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Abstract—The electrochemical properties of TiNi alloy used as an MH electrode were investigated. A
mathematical model for the electrochemical discharge capacity of TiNi electrode was developed. The
model was used to study the effects of various parameters on the discharge capacity, and cycle life. The
predicted results from the mode] fit well with the experimental results. Increasing the d1sahdrgc current
density and charge/discharge cvclmg current density decreases the discharge capacity, but a high charge/
discharge cycling current density increases the cycle life of the hydride electrode. Increasing the exchange
current density, or the diffusion coefficient of hydrogen or reducing the particle size increases the dis-
charge capacity. Upon increasing the discharge current density the controlling steps of ‘discharge capacity
change from hydrogen diffusion in o phase (including oxide film} to the charge-transfer reaction on the
hydride electrode surface. However for the TiNi alloy electrode the discharge capacity still depends
mainly on the diffusion ability of hydrogen even at high discharge current density (200 mA/g). There
exists an optimum  dissolved lhvdrogen content of the a phase, CoF', at which the discharge capacity
reaches a maximum value. Also (38" increases with increasing discharge current density. € 1998 Elsevier
Science Ltd. All rights reserved

LIST OF SYMBOLS F Faraday’s constant, 96547.6 (1 V™' mol™"), or
26800 (mA h mol™")
Cap. Cpy  The hydrogen concentration of « or § phase f Ratio of i to E(I';%'T") (gmA~ s
equilibrating with P, at Ihci interface between I, Discharge c‘:urrentad;nsity (mA g
the a and f phase (mol cm™) I Charge/discharge cycling current  density
GF Optimum value of C,g, at which the dlsuharbn (mA g™
capacity getting the maxim (mol cm ™) I Exchange current density (mA g™
Ciax Hydrogen concentration of § phase equitibrat- Lik Barrier coefficient of phase transformation
ing with 1 atm pressure (mol cm™) (molsg™)
Cy Actual hydrogen concentration of a phase at K, Perccntage of active alloy.
the interface between the « and B phase m Particle numbers
tmol em™) , ) Fo Average radius of the particle (cm).
C, Hydrogen concentration of a phase on the Fo Radius of unreacted f phase in discharge
surface of particle (mol cm™) process (cm).
Con, Ch,o Concentration of OH™ and HyO (mol em™} Te Decline coefficient of maximum discharge
A Apparent hydrogen diffusion coefficient in « ) capacity.
hase including hydrogen diffusion though the ool o F inetics
inde film Onbthz‘[ su::ﬁ}wedand trzmsferbfrom e gudin Ny c(;eff;;t_ﬂ?l“m kmémj;'
the absorbed sites to adsorbed sites (em®s™') ’ ensity 0 ; W1 alloy (g cm™).
) : ‘ AR n Overpotential ¥
Q4 @rax Discharge capacity and thie maxim discharge W weight per mole of the TiNi alloy
capacity, (mA hg™) [1061.68 ¢ mol™). l
Cabs Maximum capacity of hydrogen absorption
for the hydride electrode.
INTRODUCTION
*Author to whom correspondence should be addressed. Much attention has recently been given to nickel-
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negative electrode materials due to the demand for
portable power sources with high energy density,
high-rate dischargeability, long cycle behavior, and
better environmental compatibility. The titanium-
based alloy TiNi has been known as one of the
most promising hydrogen storage materials {1].

The electrochemical reactions taking place at the
metal-electrolyte interface, the pressure-composi-
tion isotherms of electrode alloys, the diffusion of
hydrogen and the phase transformation within the
bulk of a hydrogen storage alloy are the main fac-
tors affecting the performances of a metal hydride
electrode [2). Yang et al. [3,4] have established the
relationship between the hydrogen surface concen-
tration and overpotential for the galvanostatic
discharge of non-porous hydride electrodes.
Viitanen [5] developed a model for the discharge of
a cylindrical metal-hydride electrode that took into
account the ohmic losses in the electrolyte and in
the solid materials, the charge-transfer reaction on
the surface of the solid particles, and diffusion of
atomic hydrogen in the solid particles. Considering
the hydride electrode as a porous electrode, Vidts
et al. [6], on the assumption that the charge-transfer
reaction occurred on the surface of the metal-
hydride particles, developed equations which
included the mass transfer in the electrolyte and in
the solid metal-hydride particles, the ohmic loss in
the electrolyte and in the solid phase. However in
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all the studies mentioned above the effects of
the activation and degradation were neglected
altogether.

It is generally accepted that many factors affect
the activation and degradation processes of MH
electrodes. Considering the oxidation of hydrogen-
absorbing metallic elements as the main cause for
capacity deterioration of hydride electrodes,
Willems [7], Wakao and Yonemura [8] and Ziittel
et al. [9] proposed their own cycle life equations.
However, as the values of the parameters in these
equations were determined only from experimental
capacity data, they belong to semiempirical models.
In our previous studies [2], we presented a math-
ematical model describing the relationship of dis-
charge capacity to discharge current density and
cycle number of a hydride electrode. But the effect
of the charge/discharge cycling current density on
cycle life was neglected.

Applying fundamental electrochemical principles
to an oxide-covered metal electrode and phase
transformations, a mathematical model for the dis-
charge capacity of the TiNi electrode is presented
here. The -electrochemical parameters, including
the exchange current density, the diffusion coeffi-
cient of hydrogen, the resistance of phase trans-
formation, are all determined from the
experimentally determined electrochemical proper-
ties of TiNi electrodes.

Shaded area

b)

Fig. 1. Schematic diagram of hydrogen concentration in a spherical metal-hydride particle. (a) actual concentration of
hydrogen distribution, (b) simplified concentration of hydrogen distribution.
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Fig. 2. Typical curve of pressure vs hydrogen content for metal-hydride electrode.

MODEL DEVELOPMENT

For thin porous electrodes, the mass transfer of
OH™ and H,O and the ohmic drop in the electro-
lyte have little effect on the electrode potential
due to the large diffusion coefficients of OH™ and
H>O and the high porosity of the metal-hydride
electrode [6]. The discharge process of a hydride
electrode in this case can be simply treated as the
discharge of hydrogen from MH particles.

Figure 1 shows a metal-hydride particle in the
electrode modeled in this work and Fig. 2 shows
the typical pressure-composition isotherm for the
electrode alloy.

The hydrogen desorption process during dis-
charge proceeds in the following sequence [2}:

(a) nucleation and growth of the o phase from f
phase, the rate of which mainly depends on the
difference of hydrogen concentration (C,z—C,) and
number of non-equilibrium defects, such as excess
vacancies, dislocations, stacking faults and in-
clusions in the alloy, which for simplicity will not
be discussed any further.

(b) diffusion of hydrogen from the x phase
through the oxide film to the near-surface region of
the particles [10, 11]. The drastic drop of hydrogen
concentration in the TiO, film (Fig. 1(a)) is due to
the much lower diffusivity of hydrogen in TiO,
compared with that in the alloy [12].

(c) Transfer of hydrogen from the absorbed site
in the near-surface region to adsorbed site on the
clectrode surface [3,4];

MHab.u; < MHmlﬁ

For simplicity, the low hydrogen diffusivity in the
oxide film and hydrogen transfer from the absorbed

state to adsorbed state are treated together as the
apparent diffusion coefficient of hydrogen in the «
phase D,* (see Fig. 1).

(d) electrochemical oxidation of hydrogen at the
electrode surface;

MH 4 +OH™ & M + H;O +¢

It is generally believed that part of the titanium
in the TiNi alloy is segregated 1o the surface and
exists in the form of oxide in 6 M KOH electrolyte
after electrochemical cycling [13]. When the oxide
film is thin, electrons are exchanged with the under-
lying metal itself, and the oxide film acts as a bar-
rier for electron transfer, causing the exchange
current density to decrease strangly as the film
thickness grows [14].

Let us assume that the hydride particles are
spherical, with an average radius r,, and that the
reaction occurs on the entire spherical surface uni-
formly, and the discharge process is in the quasi-
steady state. The hydride electrode is cycled using
the same charge and discharge current density /7,
but the discharge capacity is measured at discharge
current density /3. The discharge begins at the
hydrogen concentration Cy,,. which is the hydro-
gen concentration in the alloy when it is fully
charged uniformly throughout the entire § region
with hydrogen pressure equaling | atm for open
cells. When the pressure plateau of hydrogen is
near to | atm, for approximation we can take Chyx
as Cp,. which is the hydrogen concentration of the
phase hydride equilibrated with the « phase at the
plateau pressure Py, (see Fig. 2). For AB: type
metal-hydride electrodes the above treatment is
quite reasonable, but for the TiNi alloy electrode
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some further approximations had to be made as no
obvious pressure plateau is observed as shown in
Fig. 3. For simplicity, we take the pressure at the
median of hydrogen composition (H/M = 0.45) as
the plateau pressure of the TiNi alloy electrode,
and still let Cg, equal Cpax and the first knee point
of P-C-T curve be considered as C,p For TiNi
alloy the C,z is measured to be H/M = 0.1 (see
Fig. 3).

The distribution of hydrogen in the x-phase (including
the oxide film)

From the continuity of H fiow in the a-phase
(including the oxide film) and Fick’s first law [2];

dnrd pmK,, Iy

pr 4%

d
dnr*mK,,D® = g

¢ ,
i = dnrymK,,

r=ry

where K, is the percentage of active particles, F is
Faraday’s constant, mA hmol™, m is the number
of spherical particles, p is density of TiNi alloy,
gem™, Iy is discharge current density, mA g™,
Integrating equation (1) with boundary condition

r=re, C=Cor=r, C=0C,
C =, Jarop (V”"- 1) )
ST 3DAF A\, -

where C; is the hydrogen concentration (mol cm™)
in the o phase on the electrode surface, C, is the
actual hydrogen concentration (molcm™) in the «
phase at the interface between the a phase and S
phase mol/em?, r, is the size of unreacted hydride.

When the electrode is discharged to the cut-off
potential (—0.6v), the surface concentration of
hydrogen is close to zero, and the discharge ca-
pacity is equal to the value of F multiplied by the
amount of hydrogen in the volume generated by the
shaded area (Fig. 1). Also the shaded area can be
approximated to the square area as indicated in
Fig. 1. The discharge capacity Q) is given by;

FK,, C, ey
o= (an-3)[1- (7) ]
FKuC, e\’
= (Q "2 )[‘ - (at;) }
Ty 3
- Qmax[l - (;) ]

where Qups and Qn.x are the maximum charge
capacity and maximum discharge capacity of the
hydride electrode respectively.
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So the ratio of r, to r, is

.r_J. ~ (1 — ._..Q_d- ) "
to Omax

Because hydrogen diffusion occurs radially in
spherical particles and the interface between the «
phase and § phase is incoherent, the growth rate of

the o phase is [15]
dr,
Py ——

dt

3

o o
=——2(Cop — () (4)
P

where C,z 1s the hydrogen concentration (mol em™)
in the x phase equilibrated with hydride f§ at the
plateau pressure Py, 1/k is the barrier coefficient
of phase transformation.

In general, phase polarization is not very large,
C,<C,p<Cy,, hence

Cpa — CyxCpy — Cy (3

From mass conservation at the boundary between

the # and f phases

_ Idl‘gp

dr, 4 dc
= D" — =
*dr|,., 3Fr

'“(C/ia - Ca)‘at— =

(6)

Substituting equations (3)-(6) into equation (2),
we obtain,

Co=Cyp - e

*Idr?)p I [
3DAF |\
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Fig. 3. Typical electrochemical discharge P--C curve at the
Sth charge/discharge cycle and a cycle current density of
1.=50 mA/g for TiNi hydride electrode.
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Electrochemical reaction at the surface of the metal-
hydride electrode

the reaction is
Bulter—Volmer

The current density due to
assumed to be given by a
expression [6]

C:Con ( pF ) ~

I =1, ——exp| ~=?

{ch’:m P\RT"
Ch.o [»(1 - PF “
o €Xp J (3)
Cheo RT

where f is the symmetry coefficient, # is the overpo-
tential, R is the gas constant, T is the absolute tem-
perature, Con- and Ci,o are the concentrations of
OH” and H,O in the solution, and C- and
C§;,0 are concentrations of OH™ and H>O at refer-
ence conditions.

As the change of Cop- in the anodic process is
rather small and when the m=RT/F, equation (8)
can be simplified to

Iy =1, é—;exp( 1%; 17) (9)

Discharge capacity

Combining equations (7) and (9), ¢4 can be writ-
ten as

Dip
. = i 1 — ..._T._‘_.:‘._,.,_.__.._w
Q4 =Cn x[ (ft’r;(( b — Cap)

SEDAC,[. g ( BF *
R Wecattontt: Sk - -2 41
+ 1 Topr [] I exp t RT") + )

(10)

where

EXPERIMENTAL PROCEDURES

The alloy was prepared by melting the Ti(purity
99.8%) and Ni(purity 99.9%) pellets in an arc fur-
nace and remelting four times to assure homogen-
eity. The alloy pellets were pulverized first by
electrochemical charging at low current density
(10 mA g™") for 30 h and then mechanically milling.
The alloy powder was sieved through 300 mesh.
Metal hydride clectrodes were made by mixing
100 mg alloy powder { <300 mesh) with Cu powder
(< 300 mesh) at a weight ratio 1:2 and cold pressing
into pellets (4= 10mm). For electrochemical
measurements each pellet was attached to a copper
rod of 5mm diameter by a shrink sleeve and was
positioned in a three-compartment glass open cell
using Hg/HgO as the reference electrode. To reduce
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the ohmic potential drop between the working elec-
trode and the reference electrode, a Luggin capillary
was placed close to the hydride electrode in the
working electrode compartment. A sintered nickel
counter electrode was placed in a neighboring com-
partment separated by porous glass filter. The elec-
trodes were charged and discharged
electrochemically in 6 M KOH solution with tem-
perature controlled at 25°C. The discharge capacity
of the electrode was determined by the galvano-
static method.

Conventionally electrochemical pressure-compo-
sition curves were obtained by converting equili-
brium potential to pressure on the basis of the
Nernst equation from experimentally = determined
electrochemical data [16]. The equilibrium discharge
potential curves were obtained by alternately per-
forming the following two operations: (1) a pulse
discharge of 25 mA/g x 0.25h and (2) a rest period
long enough for the potential to become constant.
Discharge began at the potential corresponding to
1 atm hydrogen pressure and stopped when the po-
tential dropped to -0.6 V with respect to Hg/HgO.
A rest time of 0.5h between charge and discharge
was adopted [17).

The linear polarization experiments [18) were per-
formed only on the 50% discharged state. After the
open circuit potential was stabilized, /, was deter-
mined at 25°C using the following equation under

potentiodynamical conditions at scan rate of
1 mV 57! with the overpotential within 10 mV.
I4RT
]0 = F’?

Determination of the DY/r2 ratio was performed
with the pure o-phase. At first, the electrode was
charged at 5mA/g to the maximum hydrogen con-
centration of the «-solid solution (H/M ~ 0.1},
25 mA h/g) determined by P-C curves in several
charge-discharge cycles. After a rest of half an
hour, the electrode was discharged at a current den-
sity of S50mA/g and the cut-off potential was
—~0.6 V vs Hg/HgO. D,/r? is calculated from the
charge left in the electrode by the following
Equation [19];

3
Iy rs

QL:Qo“Qd=ED§L

where Q) is the charge (mA hg™') left in electrode
mA h/g, Q, is the initial capacity (mAhg™') and
Qg is the capacity discharged.

After certain charge—discharge cycles, the same
measurements as above were conducted for the de-
termination of I, and D,*/r2 experiments.

DETERMINATION OF PARAMETERS

During activation cycles the surface area of alloy
is increased by pulverization [20] and some of the
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alloy components or their oxides are dissolved [9],
which facilitates further activation together with the
decrease in the activation energy barrier for phase
transformation [2]. So I,, D,*/r; and k all increase
with charge—~discharge cycling during the activation
process.

The charge/discharge cycling also results in
degradation, which is believed to be due to the loss
of active alloy by oxidation, and the formation of
an oxide film on the electrode surface that increases
the contact electrical resistance. These factors cause
I,, DA and Omax to decrease during charge-
discharge cycling.

Concentration of hydrogen C,z, Cy, (mol/cm3) and
percentage of active material K,

The relationship between C,p, Cy, and cycle num-
ber can be determined by the electrochemical P-C
isotherms at different cycle numbers and X, is
determined by comparing the maximum concen-
tration of hydrogen corresponding to I atm in elec-
trochemical P-C-T curves with the maximum
concentration of gaseous hydrogen at 1 atm press-
ure in gaseous P-C-T curves. Figure 3 shows the
typical electrochemical discharge P-C curve at the
5th charge/discharge cycle and cycling current den-
sity I, =50 mA/g.

Comparing the electrochemical P-C curve in
Fig. 3 with P-C-T curves at 20°C calculated from
the thermodynamic data given by Burch [21], we
estimate K, =1 [17] due to the high ratio of mixing
Cu.

The maximum discharge capacity decreases with
cycle number due to the oxidation of alloy.
Supposing the maximum discharge capacity before
oxidation of alloy is Qmax()w ]n(Qmaxo/Qmux) is
assumed to be proportional to the total charge-
discharge time {21] which is equal to the single cycle
time Ar multiplied by the cycle number N. Because
the thickness of TiO, usually increases parabolically
(square root function) with discharge time, it is
reasonable to assume In(Qpaxe/Pmax) increases
parabolically with charge~discharge cycle time
(N x Ar). Also Ar is inversely proportional to the
charge/discharge cycling current density /..

FK., Cup C N2
Qmux - 0 (C/fuo - il() )CXP(“ "%]/‘»“) (l l)

here 7. is the charge/discharge cycling current den-
sity (mA g™, Comparing equation (11} with Qp.
in equation (10)

C/ix = Cﬁxo exp(”— _'I_T/Tj'“')

C"dﬁ = Ca([lo exp (" "‘7—]77_——)

Figure 4 shows the experiment data of C,gw/p
and Cg,w/p at various cycling current densities

C. S. Wang et al.
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Fig. 4. Relationship between /,, D,*/r3, C.gwip and Cpowf
p, k and cycle number at different current densities. (a) k,
Copwip and Cgw/p, (b) I, and DA,

determined by electrochemical P-C-T curves (black
triangle), which have a good fit with equation (12)
(solid line) with 25=0.153 and Cguowip = 0.86 H/
M, C,gow/p = 0.1 H/M, where p is the density of
TiNi alloy (g cm™), and w is the weight per mole of
TiNi alloy, (106.6 gmol™). Since Qups=(FK,,/
0)Cpgy, therefor the calculated maximum capacity of
hydrogen absorption also fit well with experimental
data.

Factor of the apparent diffusion coefficient of
hydrogen in « phase/the square of particle radius
DA (s

D,*rl can be measured either by galvanostatic
discharge or potentiostatic methods {18]. For galva-
nostatic model, the discharge capacity of TiNi elec-
trode can be expressed as

0.153N1/2) 2o
15DA "

=2 —
Qd =25 exp( [1/2

The above equation can only be used for a single
phase substance (x or f§# phase) or after a very long
discharge time when the f phase has been comple-
tely transformed to o phase. In our experiments the
galvanostatic method was applied to a single a
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Table 1.
The variation of Q4 with cycle number at I, = 50 mA/g( = 4}
N 1 3 5 10 30 100 130
O (mA h/g) 19.9 20 20.03 20,02 19.99 19.94 19.93
phase. The value of @4 is shown in Table | at the exponentially, with increasing oxide film

cycle current density I.(=[y) = 50 mA.

The ratio D,A/¥2 after 1, 3. 5, 10, 30, 100, and
130 cycles with I, = 50, 100, and 150 mA/g is shown
in Fig. 4(b). In Fig. 4b) a small increase of D,*/r?
with cycle number during the activation process
means that the pulverization of TiNi is low, which
is in agreement with the results of our previous
investigation [2]. After activation. D22 decreases
with cycle number due to an increase in the oxi-
dation layer on the TiNi alloy electrode surface,
The relationship of D,*/r] with 7, and & can be
described simply by the following equation;

. ‘

1} = 1.87 x 107* exp( - 9—:?-'%%1\1' ‘/3) (13)

O

Exchange current density /, (mA/fg)

For an oxide-covered metal-hydride electrode the
exchange current density decreases, approximately

TO’
<
:E 10 |-
sl
/
4
(o}
-5 F
-0}

Fig. 5. Typical potentiodynamic (1 mV s™'y current den-
sity-overpotential curve measured on a TiNi electrode at
50% state of discharge (SOD), =50 mAg™, N = 10, the
arrows indicate the scan direction.

thickness [13]. For exchange current density, in all
charge-discharge cycles, a linear dependence of
overpotential on the discharge current density is
found according to the simplified Butler-Volmer
equation at small overpotentials. A typical example
is given in Fig. 5. f, can be calculated from the
slope of the I vs # curves. The /, values obtained at
different cycie numbers and [,= 350, 100, and
150 mA/g are also shown in Fig. 4(b). From
Fig. 4(b) I, values increase during activation and
then decrease with cycle number. This agrees with
the results for the LaNiy 4Cu electrode reported by
Notten [22]. The relationship between the exchange
current density and the cycling numbers can be
expressed by the following equation.

0.3535 4
I() =35 x [cxp( - T T N I’IZ’)

i

o

7UTN
- (.9 x exp( - ll’i‘i"l&’“”

', I

(14)

The main reason for the increase in [, is the
increase of surface area [22] due to the pulverization
during activation. Figure 5 shows the typical poten-
tiodynamic (1 mV s™') current density--overpotential
curve measured on a TiNi electrode at 50% dis-
charge state, I.=50 mA/g, N = 10.

Barrier coefficient of phase transformation %'
(mol g s

The fact that the value of & increases with the
charge-discharge cycle number during the acti-
vation process is probably due to the development
of two-dimensional defects in the alloy. On the
basis of the initial discharge capacity and of that
after cycling, the value of k in equation (10) is
determined using the following equation (see
Fig. 4(a))

(125N
=25y

ko= 416 x 10-2 EXP(~-;:Tyf,f"

o

Kinetic equation of the TiNi electrode
Table 2 gives the values of the parameters.

Substitute the above parameters into equation (10).
The discharge capacity Qq is

Qd - 204(] - J‘\)“ - :h]c)

where .= 1 —exp(—0.153/7" 2Ny s the decline
coefficient of maximum discharge capacity caused
by the decrease of Cy, and C,p vatues due to oxi-

(16)
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Table 2.
The values of parameters
Methods Parameters Unit Value
Cupip H/M 0.1 exp(—0.153 NV2713) P--C-T curves
Cpivlp H/M 0.86 exp(~0.153 N2 P-C-T curves
Qumax mAhg™ 204 exp(—0.153 N2 12 P-C-T curves
mA g™ 35[exp(—0.3535 N1 line polarization

I — 0.9 exp(—17.7 N2V
Dr2 s 1.87 x 107 exp(—0.01414 N'2[T13) galvanostatic discharge
k smol™ g~ 4.16 x 1072 exp(10.25 NI discharge capacity
" v 0.3
RT kJ mol™! 2.474
Ji 0.5
K 1
W g mol™ 106.6
F mA h mol™ 26800

kJ V7 mol™ 96.5476

dation of active metals, and where the decline coef-
ficient of kinetics due to the decrease of D,* and I,
by oxidation can be expressed by the following
equation.

density, and then decreases on further cycling, but
the decline of discharge capacity becomes smaller
when the cycling current density is high. The exper-
iment values tested at I.(=1Iy) = 50, 100, and

0.63 x exp(—0.138861 72N Y2 —10.251 7VAN Y +

}
y“z[soﬂxexp(-o.167|41 VAN UD1/1,-8.2x 1075 /(exp(—0.35351 T AN 1/2)—0 9xexp(~17.71 ;AN 112))) + 1}

One point is worth mentioning again, in the above
equation: I, is the charge/discharge cycling current
density, and Iy is the discharge current density
when the discharge capacity is measured. So /. can
change independently of /.

RESULTS AND DISCUSSION

Discharge capacity of the TiNi alloy electrode during
a charge/discharge cycle

For measuring the cycling behavior of hydride
electrodes, two methods are usually used: (a) the
discharge capacity during charge/discharge cycling
is tested at a high cycling current density, i.e.
1= 1) is high. (b) the hydride electrode is cycled
at a high current density (/) but the discharge ca-
pacity after a certain number of cycles is tested at
low discharge current density /4. The effect of
cycling current density /. and discharge current den-
sity Iy on cycle behavior is discussed in this section.

Effects of cycling current density /. on cycle behavior
at /y=17, and at /=50 mA/g

The relationship between discharge capacity of
the TiNi alloy electrode, the cycling current density
and the cycle number at /;=1I_ is shown in Fig. 6.
During activation the discharge capacity increases
gradually and reaches its maximum between the
2nd and 5th cycle, depending on the cycling current

150 mA/g fit very well with calculated data from
equation (16) as shown in Fig. 6(b).

We believe that the increase of discharge capacity
during the activation process is caused by the
decrease in the concentration polarization, which in
turn is caused by phase transformation, and that
the capacity decline after the alloy is fully activated
is mainly caused by the corrosion of the TiNi alloy
and the formation of an oxide film on the TiNi
electrode surface, which jointly lower Cg,, Cyp, pA
and /,. From equations (5)-(7) and Fig. 7, we can
see that at certain cycling current I, the decreases
of Cp, and C,; are faster than D,* and 7, in
charge/discharge cycling, and the y./y, ratio
increases as the number of cycles increases. But for
a fixed cycle number, y./yx decreases as the cycling
current density increases, which means that at low
cycling current the cycle life of the TiNi alloy elec-
trode is mainly controlled by the decline in the
maximum discharge capacity. However when the
cycling current density is high the decline of dis-
charge kinetics becomes the limiting factor for cycle
life.

For cases other than I.=1/;, results are quite
different. At a fix discharge current density
(14=)50 mA/g, both the cycle life and the discharge
capacity increase with cycling current density as
shown in Fig. 8. This is due to the lower oxidation
rate at high cycling current density. Oxidation
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Fig. 9. Relationship between cycle life and discharge current density at cycling current density [.= 200 mA g

during the discharge process at 50 mA/g is not con-
sidered in the curve of Fig. 8. So the actual cycle
behavior is lower than the calculated data in Fig. 8.

The effects of discharge current density /5 aix cycle
behavior at . =200 mA g’ ‘

The relationship between cycle behavior and. dis-
charge current density at cycling current density
[.=200mA g~ is shown in Fig. 9, from which we
find that the discharge capacity decreases with
increase of discharge current density, but its cycle
life is independent of the discharge current density,
which is also caused by the effect of neglecting oxi-
dation during discharge at current density I, by
equation (16). This is valid only when the cycle
numbers are much larger than the number at which
discharge capacity is measured.

DISCHARGE CAPACITY OF THE TINI
ELECTRODE AT [c=50 MA/G, N = 10

Effects of exchange current density and hydrogen
diffusion coefficient on the discharge capacity at
I.=50mAfg, N = 10

Figure 10 shows the relationship between dis-
charge capacity Q4. f, and DA at Io=50 mA/g,
N =10. In Fig. 10 we can see that increasing the
particle size and reducing the value of the atomic
hydrogen diffusion coefficient both affect the dis-
charge capacity behavior in the same way, and the

discharge capacity Qg decreases with decreasing
DA and T, At low discharge current density

'Iy=50 mA/g, Q4 drops drastically with decreasing

DANE and I, at about DAjra=187x 107" (s7),
I,=2mA/g (see Fig. 10(a)), and the knee of I,
increases with discharge current density /4 and DM
2. However when the discharge current density is
high, the decreases of discharge capacity with re-
duction of D,*/r} become smoother gradually and
finally. the knee of D,A/r? disappears at a discharge
current density 500 mA/g as shown in Fig. 10(c}).
For the TiNi electrode with [,=299mA/g, D
r2=1.87x 107 (s7!) at low discharge current den-

depends on D22, (see Fig. 10(a)) but at high dis-
charge current density, both /, and D,*/r; control
the discharge capacity (see Fig. 1(c)). Also the fac-
tor of (304/01.)/(804/d(D,r3)) can be calculated
from equation (10).

90 _ Dy ( hy
(DAY r2I \ L, exp(BF/RTy) — Iy

Dy
= - 17
rals ( Neilyg—1 ) ("
where # = 0332V, I, is the clectrochemical limit
current density (mA g™h).
The value of f reflects the relative effects of the

charge-transfer reaction and hydrogen diffusion on
discharge capacity. Larger values of f mean the
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charge-transfer reaction is the factor controlling dis-
charge capacity, and smaller f values indicate the
discharge capacity is limited by hydrogen diffusion.
In equation (17) the controlling influence changes
from the hydrogen diffusion to the charge-transfer
reaction with increasing discharge current density
I4. Also equation (17) can not be used for qualitat-
ive analysis because f is not dimensionless. From
the above analysis we believe that at low discharge
current density, the diffusion of hydrogen is the lim-
iting factor, but at high discharge current density
both the charge-transfer reaction at the electrode
surface and the diffusion of hydrogen control the
discharge capacity. As the discharge current density
increases further the charge-transfer reaction at the
electrode surface may become the controlling factor
in discharge capacity (more details are discussed in
part II). This prediction is in agreement with the
generally accepted result that enhancing the electro-
catalytic performance of the hydride electrode
would  obviously increase  the  high-rate
dischargeability [18, 23]. For the TiNi electrode with
1,=299mA g ' at ,=50mA g~', N = 10, the dif-
fusion of hydrogen is still a controlling factor in
discharge capacity even at a much higher discharge
current density I;=200mAg™' (see Fig. 10(b)).

it

:m;r‘fmﬁ%ﬂ;j;u
i i
i i
:mummm’

Fig. 10. Relationship between discharge capacity Qy, /, and
sity I4=50mA g™, (b) 1,=200mA g, (¢) y=500mA g~
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Thus for the TiNi electrode the key problems are to
maintain the electrocatalytic performance of the
TiNi electrode alloy during charge/discharge cycling
and to improve the diffusion ability of hydrogen.
Although reducing the particle size r, can increase
D“A/rﬁ, it also increases the rate of oxidation of the
TiNi alloy and reduces the stability of electrocataly-
tic properties of the TiNi alloy in charge/discharge
cycles.

Effect of maximum hydrogen concentration of the
phase C,; on discharge capacity at . =50 mA/g,
N=10

For electrodes based on TiNi alloys the value of
C.p can be adjusted by partial substitution of other
metals for Ti or Ni. From equation (10), we believe
that the large C,» decreases the maximum discharge
capacity Qnax, but increases the discharge kinetics,
so there may exist an optimum value of C,;, at
which the discharge capacity reaches a maximum.
Figure 11 show the relationship of discharge ca-
pacity with C,g and discharge current density ;.
The discharge capacity increases initially with C,g
and then decreases. At a low discharge current den-
sity 50 mA/g the discharge capacity increases by
about 4% (from 166.4 to 172mA h/g) when C,;

I',

I """0'{ :
il
il

I
|

DAt at £.=50mA g™ N = 10. (a) discharge current den-
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Fig. 11. Relationship between discharge capacity Qy, C,4 and discharge current density /.

changes from H/M = 0.1 to 0.2, but at a high dis-
charge current density 500 mA/g, the discharge ca-
pacity increases by 117% (from 45.7 to 99.2 mA h/
g) as C,p change from H/M =01 to 0.5. So
enhancement of hydrogen solubility in the « phase
within H/M = 0.5 obviously improves the rate ca-
pacity. Also C3f' (optimum value of C,p) increases
from H/M = 0.2 to 0.5 with increasing discharge
current density Iy from 50 to 500 mA/g. The pre-
dicted influences of C,; on discharge capacity at
different discharge current density have been proved
by the experimental results on the TiV;Ni,
(x<0.75) electrode alloy as reported by
Tsukahare [1]. From Fig. 4 in Ref. [1}, Cg,
decreases with the increase of the nickel content.
This means the discharge capacity is decreased. But
in fact the discharge capacity increases with nickel
content first and then decreases, because C,z also
increases with nickel content. A larger C.4 enhances
the high-rate dischargeability of the TiV;Ni, alloy
(see Fig. 5 in Ref. [1]). This agrees well with the
predicted results based on our model.

CONCLUSION

(1) equation (16), which is deduced from electro-
chemical and phase transformation principles fits
well with the experimental data measured on TiNi
alloy. The model can be used to analyze the effects

of important factors in the discharge process of the
TiNi alloy electrode.

(2) For the TiNi alloy electrode the operating dis-
charge capacity is influenced by the maximum dis-
charge capacity of the alloy and the discharge
kinetics which is determined by the electrochemical
polarization and concentration polarization; this in
turn depends on both the diffusion ability of hydro-
gen and the rate of phase transformation. The acti-
vation is mainly controlied by phase
transformation, and the cycle life at low cycling cur-
rent density is mainly determined by the decline in
the maximum discharge capacity, but when cycling
current density are high, the cycle life is controlled
by the decline in the discharge kinetics.

(3) Increase in the discharge current density and
cycling current density decrease the discharge ca-
pacity, but improve the cycle life behavior.
Although the charge-transfer reaction on the TiNi
alloy electrode surface becomes a more limiting fac-
tor when the discharge current density increases,
the discharge capacity is still mainly dependent on
the diffusion of atomic hydrogen from the bulk to
the surface of the particles even at 200 mA/g dis-
charge current density. Therefor the electrocatalytic
ability of the TiNi electrode is high enough even at
high discharge current density, 200 mA g~'. The key
problems are how to maintain the electrocatalytic
performance during charge/discharge cycling and
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how to improve the diffusion ability of hydrogen in
the « phase.

(4) From this model we infer that increasing the
solubility of hydrogen in the « phase (oxide film
included) within a certain range enhances the ca-
pacity at high discharge current density for the
TiNi electrode. There exists an optimum soluble
hydrogen content in the o phase C3}', at which the
discharge capacity reaches a maximum value. This
also agrees well with experimental results reported
by Tsukahara er af. [1}.
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