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Theoretical Analysis of Metal Hydride Electrodes

Studies on Equilibrium Potential and Exchange Current Density

Bala S. Haran,* Branko N. Popov,* and Ralph E. White*
Department of Chemical Engineering, University of South Carolina, Columbia, South Carolina 29208, USA

ABSTRACT

A theoretical model for the metal hydride electrode has been developed assuming that hydrogen diffusion in the alloy
and charge-transfer at the surface control the discharge process. Theoretical equations for the dependence of equilibri-

um potential and exchange current density on the s

ace hydrogen concentration have been derived. These parameters

have been used to correlate experimental data with the theoretical electrode discharge model. Analysis of both the exper-
imental and theoretical discharge curves reveals a potential plateau determined by the magnitude of the interactions
between the hydrogen in the alloy and the unhydrided metal. Neglecting these hydrogen-metal site interactions results in
simulations predicting the electrode potential varying over the entire duration of discharge. The results also indicate that
utilization of the electrode is controlled by the rate of hydrogen diffusion in the electrode and by the alloy particle size.
Kinetic resistance at the surface is a determining factor of the polarization losses of the electrode. The variation of equi-
librium potential and exchange current density with the state of charge has been characterized experimentally. These
results are compared with.the model predictions, and good agreement is seen.

Introduction

Metal hydrides (MH) are rapidly replacing cadmium as
the negative electrode in conventional Ni-Cd battery sys-
tems.'-* This has led to a tremendous increase in research
on the application of intermetallic hydrides as anodes for
energy-conversion applications.? The main factors affect-
ing the performance of metal hydride electrodes are
capacity, cycle life, and power density of the negative elec-
trode. These factors are determined by both the kinetics of
the processes occurring at the metal-electrolyte interface
and the rate of hydrogen diffusion within the bulk of the
alloy. Electrode parameters such as the exchange current
density are a measure of the electrocatalytic activity of the
alloy and therefore control the physical processes occur-
ring at the interface and in the bulk of the electrode.® This
gives rise to the need to understand and predict the per-
formance of these alloys as electrodes.

Although many authors have presented different models
for the nucleation and phase transformation processes
occurring during gas-phase hydriding, there are few mod-
els which describe the metal hydride as an electrode.*"!
Also, these models do not consider the critical interactions
between the hydrogen absorbed in the lattice and the
unhydrided metal alloy. Experimental discharge curves of
metal hydrides reveal a potential plateau during the major
duration of discharge. However, neglecting the nonideali-
ties arising due to the hydrogen-metal site interactions re-
sults in simulations of the discharge curves which differ
sharply from the actual experimental data.

Furthermore, electrochemical characterization and
hence comparison of different alloys as negative electrodes
for Ni-MH cells involves measurement of the exchange
current density and equilibrium potential as a function of
electrode state of charge (SOC). Yayama et al.'**** derived
expressions for the equilibrium potential and the exchange
current density of the hydride electrode but neglected non-
idealities in the activity coefficients because of changes in
the excess free energy during discharge.* Characterizing
changes in the hydride equilibrium potential and exchange
current density is critical not only for evaluating different
MH alloys but also for developing a fundamental under-
standing of the mechanism of hydride electrodes. Further-
more, the kinetic and thermodynamic equations developed
herein could be part of larger battery models (De Vidts
et al."! and Paxton and Newman’) essential for the design
and optimization of metal hydride cells.

The objective of our effort is to describe mathematically
the shortcomings outlined above and to incorporate them in
the discharge model. In the first part of this paper, we devel-
op a model for the discharge of the metal hydride electrode
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under a constant applied current and solve for the concen-
tration profile of hydrogen in the alloy particle. The perfor-
mance of the hydride electrode under galvanostatic condi-
tions is simulated assuming that only hydrogen diffusion
and charge transfer contribute to the polarization losses of
the electrode. The Butler-Volmer equation for the hydride
electrode is derived taking into account the hydrogen-metal
site interactions in the alloy. A Margules symmetrical ex-
pression is used to account for changes in the activity coef-
ficient with concentration of hydrogen. A theoretical for-
malism has been developed to evaluate the equilibrium
potential and the exchange current density as a function of
state of charge of the electrode. These parameters have been
used to correlate experimental discharge data with the the-
oretical electrode discharge model. We then examine the
effects of the reaction and subsequent diffusion of hydrogen
inside the particle on the electrode performance.

Model Development

The metal hydride electrode shown in Fig. 1 is modeled in
this work. The cylindrical hydride electrode is filled with
spherical alloy particles that are in close contact with each
other. The particles are in contact with a current collector at
the top and one at the bottom of the pellet electrode. The
void volume of the electrode is filled with the electrolyte,
namely, concentrated potassium hydroxide solution. In
order to simplify the analysis, we consider here only the
most important physical phenomena. Consequently, only a
single spherical hydride particle is taken into account, and
we consider the reaction and one-dimensional transport of
hydrogen through the particle. The ohmic polarization due
to changes in the concentration of electrolyte and the parti-
cle-to-particle contact resistance have not been considered.
For a thin hydride electrode, the ohmic drop, and the mass-
transfer resistance in the electrolyte can be neglected. The
reaction at the electrolyte/particle interface is characterized
by the exchange current density and the equilibrium poten-
tial of the electrode. These parameters are dependent on the
hydrogen concentration and are treated as such in the
model. A macroscopic approach, with the spherical diffu-
sion equation and dilute solution theory, has been used to
model the transport of hydrogen through the particle.

The electrode reaction at the surface of the hydride par-
ticle is

discharge
MH, . + xOH- == M + xH,0 + xe” 11
charge

During discharge, hydrogen atoms desorb in this charge-
transfer step, and electrons are supplied to an external cir-
cuit. Due to the gradient in concentration between the
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Cylindrical
pellet electrode

Current collectors

Metal hydride
particles

s

Electrolyte

Fig. 1. Schematic diagram of the pellet electrode modeled. The
metal hydride particles are immersed in a pool of 6 M KOH elec-
trolyte. The hydrogen in the particle reacts electrochemically with
the hydroxide ions at the electrolyte/particle interface.

bulk and the surface of the particle, the absorbed hydro-
gen atoms diffuse toward the surface of the alloy

MHS, = MH [
Zhang et al." have modeled the transient uptake of hydro-
gen by metal alloy particles using a shrinking-core model.
Assuming a constant concentration of hydrogen at the
particle/electrolyte interface a semianalytical solution has
been derived for the fractional conversion of hydrogen. In
this work we do not differentiate between the a-f transi-
tions that occur during hydriding/dehydriding of the inte-
rior metal alloy. However, we focus on the changes in the
hydrogen concentration at the particle-electrolyte inter-
face due to the electrochemical reaction I. We also study
the effect of these changes on the electrode discharge volt-
age and equilibrium potential.

During charge, the reverse of the processes described
above happens, beginning with the hydrogen adsorption at
the metal particle surface. This results in hydrogen ab-
sorption as given by the reverse of reaction I with the flux
of hydrogen atoms toward the interior of the alloy particle
from the surface. For a constant discharge current, it is of
interest to simulate the active material potential (¥) at dif-
ferent electrodes states of charge. In order to predict this,
the hydrogen concentration at the surface of the particle is
needed as a function of time. To determine the surface hy-
drogen concentration for a galvanostatic charge/discharge,
the concentration profile of hydrogen is first obtained by
solving the one-dimensional time-dependent diffusion
equation for the spherical particle

d _ D ac

a ol or (1l
where D is the diffusion coefficient of hydrogen which is as-
sumed not to vary with the state of charge. The initial con-
centration of hydrogen is assumed to be uniform throughout

the particle. From symmetry, the hydrogen concentration
gradient is zero at the center of the particle (r = 0)
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att=0, c=c¢° [2]
dc
tr=0,—=20 3
atr > [3]
dc j’
tr=R, D= = -L 4
atr > = [4]

The boundary condition at the interface arises from the
relationship between the rate of diffusion of hydrogen to
the surface of the hydride alloy and the current density at
the particle/electrolyte interface (r = R,). The local current
density, j', represents the reaction rate at the particle/solu-
tion interface. This is related to the current per unit mass
of the electrode, j expressed in A/g applied at the current
collector, through the amount of material, wyy, volume of
the pellet, V, electrode porosity, €, and the electroactive
surface area per unit volume of the electrode, ayy

i = JWyw
Ay V(1 — € (5]

The electroactive surface area is calculated assuming that
all the particles are spherical in shape, identical in size,
and with their entire surface area exposed to the elec-
trolyte. This leads to the expression''

_31-9¢
MH R

p

(6]

For a constant-current discharge solving Eq. 1 to 4 by
means of Laplace transforms gives'
P .
c=c¢" - —=
FD

Equation 7 can be written in dimensionless form as

% 1 sm (A, r 2,
c= 3T+ —(Br -3) - = i
5|:T 10 Z A'sm :| (8]
'R,

where 3, a dimensionless parameter, is given by
5 = —2 [9]

Fc'D

The parameter describes the relative contributions to the
polarization losses from the reaction at the surface and the
transport of hydrogen in the bulk of the alloy. Integration
of the concentration in the particle given by Eq. 8 over the
particle volume gives the average hydrogen concentration
in the particle at any instant during the discharge of the
pellet as

c=1- 35T [10]
where

a

= 1
B 11

The variable of interest, namely, the dimensionless surface
concentration (¢,), is obtained by substituting # = 1 into
Eq. 8

—1—53T+02—2Z e (12]

n=1

For long periods of discharge, the exponential term on the
right can be neglected, and the surface concentration re-
duces to

¢ =1-3[37+ 0.2] [13]

Downloaded 22 Jul 2011 to 129.252.86.83. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp



4084

When the surface concentration drops to zero, the electrode
has been completely discharged, and no further current can
be drawn. Equation 12 can be rewritten to calculate the
time for discharge, 74, for the metal hydride electrode under
a constant applied current

=, [14]
3r, +0.2 - 22 R

For a given current per unit mass, j, Eq. 14 can be solved
to obtain the time for discharge, 7,. For long discharge
periods the discharge time can be directly obtained from

Eq. 13 as
Td=(l~u@l [15)
) 3

The electrode utilization is then calculated as

S =

jTaRE

= ——F _ % 100%
3600Q,D ° [16)

where @, is the actual capacity of the electrode.

Electrode kinetics and thermodynamics.—If the solution
and solid-phase resistivities are negligible, the current
density at the particle surface due to reaction I is a func-
tion of the concentration of hydrogen at the surface, the
overpotential, and the number of free metal sites at the
alloy/electrolyte interface. Under these conditions the cur-
rent density given by the concentration-dependent Butler-
Volmer equation is"'

§ = Fk,aheP™ — Flk_qie P (17

where @y, is the activity of adsorbed hydrogen and a,, rep-
resents the empty sites on the particle surface. Since the
activity of free metal sites and hydrogen are unknown
quantities, we express them in terms of the activity coeffi-
cient and concentration as a = yc. The potential difference
at the particle interface, ®, is a theoretical entity and
hence cannot be measured experimentally. We define an
electrode overpotential, n, at the particle/electrolyte inter-
face relative to a reference potential as

n=>o- ¢, (18]

where &, denotes the potential difference at equilibrium.
Rewriting Eq. 17 with these expressions for the activities,
m, and also considering"

dy = (1 = C)yx [19]
we have

j = Fk+ésl’,yﬂeﬁfd’eqeﬁfn - Fk.(1 - és)q,yMe'(l’ﬁ)fd’eqe—(l— exn  [20]

where v, and vy, are the free metal site and hydrogen ac-
tivity coefficients, respectively. The hydride equilibrium
potential is given by the activities of hydrogen and the free
metal sites on the surface of the particle

o, = @& -l [21)
F  ay
A similar expression has been used previously' to account
for the free interstitial sites needed for hydrogen absorp-
tion. However, previous treatments'* of the hydride equi-
librium potential and the exchange current density, have
considered the activity coefficient to be a constant. De-
partures of y from unity due to the interactions of the ab-
sorbed hydrogen in the metal lattice have been neglected.
This approximation is true for ideal solutions or cases
where the concentration of the active species does not vary
significantly. However, intermetallic hydrides are nonideal
solid solutions where the hydrogen content in the electrode
varies over two orders of magnitude. Furthermore galvano-
static discharge curves for different hydride electrodes re-
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veal a flat potential profile due to the interactions between
the absorbed hydrogen and metal lattice. Neglect of the
changes in y would result in simulations predicting a poten-
tial varying significantly over the entire duration of dis-
charge. Hence it is essential to consider the changes in the
activity coefficient with concentration of the active species.

We account for the nonidealities in the activity coefficient
by using a thermodynamic model that considers the
changes in the free energy to be due to the interaction of
absorbed hydrogen and the metal alloy. This approach is
similar to that proposed for the nickel electrode by Barnard
et al.'” Verbrugge and Koch® used a similar approach for
lithium intercalation in carbon fibers. A more detailed
study in comparing different thermodynamic models for the
variation in the activity coefficient has been done by Jain
et al.' for the nickel electrode. Following the approach of
Barnard et al.,'” energy for the hydride electrode as the sum
of (i) the free energy of reaction, Gy, (ii) free energy of mix-
ing, G,, and (iii) the excess free energy of interaction, Gg. We
use the symmetric Margules expressions'™"? for the variation
of v with concentration, namely

A "
§ =_—@1-¢)
NYy RT( cs) [22]
and
A
1 = —¢? [23
nyy = 26, ]

where A is a constant. The total free energy is given by'™*

G: = (1 - ¢pgy + Ep%y

+ RT[(1 - &)In(1 - &) + &ng ] + 44,1 - &) (24)

The electrode potential can be found from the differential
of the total Gibb’s free energy'” Differentiating Eq. 24
with respect to é,, we have the equilibrium potential of the
hydride electrode as

RT é

®, = - —In—=
F

A,
TR L (25)

where

o - By — By
or = St [26]

The first and second terms in Eq. 25 represent, respective-
ly, the reaction energy and the entropy contribution to the
hydrogen potential. The third term represents the correc-
tion for the excess energy arising from the interactions due
to hydrogen intercalation in the material. ®° represents the
electrode equilibrium potential at 50% state of charge, i.e.,
é,= 0.5 in Eq. 25. Thus the electrode overpotential is given
by substituting Eq. 25 into Eq. 18 as
n=®-¢ + 5 &

F  (1-&)

A .
- Ske -1 27

Substituting Eq. 22, 23, and 25 into Eq. 20 we have

i = Fk cr® %(1—65)Zesf[¢°+%(zes 1+l
. —
a-é)*
5
- (1— @) e e—(lfﬁ)f[¢°+%(zés—1)+n]

e X (28]

At equilibrium both the forward and backward reactions
proceed at the same rate, and the overpotential as well as
the net current density are zero. Letting n = 0 and equat-
ing both terms in Eq. 28 leads to

o k.- . 1)
e = = glP(1 — &) Ve

+

A ~ - "
@ Drp-& ) —ad]

(291

Substituting Eq. 29 into Eq. 28 gives
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- (1-B)1.BAR(L-B)
j = FEk{Vkfc?

2 |p-4 Y (-pr+apid]

(1 — &) ®erT [ — gt -y [30]

Finally substituting the expression for the overpotential
from Eq. 27 into Eq. 30 gives

T, & pue-e-Reg-n)
7 =% AR €
a-c)

A (L)
CS

A
o e—u—a)f[@—@"—F(ch—x)] (31]
(1—c¢c)™"

Equation 31 represents the modified form of the Butler-
Volmer expression for the hydride electrode which takes
into account the activity dependence of all parameters and
also considers the interactions between the hydrogen and
the metal lattice. The concentration dependent exchange
current density, j, is given by

b= P - )qﬁeé‘—T[p(l—és)zu—awqaéﬁ [32]
where j, .. = Fk{ Pk? is calculated from the experimental-
ly measured exchange current density at the reference
state of 50% state of charge (ji505 soc in A/g). In Eq. 32,
when é = 0.5 we have

Jos0%s0cWmME

. 52 A [33]
GV - e){o.spﬂﬂq—*”eo“ﬁ“”ﬁ ““’”}

Substituting for the normalized surface hydrogen concen-
tration from Eq. 12 into Eq. 31 we get the electrode poten-
tial as a function of discharge time. We use a Newton-
Raphson procedure to solve for the electrode potential, ®
(with respect to a Hg/HgO reference electrode) as a func-
tion of state of charge. The discharge time is related to the
state of charge of the electrode by

]o,ref =

jt
3600Q,

SoC =1 - [34]

At the end of discharge, a concentration gradient exists in
the hydride particle favoring the transport of hydrogen
from the bulk to the surface. Due to this hydrogen flux, the
electrode potential changes and reaches a stable value only
when the hydrogen concentration is the same throughout
the particle. During experiments, the SOC studies were
done once the electrode potential had stabilized. In such a
case, the equilibrium potential and the exchange current
density of the hydride electrode for reaction I are a func-
tion of the average hydrogen concentration, ¢. For these
cases, we substitute for ¢ from Eq. 10 into Eq. 256 and
Eq. 32 while evaluating ®_, and j,, respectively. Table I lists
the important equations derived for the hydride electrode.

Experimental

LaNi, ,,Sn,,, alloy was crushed and ground mechanical-~
ly. The alloy was then plated with 256% by weight of nick-
el in an acid hypophosphite bath. A pellet electrode was
prepared by mixing the encapsulated alloy with 2.5wt %
polytetrafluoroethylene (PTFE) followed by hot pressing the
material between two nickel meshes at 300°C and 500 MPa
in a cylindrical press. A pellet of 0.8 cm diam, 0.9 mm
thickness, and 450 mg by weight was obtained.

Characterization studies were done in a three-electrode
setup. The working pellet electrode was inserted between
two pieces of Plexiglas and immersed in a cell filled with
6 M KOH solution. All potentials are with respect to the
Hg/HgO reference electrode. The counter electrode was a
platinum mesh. The cell was maintained at a constant
temperature of 25°C using a water bath. Bitrode Model
LCN automated cycle-life tester was used for cycling the
electrode. Electrochemical studies were done using the

4085

Table I. Summary of equations derived for the hydride electrode.

c=1- 3% [11]
6, =1- 83 +02-2 ' L e
¢, =1— T + 02 — Ez—e [12]
n=1 n
D, = O° - BT, & Aps - [25]
F (1-¢&) F
. éb ﬂf{d>—<b°—%(26f1>] A —(1—B)£[d>—®°—%(zés—1)]
F=dh|m—F T
1-c) (1-2¢,)
[31]
A ~ "
. . Zp(1-&) (1-By+apet
Jo = Jozetll T — )P e (321

model 352 SoftCorr System with EG&G Princeton
Applied Research potentiostat/galvanostat model 273.

Initially the electrode was charged at a constant current
of 6 mA for 10 h and then discharged at 3 mA until the
potential reached a cutoff value of —0.6 V. These charge-dis-
charge cycles were repeated ten times in order to condition
the electrode. After activation of the electrode, SOC studies
were performed to determine the electrode characteristics.
Here, the SOC is defined with respect to the total useful
capacity, determined from the time taken for discharge at a
constant rate of 24 mA/g. The active material was dis-
charged for a fixed time at a constant current, and the SOC
was determined from the ratio of the time discharged to the
time required for complete discharge. Once the alloy was
discharged to a particular SOC, the electrode was left on
open circuit until a stable potential was observed (typically
between 45 to 60 min). After the potential stabilized, polar-
ization studies were performed. The SOC studies were re-
peated until the electrode was discharged to its cutoff
potential of —0.6 V. The ratio D/R? was determined from a
galvanostatic discharge technique.g" The parameters used in
all the simulations are given in Table IL

Results and Discussion

Concentration profiles.—In order to understand the dis-
charge process, Fig. 2a presents the hydrogen concentra-
tion in the particle at different times of discharge for the
parameters given in Table II. For all times, the hydrogen
concentration decreases from the center of the alloy (» = 0)
toward the surface (r = R,) where reaction I occurs. As the
reaction proceeds, the hydrogen in the alloy gets progres-
sively depleted. The hydrogen concentration gradient fuels
further transport toward the surface. This results in a drop
in concentration of hydrogen throughout the particle, from
the center to the surface. The hydrogen concentration in
the particle varies significantly as illustrated in Fig. 2b by
the concentration profile after 5 h of discharge. The con-
centration at the center of the particle is significantly
higher than the surface values. The concentration under-

Table Ii. Parameters used in the simulation.

Properties Values Reference
Margules parameter, A 4800 J/mol Fitted
Amount of material, wyy; 125 mg Measured
Cell temperature, T 298 K Measured
Discharge current, j 24 mA/g Measured
Electrode capacity, @, 310 mAh/g Measured
Exchange current density at 14.24 mA/g Measured

50% SOC, j, sonsoc
Particle radius, R, 5 um —
Pellet electrode volume, V 45 X 1072 cm? Measured
Porosity, € 0.4 Measured
Reaction orders, p, g 1,1 —
Reference electrode potential, -0.923 V Measured
&° vs. H/HgO
Reference hydrogen 91.3 mol/cm?® 2
concentration, c°
Time for diffusion, t, = R* /D 2.4456 X 10*s Measured
Anodic transfer coefﬁicien{, B 0.5 Measured
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Fig. 2. A plot of the change in dimensionless concentration of
hydrogen in the particle at various stages of discharge (a, top).
Noteognat the amount of hydrogen in the particle after 5 h of Jl’ -
charge varies significantly along the radial coordinate (b, bottom).

goes an exponential decay from the bulk of the particle to
the surface. When the hydrogen concentration at the sur-
face drops to values close to zero, the electrode potential as
given by Eq. 25 changes suddenly to more positive values
indicating the end of discharge. The variation in the sur-
face concentration with time for different values of the
parameter § is plotted in Fig. 3. The surface concentration
drops exponentially first and then follows a linear de-
crease with time. The slope of the change in surface con-
centration with time is controlled by the parameter 3.

1

o
T T T T T T T T T T

|

0.0 . 1 1 1 L
0.00 0.02 0.04 0.06 008 0.10 0.12 0.14 0.16 0.18

T
Fig. 3. A plot of the normalized surface concentration of hydro-

gen as a function of discharge time. Note that the slope of the
curve is significantly altered by the value of 8.

J. Electrochem. Soc., Vol

. 145, No. 12, December 1998 © The Electrochemicai Society, Inc.

Increasing the discharge current (increasing 8) results in
faster depletion of the active material from the surface.

Exchange current density—During the polarization
studies, the electrode potential was perturbed 20 mV above
and below the equilibrium voltage, and the current re-
sponse was measured at different hydrogen contents. Since
the deviation in potential is small, the change in the SOC
of the electrode is less than 1%. The linearized form of the
Butler-Volmer equation can then be used to calculate the
exchange current density, j,, of the encapsulated alloy

. _ RT

Jo FR, [35]
Here the charge-transfer resistance denoted by R, is the
slope of the current-potential lines and denotes the extent
of change in the electrode potential with current, i.e., the
polarizability of the alloy. The exchange current densities
for the nickel-plated electrode calculated using Eq. 35 are
summarized in Fig. 4 as a function of electrode hydrogen
content. Although the concentration of the electroactive
species is not explicitly present in Eq. 35, variations in the
charge-transfer resistance with hydrogen content as given
by Eq. 32 cause j, to change with the SOC. The dashed line
in Fig. 4 is the fit of the experimental data with Eq. 32
using the thermodynamic parameter A as the adjustable
parameter. The value of A obtained here has been used in
all subsequent simulations. The exchange current is a
measure of the system’s ability to deliver a net current or
a constant potential without a significant energy loss due
to activation. From this perspective it is essential that the
MH electrode have a constant exchange current density
throughout the discharge period. The value of the ex-
change current density increases, reaches a maximum, re-
mains a constant for most of the discharge, and finally de-
creases at high SOC as shown in Fig. 4. The exchange
current density is also a good measure of the catalytic
activity of the electrode for hydrogen evolution/absorp-
tion, since j, is an indication of the height of the free-ener-
gy barrier for reaction I at the reversible potential.

Discharge characteristics.—For a constant-current dis-
charge, Eq. 31 was solved for the overpotential using a
Newton-Raphson interactive technique. The electrode
potential during discharge was determined as a function of
the SOC of the electrode as defined by Eq. 34. The constant-
current discharge curves at different rates are given in
Fig. 5. The discharge curve is characterized by three distinct
regions: the activation, mixed, and diffusion-controlled
regimes. At the beginning of discharge, the process is under
charge-transfer control which is characterized by the initial
drop in potential. Subsequently diffusion becomes domi-
nant, and the discharge is under both diffusion and kinetic

10’

—
[ ]
R

L] Experimental
— —— Model fit

jo (mA/g)
W a OO~

100 - I .

T SN WU I TR IO T I | I T NSRS NI S

0 10 20 30 40 S50 60 70 80 90 100
State of Charge (%)
Fig. 4. Plot fo obtain the value of the thermodynamic parameters
A from experimental discharge current density at different SOC.

The best fit was obtained at A = 4800 J/mol which has been used
in all subsequent simulations.
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Fig. 5. Simulated discharge profiles of the metal hydride elec-
trode at rates of C/10, C/5, C/3, C/2, and C/1. Note that the in-
crease in discharge rate results in the potential dropping to its cut-
off point well before all the hydrogen in the particle has reacted.

control. At the end of discharge the hydrogen concentration
is close to zero at the surface, and under these conditions
diffusion dominates the desorption reaction. It can be seen
that, as the discharge rate increases, the SOC at the end of
charge increases. Several investigators®™"' have explained
this behavior in terms of the depletion of atomic hydrogen
on the surface of the metal hydride particles. The decrease
in the concentration of hydrogen at the surface results in a
concentration gradient which induces the diffusion of hy-
drogen in the metal particle toward the surface. Under high
discharge rates, the hydrogen diffusion from the bulk of the
hydride alloy to the surface is slow compared to the rate of
the electrochemical reaction occurring on the surface of the
particles. This reduces the hydrogen concentration to values
close to zero and causes the potential to drop before all the
hydrogen contained in the particles has reacted.

Figure 6a presents the comparison between the model
simulated cell voltage vs. time curves and the experimen-
tal data. It can be seen that the model and the experimen-
tal data agree very well at two different discharge rates.
Both the model predictions and the experimental results
indicate that the electrode voltage drops quickly from the
initial potential to more positive values at the beginning of
discharge, then decays very slowly during the main course
of discharge, and finally falls off upon complete discharge.
The discharge profile for 34 mA/g neglecting the hydro-
gen-metal interactions (A = 0) is presented in Fig. 6b. As
seen from the plot, the electrode potential changes contin-
uously during discharge, and the plateau observed in the
experimental discharge curve is completely absent. These
results indicate that the changes in the interactions be-
tween the hydrided and bare alloy significantly affect the
alloy performance.

The simultaneous effects of the hydrogen diffusion in the
bulk of the alloy and the reaction on the hydride surface
need to be optimized to enhance the performance of the
hydride electrode. Figure 7 shows the effect of the ex-
change current density on the discharge curves. The ex-
change current density at 50% SOC is varied, and the
potential response is simulated. Decreasing the exchange
current results in increasing initial drop in potential as
seen in Fig. 7. Hence, the overpotential given by the differ-
ence in the electrode and equilibrium potentials increases
with decreasing values of the reaction rate. Therefore for
practical systems, alloys with high j, ., are preferred. The
time at which the electrode potential drops rapidly to more
positive values indicates that the electrode has been com-
pletely discharged. From Fig. 7, we can see that the time for
complete discharge of the electrode remains the same for
all values of the exchange current. These results indicate
that the utilization of the electrode remains unaffected
with changes in the reaction rate at the surface. However,
the reaction rate contributes significantly to the polariza-
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Fig. 6. Comparison of the experimental data and theoretical dis-
charge potential at two different discharge rates (a, top) for an
alloy weight of 0.144 g. The model considering the hydrogen-
metal site interactions predicts a potential plateau during most of
the discharge. Neglect of the changes in the activity coefficients
results in predictions (A = 0) where the potential varies during the
entire duration of discharge (b, bottom).

tion losses and affects the energy density of the electrode.
The electrode utilization and capacity are determined by
the diffusion limitations of the alloy.

We define a dimensionless parameter, v, relating the
time for discharge under ideal conditions to the time for
transport of hydrogen in the alloy
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Fig. 7. Effect of the reaction resistance on the discharge profiles
of the hydride electrode. Note that varying the exchange current
density zas no effect on the final time for complete discharge of the
electrode. However, the polarization losses of the e?ectrode
decrease with the lowering of the reaction resistance.
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where j represents the current used to determine the actual
capacity of the electrode (24 mA/g in our case). Discharge
curves for different values of the parameter v are shown in
Fig. 8. It is seen that the effect of decreasing the diffusion
coefficient affects the electrode behavior in the same way as
increasing the discharge rate. The two parameters, the dis-
charge rate and the diffusion coefficient are interrelated
because at high discharge rates, hydrogen diffusion from the
bulk of the hydride will be slow compared to the rate of the
electrochemical reaction occurring on the surface of the par-
ticles. Similarly, the discharge time decreases, and the uti-
lization of the electrode is lower with a decrease in the rate
of hydrogen diffusion. A similar effect can also be achieved
by increasing the particle size of the alloy. Hence, for a given
discharge rate, depending on the value of the diffusion coef-
ficient and the particle size, the charge left in various
hydride alloys will be different at the end of discharge.

For practical applications of hydrides, the parameter of
interest is the electrode utilization. Figure 8 shows that the
discharge time is sensitive to changes in v and a decrease
in one order of magnitude of this parameter from 0.47 to
0.047 results in reducing the electrode utilization by 60%.
The parameter Rf,/D is the time for diffusion, t;, and repre-
sents the discharge time of the electrode if it is under dif-
fusion control only. Figure 9 shows the utilization of the
electrode as given by Eq. 16 for different values of the time
for discharge. In actual hydride electrodes the pulveriza-
tion effect results in reducing the particle size of the alloy
to approximately 10 to 15 um.*® With a ¢, of the order of
10° s, this gives a value of diffusion coefficient of approxi-
mately 107" cm?/s. The diffusion coefficient of hydrogen in
the alloy is determined by the alloy constituents and can
be modified by different substitutions.** The diffusion
coefficient in a given charge-discharge cycle varies due to
the a-B transitions.”” For an alloy of given material, the
diffusion coefficient does not change significantly with
cycling. However, the particle size varies considerably
during charge-discharge cycles, and this would affect the
utilization of the electrode significantly. Hence design of
hydride electrodes needs to focus on optimizing the parti-
cle size during cycling.

Equilibrium potential—The potential of the nickel plat-
ed electrode on immersion initially in the 6 M KOH solution
was —0.552 V. Once the electrode was charged, the potential
reached more negative values because of the hydrogen in-
take. After activation, the SOC studies were done once the
electrode potential at the end of discharge had stabilized.
Using the three-electrode setup, the constant equilibrium
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Fig. 8. Simulated profiles of the electrode Eoienﬁal for different
values of the parameter v. Note that the effect on the electrode

behavior of v is similar to that of the discharge rate as shown in
Fig. 5.
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Fig. 9. Effect of the time for diffusion on the utilization of the hy-
dride electrode. Note that, for a constant diffusion coefficient, vary-
ing the particle size significantly affects the electrode utilization.

potential at different values of hydrogen content was meas-
ured with respect to the Hg/HgO reference electrode.
Yayama et al.’*** presented comparisons between the ex-
perimental and predicted equilibrium potential at low states
of charge for a TiMn, ;H, alloy. Expressions employed for the
equilibrium potential in their analysis had a reaction-order
dependence on the concentration of hydrogen. However, the
equilibrium potential is a purely thermodynamic parameter
and does not depend on the reaction orders which are relat-
ed to the kinetics of the interface processes. Figure 10 pre-
sents a comparison of the experimental equilibrium poten-
tials for the nickel-plated electrode with the simulated
values as given by Eq. 25. The electrode potential at equi-
librium shows the thermodynamic limit of reversibility and
the maximum energy density obtainable from the cell under
no kinetic and ohmic limitations. As seen from the plot, the
equilibrium potential changes to more negative values with
an increase in the hydrogen concentration in the alloy. Ex-
cept at high and low SOC values, the potential values
remain approximately the same. Upon completely charging
the electrode, most of the vacant sites on the surface of the
particle have been filled. When the surface concentration
(¢,) becomes 0 or 1, the potential as given by Eq. 25 tends to
+w and —%, respectively. This is similar to what we observe
experimentally. At a low state of charge (SOC), due to the
depletion of hydrogen at the surface, a sudden drop in the
potential toward more positive values is seen. Similarly at
high SOC, again a drop to more negative potentials is seen.
The model predicts the drop in the potential in both these
cases. The mathematical limits of +® and —o represent
these two extremes. The constant potential for most SOC
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Fig. 10. Comparison of model predictions and experimental val-
ves of the electrode equilibrium potential at different SOC. The
equilibrium potential varies at low and high SOC due to changes
in the hydrogen and metal site concentration, respectively.
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values arises due to the interactions between the bare and
hydrided alloy phases.

Conclusions

An analytic model for the discharge of the hydride elec-
trode under galvanostatic conditions was developed. A the-
oretical formalism for predicting the thermodynamic and
kinetic parameters of the hydride electrode has been out-
lined. The Butler-Volmer equation for the reaction at the
surface of the alloy was derived considering the hydrogen-
metal site reactions. The discharge model and the different
equations derived are general in nature and can be used for
any hydride material. The analytic model coupled with the
Margules thermodynamic correction for the activity coeffi-
cients was used to study the hydride electrode under dif-
ferent conditions. The interaction parameter A was found
to alter significantly the shape of the predicted discharge
curves. Experimental discharge curves reveal a potential
plateau during most part of the discharge. Neglecting the
activity-coefficient variations with concentration (4 = 0)
resulted in discharge curves which differed significantly
from the actual physical process. General battery models of
the Ni-MH cells could incorporate the equilibrium equa-
tions developed in this paper in order to get better esti-
mates of the discharge potential. The effect of an increase
in the reaction resistance at the surface of the alloy results
in a rise in the polarization losses of the electrode. Model
simulations indicate that diffusional resistance forms the
major contributor to the electrode polarization. The elec-
trode utilization was found to be sensitive to changes in the
time for diffusion. The particle size of the alloy and the
hydrogen diffusion coefficient were found to be the deter-
mining factors of the electrode utilization. Thermodynamic
and kinetic data critical to the optimization of the elec-
trode performance have also been simulated. An analysis of
the equilibrium potential reveals the change in the open-
circuit potential of the alloy with state of charge. Com-
parison of simulations of these parameters with experi-
mental data reveals good agreement.
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LIST OF SYMBOLS

Oy dimensionless activity of adsorbed hydrogen

4 dimensionless activity of metal sites

electroactive surface area per unit volume of elec-

trode, cm?/cm?®

symmetrical Margules interaction parameter, J/mol

concentration of hydrogen, mol/cm?®

reference hydrogen concentration, mol/cm?®

dimensionless hydrogen concentration, c/c°

dimensionless average concentration of hydrogen

in a particle

dimensionless surface concentration of hydrogen

diffusion coefficient of hydrogen, cm?/s

F/RT, 38.94 V!

Faraday’s constant, 96,487 C/mol

excess free energy, J/mol

free energy of mixing, J/mol

- free energy of reaction, J/mol

G, total free energy, J/mol

j specific discharge current, A/g of active material

3’ local current density, A/cm®

Jo concentration dependent exchange current density,
A/cm?

Jouret reference exchange current density, A/cm?®

Jos0% soc €xperimentally measured exchange current density
at 50% SOC, A/g

k., k_ reaction rate constants, s™! cm™

p hydrogen reaction order

>

“~h > >
QOQ TS aeqeh 88
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q metal site reaction

Q, specific capacity of the electrode, Ah/g of active
material

r radial coordinate, cm

7 dimensionless radial coordinate, /R,

R, radius of the metal hydride particles, cm

R universal gas constant, 8.314 J/mol-K

t time, s

T temperature, K

U electrode utilization

14 volume of the cylindrical pellet electrode, cm?

Wym amount of active material, g

Q
=
@
@
w

anodic transfer coefficient
dimensionless parameter denoting ratio between
diffusional and kinetic resistances, j'R,/Fc’D

o™

€ porosity of the electrode

mn overpotential, V

¥ activity coefficient

Ao rootoftan A\, — A\, = 0,2 =1, 2, ..

" standard chemical potential, J/mol

v dimensionless parameter denoting ratio between the
ideal time for discharge to the time for diffusion,
3600Q,D/IR?

(] electrode potential difference at the interface, V

®,, hydride equilibrium potential, V

P° standard hydride equilibrium potential at 50%
SOC, V

T dimensionless time, ¢tD/R2,

Tq dimensionless time to discharge the electrode com-
pletely, R2/D

Subscripts

H adsorbed hydrogen

M unhydrided alloy

Superscripts

0 reference standard state
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ABSTRACT

The electrodeposition of metals is a complex phenomenon influenced by a number of factors that modify the rates of
nucleation and growth and determine the properties of the deposits. In this work we study the influence of the zinc chlo-
ride (ZnCl,) concentration on the zinc nucleation process on glassy carbon, in a KClI electrolyte under conditions close to
those employed in commercial acid deposition baths for zinc. The electrochemical study was performed using cyclic
voltammetry and potentiostatic current-time transients. The charge-transfer coefficient and the formal potential for
ZnCl, reduction were evaluated from cyclic voltammetry experiments. The nucleation process was analyzed by compar-
ing the transients obtained with the known dimensionless (1/i.,)* vs. t/t,, reponse for instantaneous or progressive nucle-
ation. The results show that the nucleation process and the number density of sites are dependent on ZnCl, concentra-
tion. Scanning electron microscopy analysis of the deposits shows that the deposits are homogeneous and compact
although a change in the morphology is observed as a function of ZnCl, concentration. Evaluation of the corrosion resist-
ance reveals the influence of the nucleation process on the subsequent corrosion resistance of the zinc deposits.

Introduction

Electrodeposition of zinc and its alloys has been widely
implemented as a corrosion resistant coating on steel. The
coating cathodically protects the steel from the environ-
ment. Considerable research has been conducted on the fac-
tors affecting the quality of the electrodeposits, e.g., crys-
tallographic orientation, nature of the substrate, additives,
composition, etc.® For the electroplating of zinc on glassy
carbon at low overpotentials from solutions containing 3 M
ZnCl, or 3 M ZnBr,, McBreen and Gannon® showed that the
nucleation overpotential is smaller for ZnCl, than for ZnBr,
solution probably due to the lower stability constant of
ZnBr,. In both systems nucleation was. observed to proceed
instantaneously with subsequent growth being controlled
by diffusion. In another study the nucleation rate and num-
ber density of active sites for zinc electrodeposition from
zinc chloride in a sodium chloride supported electrolyte was
found to increase with chloride concentration.’

The type of nucleation and the deposition kinetics are
sensitive to the presence of impurities as well as of organic
and inorganic additives at low concentrations. In a general
way, additives modify the deposition overpotential and
change the rate of nucleation and growth.®® For example
the presence of small particles of ammonium chloride in the
baths containing zinc chloride reduces the costs and im-
proves the quality of the obtained deposits.” The substrate
is another factor known to modify the nucleation mechan-
ism as shown by studies of zinc deposition on Pt, Au, and
graphite electrodes.'* Similarly nucleation may be influ-
enced by applying an alternating current. This has been
shown to improve the homogeneity of the deposits."

Although zinc electrodeposition has been widely stud-
ied, few works' have focused on the relationship between
film growth, i.e., nucleation, morphology, etc., and the re-
sistance against corrosion.

This work is devoted to the study of the electrochemical
deposition of zinc on glassy carbon (GC) from concentrat-

* Electrochemical Society Active Member.

ed KCl solutions. Because the high overpotential for the
hydrogen evolution reaction on glassy carbon, this sub-
strate allows the study of zinc deposition without the
interference of the hydrogen evolution reaction. The ZnCl,
concentrations were selected within the range of the con-
centrations generally used in the commercial acid baths
for zinc deposition.”**® Voltammetry, chronoamperometry,
and scanning electron microscopy (SEM) studies were car-
ried out to determine the nucleation growth mechanism of
zinc deposition for different ZnCl, concentrations. Sub-
sequent analysis lead us to propose a relationship between
nucleation mechanism, morphology, and sacrifical protec-
tive power of zinc deposits on steel.

Experimental

Zinc was electrochemically deposited from solutions
containing ZnCl, (Merck) at different concentrations (0.01,
0.1,0.2,0.3, 0.4, and 0.6 M) in 2.8 M KCI (Merck). The pH
was adjusted to 5.0 by adding 0.1 M HCIL. The solutions
were prepared with triply distilled, deionized (18 M(} cm)
water. All reagents were analytical grade.

The electrochemical experiments were performed in a
conventional three-electrode cell with a water jacket. The
working electrode was a glassy carbon disk (GC) (0.07 cm?
geometric surface area); a saturated calomel electrode
(SCE) (Tacussel) was used as the reference electrode, and
all potentials in this work are referred to it. A graphite rod
was used as counter electrode. Prior to each experiment,
the working electrode was polished with alumina 0.05 mm
(Buehler) and electrochemically pretreated in a solution
containing 0.01 M K, Fe(CN); and 1 M KNO,. All experi-
ments were performed under ultrapure nitrogen atmos-
phere (Linde).

Corrosion evaluation of zinc coated AISI 1018 steel was
performed on electrodes with a 1 cm? geometric surface
area that were isolated in epoxy resin rods. The experi-
ments were carried out in 3.5% NacCl solution which was
aerated by bubbling with ultrapure oxygen (Linde) for 1 h
prior to use.
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