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LaNi4»7Sng»4 electrodes were characterized using electrochemical techniques at different alloy
weights and binder contents. For a given alloy weight, the polarization resistance (R,) increases with
the state of charge (SOC). This arises due to changes from o to ff phase at the alloy surface. The
electroactive surface area for the hydrogen adsorption/desorption reaction changes with SOC and
this also contributes to the variation of R,,. Since the interfacial area increases with alloy content, the
polarization resistance decreases with increase in the alloy weight. An increase in the alloy weight
reduces R, and lowers the total resistance. The electrode utilization decreases by increasing the binder
content and the electrode weight. A theoretical model is presented to study the effect of alloy weight
and particle size on the electrode performance. The model simulations predict lowering of the uti-
lization with increase in the electrode weight. The effect of particle size on the energy and power

density of the electrode was also studied.
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List of symbols

amu  electroactive surface area per unit volume of
electrode (cm” cm™>)

A cross-sectional area of the pellet electrode
(cm?)

c°® reference hydrogen concentration (mol cm™)

¢ dimensionless hydrogen concentration (c¢/c®)

Cs dimensionless surface concentration of

hydrogen
d density of the alloy (g cm™)
D diffusion coefficient of hydrogen (cm? s™")
F Faraday’s constant (96 487 C mol™")
specific discharge current (A g™')

J

7 local current density (A cm™2)

Jo exchange current density per unit mass of alloy
(Ag™

Q,  specific capacity of the electrode (Ah g™")

7 dimensionless radial coordinate (r/Rs)

1. Introduction

Metal hydrides form a class of solid-state systems
called interstitial alloys wherein hydrogen is incor-
porated into empty sites of a simple metal lattice [1].
For practical electrochemical devices, metal hydrides
are sought with the following properties: high ca-
pacity to store hydrogen, low hydrogen equilibrium
pressure, fast kinetics, low cost and light weight [1-5].
Significant studies have been done in identifying al-
loys with low equilibrium pressure and stability.
However, very few investigations have been reported
in the literature on the determination of the electro-

radius of the metal hydride particles (cm)
polarization resistance (Q g)

universal gas constant (8.314Jmol™! K™")
temperature (K)

thickness of the pellet (cm)

thickness of the current collector (cm)
electrode utilization

volume of the cylindrical pellet electrode (cm ™)
w amount of active material (g)

4

o

[¢]

S SS TN X

Greek symbols

0 dimensionless parameter denoting ratio
between diffusional and kinetic resistances,
7 RyFc°D

g porosity of the electrode
overpotential (V)

T dimensionless time

™D dimensionless time to completely discharge the
electrode

chemical parameters such as the polarization resis-
tance, exchange current density and electrode
utilization [2, 3, 6-10]. Determination of the electro-
chemical parameters is essential for optimizing the
alloy performance.

Previous studies [9, 10] have focussed on deter-
mining the different electrode thermodynamic and
kinetic parameters as a function of state of charge.
We have shown, by applying porous electrode theory
[2, 3], that one can calculate the exchange current
density of the alloy at low overpotentials. The ex-
change current density is a measure of the electro-
catalytic activity of the hydride alloy. With poor
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reaction rates, the polarization resistance is high,
which significantly reduces the energy and power
density of the battery. Although the composition of
the alloy affects the exchange current, and thereby the
reactions rate, it can be modified by microencapsu-
lation or chemical treatment of the surface. However,
according to Kuriyama et al. [4] only one third of the
total hydride electrode resistance was due to the po-
larization resistance. For practical applications, apart
from the kinetic resistance, different ohmic resis-
tances in the electrode are also significant. The per-
formance under high discharge currents is more
dependent on the electrode size and morphology.

For an electrode of given geometry the thickness
and the alloy weight significantly alter the discharge
characteristics. Zuettel, Meli and Schlapbach [11]
investigated the influence of the electrode thickness
on the overpotential during charge and discharge.
The overpotential was found to depend on the dis-
charge time and the thickness of the electrode. Apart
from the size and porosity of the electrodes, another
parameter, which alters the resistance, is the kind and
amount of binder material. Fabrication of hydride
electrodes involves the addition of small amounts of
binder, which keeps the particles intact and enhances
the mechanical stability of the electrode. Apart from
binders such as PTFE, the alloy is also mixed with
different conductive powders. Studies have been
made on compacting electrodes with different metal
oxides such as Co3;04 and RuO, and also different
diluents such as metal powders of Ni, Cu and Co. For
an alloy of given composition the binder and various
diluents change the electrode performance by affect-
ing the capacity and cycle life. Therefore, it is of
interest to characterize the electrode parameters as a
function of both the electrode size and the binder
content. Since PTFE is a commonly used binder the
present study was to focus on its effect in isolation
without any other additions.

In this work linear polarization and electrochemical
impedance spectroscopy (EIS) were used to carry out a
detailed study on the determination of the electro-
chemical properties of LaNi4 »7Sng »4 as a function of
the electrode weight and the binder content. Studies on
the binder content were focussed solely on the effect of
PTFE addition. Different resistances of the alloy
electrode were evaluated by fitting the EIS data to an
equivalent circuit as suggested by Kuriyama et al. [4].
The performance of the electrode was analysed using a
simple analytical model. The effect of different alloy
weights and particle sizes was also studied.

2. Model

The electrode reaction at the surface of the hydride
particle is

discharge

MHx.ads +x OH"™ M +x HzO +xe (I)

charge

To determine the surface hydrogen concentration for
a galvanostatic charge/discharge, the concentration

profile of hydrogen has been obtained [12] by solving
the time-dependent Fickian diffusion equation for the
spherical particle in dimensionless form,

oc 10 (,0¢
Z—_ (2= 1
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The initial and boundary conditions are
at =0, ¢=1 (2)
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The local current density, j/, represents the reaction
rate at the particle/solution interface and is given by

. Jw
/= adMH V(l - 8) (5)

where the electroactive surface area, aymy is given by

3(1—¢)
= 6
amu R (6)
and the volume of the pellet is given by
V = At (7)

where A and ¢ are the cross-sectional area and
thickness of the pellet, respectively. The thickness of
the pellet is calculated as

w
t:@H“ (8)

where d is the density of the alloy and ¢, is the
thickness of the current collector. Solving Equation 1
subject to initial and boundary conditions Equations
2 to 4 gives the concentration as a function of time
and radial coordinate. For a constant current dis-
charge the variable of interest, namely the dimen-
sionless surface concentration (¢;) is obtained as

&=1-0[3t+02— ZZ%exp(—lﬁr) (9)

n=1"n
where, é a dimensionless parameter, is given by

o
J Rs
0= 10
Equation 9 can be rewritten to calculate the time for
discharge, 74, for the metal hydride electrode when
the surface concentration drops to zero,

I
3tp +0.2 - 2357, hexp(~ )]

5=

(11)

For a given current per unit mass, j, Equation 11 can
be solved to obtain the time for discharge, 4. For
long discharge periods the discharge time can be di-
rectly obtained as

1 1
The electrode utilization is then calculated as
__JoR; 0
U—36OOQOD><100/0 (13)
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Table 1. Parameters used in the simulation

Properties Values Reference

Diffusion coefficient of 6.75x 107" em?s™"  measured
hydrogen (D)

Density of the alloy (d) 7.8gcm™? assumed

Pellet electrode area (V) 0.5cm? measured

Thickness of the current 0.005cm measured
collectors

Electrode capacity (Q,) 270mAhg™! measured

Particle radius (Ry) 15 um measured

Porosity (¢) 0.4 measured

Reference hydrogen 91.3molcm™ [1]

concentration (¢°)

where Q, is the actual specific capacity of the elec-
trode. The model does not consider ohmic resistance
and both solid and solution phase conductivities are
assumed to be large compared to diffusional resis-
tance. The parameters used in the simulation are
given in Table 1.

3. Experimental details

The alloy LaNi4 »7Sng 4 was first crushed and ground
mechanically. The resulting powder was passed
through a 230 mesh sieve, which gave a particle size of
less than 63 um. A rough estimate of the porosity of
the alloy was obtained by saturating a known weight
of the alloy in KOH solution and determining the
volume. Next, pellet electrodes were prepared by
mixing the alloy with PTFE powder and then pressing
the material in a cylindrical press (8 mm dia.) between
two nickel meshes at 150 to 200 °C. For the studies on
electrodes with different weights, pellets with alloy
weights of 0.10, 0.20, 0.32 and 0.65 g were prepared.
The cross-sectional area of all the electrodes is
0.5 cm?. The PTFE content was kept at 5% of alloy
weight for these pellets. For studies on binder content,
different pellet electrodes with 2.5, 5, 10, 20 and 40%
PTFE mixed with a constant alloy weight of 0.2 g
were prepared. The pellet was then inserted between
two pieces of plexiglass with small holes on each side.
A piece of Pt gauze was placed on each side of the
plexiglass and served as the counter electrode. The
electrode was immersed in the test cell and filled with
6 M KOH clectrolyte solution. The experiments were
carried out using Hg/HgO reference electrode. A
schematic of the experimental setup is shown in Fig. 1.

RE Plexiglass holder

Nickel mesh
Hydride alloy

(Pt gauze)

Fig. 1. Schematic of pellet electrode.

Prior to each experiment, the alloy electrode was
activated by cycling the electrode ten times. The ex-
perimental procedure was performed as follows. The
electrode was charged under a constant current mode
until the hydrogen content reached its saturated val-
ue. Before conducting any experiments sufficient
amount of time (1 h) was allowed for the potential to
stabilize. The electrode was gently shaken to remove
any hydrogen bubbles that could have formed. After
the open circuit potential (OCP) stabilized, linear
polarization and EIS experiments were carried out.
The electrode was discharged at 0.1 C rate for a
certain period of time and the same measurements as
above were conducted. This procedure was repeated
until the electrode was totally discharged to a cut-off
voltage of —0.6 V. Impedance studies covered a fre-
quency range from 100 kHz to 1 mHz and involved a
total time of approximately 1 h. The electrode po-
tential changed by less than 2 mV during this time
indicating that self-discharge processes were not sig-
nificant. Polarization studies were done at a scan rate
of 1 mV s™' by sweeping the potential 20 mV above
and below the equilibrium potential. Since the scan
rate was kept low and the potential was not perturbed
to large anodic values the concentration of hydrogen
at the surface does not change significantly. The
electrode can be assumed to be at pseudo steady state
and the linearized form of the Butler—Volmer equa-
tion can be used to determine the exchange current
density. Altering any of the two conditions men-
tioned above would lead to a varying surface hy-
drogen  concentration and invalidate  this
approximation. The experiments were conducted at
25 °C using the SoftCorr system (model 342C) with
EG&G PAR potentiostat/galvanostat (model 273A).

4. Results and discussion

4.1. Characterization of metal hydride electrodes
with different alloy weights

Studies on LaNi4 »7Sng -4 have been carried out using
electrodes with different thickness. Four pellets were
prepared with different alloy weights (0.10, 0.20, 0.32
and 0.65 g) which had the same diameter. The linear
current response was measured for a small potential
perturbation of 20 mV about the equilibrium poten-
tial. Beyond these potentials, hydrogen transport in
the alloy becomes significant and concentration po-
larization rather than activation overpotential con-
trols the current response of the electrode. Typical
linear polarization curves for fully charged electrodes
with different alloy weights are presented in Fig. 2. In
the polarization studies since the deviation in poten-
tial is small, the change in the SOC of the electrode is
less than 1%. In such a case the mass transfer effects
arising due to the hydrogen transport in the particle
can be neglected and the overpotential associated
with any given current serves solely as an activation
energy. In our previous studies applying porous
electrode theory [2, 3] it was found that a low over-
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Fig. 2. Polarization curves obtained at different alloy weights for
fully charged electrodes. The potential was perturbed 20 mV above
and below the steady state equilibrium potential for all weights.
Scan rate ImVs™'; 2.5% PTFE content. Key: (—) 0.10, (- — —-)
0.20, (——) 0.32 and (- - - - - ) 0.65g.

potentials the exchange current density, j,, of the
alloy could be calculated using Equation 14

. RT

Jo —FRP (14)

where R is the gas constant, F is the Faraday’s con-
stant, T is the temperature and R,, is the polarization
resistance.

The total resistance (R;) was determined from the
slope of each curve. As shown in Fig. 2, the slopes
increase with the decrease of the alloy weight. The
total resistance determined from the slopes in Fig. 2
is presented in Fig. 3 as a function of state of charge
(SOC). At high SOC, the total resistance is inversely
proportional to the electrode weight, while as shown
in Fig. 3, at low SOC (SOC <50%), the total resis-
tance is virtually independent of the electrode weight.
At low electrode weight the total resistance varied
significantly with the state of charge (SOC). However,
at higher electrode weights this effect was less pro-
nounced. At an alloy weight of 0.65 g, the total re-
sistance was almost independent of the state of
charge. The results presented in Fig. 3 may be ex-
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Fig. 3. Total electrode resistance as a function of state of charge
for different alloy weights with 2.5% PTFE. Key: (@) 0.10, (H)
0.20, (A) 0.32 and () 0.65¢.

plained qualitatively by taking into account the
contribution of the polarization resistance and the
ohmic resistance of the alloy to the total resistance.
The polarization resistance is inversely proportional
to the alloy weight, while as found by Kuriyama et al.
[4] the electrode ohmic resistance is independent of
the alloy weight. Thus, the observed dependence in
Fig. 3 of the total resistance on the alloy weight in-
dicates that at a high SOC, the polarization resistance
dominates the total resistance. As the hydrogen
content in the alloy decreases (low SOC) the resis-
tance to charge transfer also decreases. At a high
SOC, the hydrogen reaction occurs on the metal—
hydride surface instead on the bare alloy causing the
reactivity of the hydrogen reaction to decrease when
compared with hydrogen evolution reaction on the
bare alloy surface. During hydriding ABs alloys
change from the o phase (hydrogen deficient) to the f
phase (hydrogen rich). The polarization resistance is
governed by the behaviour of the alloy/electrolyte
interface. At the surface initially the alloy is in the o
phase (hydrogen deficient). Only at the end of charge
the entire particle is in the § phase. During most of
the hydriding the alloy is present in both the « and f§
phases. Since the resistance depends on the o—f§
transitions, it changes significantly beyond 90% SOC,
where the alloy is in the f phase. Increase in alloy
weight increases the active surface area and reduces
the total resistance. Thus, both the alloy weight and
hydrogen content are factors which affect the value of
the polarization resistance. The SOC studies were
repeated and similar results were obtained. Metal
hydrides are highly reversible to hydrogen and results
obtained are easily reproducible.

Electrochemical impedance spectroscopy (EIS)
under zero current conditions enables the determi-
nation of the polarization resistance and evaluation
of the exchange current density without the interfer-
ence of any of the ohmic resistance (related to alloy
particle to particle resistance and contact resistance
between the current collector and the pellet). Ac-
cording to Kuriyama et al. [4-6] the total resistance
of the system is a sum of the following resistances: (i)
the electrolyte resistance, (ii) the resistance between
the current collector and the electrode pellet, (iii) the
alloy particle to particle contact resistance and (iv)
the polarization resistance which is related to the
electrode reaction on the alloy surface and is inversely
proportional to the active surface area.

Typical Nyquist plots obtained for different alloy
weights at 100% state of charge are presented in
Fig. 4. The total resistances measured from both
techniques agree within 1% for different SOC values.
The Nyquist plots indicate that the total impedance
increases with a decrease of the alloy weight, which is
consistent with the linear polarization results. The
semicircle observed at low frequency corresponds to
the faradaic contribution while the semicircle ob-
served at high frequency corresponds to the ohmic
resistance. Further, the two semicircles shown in
Fig. 4 are most distinguishable at large alloy weights,
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Fig. 4. Nyquist plots for different alloy weights at 100% state of
charge with 2.5% PTFE. Key: (@) 0.10, (H) 0.20, (A) 0.32 and (®)
0.65g.

that is, at 0.65 g of alloy weight. For the metal hy-
dride electrodes with low alloy weights, the faradaic
resistance dominates over the ohmic resistance and
only one semicircle is observed in the Nyquist plot.
The ohmic resistance remains the same at different
alloy weights. However, the polarization resistance
masks the effect of ohmic resistance at low alloy
weights. Increasing the alloy weight increases the
electroactive surface area, thereby reducing R,.
Hence, for the electrodes which contain a large
amount of alloy (0.65 g), the ohmic resistance (the
semicircle at high frequency) is comparable with the
polarization resistance causing both semicircles (as
shown in Fig. 4) to be visible. In our case, increasing
the weight of the electrode also result in increasing
the pellet thickness. However, from a design point of
view thicker electrodes are undesirable for high load
applications such as electric vehicles. This would be
seen clearly from the model simulations shown later
in this paper.

The equivalent circuit shown in Fig. 5 was used to
fit the experimental impedance data. R, represents
the electrolyte resistance, R, is the current collector
to pellet resistance, Ry, is the particle to particle re-
sistance, R, is the polarization resistance, R, is the
Warburg resistance, C’s are the capacitances and
Ocpe’s are the constant phase elements (CPE) [12].

The experiment results shown in Fig. 4 were fitted
by using Zview (Scribner Associates, Inc.). The resis-
tances estimated from the fitting are plotted in Fig. 6
as a function of the inverse of the alloy weight. As
shown in this plot, the polarization resistance is inv-
ersely proportional to the alloy weight. However, the
ohmic resistance, R,, (the sum of particle to particle

CQ CW qu

Ra 11
Qg

Re Ry R,

Fig. 5. Schematic of the equivalent circuit for the metal hydride
electrode.
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Fig. 6. Various electrode resistances as a function of inverse alloy
weight for fully charged electrodes with 2.5% PTFE. Key: (®) R,
(M) R, and (A) R,,.

contact resistance and current collector to pellet
contact resistance) remains independent of the alloy
weight. A linear decrease of the polarization resistance
and hence of the total resistance is seen on increasing
the alloy weight. This lowering of R, arises due to an
increase in the electroactive surface area available for
Reaction I. The intercalation of hydrogen in these
alloys proceeds with the reaction at the interface of the
particle and electrolyte. Increase in the interfacial area
facilitates the reaction to proceed on more sites
thereby reducing both R, and R;. Not accounting for
this increase in areca would give erronecous results
when calculating the exchange current for Reaction I.
Conventionally, the exchange current has been nor-
malized by dividing it by the electrode area to get an
effective equilibrium current density. However, metal
hydride electrodes are porous in nature and determi-
nation of electrode surface area in such cases is com-
plicated. Further, as seen in Fig. 3 the active surface
area changes with SOC, which cannot be measured
experimentally. Hence we normalized our exchange
current density based on the total alloy weight in the
electrode. The linear change in the polarization re-
sistance with alloy weights supports this approach.
Finally, the exchange current density (for the elec-
trode, which contained 0.65 g of alloy weight,) was
estimated from the polarization resistance in Fig. 6 to
be 17 mA g~ compared with a value of 3.6 mA g
estimated from the total resistance.

Figure 7 shows the fitting results obtained for the
polarization, ohmic and total resistances of 0.2 g alloy
plotted as a function of state of charge. As shown in
this plot, the polarization resistance decreases with a
decrease of SOC. At a SOC lower than 40%, the po-
larization resistance is almost constant. As discussed
before, changes in the electroactive surface area vary
the reaction resistance with SOC. The ohmic resis-
tance remains independent of the SOC. The ohmic
resistance changes only due to variations in the elec-
trolyte and matrix phase conductivity. The electrolyte
conductivity is affected by changes in the concentra-
tion of the hydroxide ion. After hundreds of cycles the
electrolyte is depleted of OH™ and the conductivity is
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Fig. 7. Change in different electrode resistances as a function of
state of charge. Key: (@) R, (A) R, and (H) R,

lower. At low discharge rates, in any particular dis-
charge cycle concentration variations in KOH are not
significant enough to affect the electrolyte conductiv-
ity. Similarly, the matrix phase conductivity is not
affected by the intercalation of hydrogen. However,
the particle—particle resistance increases with cycling
because of loss of contact among different particles in
the solid matrix. In such a scenario, the role of dif-
ferent binders becomes crucial.

4.2. Characterization of metal hydride electrodes
with different percentage of binder

Various binders and additives have been proposed in
the literature for improved performance of hydride
alloys. However, PTFE remains the most common of
all the additives used in the preparation of hydride
cells. Hence we focussed our studies on the effect of
various amounts of PTFE on the performance of the
hydride electrode for a given amount of alloy weight.
The objective was to arrive at an optimized value of
PTFE content for use in the preparation of elec-
trodes. The experiments were conducted at five dif-
ferent binder (PTFE) contents (2.5, 5, 10, 20 and
40%) using 0.2 g of alloy weight. Figure 8 shows the
Nyquist plots obtained for different percentages of

30 v

-Im Z/ Q
N
(=]
T
~

ReZ/Q

Fig. 8. Nyquist plots for different PTFE contents at 100% state of
charge. The alloy weight is 0.2g. Key: (@) 2.5%, (H) 5.0%, (A)
10.0%; () 20.0% and (V) 40.0%.

PTFE content in the alloy for a fully charged elec-
trode. As shown in this plot, the minimum resistance
was observed at a PTFE content of about 5%. In-
creasing the PTFE content in the alloy beyond 5%
causes the resistance to increase drastically. This
phenomenon can be explained by considering that at
smaller percentage of the binder (PTFE), the contact
resistance between the alloy particles is high. On in-
creasing the PTFE content to 5%, the ohmic resis-
tance becomes smaller due to a better contact among
the particles. When PTFE content is higher, the total
alloy in the electrode is lower. Further at high con-
centrations, PTFE acts as an insulator thereby in-
creasing the contact resistance.

By fitting the experimental data given in Fig. 8
using the equivalent circuit presented in Fig. 5, the
polarization resistance and ohmic resistance were
evalutated and are presented in Fig. 9. As shown in
this plot, both the total resistance and the ohmic re-
sistance have a minimum at a PTFE of 5% and as
expected both resistances increase by increasing the
PTFE content in the alloy. As shown in Fig. 9, the
polarization resistance is independent of the PTFE
content beyond 2.5%. For 2.5% PTFE, not all the
particles are in contact with each other and hence the
active surface area is less. Due to this the polarization
resistance is larger compared to other PTFE values
given. Beyond this PTFE content all the particles are
in contact. Hence, R, remains the same. Since the
amount of alloy was kept constant at 0.2 g, the
electroactive surface area remains the same in all these
studies. Hence, the polarization resistance remains
constant and does not vary with binder content.

Figure 10 represents the electrode utilization as a
function of PTFE content in the alloy. As shown in
this plot, the electrode utilization decreases by in-
creasing the PTFE content from 5% up to 20% of the
active material of the electrode. Maximum utilization
of the electrode was observed at 5% PTFE, which is
consistent with the results presented in Fig. 9. In-
creasing the PTFE content in the alloy, causes the
total resistance (as shown in Fig. 9) to increase which
results in a decrease of the electrode utilization. From

110
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Resistance/ Q

0 10 20 30 40
PTFE/ %

Fig. 9. Different electrode resistances as a function of PTFE
content for fully charged electrodes for 0.2 g of alloy. Key: (@) R,
(M) R, and (A) R,,.
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Fig. 10. Electrode utilization as a function of PTFE content at
two different discharge rates for 0.2 g of alloy. Key: (@) 0.1 C and
(m)0.2C.

these studies we have arrived at an optimized value of
the binder content, namely 5%.

4.3. Simulation results

Figure 11 presents the discharge time as calculated by
Equation 12 for different specific currents. At the end
of discharge when the eclectrode reaches it’s cut-off
potential the hydrogen concentration at the surface of
the particle is close to zero. The time for hydrogen
concentration to drop to zero depends on the applied
current. As seen from Fig. 11, the time for discharge
decreases with an increase in the applied specific
current. The discharge of the metal hydride electrode
is controlled by the transport of active species both
inside and outside the particle [12]. Mass transfer
limitations in the hydride electrode arise due to the
transport of hydrogen in the particle and the move-
ment of hydroxide ions in the solution. Increase in
discharge currents would result in depleting the sur-
face hydrogen faster, although enough amount of
hydrogen is present in particle. However, at high
rates external mass transfer effects due to hydroxide
ion transport limitations also become significant. The
exponential decay in the discharge time would be

Discharge time/ hr
N w B [5)] » ~ o]

2 3 456 102 2
Current/ mA g’!
Fig. 11. Model predictions for the discharge time at different dis-

charge rates. Key: (—) 0.040, (— — — -) 0.060, (——) 0.080, (- - - -)
0.120, (— — —) 0.160 and (- — - -) 0.200 g.

more pronounced if concentration polarization in the
solid and electrolyte were also considered. Further,
the time for discharge decreases with an increase in
the electrode weight. Increase in the electrode weight
would result in increasing the concentration polar-
ization significantly. This would also cause the dis-
charge time to be smaller.

An important parameter that defines the perfor-
mance of the alloy as an electrode is utilization. The
electrode utilization is defined as the ratio of the
hydrogen discharged at a specific rate to the maxi-
mum experimental capacity of the same electrode.
The electrode utilization for small currents is ob-
tained by substituting the expression for the discharge
time from Equation 12 into Equation 13. Utilization
estimated at two different discharge rates (0.1 C and
0.2 C), is plotted as a function of the alloy weight of
the electrode in Fig. 12. The simulations from
Equation 13 are also given in the same plot. The
utilization is related to the electrode weight through o
which includes the parameters, current and volume,
both of which depend on the alloy weight. As shown
in Fig. 12, the electrode utilization decreases by in-
creasing the alloy weight of the electrode. Conse-
quently, at low alloy weights, the discharge rate
depends only on the hydrogen diffusion in the solid
phase. This results in values of the electrode utiliza-
tion close to 100%. Increasing the electrode weight
has the effect of increasing the electrode thickness. In
such cases, concentration polarization starts to play a
more important role in the current potential rela-
tionship and the electrode utilization is limited by this
factor. For thinner electrodes and at low discharge
rates, the external mass transfer can be neglected
since the concentration of hydroxide is large
(6 MKOH). However, at higher discharge rates for
thick electrodes, this external mass transfer becomes
rate limiting. The deviation of the model simulation
from the experimental results at large alloy weights
arises because of this. For 0.65 g of alloy weight at
high discharge rates the deviation is even more pro-
nounced.

100 <
Nl
90 - -

80 [
70

60 [

Utilization/ %

50 ®

30 I . I I 1 1
0.0 0.1 0.2 0.3 0.4 0.5

Alloy weight/ g

Fig. 12. Electrode utilization as a function of alloy weight for two
different discharge rates. The lines represent the model simulations
and the points the experimental data. The solid square corresponds
to a 0.1 C rate and the solid circle corresponds to a 0.2 C rate. Key:
(—)01Cand (———)02C.
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The effect of the alloy weight on the utilization is
more pronounced at high discharge rate (0.2 C). For
example, the electrode utilization is only about 10%
at 0.2 C rate compared with 70% at 0.1 C rate for
0.65 g of the active electrode material. As mentioned
before, increasing the alloy weight results in a thicker
electrode. At high discharge rates, accessing the ac-
tive material (OH™ ions) in the interior of the elec-
trode becomes prohibitively difficult. Under such
conditions, the hydrogen in the particles closer to the
current collector are depleted fast. This results in a
very low utilization as seen in Fig. 12. It is pertinent
to note that the effect of alloy weight is analogous to
that of PTFE content as seen in Fig. 10.

Finally, we examine the effects of particle size on
the power and energy density of the hydride elec-
trode. Figure 13 shows a Ragone plot for different
particle radius. The power provided here is an aver-
age value over the course of discharge. Hence, each
point on this plot is obtained by carrying out a con-
stant-current discharge at a particular discharge rate
to a cut-off potential of —0.6 V. The energy and the
average power available during discharge were then
calculated. At low current densities, the energy den-
sity approaches a theoretical limit, which is a function
of the open-circuit potential. The energy density in-
creases slightly due to the decrease in the particle size.
However, a more pronounced effect is seen on the
power density of the alloy. A smaller particle reduces
the time taken by hydrogen to reach the surface.
Hence this increases the power density significantly.
However, reducing the particle size also results in
exposing more area of the active material to the
electrolyte. This would result in enhanced corrosion
of the alloy. Thus, there exists a trade-off between the
maximum realizable power density (by using smaller
particles) and a long cycle life of the alloy.

5. Conclusions
LaNig»7Sng 4 electrodes were characterized using

electrochemical techniques at different alloy weights
and binder contents. EIS combined with an equivalent

32

Specific energy/ Wh kg!

o o N @

Average specific power/ W kg'!

Fig. 13. Ragone plot for the LaNig,7Sng,4 electrode showing
the effect of particle size. Key: (—) 45, (——) 30, (- - - - - ) 20,
(———) 15 (—-—)10and (———--) 5 pm.

circuit is used to determine different electrode resis-
tances. Increase in alloy weight has no effect on the
ohmic resistances of the electrode. For electrodes
containing a large amount of alloy weight (0.65 g), the
total resistance is controlled by the ohmic resistance at
a wide range of state of charge. Similarly, at a low
SOC the polarization resistance is found to be inde-
pendent of SOC. However, as the hydrogen content
increases the polarization resistance also increases due
to changes from the « to the f§ phases and also due to
variations in the alloy electroactive area. Since the
interfacial area determines the polarization resistance
an increase in the alloy weight reduces R, and lowers
the total resistance. This, gives rise the need to nor-
malize the equilibrium reaction rates based on the
total alloy weight in the electrode. Finally, the role of
different amounts of PTFE on the performance of the
hydride electrode has been studied. It is seen that 5%
by weight of PTFE represents the optimum value of
the binder for both higher reaction rates and better
utilization of the hydride electrode. Using lower
PTFE contents increases the particle—particle resis-
tance due to poor contact among various particles in
the alloy. Adding more PTFE results in reducing the
active material in the alloy and thereby reducing the
utilization of the electrode. Also, increase of the
binder content results in increase of the resistance
since the binder acts as an insulator. The electrode
utilization decreases on increasing the binder content
and the electrode weight. The model simulations
predict a lowering of the utilization with increase in
the electrode weight. The electrode thickness plays a
crucial role in this context. The effect of particle size
on the energy and power density of the electrode was
studied using a Ragone plot.
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