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The measured data of equilibrium and rest potentials of higher nickel oxo compBufcsnverted
for 25 °C anday,0 = akon = a4, = 1.0) selected in the range of the overall oxidation number
2.0 <z < 3.6, were newly evaluated with the aid of a simplified model of the quasi-binary ¢
solutions Ni(OH)/Ni(OH), assuming unlimited miscibility. It was found that the dependen& oh
the composition of the redox system can be described by a Nernst equation in the entire zgng
investigated, where the activity coefficients of individual components are expressed by relatio
regular solutions. The so calculated activities of considered components showed positive de\
from the ideal behaviour of the solid solutions. All results obtained were discussed in more
assuming the non-existence of Ni(lll) oxo compounds in such solid solutions.
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Our previous study of the thermodynamics of higher solid nickel oxo compbhiads
shown that the evaluation of critically selected data from different adthéos the
equilibrium and rest potentials of higher nickel oxo hydroxo compounds in the ran
the oxidation numbeg,; = 2—-3.6 was in good agreement with the simple model
non-ideal solid solutions of Ni(OH@and NiG,. x H,O (x = 1-2) with unlimited misci-
bility. In conformity with the increasing electrical conductivity of these systems \
rising oxidation numbeg;, it was assumed that non-conducting Ni(@id)present in
a completely undissociated form, whereas Ni® H,O is completely dissociated int
the first stage according to the scheme

NiO, . xH,0 — H + NiO,.(x — 1) H,O . OH . @

A similar model among others had been used earlier by Barnard and coffokéns
same system in the rangezf = 2.0-3.0 with NiOOH as the oxidized form.

In order to determine quantitatively the non-ideal behaviour of this system ir
range ofz,; = 2.0-3.6, the dependence of the activity coefficients of individual con
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nents {.e. Ni(OH), and NiO, . xH,0) on the overall composition of the system w
expressed in a first approximation by an empirical relation according to Margules
purely empirical treatment of measured data led to the following thermodynamic
for the reversible course of the simplified electrochemical overall reaction

NiOy.XH,0 + H, £ 2 @ = Ni(OH) + xH,0O . @

E %)= 1.3250 V and\G %= —255.68 kJ mot at 25°C (ref!). These values were use
to determine the following values of the hypothetic substance NiB,0 at 25°C:
AGP = —202.02 — 237.14dkJ mot?, so thatAGP (Ni(OH),) = -637.30 kJ mol, and
furthermoreAH? (Ni(OH),) = —844 kJ mott and thusS’ (Ni(OH),) = 139 J mott K.

The interaction constark = 4 866.7 J mol (ref.l), characterising the non-idee
behaviour of the system under study, gave a critical temperatiis=o/2R = 292.7
K. This value, denoting the limiting temperature below which solid solution separ
into two phases with different composition can take pfacgas slightly below the
average measurement temperature®@p This result could be regarded as support
our idea that in this system solid solutions with unlimited miscibility of both m
components in the whole measured range,pf 2.04-3.6 were present. On the co
trary, Barnard and coworkérdexplained the almost constant values of reversible
rest potentials of this system in the rangegt 2.25-3.0 by the co-existence of tw
separated phases containing nickel in higher and lower states of oxidation.

The insertion of alkaline cations into the lattice with higher oxidation numbe
nickel — mostly in the range af; = 3.0 (ref®), was not taken into consideration in tt
calculations for the sake of simplicity. In our opinion, however, this phenomenor
be regarded as a partial neutralization of the acidic Ni(IV) componenpartial ex-
change of alkaline cations with the dissociated protons of the solid solution, and
an intercalation.

However, the purely empirical evaluation of measured'ddaas not sufficiently
satisfy the theoretical requirements, because the value pzwr(dazldxz) # 1 (where
a, represents the total activity ang the mole fraction of the Ni(IV) componerite.
NiO, . x H,0). It was therefore attempted here to evaluate the same data (see Tal
ref1) with the aid of a modified model corresponding more to the theoretical req
ments.

CALCULATIONS

The new evaluation of measured data of the equilibrium and rest potentials of |
nickel oxo hydroxo compounds in the range of the oxidation number 20<3.6

(converted for 28C andayoy = ayo=ay = 1.0, see Table 1 in réj.was based on the
simplified assumption that the solid system — irrespective of the possible presel
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alkaline cations agy > 3 — can be represented as a solid solution of Nif@iAY
Ni(OH), with unlimited miscibility. In such a quasi-binary mixed hydroxide system,
anionic sublattice may be regarded as consisting only of iOhs$, irrespective of the
form in which the individual components can be transferred into agqueous solutic
that their anion mole fractioy— = 1.0 irrespective of the actual oxidation numigr
in the entire theoretically possible range of 2.8 4.0. However, the total numbe
of OH™ ions increases per mole unit of the redox system with rising oxidation nul
z;- In accordance with the oxidation numbzgy, and irrespective of the possible di:
sociation scheme of Ni(OKpr Ni(OH),, the cationic sublattice is formed by?Nand
Ni4* whose spatial distribution can obviously be regarded as random. Under thes
ditions, the following relations for regular solutions derived for analogous solid <
tions of mixed oxide systertfs'!can be used. They describe the dependence of
activity coefficients of the individual main components on the composition of the
ideal quasi-binary system:

logy, = (A/(2.3RT)X3 3)
and
logy, = (A/(2.3RT))(1 — X))* , 4

wherey; and X; = 1 — X, represent the activity coefficient and the mole fraction
Ni(OH), while y, and X, are analogous quantities of Ni(OHI) the solid solution.

Accordingly, the dependence of the equilibrium potential of the electrocher
overall reaction

Ni(OH), + H, + 2e —— Ni(OH) + 2 H,0 (5)
on composition of the solid solution can be expressed by the following equation:
E' = E® — (2.3RT/2F) log ((1 — X))/X;) + (A/(2F)(1 — 2X,) , (6)

whereE' is measured equilibrium potential of the redox system (converted fo€ 2
anday, o = acon = @, = 1.0). After introducing the expression

Collect. Czech. Chem. Commun. (Vol. 62) (1997)



Thermodynamics of Solid Solutions 1399

@ = E + (2.3RT/2F) log ((1 — X;)/X,) @)
a linear equation is thus obtained
¢ =E+ kil - 2%) ©)

with k = A/2F. The equation§) was used to correlate experimental data (see Table
refl) using the relation

Xp = (& — 2)I2 ©)

(see Fig. 1). The linear regression (after elimination of two points showing the gre
deviations) led to the following valu&® = 1.3233+ 0.0078 V anck = 0.012525. This
gaveA = 2 416.8 J molfor the interaction parameter. ThE8value is almost identical
with that value calculated earltgfE® = 1.3250 V). The newly calculated interactic
parameter led to the critical temperatliges A/2F = 145.3 K, which is distinctly lower
than the average measuring temperaturé@5This result clearly supports our expl:
nation concenrning the formation of solid solutions of Ni(&Ni)(OH), without any

miscibility gap in the range of 2.0z < 3.6.

The new value of the standard potential of electrochemical cell rea&ip&%(=
1.3233+ 0.0078 V, gived\G ?5) = —255.35t 1.50 kJ mottat 25°C. UsingAGY(H,0) =
—237.141 kJ mot according to ret? and AGP(Ni(OH),) = —457.7 kJ mot (corrected
according to ret), AGXNi(OH),) = —676.63t 1.50 kJ mot! (= AGY(NiO, . 2 H,0) and

2.0 3.0 2y 4.0
1.36 :

1.32

Fe. 1
Plot of  vs X, for the system of solid1-30 ; 02 04 06 08 1o
solutions of Ni(OH)/Ni(OH), at 25°C X5
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AGY(NIO, . x H,0) = —202.35 1.50 — 237.14% kJ mofttwas obtained for individual
hypothetical forms of Ni@hydrates not precisely known. As it is seen, all these hy
thetical forms of NiQcan be regarded as thermodynamically equivalent.

On the basis of the results presented above it was also possible to calculate tl
vities of individual main components of quasi-binary solid solutiaatr,a\lgioH)4 and
ai(oH), for the given range d;, X, and the temperature of 2&:

log ayion, = 109 (1 - Xy) + (A2.3RT) X3 =

log (1 - X,) +0.42324X 3 (120
and

log ayion, = 109X, + (A/ 2.RT) (1 - Xp)* =

log X, + 0.423241 — X,)? . a1

The dependence of the activities of the two main components on the composit
solid solutions in the range af; = 2.0-3.6,i.e. of X, = 0-0.8, is shown in Fig. 2. As
can be seen, both curves show distinct positive deviations from ideal behaviour.
also be observed that fo; — O the relation betweeX, and ay;oy, follows Raoult’s

law, whereas the relation betweX¥pand ai(oH), corresponds to Henry's law. Analc
gous reciprocal behaviour could be obviously expected in the second limiting ca
X, —» 1. However, all attempts to prepare sufficiently stable solid solutions of
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composition failed so far. Nevertheless, it may be seen from Fig. 2 that the evall
of the experimental data according to the simplified model of the quasi-binary
solutions of Ni(Il)/Ni(IV) hydroxides satisfies the theoretical requirements for the -
order systems.

DISCUSSION

It should be emphasized that the model of quasi-binary solid solut
Ni(OH),/Ni(OH), represents a simplification only, since the experimentally obsel
insertion of alkaline cations in the crystal lattice could not be included into the
due to a lack of appropriate thermodynamic data. The insertion of alkaline cation
the lattice of higher-oxidized solid solutions of Ni(QHi(OH), appears to be accord
ing to our opiniof, partial neutralisation of dissociable ildations from the acidic
Ni(IV)-component (equivalent with cationic exchange between the solid solution
aqueous alkali solution of appropriate concentration) rather than an intercalati
assumeck.g.in ref13. However, a complete and unambiguous clarification of all th
problems requires further meticulous measurements using suitable methods, as
also stated in the recent pafferThe reliable measurements are difficult because
equilibrium and rest potentials of such systengat 2.1 are already above the equil
brium potential of the oxygen electrode in alkaline solufisosthat the electrochemi
cal processes establishing the equilibrium potential of the Ni(ll)/Ni(IV) oxo systel
alkaline solutions are always accompanied by oxygen evolution. The Ni(ll)/Ni(1V)
system is known as a very effective electrocatalyst for anodic oxygen evolution
aqueous alkaline solutions. Its mechanism is explamgdin ref!®. As the nickel
valency of the catalytically acting centres is continuously changed between the |
and lower value, it is difficult to establish a true equilibrium composition, especially
higher values ofzy; > 3.0. It therefore appears doubtfull whether a rigorous es
lishment of equilibrium and its unambiguous determination will be possible at al
such reaction conditions in the system studied. On the other hand, it is quite
prehensible that several metastable modifications were identified in previous stuc
higher nickel oxo compounds (surveyg.in refs:19).

CONCLUSION

On the basis of our previoland present work we assume that the higher nickel
compounds with the overall oxidation number 2.8<< 3.6 are solid non-ideal solu
tions of Ni(ll)/Ni(IV) oxo compounds without participation of Ni(lll) component
Their thermodynamic behaviour was described with the aid of a simplified mod
solid regular solutions of Ni(OHNi(OH), with unlimited miscibility in the investi-
gated range of 2.0 g; < 3.6. These conclusions are in accordance with the prev
experimental findings by different authors stating that the dependence of the e
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brium and rest potentials of this system on the overall oxidation nurgbexhibits a

broad plateau in the range nf; = 2.3-3.2. This contradicts to the up to date alm
commonly accepted idea of existence of Ni(lll) oxo compounds as an individual ct
cal substance. It was also theoretically outlined in the previous'paper

The mathematical correlation of critically selected reversible or rest poter
measured earlier by different authors, using a simplified model of quasi-binary
solutions of Ni(OH)/Ni(OH),, enabled to calculate standard thermodynamic datz
hypothetical pure nickel dioxide and its hydraies,NiO, and NiQ,. xH,0O (x = 1, 2)
at 25°C. The newly calculated data are almost the same as those obtained in o
vious pape'.

The calculated values of the activities of the two main components of solid solt
Ni(OH),/Ni(OH), showed that both exhibit distinct positive deviations from ideal be
viour. In solid solutions with low content of Ni(OH)i.e. for X, — 0, the relation for
ayion, VS X; obeys Raoult's law and that fag;p), Vs X, follows Henry's law. The
course of these relations for the reverse ¢gse 1.0 is up to date unknown.
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