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ABSTRACT

We investigate the effect of particle size on the discharge performance of a nickel—metal hydride cell with a mathemat-
ical model. Electrodes with uniform as well as with nonuniform particle sizes are studied. With uniform particle size, the
dependence of the particle-to-particle resistance on the particle size is taken into account. The optimal particle size depends
on the discharge rate. Moreover, we show that under certain conditions it is advantageous to use a nonuniform particle size.
In general, the higher the discharge current density, the more the particle size affects the electrode performance.

Introduction
In this article we study the effect of particle size on the dis-

charge performance of a nickel-metal hydride cell. We use a
mathematical model to describe the behavior of the metal
hydride (MH) electrode in constant-current discharge and
perform numerical simulations for various particle sizes.

Normally, when a ME electrode is cycled, the particle size
decreases due to fracturing caused by absorption and de-
sorption of hydrogen. Thus, it is somewhat difficult to con-
trol the particle size in an electrode. However, it has been
shown that microencapsulation of the particles with palla-
dium, for example, reduces this disintegration and also
increases the corrosion resistance of the alloy (see Ref. 1).
Hence the particle size and active surface area of such an
electrode can be assumed constant at least for a certain
period of the electrode lifetime.

Here we consider an electrode consisting of microencap-
sulated MB particles, because without the above-men-
tioned stabilizing effects it would not be meaningful to
simulate an electrode with a certain specified particle size.

In earlier work, see Ref. 2—4 for example, only electrodes
having constant particle size throughout have been studied.
We systematically investigate the effects of varying the par-
ticle size in such an electrode using a model in which the
bulk conductivity of the solid phase depends on the particle
size. Additionally, we are interested in electrodes where the
particle size is allowed to vary from place to place. In order

* Electrochemical Society Student Member.
* * Electrochemical Society Active Member.

to be able to compare the results in a reasonable way, we
study electrodes having the same capacity, porosity, and
thickness.

In the following sections we first present the mathemat-
ical model and define some auxiliary quantities. Then sim-
ulations with various constant particle sizes are performed
and the results are discussed and analyzed. Finally, we
show how the electrode performance can be improved
under certain conditions by using nonuniform particle size.

Mathematical Model
In this section we briefly introduce the cell geometry and

the model equations. We consider a cell in which a thick
porous MH electrode is placed next to a thin counter elec-
trode, which in this case is a nickel electrode. The elec-
trolyte is an aqueous solution of KOH.

We neglect water production during discharge and as-
sume that the concentration of water is independent of
both time and position. In a real electrode, however, water
production has an effect on polarization, especially at high
current pulses.

The length of the MH electrode is L. The nickel electrode
is located at x = 0, and a current collector is placed at x =
L. The cell geometry is schematically shown in Fig. la.
Both the nickel electrode and the separator between the
electrodes are assumed to be infinitely thin.

Let be the porosity or the void volume fraction of the
electrode and denote the specific surface density of MH
particles by a (m2/m3). In all our simulations the porosity
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is constant, but in some cases the particle radius and the
surface area density are allowed to change within the elec-
trode. Since we assume that the MH particles are spheri-
cal, porosity and surface area density are related by

a(x)
—

R,,(x)
where R is the local radius of MB particles.

Let c (mol/m3) and h (mol/m3) be the concentrations of
hydroxyl ions in the electrolyte and hydrogen in the MH
particles, respectively. The electric potentials in the elec-
trolyte and in the solid phase are denoted by 4) (V) and ç
(V). Moreover, the local microreaction-rate density, that is,
the reaction rate density on MIT particle surfaces, is denot-
ed by j (mol/m2s).

In the following sections we use the abbreviations

a = e'5a', a. = &5a, D = D. = €'5D" [2]
for the effective conductivities and the diffusion coeffi-
cients in the porous electrode, see Ref. 5. In these equa-
tions, the factor includes both the effects of porosity (e)
and tortuosity (e°5).

Mass transport in the electrotyte.—We use dilute solu-
tion theory from Ref. 6 with concentration-dependent dif-
fusion coefficients and conductivities. This yields

a a ac—c = ——I —D(c)—c I — ta(x)j
at a- ax)

=
_i.{_D (C) — D(c))--c + !__} — a(x)jax ax Fax

where D is the effective integral diffusion coefficient of the
electrolyte and D and D are the effective ionic diffusion
coefficients of K and OW ions, respectively. Furthermore,
a is the effective conductivity of the electrolyte and t, is
the transference number of the positive ions.

Denote the discharge flux density by J (mol/m2 s). The
boundary conditions

(t,O) = tJ
[ aX

—D(c)-—c (t,L) = 0
ax

{_[D(c) — D(c)]-—c + !__4}(to) = J
ax Fax

{_[Dc) — D(c)]——c + =
ax Fax

model the nickel electrode at x = 0 as a source of hydrox-
yl ions and a closed end at x = L. ______

(a) (b)

Fig. 1. (a) Scheme of the model geometry. The counter electrode
is located at x = 0 and the current collector is placed at x = L. (b)
MH particles are assumed to be spherical with a radius depending
on the position in the electrode.

The initial condition for the electrolyte concentration is

c(0, x) = c0 [9)

Hydrogen diffusion in MH particles.—We assume that
the MB particles are spherical (Fig. ib). As mentioned ear-

[1) lier, particle radius R is a function of x, the position in
the electrode.

In a simplified description, the hydrogen concentration
satisfies the diffusion equation

=
DH4t(r2th) [101

for 0 < r < R(x) and the boundary conditions

—DH.—h(t,x,0)
= 0 (11)

—DH-—h[t,x,RuH(x)1 = j [12)ar
where D is the diffusion coefficient of hydrogen.

The initial condition is constant concentration across
the electrode

h(0, x, r) = h0 [13)

When defining the reaction rate density on the MB par-
ticles, we need h,, the concentration of the hydrogen on a

[3) particle surface. This is simply

h(t, x) = h[t, x, R(x)) [14]

[4) Electric current in the solid phase.—Using Ohm's law
we get an equation for the potential

—-p— K(x)— = —Fcx(x)j [15)ax axj
Here K is the effective conductivity of the solid phase.

We now develop a simple model to describe how the con-
ductivity of the solid phase depends on the particle size.
Both the MH alloy of the particles and the contact resis-
tances between the particles contribute to the overall

[5] resistance of the matrix. In this section we assume that the
MH particles are arranged in a simple cubic lattice orient-
ed with the x axis. Thus the successive layers of MIT par-

[6] tides are connected in series with contact resistances be-
tween the particles.

There are
[7] 4

(1 — [16]

[8] MH particles per unit volume. Since the particles form a
cubic lattice this means that there are

/ —1/3 /
(1

— €)"1 .1rRH = 3(1 —

j ——— [17)
I. 4 ) R1

layers of particles per unit distance. Clearly, the contact
resistivity should be proportional to this. The contact resis-
tivity should also be inversely proportional to the contact
area per total cross-sectional area. If we assume that the
contact area of a particle is a fixed fraction of its surface
area, then the contact area density is independent of R,..
As a result we may write for the effective conductivity

K(x) = (1 — c) + [3(1
—

c)/4lT]u3p)' [18]
Ko RMH(x) j

RMH(x)(l — )2J3 [19]
(3 / 4r)"3pr

where x0 is the conductivity of the MH alloy and Pe (11 m2)
is the contact resistivity coefficient. The factor (1 —
before the expression in the parentheses in Eq. 18 is in-
cluded to compensate for the porosity so that an effective
value is obtained.

Nickel electrode

Current collector

MH

R(x)

0 L
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io exp'°F([3 - h0
Numerical solution of the model equations.—The model

equations are solved numerically with PDE2D7 using a
method that allows handling pseudo-two-dimensional
problems.8 As PDE2D solves time-dependent PDE prob-
lems, no preliminary spatial discretization is needed.

Potential Losses and Ragone Plots

We define ',m' the electrode potential of the MR elec-
trode, to be the potential difference between the current
collector and the electrolyte between the electrodes meas-
ured with a Rg/HgO reference electrode. That is

MH(t) = p(t, L) — 4)(t, 0)

Assuming that 4Ni, the electrode potential of the nickel
electrode, is constant the cell potential F is then given by

E(t) = Ni — MH(t) [28]

Next we define the equilibrium potentials for the MR
electrode. These are obtained from the Butler—Volmer equa-

As metals are generally good conductors, it is reasonable tion, Eq. 24, by setting j = 0 and using appropriate elec-
to assume that the resistance of the solid phase is mainly trolyte and hydrogen concentrations. Let
due to the interparticle contacts. Moreover, the value of

RT ____the conductivity of the MH alloy, ice, is not known. Thus we V0(c0, h0) = — inassume that 1/Ko is considerably smaller than the contact F L k ch, }
[29]

resistance term in Eq. 18. Ignoring l/Ko yields the approx-
imative equation, Eq. 19. These expressions can also be Thus the local momentary equilibrium potential is
viewed as phenomenological models which have the prop- RT kJ3erty that the conductivity decreases as the particle size de- Vjc(t, x), h, (t, x)] = —in

h0 — It, (t, x)1> [30]creases. For fixed porosity, the amount of MH alloy in the F { c(t, x)h, (t, 4
electrode is constant. Decreasing the particle size results
in more particles and interparticle contacts, which de- and the steady-state open-circuit equilibrium potential is
crease the electric conductivity. RI' ik [13 — (1 —

t/tmax)]ho 1 [31]Finally, the boundary conditions for electric current in T/ (1 — tltmax)ho] = — ln—
the solid are F [k8 c0(1 — t/tmax)ho

K(0)(t,0) = 0 [20] where

(1 — €)Lh0 [32]
K(L)(t,L) = FJ [21]

tfløX = j
is the maximal theoretical discharge time for constant-

which model an insulated end at x = 0 and the current col- current discharge. For later use we define the state of dis-
lector at x = L, respectively. We arbitrarily choose charge at the given time t as

p(t, 0) = 0 [22] SOD(t) = t/tmax

to fix the potentials. Note that
Reaction kinetics—We use a simple Butler—Volmer equa- RI' 11çI3—1in]——-—tion to model the kinetics of the reaction V(c0, hi) = I k c0 }

[34]

[23]

The microreaction-rate density j (mol/m2s) is given by
which again shows that we must choose 13 > 1, as men-
tioned in the section on Reaction kinetics.

10.5F
j = koch, expi —V I — kj13h0

— It,) exp—-V) [24] We are now ready to define V10,,, the total potential loss
in the MR electrode. We setRT ) 1. RI' j

where V = — 4), the potential difference between the elec- V10,,(t) = MH(t) — Vo [c0, (1 — t/tmax) It0] [35]

trolyte and the solid phase, is measured with a Rg/HgO ref- To analyze the electrode performance we use the aver-
erence electrode and It, is the surface concentration of aged potential losses presented in Ref. 4. More precisely,
hydrogen as defined earlier in the section on Hydrogen dif- the total potential loss in the electrode is first expressed as
fusion in MR particles, the sum of the local potential loss in the electrolyte 'q, the

The parameter 13 > 1 describes the relative maximal local potential loss in the solid i',, the local reaction over-
charging level of the electrode. If we had 1 = 1 in Eq. 24, potential 'k, and the local concentration polarization loss
the equilibrium potential of the electrode at t = 0 would ri1,. These are defined as follows
be minus infinity. Choosing 3> 1 means that initially the
electrode is not charged quite to its full capacity. '01(t, x) = 4)(t, x) — 4'(t, 0) [36]

The reaction rates kd and k, are related to the exchange 1(t x) = p(t, L) — p(t, x) [37]
current density i0 (Aim2) and the equilibrium potential
V0(c0, It0) of the electrode at its initial state by 'r1,(t, x) = V(t, x) — V0[c(t, x), h,(t, x)] [38]

I 0.5F
/cd = ——-—

exp—-j—Vo(co ho))
[25]

11,(t, x) = V0[c(t, x), h,(t, 4] — V0[c0, (1 — t/tmax) It0] [39]

Fc0h0 Both the electrolyte and hydrogen concentration polariza-
tion contribute to 'q,.

We then define the averaged losses. For example, the
[26] averaged potential loss in the electrolyte, cj1, is given by

J a()j(t,}1(t, )d
ij1(t) = [40]

J
and the remaining three averaged losses are defined simi-
larly. It is easy to see that the equation

= j1(t) + ij,(t) + ij(t) + j(t) [41]

holds for all t > 0, which means that the averaged losses
sum up correctly

In Ref. 9 the averaged reaction rate density was intro-
duced. This is a useful quantity that is related to the uni-

[27] formity of the reaction as a function of time. If the reac-
tion is completely spread out we have

Ja(x)j(t, x) = — [42]L

To measure the uniformity of the reaction we consider the
integral
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Li \2 L

ç
L - )j(t,)( d = j )j(t,)12d [43]L

where we used the conservation of charge equation

j)i(t,)d = J

which follows from the model equations. Thus, the lower
the value of

U [co()j(t, )]2d
j2

the more evenly spread out the reaction in the MH elec-
trode is. Clearly, M � 1. We call M the measure of the uni-
formity of the reaction.

To evaluate different electrodes we use Ragone plots in
which the energy density E5 (J/m3) is plotted vs. the aver-
age power density P (W/m3). These are defined as follows

E — JFJE(T)dT
U

= jFJEer)dT
S

Lte0t

where t is the time when the cutoff potential for the MH
electrode is reached in a discharge. Note that both these
quantities are defined with respect to the superficial vol-
ume, not the volume of the active material. In the latter
case the factor (1 — e) would be included.

Parameters
Wesimulate a MH electrode that corresponds to the ones

produced by Finnish Oy Hydrocell, Ltd. These electrodes
are characterized by their high capacity per cross-section-
al area, 220 mAh/cm2. With the void volume fraction of 0.3
and parameter values from Table I, this leads to the elec-
trode thickness of about 1.5 mm.

The integral diffusion coefficient of KOH (in cm2/s)
= exp(—10.467 — 8.1607c"2 + 286.2c — 2539.8c312

and the conductivity (in S/cm)
cr = c exp(5.5657 — 6.1538c'12 + 13.408c

+ 7207.5c2) [48]

—
1075.8c312) [49]

where the concentration is in rnol/cm3, are from Ref. 3.
In the lack of reliable measurement data we choose the

contact resistivity coefficient, p, in such a way that with
Eq. 19 the conductivity of the solid phase is 150 S/rn for
particles having the radius of 10 iJ.m, which leads to the
value given in the table.

The reaction rates kd and k0 correspond the initial equi-
librium potential of —0.934 V 10 and exchange current den-
sity of 1.25 x 10 A/cm2 Ref 1.

The electrode potential of the nickel electrode, tN is
0.3 V vs. Hg/HgO so that the open-circuit cell potential is
0.3 — (—0.934) = 1.234 V. In the same way, the cutoff
potential of —0.6 V for the MH electrode corresponds the
value of 0.9 V for the cell potential.

The diffusion coefficient of hydrogen is in good agree-
[44] ment with the values reported in Ref. 11 and the initial

hydrogen concentration is about 1 wt %.

Simulations
Here the mathematical model is used to predict the dis-

charge behavior of the cell under various conditions. The
[45] electrode is discharged with constant current until the

cutoff cell potential of 0.9 V is reached.
Uniform particle size.—In this section we consider cases

where the particle size is constant throughout the elec-
trode. The effective conductivity of the solid phase de-
pends on the particle radius according to Eq. 19.

We study electrodes having particle radii of 15, 10, 5, 2.5,
1, and 0.5 jim. In each case we apply three discharge cur-
rent densities: 440 mA/cm2 (2C rate), 220 mA/cm2 (1C
rate), and 100 mA/cm2 (C/2.2 rate).

[46] Cell potentials vs. state of discharge are shown in Fig. 2,
3, and 4. We can see that for all current densities it is advan-
tageous to decrease the particles radius from 15 p.m. This is
a simple consequence of the fact that for the same pomsity

[47] an electrode with smaller particles has more surface area
and the relative speed of hydrogen diffusion is higher due to
the shorter diffusion length. However, because the conduc-
tivity of the solid phase decreases with decreasing particle

125

T203050607080.
State of discharge SOD

Fig. 2. Cell potential Efor the C/2.2 rate (100 mA/cm2). SOD is
defined in Eq. 33.

RMH=2.S lIm

RM5 m
MH.10 pon

RMO=lS rn

>
Ui
a
Ca
00.

o
0 95

Table 1. General parameters.

Parameter Value

1.25

12

1.15

1.1
ILl

a
1.00

00.
680

MW05 pm

RMH=1m

1

0.95

01 02

..
.

.

03 04 0.5 0.6

l
' '

07 06 0.91

H
h0

e
P

oooi
77,400 mourn3

x 10m/s
s

0.22
mm

0.3
8.47 X 10-8 ii m2

State of discharge SOD

0.3 V vs. Hg/HgO .
Fig. 3. Cell potential Efor the 1C rate (220 mA/cm2).
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Fig. 4. Cell potential E for the 2C rate (440 mA/cmi. The curve
for 0.5 jsm particles is not shown because the cutoff potential was
reached almost immediately.

size, the smallest particles do not give the best electrode. As
the discharge rate increases, this effect becomes more pro-
nounced. Thus, for the C/2.2 rate (Fig. 2) the highest charge
utilization is obtained for the electrodes with 1 and 0.5 p.m
particle radii, but the cell potential is lower for the latter.
Initially, the 2.5 p.m particle radius gives the highest cell
potential. Then for the 1C rate (Fig. 3) both the utilization
and the cell potential are considerably worse for 0.5 p.m
particles than for 1 p.m particles, which give the best results.
Again, for the values of state of discharge less than about
0.7, the highest cell potential is achieved with 2.5 p.m parti-
cles. Finally, for the 2C rate (Fig. 4), the best electrode is the
one with 2.5 p.m particle radius. The curve for 0.5 p.m par-
ticles is not plotted because the cutoff potential was reached
almost immediately

The same behavior is observed in the Ragone plot in
Fig. 5. In general, for a given particle size as the discharge
rate increases, the specific energy decreases and the average
specific power increases. Moreover, the average specific
power is practically independent of the particle size. For the
rates of C/2.2 and 1C the electrode with 1 p.m particle radius
is the best, but for the 2C rate 2.5 p.m particles give consid-
erably higher specific energy. Also the effect of changing the
particle size is greater when the discharge rate is higher.

More specifically, for CJ2.2 and 1C rates the optimal
particle radius (with respect to specific energy) is between
0.5 and 1 p.m and for 2C rate the particle radius should be

E
C)2

Cc
LU

2)10
a)C
a)
C)

C)
a)a
U)

particle radius MH
15

Fig. 6. Cell potential E vs. particle radius with the 1C rate for
SOD values of 0.25, 0.5, and 0.75.

between 1 and 2.5 p.m. Furthermore, for the 1C rate the
optimum is closer to 1 p.m than for the C/2.2 rate. That is,
the optimal particle radius seems to increase with increas-
ing discharge rate.

In Fig. 0 cell potential vs. particle radius is plotted for
three values of state of discharge (SOD): 0.25, 0.5, and 0.75.
The discharge rate is 1C. According to this diagram the cell
potential is maximized when the particle radius is 2.5 p.m.

To summarize we can say that with the parameter values
and model for the solid phase conductivity used in the sim-
ulations, the best overall choice is the 2.5 p.m particle
radius. Note that we consider here a microencapsulated
MH alloy which is less susceptible to oxidiztion. Generally,
as the particle size decreases there is increasing potential
for the materials to get oxidized. With oxidization the
results could change completely.

The particle size affects also the fundamental behavior
of a MH electrode through its effect on the diffusion length
of hydrogen.When the particles are big, the electrode is
controlled by slow hydrogen diffusion, and it is ohmically
controlled when the particles are small and hydrogen is
readily available. This can be clearly seen in Fig. 7 and 8
where potential losses with 1C rate are plotted for 15 and
0.5 p.m particles. With big particles the reaction overpo-
tential and the polarization loss at the end of the discharge
dominate, while the ohmic losses in the electrolyte and
solid are more significant when the particles are small.
Note that this change between the roles of ohmic and
hydrogen-diffusion-related losses would remain even if

0.3

>
0
a)0
(0
C
a)
0

0.1

SOD=o.25- - - SOD=0.5-0.75
>
w 1.05
a
C
0)
0,.1a
(.5

0.05 0.1 0.15 0.2 025 0.5 0.35
State ot discharge SOD

0.95

0.5 -
0.4 0.45 0.5 0

Loss in electrolyte
— — — Loss in solid

Reaction oveipotential
Pola,ization loss

RMH=O.S 1(01

— — — RMH=l

— — . R4=2.5 urn

RMHSlsm

* * R50lOpm

10

20

1.2 1.4 1.6
1.5 2 2.5 3

Average specific power P5 (W/cm3)

Fig. 5. Ragone plots (E5 vs. PJ for various particle radii and dis-
charge rates. Again, the case of 0.5 Ism particles with the 2C rate
is not platted.
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Fig. 7. Averaged potential losses l' 'ISI r' and ij for the 1C
rate and 15 pm particle radius.
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_____________________ The reaction proceeds as a relatively narrow zone and con-
sequently, the potential loss in the electrolyte increases
almost linearly with time.

In the latter case the electrode performance can be im-
proved by suitably changing the surface area density with-
in the electrode. Hence in this section we study an elec-
trode in which the particle radius is 0.5 p.m. The goal is to
find such a surface area density profile that the reaction is
as evenly distributed as possible. Spatially constant reac-
tion rate density leads to constant potential loss in the
electrolyte and in the solid. The more even consumption of
hydrogen should also decrease the polarization loss.

Unfortunately, due to the nature of the problem, such a
surface area density profile would not be independent of
time. We can, however, use an approximative calculation
to find a profile that still has beneficial effects to electrode
performance.

0 0.1 02 0.3 0.4 0.5 0.6 0.7 0.8 0.9 Assume that the reaction rate density is constant, that
State of dischawe SOD is, for all x

Fig. 8. Averaged potential losses ij1, ij, ij,, and ij, for the 1C
rate and 0.5 jtm particle radius. [53]

Then the flux density of hydroxyl ions is given bythe conductivity of the solid phase were independent of
particle size. We exploit this fact in the next section.

x) [54]
Nonuniform perticle size—We now consider electrodes

in which the particle size of the MH alloy varies from place As tma,, and t1 are of the same order of magnitude for the
to place. That is, the particle radius, RMH, is a function of discharge rates we are interested in, it is reasonable to
the longitudinal coordinate x. assume that the electrolyte concentration remains approx-

In contrast with the preceding section, the conductivity imately at its initial value, c0, and that the mass transport
of the solid phase is now taken independent of the particle in the electrolyte is due to migration only. Thus the elec-
size. In fact, we assume that the conductivity of the solid trolyte potential satisfies
is very good. This is a reasonable assumption for a micro-
encapsulated electrode.1 a 3 — [55]We keep the capacity and the total active surface area of F 3x =

L)the electrode fixed and find such a particle radius profile
R(x) such that the electrode performance is improved, which yields

The particle radius and active surface area density cc are
1 2related by Eq. 1. We work with the surface area density d?(t, x) — 4(t, 0) = —

and only in the end give the results in terms of the particle L j [56]

radius.
Let us first take a look at the three characteristic times Note that in this calculation the conductivity, cr., is a

of a MH electrode, as in Ref. 12. These are the maximal constant because we assumed that the concentration is
theoretical discharge time independent of x.

Next we assume that the surface concentration of hy-
_________ drogen depends only on time. This is a valid assumption if

[50] the diffusion coefficient of hydrogen is infinite so that it is
reasonably good because t, cc Moreover, we assume

the characteristic time of hydrogen diffusion in the solid that the conductivity of the solid phase is infinite so that
phase

p(t, x) = 0 [57]t= [51] for all t and x. This assumption is not necessarily needed,
but taking the effects of the positive conductivity and

and the characteristic time of the diffusion in the liquid especially the particle size into account would make the
phase calculations more complicated.

By discarding the charge part of the Butler—Volmer equa-
=

[52] tion, Eq. 24, we can write

J 10.5F
As the thickness and the porosity of the MH electrode are — = a(x)kdclh,(t)expi —V

RT (tx))
[58]

kept constant, we have t1 1250 s. For discharge current
densities between 440 mA/cm2 (2C rate) and 100 mA/cm2 where
(C/2.2 rate), 1800s � t,,,,,,, � 7920s. Finally, forR =10 p.mt, = 20,000 s, and for RMH = 0.5 p.m we have t, = SOs. Thus, V(t, x) = —4(t, x) [59]
depending on the discharge rate and on the particle size, the As the left side of Eq. 58 is independent of x, the same
relative time scales of the processes in the electrode vary must hold for the right side as well. Consequently
considerably.

If t, >> tmax, the electrode is limited by the hydrogen dif-
a(x) exp(

0.5F
—————[44t, x) — 4(t, 0)]fusion. In this case the reaction is very evenly distributed RT )

= a(0) [60]
throughout the electrode, especially in the middle stages of
the discharge. This means, for example, that the potential or
loss in the electrolyte does not increase significantly with 0.5Ftime and the reaction overpotential and the polarization a(x) = a(0)expi—
loss dominate. RT [(t, x) — (t,

0)])
[61]

If, however, t, cc t,1={, hydrogen is readily available and Substituting Eq. 56 into the previous equation, we obtainthe potential loss in the electrolyte becomes important. an expression for the surface area density as a function of x
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Fig. 9. Relative particle radius profiles RMH(0)/RMH(x) for various
discharge rates.

0.5FFJL x 1(x2a(x) = cr(O)exp -c- y [62]

From Eq. 1 it then follows that

RMH(x) =
3(1 —

cr(x)

The value of the surface area density at x = 0 is deter-
mined by requiring that that the total surface area be the
same as with a constant 0.5 p.m particle radius. In other
words, we solve the equation

3(1 — e)L =
cx(0)Jexp

2fTIk — 2.
2

d [64]
0.5p.m RTr L 2L

for a(0). The corresponding particle radii at x = 0 for C/2.2
and 1C rates are 1.87 and 11.46 p.m, respectively.

Particle-size profiles for various discharge rates are
shown in Fig. 9. According to the calculations, the particle
size must decrease from the counter electrode if an evenly
distributed reaction is wanted. This is easy to understand:
if the reaction rate density is to be the same at both ends
of the electrode, the larger electrolyte potential loss for the
far end must be compensated by increasing the active sur-
face area density there. This means decreasing the particle
size. Furthermore, we see that the higher the current den-
sity the more the particle size must decrease. For C/2.2, the
particle radius decreases from 1.87 to 0.31 p.m and for the

Even 0.5 pm, c/2.2
- - - Nonuniform, C/2.2,- - - Even 0.Spm, 1C

Nonuniform, 1C

0.2 0.4 0.6 0.8
State of discharge SOD

Fig. 11. Average potential losses in the electrolyte ij1 for even
0.5 p.m particle radius and a nonuniform particle size with C/2.2
and 1C rates.

1C rate, from 11.46 to 0.22 p.m. For the 2C rate extreme
reduction in particle size is required.

In Fig. 10 an electrode with the above-derived nonuni-
form particle radius profile is compared with an electrode
in which the particle size is constant. Both electrodes have

[63] the same capacity and total surface area. Two discharge
rates, C/2.2 and iC are studied. For the lower discharge
current density we see that the cell potentials are very
close to each other. For the 1C rate, however, the utiliza-
tion is about 5% higher for the nonuniform electrode.
Another interesting phenomenon is that the nonuniform
electrode gives a more stable cell potential, that is, the
potential drops only about 55 mV during the first 70% of
discharge when the corresponding drop for the uniform
electrode is about 125 mV.

Figures 11 and 12, showing the average potential loss in
the electrolyte and the uniformity of reaction, prove that we
succeeded in making the reaction more even. The above-
mentioned flatter electrode potential curve for the 1C rate
is a consequence of the less rapidly increasing loss in the
electrolyte.

The reaction overpotentials and the polarization losses
are depicted in Fig. 13 and 14. We see that initially greater
reaction overpotentials are needed for the nonuniform elec-
trode. The increase, however, is compensated by decreases
in other losses. As we suggested earlier, the polarization
losses for the nonuniform electrode are most of the time
lower due to the more even consumption of hydrogen. The
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Fig. 12. Measure of uniformity of reaction M for even 0.5 sm par-
ticle radius and a nonuniform particle size with C/2.2 and 1C rates.

0.2 0.4 0.6
State of discharge SOD

o.e

Fig. 10. Cell potential E for even 0.5 p.m particle radius and a
nonuniform particle size with C/2.2 and 1C rates.
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"0 0.2 0.4 0.6
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Fig. 13. Average reaction overpotentials j, for even 0.5 p.m par-
ticle radius and a nonuniform particle size with C/2.2 and 1 C rates.

most important observation here is that the final steep in-
crease in the reaction overpotential is delayed for the
nonuniform electrode. This results in better utilization.

In general, we note that manipulating the particle size
has greater influence on the electrode behavior when the
current density is higher.

When trying to apply this to bigger particles, we failed,
and it became clear that fast hydrogen diffusion is an es-
sential prerequisite. Here it was obtained by decreasing
the particle size, but for other kinds of electrodes larger
diffusion coefficients in the solid phase may allow bigger
particles. Values of the order of 10-13m2/s for the diffusion
coefficient of hydrogen in MH alloys are reported in
Ref. 13. As this value is about one hundred times larger
than the one used in the simulations, the same relative
speed of hydrogen diffusion would be achieved with a ten
times larger particle radius, 5 p.m.

Conclusions
From the simulation results it is clear that the particle

size affects the electrode performance significantly. More-
over, the importance of the particle size increases with the
discharge rate.

When the particle size is uniform and the conductance
of the solid phase decreases as the particle size decreases,
the optimal particle size increases with discharge rate.

Assuming that the conductance of the solid phase is very
good and independent of the particle size, we showed that
for a given total active surface area, better electrode per-
formance can be achieved by distributing the surface area

r-—-——I - - - Even 0.5 im, C/2.2
Nonuniform, C/2.2,- Even 0.5 tm, 1C

L Nonuniform, IC

0.2 0.4 0.6 0.8
State of discharge SOD

Fig. 14. Average polarization losses for even 0.5 p.m particle
radius and a nonuniform particle size with C/2.2 and 1 C rates.

per unit volume nonuniformly. Especially for higher cur-
rent densities it is advantageous to decrease the particle
size away from the counter electrode, because this yields
higher usage and more stable cell potential. It should be
emphasized that this surface area distribution optimiza-
tion works best for thick electrodes.

Note that it is difficult to manufacture an electrode with
a specified nonuniform particle size. However, approxi-
mating a smooth profile with a layered structure should
produce positive results as well.

Manuscript submitted September 23, 1997; revised man-
uscript received February 13, 1998.

The Helsinki University of Technology assisted in meet-
ing the publication costs of this article.

Greek

LIST OF SYMBOLS
concentration of electrolyte, rnol/m3
initial concentration of electrolyte, mol/m3
effective integral diffusion coefficient of KOH, m2/s
diffusion coefficient of hydrogen in MH alloy, m2/s
integral diffusion coefficient of KOH, m2/s
effective diffusion coefficient of positive ions, m2/s
effective diffusion coefficient of negative ions, rn2/s
diffusion coefficient of positive ions, m2/s
diffusion coefficient of negative ions, rn2/s
cell potential, V
energy density, J/m3
Faraday's constant, 96,500 C/rnol
concentration of hydrogen in MH particles, mol/m3
surface concentration of hydrogen on MH particles,
mol/m3
initial concentration of hydrogen in MH particles,
mol/m3
exchange current density in initial conditions, A/m2
reaction rate density on MH particle surfaces,
mol/m2s
discharge current density, mol/rn2 s
charging reaction rate, m/s
discharging reaction rate, m4/mol s
thickness of MH electrode, m
measure of uniformity of reaction
average power density, W/m3
spatial coordinate in MH particles, m
universal gas constant, 8.3143 J/mol K
radius of MH particles, m
state of discharge
time, s
time when cutoff potential is reached, s
characteristic time of diffusion in electrolyte, s
maximal theoretical discharge time, s
characteristic time of diffusion in solid, s
transference number of positive ions
temperature, K
potential difference between solid and liquid phases
vs. Hg/HgO, V
total potential loss in MH electrode, V
equilibrium potential, V
spatial coordinate in MH electrode, m

surface area density of MH particles, 1/rn
maximal relative charge level
porosity of MH electrode
potential loss in electrolyte, V
polarization loss, V
reaction overpotential, V
potential loss in solid, V
average potential loss in electrolyte, V
averge polarization loss, V
average reaction overpotential, V
average potential loss in solid, V
effective conductivity of solid, S/rn
conductivity of bulk MH alloy, S/rn
contact resistivity coefficient of MH particles, [I m2
effective conductivity of electrolyte, S/rn
conductivity of electrolyte, S/m
effective ionic conductivity of positive ions, S/m
effective ionic conductivity of negative ions, S/rn
ionic conductivity of positive ions, S/rn
ionic conductivity of negative ions, S/rn
electric potential in electrolyte, V
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t electrode potential of MH electrode, V
clN electrode potential of nickel electrode, V
p electric potential in solid, V

integration variable corresponding to spatial coordi-
nate x, m
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Thermocapillary Phenomena and Bubble Coalescence

during Electrolytic Gas Evolution

Scolt A. Guelcher, Yuri E. Solomentsev, Paul J. Sides,* and John L Anderson

Department of Chemical Engineering, Carnegie Mellon University, Pittsburgh, Pennsylvania 15213, USA

ABSTRACT

Oxygen bubbles evolved in potassium hydroxide solution during electrolysis have been reported to be mutually
attractive. A model based on thermocapillary flow and migration can explain the effect. A temperature gradient direct-
ed perpendicular to the electrode's surface into the liquid phase arises during electrolysis on a thin-layer electrode
because of reaction overpotentials on the surface and ohmic losses within the electrode itself. This temperature gradient
acts on a bubble at the electrode to produce a gradient of surface tension that drives flow of the adjacent liquid. Fluid
next to the bubble flows away from the electrode, thus drawing liquid near the electrode laterally toward the bubble. A
neighboring bubble is entrained in the thermocapillary flow and is convected toward the first bubble and vice versa.
Furthermore, the presence of a bubble on a heated surface engenders a temperature gradient with a component parallel
to the electrode's surface; neighboring bubbles undergo thermocapillary migration toward the bubble generating the gra-
dient. Our theoretical model is compared with experimental data, and the agreement is good both qualitatively and quan-
titatively. The mutual approach of pairs of equal-size bubbles on the electrode can be modeled by considering only
entrainment in each other's thermocapillary flow, because thermocapillary migration is unimportant; however, the motion
of a smaller bubble toward a larger "collector" bubble can be described only when both entrainment and thermocapil-
lary migration of the smaller bubble are included in the model.

Infroduction
Bubble coalescence on an electrode surface during elec-

trolytic gas evolution has long been identified as an
important phenomenon.1 Almost 20 years ago Sides and
Tobias2'3 studied the electrolytic evolution of oxygen bub-
bles from the back side of a vertically oriented transparent
tin oxide electrode in alkaline electrolyte and discovered a
characteristic behavior of bubbles they termed "specific
radial coalescence." Large "collector" bubbles appeared
to attract smaller "tracer" bubbles. A sequence of images
from the film of Sides and Tobias demonstrating the effect
appears in Fig. 1. The current density of oxygen evolution
was 5 kA m2, and the electrolyte was 3% (mass) KOH. The
frames were spaced in time by 0.4 ms, and the frame width
was 200 p.m. The bubbles appeared to be on the surface of
the transparent antimony-tin oxide electrode and were
growing away from the viewer. In the first frame, small
tracer bubbles (1—6) surrounded a large collector bubble
(lower left quadrant) in a nearly hexagonal arrangement.
As time elapsed, each tracer bubble moved toward the col-
lector bubble until it eventually coalesced with it. Other
examples of specific radial coalescence appeared in the
same frames. Two medium-size tracer bubbles (7 and 8)
were attracted to another collector bubble and coalesced
with it. In each case, the bubbles moved toward the col-
lector bubble from all points around the large bubble; the
effect therefore was independent of gravity, since gravity
would have moved the bubbles uniformly in one direction.
Furthermore, the effect was probably not due to natural
convection because it was highly ordered; it occurred

* Electrochemical Society Active Member.

spontaneously on the electrode in many groups similar to
the two groups in Fig. 1. This pattern of coalescence was
an important chronologically intermediate step between
single bubble growth and coalescence due to relative
motion of very large bubbles driven by gravity. At about
the same time and independently, Janssen and van
Stralen4 reported similar observations of lateral bubble
motion on a transparent electrode during electrolytic gas
evolution. This specific radial coalescence has never been
explained satisfactorily.

We attribute specific radial coalescence to thermocapil-
lary phenomena, that is, to the effects exhibited when tem-
perature gradients engender gradients of interfacial ten-
sion. The primary temperature gradient in this case arises
from conduction of excess heat away from the electrode
into the liquid; the excess heat is produced by the reaction
overpotentials at the surface and ohmic losses resulting
from conduction within the thin-layer electrode. Thermo-
capillary migration and thermocapillary flow are two
examples of thermocapillary phenomena. Thermocapillary
migration, the motion of bubbles in a temperature gradi-
ent by virtue of a temperature-dependent surface tension,
has been well documented.56 We identify thermocapillary
flow as the liquid motion that occurs when a bubble is
held stationary (for example, by the electrode surface) in a
temperature gradient; the gradient of surface tension of
the stationary bubble forces motion of the liquid.

A schematic of thermocapillary flow appears in Fig. 2a.
Two bubbles are on a wall that is hot relative to the bulk
liquid. The gradient of surface tension of the liquid at the
bubble surfaces, arising from the overall temperature gra-
dient, drives flow of the liquid adjacent to each bubble;
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