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Studies concerning charged nickel hydroxide electrodes.
I1. Thermodynamic considerations of
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In this paper the thermodynamics of mixing are applied to account for the independence of the dis-
charge potential of the nickel hydroxide electrode as a function of nickel oxidation state. The constant
potential region is considered to arise from the formation of a pair of co-existing solid solutions having
a composition predetermined by the magnitude of the interactions between the oxidized and reduced
species. From considerations of the excess-energy terms, it can be shown for a symmetrical potential/
composition profile, that the constant potential region is identical with the standard potential £y. The
influence of asymmetry on the changes in F, are discussed. Consideration has also been made of the
influence of dissociation of oxidized and/or reduced species on the potential determining equations.
The removal of n-type defects from the nickel(Il)-rich phase on discharge is considered to be responsible
for the observed secondary discharge plateau at potentials ~ 300 mV more cathodic than normal. This
non-equilibrium behaviour can be explained in terms of a mixed pn-semiconducting material.

List of symbols
Gg free energy of reaction (J mole™)

E electrode potential at constant G free energy of mixing under ideality
pH(V) (J mole™)

Ey standard electrode potential (V) Gg excess free energy (J mole™)

R the gas constant (J K"'mole™) A, Ayand By interaction energy parameters

F the Faraday constant (C gequiv™") (I mole™)

T the absolute temperature (X) Xu mole fraction of y in co-existing

ay+ proton activity in the electrolyte phase u

a, activity of oxidized species z Xy mole fraction of y in co-existing

ay activity of reduced species y phase v

M+ chemical potential of the proton Yy activity coefficient of undissociated

Ue chemical potential of the electron reduced species y

u standard chemical potential of Yz activity coefficient of undissociated
species z oxidized species z

Uz chemical potential of species z vy mean ionic activity coefficient of y

i standard chemical potential of vi mean ionic activity coefficient of z
species y vy activity coefficient of y in phase u

My chemical potential of species y e activity coefficient of z in phase u

Mg e chemical potential of the proton/ Yy activity coefficient of y in phase v
electron pair ¥y activity coefficient of z in phase v

Xy OI X mole fraction of reduced speciesy [ current (A)

X, mole fraction of oxidized speciesz S cross-sectional area (cm?)

GM total free energy of mixing (J mole'l) L conductor length (cm)
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o? specific conductivity of the electron
(Q'em™)

o specific conductivity of the hole
(Qtem™)

N potential difference across conduc-
tor (V)

Y] proton—electron spatial correlation
coefficient

N number of Ni** ions injected into
Ni(OH),

No Avagadro’s number

1. Introduction

Oxidation of Ni(OH), to the higher oxides occurs
exclusively in the solid state [1]. The very low
solubility of Ni?* in alkaline media precludes
soluble intermediates. Whether or not the oxi-
dation process takes place ‘homogeneously” is
open to dispute, certainly X-ray diffraction,

[2-5] and visual evidence [6-8] are inconclusive
in this respect. If the oxidation and reduction
processes took place within the same phase the
reversible potential would be expected to vary as a
function of the degree of oxidation of the
electrode because of the changing activities of the
species within the solid phase [9]. Whilst this may
be true [10] during the initial stages of oxidation
(up to ~ 10%) several investigators [1, 10, 11]
have shown, for essentially g-phase starting
materials, that for the greater part of the oxidation
process the e.m.f. is independent of the degree of
oxidation of the electrode. Recent measurements
[11] have confirmed previous observations and
have shown that the a-Ni(OH), /y-NiOOH system
behaves similarly. In order to obtain reliable
potential data [11] considerable care must be
taken to avoid cross-contamination between the
various activated and de-activated phases.

Lt. spectroscopic measurements [12-16] have
shown that 8-Ni(OH), gives rise to a sharp band at
3650cm™ characteristic of ‘free’ non-hydrogen
bonded OH™ groups. On charging this band pro-
gressively disappears because of the development
of a hydrogen bonded structure. This is apparent
also from a band for the charged active material at
580 cm™ indicating motion of the hydrogen
bonded linkages relative to the nickel sites.
Because on discharge of - or y-NiOOH the sharp
OH band reappears, this has been taken to support

the presence of discrete §-Ni(OH),, i.e. a hetero-
geneous reduction process. If the discharge
involved formation of extensive solid solutions
then solvent-solute interactions should be seen
and this would be manifest in either a shift or a
broadening of the 3650 cm™ band and additional
combination bands.

The purpose of the present paper is to provide
further understanding of the nature of the pro-
cesses which cause the independency of reversible
potential with degree of oxidation over wide limits
for the nickel hydroxide electrode.

2. General considerations

The operation of metal oxide cathodes can be
described by the general equation

z+nH " +ne >y

(1)

where for the present case z is NiOOH and y is
Ni(OH), and the number of electrons transferred
nis 1. In this interpretation the function, in the
cathodic reaction, of the metal hydroxide (oxide)
is to provide a sink for electrons coming from the
outer circuit and protons from the electrolyte. A
general Nernst relationship for Equation 1 can be
written for the potential £! using hydrogen as the
reference electrode as:

RT RT
B = B+ In(@lay) + ey ()

where Ej is the standard potential. a,, a, and ag+
are the activities of z, y and H' respectively, R is
the gas constant, F, Faraday’s constant and 7 the
absolute temperature. At constant pH Equation 2
reduces to

E= Bt @) G)
where E = (E* — constant).

In simple treatments the system is considered
to behave homogeneously and in the ideal case the
activity terms are replaced by mole fractions of
species z and y, respectively. Clearly such a simpli-
fication is untenable where the e.m.f. remains
invariant over a wide range of composition. The
problem resolves into one of deciding on
expressions to be used for the activity terms for y
and z in Equation 3.

It will be shown that the change (or invariance)
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of potential with degree of oxidation can be
considered as resulting from the free energy
changes which take place as a consequence of
mixing of the oxidized and reduced species in the
solid phase. In the operation of metal oxide/
hydroxide electrodes at ambient temperature the
mixing occurs indirectly via the movement of
protons and electrons. For thermodynamic pur-
poses these processes must be regarded as occuring
sufficiently rapidly so that equilibrium can be
maintained. Recently Atlung [17] has discussed
the useful concept of the chemical potential of
the proton-electron pair ug . Accordingly the
electrode potential can be shown to be given by:

E = —%(um+ue) = l(uz—#y)- 4

'
Thus whether the electrode is considered from the
standpoint of the movement of proton—electron
pairs or the mixing of y and z leads to the same
conclusion.

3. Thermodynamic considerations of mixtures
and the Nernst equation

In order to develop equations to describe the
electrode potential as a function of degree of
oxidation, thermodynamic considerations of
mixtures are required. These have been thoroughly
established by the extensive work of Hildebrand
[18], and Guggenheim [19]. For the present
treatment the oxidized and reduced species will

be treated as undissociated components, analogous
to mixtures of non-ionic organic liquids. Later, in
Section 9, the influence of dissociation will be
considered separately.

The mixing model is based on the consider-
ations of the changes in free energy on mixing two
species y and z in a solid solution from xy of O to
1 where x is the mole fraction of y. If the system
is assumed to be ideal then the total free-energy
Gy is given by the sum of the total free energy of
reaction Gg and the free energy due to mixing
G1. For most real systems interactions exist
between the molecules or ions in the solid and a
third correction term for the so-called excess
energy Gy must be added. The excess energy can
show either positive or negative deviations from
ideal behaviour. It can be shown [18] that the
various quantities are given by the expressions as

follows:

(5)
RT[(A —xy)In (1 —xy) +xy Inxy] (6)
RT[(1 —xy)Iny, +x, Invy,] (7

where uJ and p are the standard chemical poten-
ials of z and y respectively and v, and vy, are the
activity coefficients of z and y respectively, noting
that;

Gp = (1 —xy)ul + xyhs3
GI =
Gg

xy tx, = L

)

Expressions for v, and v, have been proposed by
Margules and also Van Laar [17] and in the
simplest case (see also Section 5) reduce to:

A

Inyy, = ﬁ(l -x2 )]
A

In Y, = Ex?, (10)

where A is a constant. Similar expressions can be
derived from the statistical mechanical methods of

Guggenheim [19]. Since

and substituting Equations 9 and 10 into Equation
7 this leads to:

Gy = (1 —xy)uy + xyuy
+RT[(1 —xy) In (1 —xy) + xy Inx,]

A 2
+RTL;—7: (xy—xy)}. (12)

On differentiation of Equation 12 and putting
Xy =X

dGy o 0 x
M - —_ +
o Myl RTln(l_x)
-!—RTi(l—Zx) 13
RT (13)
since d_GM — FE
o - " (14)
o__,0 —
o [(uz B RT [ @ X)J
nF nF X
RT[ A4
+__ _ J—
oF [RT(Zx I)J. (15)
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Equation 15 is a form of the Nernst equation
which takes into account departure of the electrode
from ideal behaviour. Equation 13 can be used
further to determine the conditions under which a
homogeneous solid solution of y and z would
separate into co-existing solid-solution phases. On
differentiation of Equation 13

PGy 1 24
x? RTI;X(I —x) RT} - (9

It is clear that Equation 16 can take up negative
values for certain A/RT. If a two-component
mixture of y and z is to remain thermodynamically
stable then (d%Gy/dx?) = 0. If (d2Gy/dx?) is
negative the mixture can no longer exist as a single
phase [18]. Because for the simple case in point
the Gy function (Equation 7) is symmetrical, the
critical point for phase separation is found when
(d2 Gy /dx?) = 0 and x = 0-5. On substitution of
these values into Equation 16 clearly 4/RT = 2.
Thus when A > 2R T phase separation must occur.
This conclusion is drawn by Guggenheim [19].

If separation occurs into phases u and v there
exist mole fractions x,, and x, such that:

py(T, x) = py(T, x,) (17
and uo (T, x) = pT, x) (18)
but pS(T) + RTIn (1 —x, 8
= w(M+RTIm(—x): (19
and
(1) + RT Inx7y = pS(T)+RTInx,7y.
(20)

Substituting the expressions for v, and v,
(Equations 9 and 10) in Equations 19 and 20 gives

4 A
n(—x)+—=x% =In(l—x)+-x2

RT RT
and ey
4 A4

4 — 2 aleiiy — 2

Inx, RT (1 —x9 mx"+RT {1—x)
22

hence
X _ Al ey

mxV RT (1—x)* —(1—xy) ] (23)

If Equations 9 and 10 are symmetrical with

xgtx, =1 24)

then Equation 23 reduces to:

A _n[xf—x)]

RT (2%, — 1) (25)

Equation 25 can be used to evaluate the value of
A/RT when the composition of the separating
phases u and v are known. A direct consequence of
the system separating into co-existing phases u and
v is that the potential remains constant whilst
these two phases are present. Furthermore all
solid solutions which separate between the limits
defined by Equations 24 and 25 are mixtures of
the two co-existing phases having defined com-
position.

The Nernst relationships for the two phases
can be written as follows:

for phase u
0,0 - u
P = (y —1y)  RT, (1 —x0)v; 26)
RE O nE T (ear?)
for phase v 00 R .
- T x
p=Wat) RT, X0 ;o @N
nkF nF (1 —xu)y
Clearly from Equations 26 and 27
1—x. )08 y
( uu)vz = Tl (28)
XuYy (1 —xu)'Yy

From Equations 9 and 10 further observations
regarding phases v and v may be drawn thus

4
Yz = exp R_T(l —xu)z} (29
v A
Y = €Xp Nk_Txfx] (30)
v oo —A 2
Yy = exp _RTX“} 3D
v 4 2
Yy = exp fz—T(l —Xy) (32)
hence }
Y2 = Ty (33)
and u Y
Yz = Ty- (2]
Thus Equation 28 can be rewritten as:
l — M u
( xuu)')'z = xu7y - (35)
XuTly (1 —xu)7z
hence &-:2:‘;—)75 =1 (36)
XuYy
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(g — 1)) _
nkF

so that E = (g —

= E,. 37
This clearly shows that the constant potential
defined by Equations 26 and 27 is in fact identical
with E,. It should be emphasized that this is only
true if the G function is symmetrical. However, it
will be shown that very large levels of asymmetry
are needed to shift the constant potential from the
E, value. Equation 36 shows that although the
ratio of activity terms is unity, the activities of the
separate components are not unity.

Fig. 1 shows plots of Equation 15 for various
values of A/RT. The curve for A/RT = 0 represents
‘ideal’ behaviour and corresponds to the simplified
Nernst equation where mole-fractions are used to
replace the activity terms. In this case no inter-
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Fig. 1. Plots of (F — E ) versus x using £ — E,
(RT/nF) [In (1 ~x)/x + (A/RTY(2x — 1)] for various
values of A/RT.

actions are present between the oxidized and
reduced species and the system obeys Raoult’s
law. Values of A/RT of 1 and — 1 depict
respectively positive and negative deviations from
ideality. The curve with A/RT = 2 is a special case
representing the borderline between a single-phase
and a two-phase system. When 4A/RT becomes 3
phase separation has taken place with x,, = 0-07
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Fig. 2. Plots of (Gg + Gy), d(Gg + Gp)/dx and
d*(Gg + Gp/dx? asa function of x for various values of
A/RT.
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and x,, = 0-93, and the potential remains con-
stant at F, between these composition limits. The
parts of the curve given in Fig. 1 for A/RT =3
shown in broken lines represent non-equilibrium
behaviour.

Clearly Equation 15 can be used to generate
potential-composition profiles for electrodes
having undissociated components showing either
homogeneous or heterogeneous discharge charac-
teristics, When viewed in this way the differences
in electrode behaviour are seen to be consequences
of interactions between the oxidized and reduced
species present.

It is of interest to consider the variation of the
component energies which give rise to the
potential-composition behaviour seen in Fig. 1.
Neglecting for the present the reaction energy Gy,
Fig. 2a-c shows respectively Gy + G,
d(Gg + Gy)/dx and d*(Gg + Gy)/dx? plotted as a
function of x. The electrode potential variation
is developed as a consequence of the d(Gg + Gy)/dx
function (Equation 13), whilst the conditions for
equilibrium are established by d2(Gg + G;)/dx?
(Equation 16). For example the fact that
A/RT = 2 is the critical point of phase operation
can be seen from Fig. 2¢c where the minimum
occurs at precisely zero. The negative regions for
the d*(Gg + Gy)/dx? term describe the regions of
instability. For the heterogeneous case with
A/RT = 3, two metastable zones for x, from 0-07
to 0-21 and from 0-79 to 0-93 exist corresponding
to the maxima and minima (part of the broken
lines) in Figs. 1 and 2b. These are thermodyn-
amically allowed regions but under equilibrium
conditions not accessible. The negative values of
d%(Gg + Gy)/dx? correspond to regions of
absolute instability.

4. Application to the 8-Ni(OH), /f-NiOOH
electrode '

Previous investigations [11, 20] have indicated
that it is only the y-phase oxidized material which
contains K* ions. This provides a means of esti-
mating the level of y-phase contamination in
B-phase oxidation products particularly when
X-ay measurements are insensitive at the 20%
level. Accordingly it may be deduced that during
the oxidation of §-Ni(OH), to f-NiOOH the
process terminates at a mole fraction of nickel

hydroxide near x = 0-25. Beyond this point the
potential changes to allow oxidation of §-NiOOH
to v-NiOOH to proceed at a significant rate in
addition to oxygen evolution, It is thus reasonable
to conclude that this point also corresponds to an
oxidation limit in the -phase systems [11]. In
reality the precise limits are still uncertain because
the Ni(OH), electrode may not change uniformly
throughout its bulk, since discrete uncharged
Ni(OH), may remain uncharged particularly at
low states of total charge.

In the absence of further data, values of x,, of
0-25 and x, of 0-75 will be (arbitrarily) chosen.
From Equation 25 4 can be deduced as 2-2 RT.
Fig. 3a shows the variation of the activities of the
Ni(OH), and NiOOH as a function of x. These
values have been derived from Equations 9 and 10.
Figs. 3b and ¢ show the variation of (Gg + Gy)
and (F — E,) as a function of x. Clearly the
proposed model will account for the invariance of
the e.m.f.—composition curve between mole
fractions of nickel hydroxide of 0-25 and 075 as
observed experimentally [11]. It should be noted,
however, that towards the limits of oxidation and
reduction the e.m.f. changes sharply with x.

Fig. 3b demonstrates that the energies giving rise
to phase separation are small (~ 0-4 kI mole™).

Conway and co-workers [10] considered that
the potential of the nickel hydroxide electrode
was held constant for states of charge between
10% and 55% by a surface layer of constant
composition superimposed on a hysteric bulk
reaction. In the present treatment the potential
is considered to be fixed by pairs of co-existing
solid solutions.

In a review of the nickel hydroxide electrode
Milner and Thomas [1] have discussed the con-
clusions from a simple statistical mechanical treat-
ment based on those of Bragg-Williams [21] and
Guggenheim [19]. However, this model was
invoked principally to explain the hysteresis
between the charge and discharge processes by
considering interactions between the oxidized and
reduced species rather than as an explanation for
the heterogeneity of the reversible potentials.
Because the interaction model used by Milner and
Thomas [1] is basically the same as that used in
the present work, the equivalent criteria can be
deduced regarding the conditions for phase separ-
ation. In the light of previous studies [11] it
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Fig. 3. Plots of activities, Gg, Gy, (Gg + Gy) and (B —E,)
against x for a 8-Ni(OH), /g-NiOOH electrode with

A/RT =22,

appears that the apparent hysteresis between the
charge and discharge reactions arises largely from
the presence of a range of ‘activated’ and ‘deacti-
vated’ oxidized and reduced phases having dif-
ferent £y values but clearly defined alkali and
water contents.

5. Extension of the basic treatment

By using more complex expressions for vy and v,,

incorporating two interaction energy parameters
Ay and By it is possible to account for the asym-
metry in the Gg function and also the potential-
composition profile. Expressions for v, and vy,
derived from Van der Waal’s theory have been
proposed by Van Laar [18]

A3
I = 38
"y (xz + BIxy)2 ( )
ABx? 39)

Iny, = —LY¥Y
7 (xz + ley)2

The expressions used previously, Equations 9 and
10, are merely special cases of Equations 38 and
39 with Ay = A/RT and B; = 1 (taking note of
Equation 8). The complete Nernst equation now
becomes at constant pH:

P = (#2 —.ug)
nF

‘ R_T{ln (=%, AfBe? —1+2x —xz)]

nF x (1 —x + Bpx)*
and (40)
d(Gg +Gy)
— T
RT I —* _ABp® —1+2x—x%)
(1—-x) (1 —x + Bx)*
(41D
On differentiation of Equation 41
d*G | 248
M = RT — =
dx x(1—x) (1—x+Bx)
(42)

From the condition for phase separation as
described previously and using Equations 19 and
20 in conjunction with Equations 38 and 39 the
constants By and A; can be evaluated thus:

By=

2K(xu + Xy T XXy ™ 1) - (xv + Xu + quxv)
(quxv) - K[2xuxv - (xu + xv)]

n(i=2)/m ()

(43)

(44)
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In (xy/%y)
(1—x,)° (1—x,)
[1+@B— D% [1+B— x,]?
(45)

AI=

The use of these more complex expressions with
two adjustable parameters Ay and By is only justi-
fied if the compositions of the co-existing phases
u and v are known with certainty. In the case of
the nickel hydroxide system this is doubtful and
Equations 40, 44 and 45 have little practical appli-
cation. Nevertheless consideration of the effect of
asymmetry on the Gg function is of some signi-
ficance because of its effect on £. The mathe-
matical condition for phase separation arises
whenever it is possible for a straight line to be
drawn such that it is simultaneously tangential

to the free energy curve at two points. As pre-
viously discussed for a symmetrical Gg function
the tangent line is horizontal at the minima such
that E = E,. However, for a non-symmetrical

Gg curve the tangent line is not horizontal and the
points of contact are not at minima on the

(Gg + Gy) versus x curve, hence £ # Ey.

6. Application of the extended treatment to
a-Ni(OH), /y-NiOOH

In order to provide an illustration of the operation
of the extended theory it is necessary to assign,
albeit in a non-rigorous way, reasonable values for
the composition of the phases u’ and v'. Previous
equilibrium potential measurements have shown
that the a-Ni(OH), /y-NiOOH system gives a well-
defined heterogeneous potential composition
region like the corresponding f-phase system. As
discussed in the previous paper [11] the y-phase
(phase V') will be considered as being composed of
Ni2* and Ni** ions having an oxidation state of
3-67. Similarly, from the dependence of reversible
potential with KOH activity, phase U’ can be
deduced to have an oxidation state of 2-25. These
oxidation states lead to values for x,, and x, of
0-875 and 0-167 respectively. Fig. 4a shows the
variation of the activities of the components
Ni(OH), and NiO, as a function of x for the a/y
phase system. These values have been derived from
Equations 38 and 39. Figs. 4b and ¢ show the
variation of (Gg + Gy) and E respectively as a
function of x. The parameters Ay = 2:37 and
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Fig. 4. Plots of activity, Gg, G, (Gg + G) and (E — E,)
against x for an «-Ni(OH), /v-NiOOH elecirode with
Ag = 2-37 and By = 0-90.

By = 090 were evaluated from the values for x,,
and x, using Equations 43 and 45. It is clear from
Fig. 4c that moderate levels of asymmetry do not
shift the horizontal potential region appreciably
from Ey. The difference is of the order of 2mV
and is within the experimental error of the revers-
ible potential measurements [11].
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7. Model to describe the secondary discharge
plateaux

In a previous paper [20] attention was drawn to
the manifestation of a secondary discharge plateau
at potentials 300 to 500 mV more cathodic than
the normal operating potential. The development
and maintenance of relatively high n-type semi-
conductivity in the initially low conductivity
p-type Ni(OH), starting material is crucial to the
operation of the electrode. During discharge
attempted removal of Ni3* defects in phase U can
lead to premature failure [11, 20].

The active material present in a sintered plate
electrode can be described in terms of a mixed p—n
conductor in which n-type conductivity normally
predominates. The current-voltage characteristics
of such a material can be described by an equation
of the type [22, 23]:

S RT

1= 7 {o2[1 —exp (= nF/RT)]

+ of [exp (nF/RT) — 1]} (46)

100 -

SPECIFIC CONDUCTIVITY .

fopa =

where I is current, n potential, 62 and oY the
specific conductivity of electrons and holes and
R, T and F have their previous significance. The
quantity, S, is the area of contact between the
active material and the current collector and L is
the distance from the current collector to the site
of the reaction. In order to describe conductivity
changes which take place during charging and dis-
charging of a 8-Ni(OH), /8-NiOOH electrode, it is
necessary to have values for 02, 0%, Sand L asa
function of oxidation state. None of these quan-
tities are easily accessible and it is necessary to
assume ¢ priori that ¢9 and o) vary with oxidation
state as shown in Fig. 5. For the purpose of
illustration of, is considered to be invariant over
the oxidation range 2-0-2-75 having the same
value as for B-Ni(OH), ,i.e. 107* Q7' em™ [24].
It is assumed that 02 varies in proportion to the
number of Ni** ions injected into the Ni(OH),
lattice then:

N
log 02 « log (]—V—) 47

[

ol |

1078l

l 1 J |

Oh |

Fig. 5. Suggested electron and hole

¢

i i

2.0 2.1 2.2 2.3 2.4 2.5 2.6
NICKEL OXIDATION STATE

conductivities, o, and oy, as a function
of nickel oxidation state at 25° C.
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where N is the number of Ni®* jons per mole of
active material and N, is Avogadro’s number.
According to Sagoyan et al. [24] the specific
conductivity of the oxidized positive active
material is in the range 0-01-0-15Q ecm™. In
Fig. 5 the values for 02 for phase V (Ni?"7**) and
phase U (Ni?>'%5*) are taken to be 107! and
3x107* Q7" cm™ respectively. The discontinuity
in conductivity when phase separation occurs at
nickel oxidation states above 2-25 is simulated by
assuming a parallel resistor network for com-
ponents U and V. By using the values of 62 and
o} deduced for each oxidation state Fig. 6 may be
constructed where the value of S/L is fixed at

10® cm. Because concentration polarization effects

205

106 -

105 |-

, OXIDATION STATE)

are small compared to the voltage changes caused
by conductivity changes, the former can to a first
approximation be disregarded from the present
treatment.

During discharge, for values of n >0:1V

Equation 46 simplifies to:

S RT

T [0} exp F/RT) + o2].
(48)

I discharge —

When off <02, the current due to electrons
reaches a plateau at a value of (SRT/LF )02 until
the hole current (which varies exponentially with
n) takes over the conduction process. Fig. 6 shows
the characteristic shape of the n versus / curves
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arising from the different conductivities of elec-
trons and holes for the active material in various
states of oxidation. Secondary discharge plateaux
[20] arise in practice as a consequence of the dis-
charge of active material having a nickel oxidation
state below about 2-25 (phase U). The way in
which these arise can be seen by examination of
Fig. 6. At the C/1 discharge rate (dashed line in
Fig. 6), it is clear for active material having an
oxidation state = 2-3 that discharge will take place
near to the equilibrium potential value (i.e.

7 =0mV). On the other hand for oxidation states
< 2-25 discharge would be displaced cathodically
by at least 640 mV. At high cathodic potentials
the hydrogen evolution reaction dominates the
shape of the real current-potential curves and is
not considered in the present simplified model.

It is clear from Fig. 6 that the S/L term is
important with regard to establishing the mini-
mum oxidation state which can be reached with-
out manifestation of a secondary discharge step.
For example, if /L were increased to 105 the
minimum oxidation state could be lowered to 2-1
before emergence of a secondary plateau. Thus by
improving the integrity of the contact between

L00

the conducting matrix and the active material and
by increasing the number of the peripheral contact
points the ‘residual capacity’ can be minimized.

On charge no secondary step is expected
because the charge carrier is predominantly the
electron, i.e. 09 > 6%. As a result Equation 46
simplifies to:

SRT
= — 0% exp (—n/RT).

LF (49)

I charge

Curves of i versus / for the charge process at
various states of oxidation are shown in Fig. 6.

The behaviour of phase U is in some respects
analogous to the rectifying action of heavily-doped
semiconducting materials, i.e. small voltage drop
when forward biased (charge direction) but a large
voltage drop when reverse biased (discharge direc-
tion). The proposed model can be used to construct
idealized curves for the discharge of a 8-Ni(OH), /
B-NiOOH electrode at various rates in the region of
the secondary plateau as illustrated in Fig. 7. This
diagram compares remarkably well with the general
shape of the experimental curves observed pre-
viously [20].
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Fig. 7. Secondary discharge plateaux predicted from Fig. 6 for the 8-NiOOH/8-Ni(OH), electrode.
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8. Estimation of free energy changes

Previous e.m.f. measurements [11] have shown
that the F, values for various ‘activated’ and
‘de-activated’ nickel hydroxide/oxyhydroxide
systems are as given below:
‘activated’ a-phase (U7 )/y-phase (V7),
E§, 1-3179 V versus NHE
‘de-activated’ a-phase (U,)/y-phase (V}),
Eg, 13663 V versus NHE
‘activated’, f-phase (U*)/8-phase (V*),
Eg,1-3688 V versus NHE
‘de-activated’, B-phase (U)/B-phase (V*),
EP, 1:3961 V versus NHE.
The total free energy of mixing, Gy is given by
Equations 11 and 12. However, because the free
energy of reaction, Gy is of the order of

— 500kJ mole™ and the other terms are only
about 1kJmole™ the free energy varies linearly
with the mole fraction of nickel hydroxide, x, to
a very close approximation. Thus by knowing the
standard free energies of formation of § and
a-Ni(OH), together with the oxidation states of
the co-existing phases, Fig. 8 can be constructed.
The standard free energy of formation of
8-Ni(OH), is taken as — 452-7 kI mole™ [25],
whilst Bode [2] has shown the free energy dif-
ference between & and 8-Ni(OH), to be
14-2kImole™. The oxidation state of phases U,
U*, Uy and U7 is taken to be 2:25 whilst that of
V* is 2:75 and of V7, 3-67.

It is of interest to compare our estimates of the
free energies for phases V* and V7 (i.e. B-NiOOH
and y-NiOOH) of — 5537 and — 679-3 kJ mole ™
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| —— ¥ _NIOH); Fig. 8. Free-energy level diagram for
[-466.91 the various nickel hydroxide—
—— B-Ni(OH]; oxyhydroxide phases. Asterisks

-450 1-452.7)

denote ‘activated’ phases.
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with those of other workers. Values for 8-NiOOH
have been given as — 565-2kJ mole™* by Hodge
etal. [26],— 707-94kJ mole™ by Pourbaix [27]
and — 542-61 kJ mole™ by Latimer [25]. Values
for the y-phase have not been reported previously
in the literature. Clearly the values obtained in this
investigation for the S-phase are in reasonable
agreement with those generally found in the litera-
ture in spite of the fact that mixed /vy phases are
likely to have been present in the earlier work.

In deriving Fig. 8 it has been assumed that
electrochemical oxidation always leads to an
‘activated’ product i.e. V¥ or Vi. Some justifi-
cation for this approach can be found from the
observation that the Eg values decrease if the
charged active material is allowed to age at an
elevated temperature [11]. Thus it is highly likely
that the energy level diagram is more complex
than that given in Fig. 8 because ‘de-activated’
oxidized phases V and V; would also need to be
considered. Information is not available for these
materials at present.

It should be emphasized, as discussed pre-
viously [11], that an extensive range of ‘activated’
and ‘de-activated’ reduced phases are likely to
exist leading to a band of free energy values rather
than discrete absolute values.

9. Influence of dissociation of the oxidized and/or
reduced species on the equilibrium potentials

In Section 3 equations were derived which tacitly
assumed that the oxidized and reduced species
were always undissociated in character. Evidence
has been provided recently to indicate the possi-
bility of dissociation in the y-MnO, /MnOOH
system [29] and in the hydrogen tungsten bronzes
[30, 31] WO3/H,WO;. It was considered import-
ant therefore to extend this concept to the
B-Ni(OH), /8-NiOOH system. The influence of
ionization is revealed from a consideration of the
limiting slopes for dilute solid solutions of the
oxidized and reduced species. Under these circum-
stances the activity coefficients can be regarded as
approaching a constant value. In order to establish
viable equations some care is needed in deciding
upon the dissociation mode for the components.
Since the proton is the only species which has
significant mobility at room temperature it is
reasonable, by anology [29, 30] with
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WO, /H,WO,, to postulate simple binary ioniz-
ation processes as follows:
Ni'(OH), = Ni'OH)0™ + H* (50)
Ni'"0(0OH) = Ni™l00~ + H*. (51)

These in turn can be shown to give rise to the
following Nernst equations (at constant pH).

9.1. Case 1

When both Ni(OH), and NiOOH are associated
then the potential is given by:

RT  «
(E'_Eo) = ;lFln“‘Z"

T, 0

. (52
Yy HF x (52)

When x — 1 or O the limiting slope for (F — E;)
versus log (1 —x)/x is 59 mV/decade, since the
terms incorporating the activity coefficients (v,
and vy) tend towards a constant value. Equation
52 is merely a different form of Equation 2
describing the behaviour for an infinitely dilute
solid solution showing ideal behaviour.

9.2. Case 2

If NiOOH is considered to be a completely dis-
sociated solute in associated Ni(OH), solvent then
the potential can be shown to be given by:

RT

2’ RT (1—x)
(E—Ey) = —F—ln@+—ln( x)
n

vy nF x(2—x)
(53)
If x — 0 this would give a limiting slope for a plot

of (E — E,) versus log (1 — x)/x of 59mV/decade
and for x = 1 of 118 mV/decade.

9.3. Case 3

If NiOOH is associated and the Ni(OH), completely
dissociated then the potentials are given by

RT —x?
RT | Y +§_T_ (1 X)'

E—F,) = ~
( o) nF  (vy)? nF e

(54)
This system behaves as the inverse of case 2,
namely that the limiting slope for a plot of
(£ — E,) versus log (1 —x)/x tendsasx —~ 0 to
118 mV/decade and as x = 1 to 59 mV/decade.
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94. Case 4

If both Ni(OH), and NiOOH are completely dis-
sociated then the potentials are given by

RT, () RT  (1—x)

nF n( 3P nF X
(55)

Plots of (E — E) versus log (1 — x)/x always tend
to 118 mV when x - 1 or 0.

(E—Eo) =

The only experimental data available relates to
nickel hydroxide at low states of charge i.e. where
x = 1. In practice valence states above Ni®>'” in
the S-phase system are difficult to study because
of contamination [11] by the y-phase. From the
data of Conway and Gileadi [10] it is clear that as
X = 1 a limiting slope of ~ 59 mV/decade is
indicated, consequently cases 1 or 3 could apply.
In view of the likelihood that neither NiOOH or
Ni(OH), are strongly acidic an associated model
case 1 is preferred. Chemical evidence suggests
that Ni(OH), is distinctly basic in character and
as the acidity of the proton generally increases
with increasing state of oxidation it is unlikely
that NiOOH in dilute solid solution is less acidic
than Ni(OH),. Clearly the 8-Ni(OH),/8-NiOOH
system differs from those of v-MnQO,/MnOOH [29]
and WO;/H,, WO; [30, 31] where dissociation is
manifest. The 8-Ni(OH),/8-NiOOH couple
resembles more the undissociated behaviour dis-
played by the §-MnO,/MnOOH system [29].
There is a greater possibility that the a-Ni(OH),/
v-NiOOH system may show the presence of
dissociation. Unfortunately there are no experi-
mental data available which have bearing on the
subject. Again because of a limit in the oxidation
state for the y-phase, information relating to cases
where x -> 0 is inaccessible, However, it might
be possible to distinguish between cases 1 and 2,
using data at low states of charge where x > 1.

In the case of the §-Ni(OH), /3-NiOOH cathode
the concept of co-existing solid solutions is of
prime importance for establishing the source of
the reversible potential over the greater part of
the oxidation/reduction range. Accordingly the
influence of dissociation when marked deviations
from ideality clearly exist is only of secondary
importance. It is interesting to note that an

equation of the form of Equation 56 derived from
statistical thermodynamics [31]

a- x)A

E—E0+——l,l/1 —(2x—1)

(56)
can be used to describe the behaviour of non-ideal,
ionic solid solutions where the minority (reduced
species) is dissociated in the host (oxidized)
lattice. If the proton and electron pair have close
spatial correlation [31] then ¢ = 1 and Equation
56 relates to undissociated oxidized and reduced
phases and is identical to Equation 15 previously
derived. If, however, the proton and electron do
not have close spatial correlation then ¢ = 2 and
the reduced phase can be considered as dissociated
in the oxidized phase (case 3 behaviour).

It may be noted that the thermodynamic
criterion for dissociation of the proton in the
oxidized or reduced phase may not necessarily be
a general guide to cathode suitability. Kinetic
factors concerning the mode in ‘which the proton—
electron pair move are of obvious importance.

_Clearly the modes of proton transport in y-MnO, /

MnOOH and $-Ni(OH), /NiOOH are likely to be
different because both materials function as high
rate cathode materials. It is interesting to note that
the Ni(OH), /NiOOH electrode shows a similarity
to the o/B palladium hydride reference electrode
[28] which also utilizes co-existing phases to fix
the equilibrium potential.
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