")2[(cd1 + Csf)2

If the pseudo-capacitance of the surface reaction is much
larger than the double-layer capacitance, Eq. 29 can be
further simplified

representing a semicircle in the Nyquist plot from which
the charge-transfer resistance can be obtained.

Results and Discussion

The hydride electrode, a stable, linear, and causal system
for impedance studies.—The hydrided state of the alloy is
generally relatively stable at different states of charge/dis-
charge. This is because the plateau pressures of the investi-
gated hydride alloys are about one atmosphere; thus dehy-
driding does not occur easily. One supporting evidence for
this statement is the self-discharge rate of the alloy sample
usually is less than 2% per day. An EIS experiment needs
about 1 to 2 h for investigations over the frequency range of
0.001 to 20 kHz. Thus, during this period of time, there is
only a slight loss in the capacity of the electrodes. Besides,
the impedance data were quite reproducible. For the hy-
dride materials, it usually takes about ten electrochemical
charge-discharge cycles for activation of the electrode; af-
ter such pretreatment, the electrode shows the highest ca-
pacity and the best electrode kinetics. The EIS data were
collected after this number of cycles. It is only after pro-
longed duty cycles that degradation of hydride electrodes
occurs. Figure 2 represents the experimental impedance
data (solid line) of a metal hydride electrode at 50% state of
discharge, for both real and imaginary components, as a
function of frequency. The dashed line in (b) is the calcu-
lated Z” vs. o plot, according to Kramers-Kronig trans-

J. Electrochem. Soc., Vol. 142, No. 9, September 1995 © The Electrochemica! Society, Inc.

formation, using the real component experimental data.
The good agreement between the calculated and experi-
mental data strongly demonstrates that hydride electrodes
satisfy the criteria of stability, linearity, and causality for
impedance measurements and for the validity of experi-
mental data.’?

Mechanism of electrode hydriding/dehydriding reac-
tion.—EIS for planar electrode.—The electrochemical
impedance spectra were recorded on an ingot of the hydrid-
ing alloy (BNL18: LaNi, s:Mng Al ;Coy ;) which simulates
a planar electrode. The impedance of the ingot electrode,
measured at a potential of —0.7 V vs. Hg/HgO reference, is
illustrated in the Nyquist plot (Fig. 3). The large semicircle
in the low frequency range is consistent with the theoreti~
cal model, represented by Eq. 30. Hence, the impedance of
the ingot sample is adequately described by the faradaic
and surface processes given by Eq. 3 and 4. With the in-
crease of immersion time, the radius of the semicircle de-~
creased in magnitude. This is probably due to an increase in
surface roughness near the exposed part of the ingot elec~
trode, because large volume changes occur during charge/
discharge cycles. A short 45° linear line (a-b section in
Fig. 3) was observed in the Nyquist plot. This behavior can~
not be attributed to the Warburg diffusion processes in the
electrolyte or in the bulk solid alloy phase. There are two
major reasons for this preceding statement: first, the diffu-
sion impedance normally occurs at the lowest frequency for
the Randle-Ershler equivalent circuit model; second, a
high concentration of the reactant and product species
(H,O and OH") are present in the electrolyte. Thus, the
impedance due to semi-infinite diffusion of such species in
electrolyte is negligible. Further, for the ingot electrode,
one may expect a Warburg impedance due to the diffusion
of H atoms into the bulk alloy which is a one-dimensional
semi-infinite or finite diffusion. According to Fig. 3, no
specific Warburg impedance in the low frequency range
was observed, probably because the diffusion rate of hy-
drogen into the bulk alloy is relatively fast. Thus, the
equivalent circuit model, shown in Fig. 1, which character-
izes the charge-transfer and surface processes, is appropri-
ate for the analysis of the impedance results. The reason for
the small impedance in the highest frequency range (a-b
section) is not clear at the present time.

EIS on porous electrodes.—EIS were also recorded on
porous electrodes prepared according to the description in
the Experimental section. A typical Nyquist plot for a
porous metal hydride electrode shows two small arcs in the
high frequency region and one large arc in the low fre-
quency region (Fig. 4a). Thus, there are at least three dis-

1e+6
8e+5
— 66+5 - T
E ]
< =1
o o
N
' 4e+5 £ o & o £
paie] o 35
o o
2oy o) o
e i
2e+5 —E =3 o
e
|
b
Oe+0 - T T T T
Oe+0 2e+5 4e+5 6e+5 8e+5 1e+6
Z' (ohm)

Fig. 3. Nyquist plot for ingot sample (BNL18: LaNi, 5sMng jAly 5Coq.75)
with surface area of 2 mm? at ~0.7 vs. Hg/HgO reference electrode.
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0.8

-Z" (Ohmy

06 —

Ry

(b)

Fig. 4. (a) Typical Nyquist Elot of MH, electrode with three distin-
guished time constants and (b) the proposed equivalent circuit.

tinct relaxation processes. The largest arc exhibits an ini-
tially short linear region with a slope of about 45°. Kuri-
yama et al.*® found a similar impedance response. These
workers attributed the 45° linear line to Warburg diffusion
without taking into account the porous structure of the
MH, electrode. According to de Levie,"” a 45° line is also a
characteristic impedance response of an electrode with a
cylindrical pore structure. Comparing the Nyquist plots for
the planar electrode (Fig. 3), where no specific Warburg
diffusion impedance was observed, and for the porous elec-
trode (Fig. 4a), it may be concluded that the linear region in
the Nyquist plot in the latter case is primarily due to the
porous structure of the electrode. The impedance in the low
frequency region represents the charge-transfer step at the
electrode/solution interface and the surface transition re-
action; there is no rate limitation due to the diffusion of
species in the electrolyte or the diffusion of hydrogen into
the alloy particle.

Two alloy samples were selected to further investigate
the electrode kinetics of the hydriding/dehydriding reac-
tions: BNL17 (La-Zr-Ni-Co~Sn) and BNL18 (La-Ni-Co-
Mn-Al). Figure 5 shows the results of experiments con-
ducted on electrodes with the BNL17 and BNL18, as active
materials, to determine the effect of discharge rate on the
capacity. For the electrode with BNL18, over 90% of capac-
ity could be obtained even at the 3 C rate of discharge.
However, with BNL17, the capacity decreases considerably
at higher discharge rates. At the 3 C rate, its capacity was
almost zero.

The rate capabilities of these electrodes depend on the
kinetics of the hydriding/dehydriding reactions. EIS tests
were thus performed on these electrodes under open-cir-
cuit conditions at different depths of discharge. The high
frequency relaxation processes, corresponding to the con-
tact impedance (discussed later) did not change with the
depth of discharge. As mentioned previously, the semicir-
cles at low frequencies are attributed to the relaxation of
faradaic and surface processes. The Nyquist plots show
considerably larger semicircles for the BNL1'7 than for the
BNL18 electrode at all depths of discharge. Figure 6 repre-
sents the Nyquist plots at about 50% depth of discharge for
both electrodes. An equivalent circuit model, as shown in
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Fig. 5. Rate capabilities of hydride electrodes with two alloys.

Fig. 4b, was used to obtain the electrode kinetic parame-
ters. The contact impedance between the current collector
and the sample (alloy + binder) corresponds to R; and C, in
the model. R, and C, represent the contact impedance be-
tween alloy particles in the electrode. The charge-transfer
resistance, double-layer capacitance, and the surface ca-
pacitance are designated by R, Cy, and C, respectively,
for the proposed Randles-Ersher equivalent circuit (Fig. 1).
Since the carbon additive (Vulcan-XC-72R) is also in con-
tact with the electrolyte but does not undergo a faradaic
reaction, only the double-layer capacitance of carbon, C.q,
need be considered: this capacitance, along with the dou-
ble-layer capacitance of the alloy, is in parallel. The dou~
ble-layer capacitance of carbon matrix, C,, and that for
the active alloy, Cgq, were treated as a single capacitance Cy

Cy=Cq+ Caq [31]
8
O BNL17
a BNL18
6 T
wn
[=
S
o
_ 3 !
E @ °
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N
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23
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Fig. 6. Nyquist plots demonstrafing slow and fast kinefics of
charge-transfer step of hydride electrodes with two alloys (BNL17
and BNL18, state of charge of electrode: 50%). Solid points are the
fitting results.
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Table 1. Charge-transfer resistance obiained by EIS and
pseudo-steady-state methods, electrode, 75 mg of active alloy
(BNL17, 18) and 75 mg binder material (Teflonized Vulcan XC-72R).®

RBa(®) R,(Q) CalF) Cy(F) R (©)
Sample (from EIS) (from Tafel Plot)
BNL17 0.5812 8.1981 1.5987 16.572 10.7 £ 2.0
BNL18 0.4742 0.7931 1.7804 12.995 1.08 = 0.2

* The contact impedances which hardly changed with different
alloys are not listed.

The resistance, Ry, measured at the highest frequency, is
the electrolyte resistance between the working and refer-
ence electrodes.

A nonlinear least square data fitting routine, using the
above equivalent circuit, gave a good fit to the experimen-
tal Nyquist plots. The fitting of the larger semicircle was
carried out by treating the porous structure of MH, elec-
trode, to a first approximation, as a flat electrode with a
large surface area, because the most significant response
occurs in the low frequency range where the high penetra-
tion depth condition is satisfied.'” The fitted values of the
parameters in the equivalent circuit are listed in Table I.
The charge-transfer resistances are larger for BNL17 than
for BNL18 electrode at all depths of discharge (Fig. 7).
These results are consistent with those of the rate capa-
bility measurements. Further, the reaction resistance in the
fully discharged state (capacity equals zero) increases to a
very high value, probably because of some passive film of
oxide forming on the surface. Assuming that the specific
double-layer capacitance of the active alloy is in the range
of the generally accepted value of 20 pF/cm? for a planar
metal surface, the calculated value for 75 mg of alloy hav-
ing an average particle radius of 5 pm is about 0.001 F. This
value is much smaller than the obtained value of C;.. Hence,
the main contribution to Cj is from the carbon matrix
(Eg. 31). On the other hand, the pseudo-capacitance of the
surface reaction, Cg, is much higher than the double-layer
capacitance, which is consistent with the assumption in the
theoretical section. From Table I, it can be seen that except
for the charge-transfer resistance, R, there is hardly any
change in any of the other equivalent circuit parameters.
The parameter R reflects the electrocatalytic activity of
the hydride alloy, while all other parameters are probably
related to the structure of porous electrode.

30
[T 1 BNL-17
25 4 ©ZZ BNL-18
20
3
€ 15
<
10
5 .
0 0. s |

0 50 100
Discharge Depth %

Fig. 7. Charge-transfer resistance of hydride electrodes with
BNL17 and BNL18 alloys at different depths of discharge.
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Fig. 8. Cyclic voltammograms during hydriding/dehydriding for
hydride electrodes, potential sweep rate = 1 mV/s.

Justification of interpretation of mechanisms from
impedance data.— Analysis of EIS data could lead fo mul-
tiple interpretations of mechanism of reactions. However,
if we analyze the data logically, change the experimental
conditions or use other techniques, it is possible to mini-
mize the uncertainty. The logic of our analysis was to pro-
pose an impedance model, based on the results of other
researchers,** %" which are well accepted in the case of
the hydrogen evolution reactions. For the hydriding re-
action, the first step is the same as for hydrogen evolu-
tion, i.e., charge-transfer. However, for the hydriding reac-
tion, hydrogen adsorption and absorption are the subse-
quent steps. There could, however, be several possibilities
to fit one set of data. Thus, the final and the most impor-
tant analysis was to verify the model using other exper-
imental techniques and under other conditions. In this
work, five methods were applied to evaluate the equivalent
circuit model.

1. The planar electrode, investigated because of its sim-
ple structure, was compared to the porous electrode. For
the planar electrode, the specific Warburg diffusion imped-
ance was not detected (Fig. 3) and thus the equivalent cir-
cuit corresponds to one without diffusion control.

2. The impedances were measured at different states of
discharge (¥ig. 7) first to compare the impedance change
of selected samples and then to elucidate the reaction
mechanisms.

3. Cyclic voltammetry studies also showed that for the
hydriding reaction, the BNL18 electrode is a better electro-
catalyst than the BNL17 electrode (Fig. 8). During scan-
ning in the negative direction, the current increased
rapidly when the potential decreased below about —0.9 V
(vs. Hg/HgO). This current increase is due to the contribu-
tion of hydrogen evolution reaction. During the reverse
scan, a broad peak was observed for the dehydriding reac-
tion. The position of this peak reflects the overpotential for
this reaction and qualitatively provides the information on
the kinetics of the electrode reaction.”® The peak for the
BNL18 electrode is at a more negative potential than that
for the BNL.17 electrode, again showing a higher charge-
transfer rate in the former case.

4. The plots of the pseudo-steady state potential vs. dis-
charge current, i.e., Tafel plots, for these electrodes are
shown in Fig. 9. The exchange current for the dehydriding
reaction is an order of magnitude higher on the BNL18
than on the BNL17 electrode. From Eq. 16 and at a poten-
tial close to the reversible potential, the relationship be-
tween charge-transfer resistance and exchange current
density can be expressed by
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{321
The charge-transfer resistances calculated from the ex-
change current densities are quite consistent with those
obtained from fitting of the EIS data (Table I).

5. Finally, the theory was applied to the metal hydride
electrodes to determine the effect of structure and com-
position on the performance of electrodes. (Please see next
subsection.)

In a separate investigation,'® the effect of temperature on
the performance of hydride electrodes was determined. It
was found that the higher the temperature, the smaller is
the charge-transfer resistance represented by the semicir-
cle in the low frequency range. The activation energy, cal-
culated using the Arrhenius equation, is too high for diffu-
sion control. In our previous work,” the effects of Sn, Ce,
Co substitution on the rate capability were reported. The
correlation between the rate capability and the charge-
transfer resistance, determined using the EIS technique,
was very good. All of these support our conclusion that the
charge-transfer step is rate determining. Because of the
consideration of length of our paper, such results were not
included in this paper.

Structure and composition of metal hydride electrode.—
EIS measurements were carried out to investigate the effect
of the structure and composition of the metal hydride elec-
trode on the kinetics of the hydriding/dehydriding reac-
tion. These tests also provide useful information for better
design of electrodes.

Contact impedance between Ni mesh (current collector)
and electrode materials.—The active material and Vul-
can + 33% PTFE (a binding material) were pressed onto Ni
mesh substrates of two different sizes. The Nyquist plots
are illustrated in Fig. 10. For the sample with larger contact
area with Ni mesh (2 cm?), the diameter of the semicircle in
the higher frequency range (>620 Hz), is smaller than that
for the sample with a contact area of 0.5 cm® (frequency >
126 Hz). The loop in the higher frequency range probably
represents an impedance between the current collector and
the active material, i.e., the impedance of the substrate as
defined by Lenhart and Macdonald.? This contact imped-
ance is inversely proportional to the total contact area of
the active material with the current collector. The diameter
of the arc in the intermediate frequency range (>20 Hz) does
not depend on the contact area (Fig. 10).

Effect of binder materials.—Electrodes were made using
Cu powder, Vulcan (XC-72R) or acetylene black as the
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Fig. 9. Electrode potential vs. current density plots during discharge
of hydride electrodes containing two alloys (BNL17 and BNL18).
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Fig. 10. Effect of area of Ni grid current collector on EIS. Hydride
elecirodes with same amount of alloy (BNL18) and binder material.

binder material. EIS results on these electrodes are pre-
sented in Fig. 11. The plots show that the impedance in the
intermediate frequency range (11.3 to 126 Hz) decreases in
the following order

acetylene black > Vulecan (XC-72R) > Cu powder

This order is in accordance with the increasing electronic
conductivity of the binder material. Cu is a very good elec-
tronic conductor, and the conductivity of Vulcan (XC-72R)
is higher than that of acetylene black. The semicircle in the
middle frequency range appears to be related to the elec-
tronic conductivity of MH, electrodes. In a previcus study,
Kuriyama et al.®® assigned the two smaller arcs in the
higher frequency region to contact impedance; this inter-
pretation is confirmed by our experimental results. In the
highest frequency region, the impedance for Cu powder is
very small (Fig. 11), because the high electronic conductiv-
ity of Cu powder provides the best contact between the
current collector and the active material. This again sup-
ports the view that the contact impedance is represented by
the arc in the high frequency region.
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Fig. 11. Effect of binder materials on EIS for hydride electrodes.
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Fig. 12. Nyquist plots (low frequency region) for hydride electrodes
with Cu and Vulcan (XC-72R) as the binder material. The data in the
graph represent the frequency (Hz).

From the above discussion, it appears that Cu should be
a good binder for the MH, electrode. However, previous
work,” conducted in our laboratory, demonstrated that the
Teflonized Vulcan (XC-72R) is a better candidate, as evi-
denced by the superior discharge performance of an elec-
trode with this additive. This discrepancy can be explained
by the EIS results in the low frequency region (<11.3 Hz)
(Fig. 12). At low frequencies, the impedance of the elec-
trode with Cu powder has a larger value than with the
Teflonized Vulcan (XC-72R) binder. As stated in the previ-
ous subsection, the semicircle in the low frequency region is
assumed to represent the faradaic process at the electrode/
electrolyte interface. Since the same amount of the identi-
cal material (BNL18) was used in both cases, this result can
be rationalized on the basis of a higher electrochemically
active surface area of the electrode with the Teflonized Vul-
can (XC-T2R). Teflonized Vulcan (XC-72R) has a much
higher porosity and surface area than Cu powder, and thus
the electrode with the former binder can be expected to
have a higher electrochemically active surface area than
the latter.

Effect of amount of alloy—In order to determine the best
structure of the metal hydride electrode, electrodes made
by mixing different amounts of alloys with Vulean XC-72R
(75 mg) were tested. The Nyquist plots for these electrodes,
containing 0, 35, 75, and 115 mg of the powder alloy, re-
spectively, are shown in Fig. 13. The most significant
changes of the equivalent circuit elements, with the varia-
tion of the amount of alloy, are in the low frequency region
(<10 Hz). Table II shows the dependence of the values of
the equivalent circuit parameters on the amount of alloy in
the electrode. The double-layer capacitance, Cg, hardly
changes with the amount of alloy since its main contribu-
tion is from the high surface carbon matrix (Vulcan XC-
72R). For the electrode without active material, the imped-
ance behavior is that of a pure double-layer capacitance,
i.e., an infinite charge-transfer resistance (Fig. 13). With an
increasing amount of the alloy, the diameter of the semi-
circle decreases. A larger amount of alloy provides more
active sites; assuming the reaction rate per unit particle
area to be constant, the total charge-transfer resistance
should decrease proportionally with an increasing amount
of the alloy.

In contrast, the pseudo capacitance of the surface process
should increase proportionally with the active surface area
of alloy particles. The charge-transfer resistance and the
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Fig. 13. Effect of amount of active material (BNL26: La-Ni-Sn) in
hydride electrode on EIS. The data in the graph represent the fre-
quencies (Hz]. The solid lines demonsirate the theoretical predictions.

pseudo capacitance of the surface process as a function of
the amount of alloys, obtained from the data-fitting pro-
gram, are shown in Fig. 14. As expected, there was a con-
siderable decrease in the charge-transfer resistance and an
increase in the pseudo capacitance of the surface process
with an increasing amount of alloy. However, the charge-
transfer resistance and the pseudo capacitance of the sur-
face process increased more gradually when the amount of
alloy was increased above 75 mg. This observation strongly
suggests that the porosity of electrode and the specific ex-
posure area of alloy to the electrolyte do not increase fur-
ther above this amount. The impedance results confirm the
results of our previous investigation on the optimization of
composition of the hydride electrode,” where it was shown
that the specific capacity had a maximum value at about
75 mg of the alloy/cm? of electrode.

Conclusions

EIS experiments were conducted on metal hydride elec-
trodes to elucidate the mechanism of hydriding/dehydrid-
ing reactions and to determine the usefulness of this tech-
nique to optimize the composition and structure of these
electrodes. The important conclusions from these studies
can be summarized as follows.

The impedance of metal hydride electrodes is mainly
determined by the faradaic process in the low frequency
region. The exchange current, obtained using EIS and
pseudo-steady-state techniques, are in agreement. The
charge-transfer resistance is practically independent of the
state of discharge.

There is also a good correlation between the rate capa-
bility and the charge-transfer reaction rate at the alloy
surface.

Table II. The parameters obtained by EIS on metal hydride electrode
containing different amount of active alloy and
75 mg binder material (Teflonized Vulcan XC-72R).°

Amount of alloy R, (1) R () Cha(® Cy (F)
Pure C 0.4395 — 1.4093 —
35 mg 0.6534 21.674 1.5986 6.2189
75 mg 0.4759 11.011 1.5714 12.881
115 mg 0.4871 6.516 1.4511 14.21

*The contact impedances, which hardly changed with different
amounts of alloys are not listed.
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Fig. 14. Correlations of EIS parameters with capacities of hydride
electrode containing BNL26 (La-Ni-Sn),

The EIS technique also confirmed our previous results
that Vulecan (XC-72R) is a better binder material than cop-
per powder or acetylene black.

Charge/discharge tests showed that an optimum amount
of alloy for a unit geometric area of the electrode yields
the highest performance. An analysis of the EIS results
shows that the electrode with this optimum amount has
the highest pseudo capacitance for the surface reaction per
gram of alloy and the lowest specific charge-transfer re-
sistance; these results thus support the conclusions reached
in our previous charge/discharge studies.
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LIST OF SYMBOLS

Asof surface concentration of adsorbed H
A maximum surface concentration of adsorbed H
C.a double-layer capacitance of carbon matrix
Ca double-layer capacitance of alloy
Ca total double-layer capacitance
Cio concentration of H,O in electrolyte
vapae  concentration of H in bulk MH alloy
Faraday constant
i current density, A/cm?
iy exchange current density, A/cm?
§ -1
k, backward rate constant in Eq. 3
ki forward rate constant in Eq. 4
ky backward rate constant in Eq. 4
ks forward rate constant in Eq. 3
n number of electron transferred
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R gas constant
R, charge-transfer resistance
T temperature
Z impedance
z real component of impedance
z” image component of impedance
Zs faradaic impedance
Zg impedance of surface processes
Z, total impedance of MH electrode
Greek
a charge-transfer coefficient in reduction direction
B charge-transfer coefficient in oxidation direction
] coverage degree of adsorbed hydrogen
¢ electrode potential
® angular frequency of ac single
Superscripts
- reduction direction
— oxidation direction
- dc single
~ ac single
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