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The spinel NiCo,0,4 and the materials within the Ni-Co oxide series have well established
applications in electrochemistry. However, the importance of the electrical conductivity of
these materials and the consequences of the choice of preparation technique and firing

regime are often overlooked.

In this paper the effect of thermal treatment on the formation of the NiCo,0,4 phase, its
structure and electrical properties are investigated. Given the selection of an appropriate
firing regime, a range of preparation techniques (thermal decomposition, cryochemical,
spray pyrolysis and several precipitation methods) are investigated for the resultant
electrical, structural and morphological properties. Finally, having selected an appropriate
preparation procedure, the entire range of Ni-Co compositions is investigated with respect
to the phases formed and their electrical properties.

The formation of pure NiCo,04 in a narrow range of firing temperatures is highlighted
and the temperature of 375°C is identified as being the most suitable. Besides
morphological and granular concerns regarding the selection of the preparation procedure,
the importance of the formation of the NiCo,0,4 phase for the attainment of high electrical
conductance is illustrated. Furthermore, the existence of the NiCo,0, phase in
compositions considerably outside of this stoichiometry is noted, and the presence of this
phase in the attainment of high electrical conduction is highlighted.

© 2004 Kluwer Academic Publishers

1. Introduction

The solid solutions of the nickel cobaltite system, repre-
sented as Ni,Co;_,O,, and more commonly the spinel
oxide NiCo, Oy, have well documented and established
applications in electrochemistry. It is well known that
this series of solid solutions have exceptionally high
activity with regard to the reduction of oxygen and
the oxygen evolution reaction (OER) [1-6]. Alterna-
tive electrochemical reactions to which this system of
metal oxides has been applied include the oxidation of
alcohols and amines [7, 8], the decomposition of hy-
drogen peroxide [9] and the indirect oxidation of ethy-
lene glycol [10]. With specific regard to these reac-
tions, most authors conclude that the spinel NiCo;Oy4
yields the highest activity of the compounds within this
system, the activity exceeding that for the individual
oxides Co304 and NiO. More recently, the nickel rich
cobaltite solid solutions have been reported as being

potentially successful cathode materials for the applica-
tion to lithium-ion rechargeable batteries [11]. For this
application the nickel rich compositions of 75 mol% Ni
[12] and 85 mol% Ni [13] have been suggested, which
offer a high battery performance whilst significantly re-
ducing the material costs through partial replacement
of the expensive cobalt constituent.

The spinel NiCo, 04 possesses a high electrical con-
ductivity, antiferromagnetic properties but a low ther-
mal stability. The distribution of the cations within the
spinel unit cell of NiCo,04 is well documented and,
although some reports detail an perfectly inverse spinel
[14-16], it is generally agreed that the distribution of
cobalt and nickel ions about octahedral and tetrahedral
sites is random and the general configuration (Co )¢ [Ni-
Co0]octO4 is most commonly postulated.

However, opinions as to the qualitative distribu-
tion remain different. Some examples are detailed
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Deviancies in the precise quantitativity of the cationic
distributions are likely to be attributable to both the
preparation technique and the firing regime employed,
these differing substantially in many publications. The
low thermal stability of the spinel structure is observed
by decomposition through the loss of NiO from the
bulk to the surface, which commences at about 400°C.
Since the majority of preparations involve firing the ma-
terial at around 400°C the thermal history of the spinel
is likely to profoundly effect the cationic distribution
within the bulk material, and therefore the physical and
structural properties.

Indeed the low thermal stability of the nickel cobaltite
system and in particular the spinel NiCo,Q4 is well
documented and is discussed within this paper. It is
clear from literature that consideration of this in the
selection of preparative procedures for pure NiCoO4
is often lacking. Furthermore the analysis of the prod-
ucts obtained over a wide range of firing temperatures
appears scant. The formation of the lower cobaltite,
NiCo,0,, at approximately 600°C is also reported in
this paper. The requirement to maintain the temper-
ature of thermal treatment at a suitably low level in
order to reduce the effects of sintering is generally
realised and, furthermore, the necessity of maintain-
ing that temperature for a minimal duration is also
recognised.

Several preparation techniques have been applied to
the cobaltite series. The most common method employs
the thermal decomposition of metal nitrate precursors
either to form bulk powders or directly on the surface of
an electrode support. Some authors report data obtained
using electrodes fabricated from NiCo,O4 powder with
the addition of a binder and, occasionally, graphite. Al-
ternative preparation techniques include cryochemical
[19, 20], coprecipitation of metal hydroxides [18], ox-
alates [21] and hydroxide carbonates [22], spray pyrol-
ysis [5, 23-26] and sol-gel [27].

Studies of the bulk and surface compositions of the
spinel NiCo,04 are widespread and the methods for
the preparation of this and the materials in the entire
range of solid solutions are diverse. More recently stud-
ies pertaining to the surface species present within the
nickel cobaltite system have been undertaken. For ex-
ample, Kim and co-workers [28] prepared NiCo,O4
through a sol-gel method and by thermally decompos-
ing the metal nitrates. They concluded that the surface
was somewhat deficient in oxygen when prepared by
the thermal decomposition route and that Ni** was oc-
tahedrally coordinated whilst Co ions assumed both
octahedral and tetrahedral coordinations. Furthermore,
hydroxylation effects were concluded to be minimal.
Contrary to this, Roginskaya [3] indicated that consid-
erable hydroxylation occurs on the surface of NiCo,O4
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prepared by thermal decomposition. Haenen and co-
workers [29], prepared NiCo,O4 by the thermal de-
composition of metal nitrates and noted that the surface
contained both Ni** and Co?* species. De Faria and co-
workers [30] investigated the entire range of the nickel
cobaltite system and concluded that the surface exhib-
ited nickel enrichment at nickel concentrations exceed-
ing 20 mol%.

Furthermore, the characterisation of the surface is
often undertaken, with particular respect to the sur-
face area, morphology and, less frequently particle size.
Characterisation of the activity of these materials is in-
variably undertaken by electrochemical methods per-
taining to the reaction being investigated. However, the
diverse preparation methods, the addition of binders
and graphite during electrode preparation and their sub-
sequent characteristics and the analytical methods em-
ployed, makes the direct comparison of the electro-
chemical activities impossible.

An additional problem is that the focus of atten-
tion is often placed on the cobalt rich end of the
Ni, Co;_,O, series extending to the stoichiometric
composition NiCo,Oy4 [4, 6, 7, 10, 25, 31]. Studies
of the entire range of compositions are less common.
Roginskaya and co-workers [3] detailed the structure
and surface properties of the full range of compositions
together with some electrochemical data. Kovalenko
[18] reported data concerning the structure (unit cell
parameter) and electrochemical activity for all Ni-Co
ratios in the system. However, the materials were ther-
mally treated at temperatures in excess of 500°C and
therefore conclusions regarding the effect of composi-
tion are unreliable due to the formation of the thermally
derived NiO phase. Hu and co-workers [32] reported a
range of solid solutions, although the cobalt rich end of
the series was not well represented. The study involved
the characterisation of the materials electrochemically
with respect to the oxygen evolution reaction and de-
tailed the phases present. It was concluded that the solid
solution comprising equal amounts of nickel and cobalt
yields better performance than NiCo,Oy4. Trunov [16]
detailed the structure, electrochemical properties and
conductivity of the entire range of compositions. How-
ever these were prepared by a route of hydroxide precip-
itation using ammonia, and current investigations have
shown that rather than causing precipitation, the metals
become involved in complex formation. These articles
are discussed in detail within this paper.

It is clear, however, that consideration of the bulk
conductivity of the materials is often neglected, and
is limited to a few firing temperatures of a few differ-
ent compositions, normally of the cobalt rich end of
the above series. However, it is inappropriate to make
comparisons between these reports primarily due to
the differences in preparation techniques. Furthermore,
it is considered inappropriate in many cases to detail
conductivity values since the precise geometry of the
material being investigated is often poorly understood.
A more accurate measure would therefore be conduc-
tance, which is employed in this paper.

It is imperative to consider the surface (geomet-
ric) properties, the bulk composition and the electrical



conductivity of a given electrocatalyst in order to inter-
pret the degree of activity and to enable the selection
of the optimum formulation and preparative procedure.
The importance of the conductivity of the bulk material
was highlighted by Trasatti [33, 34] in review articles
concerning the development and production of effec-
tive electrocatalysts. Indeed for all electrochemical ap-
plications, and especially for lithium-ion batteries, bulk
conductivity is an essential prerequisite to the selection
of materials.

In this paper, the effect of a wide range of firing
temperatures on the conductance of NiCo,Qy is anal-
ysed and the importance of the spinel structure is high-
lighted. Given suitable thermal treatment the compar-
ison of several preparation techniques and the effect
on the conductance and surface area of the products
is discussed. Given a suitable preparation technique,
this is extended to the investigation of the conductiv-
ity and structure of the entire range of the Ni,Co;_, O,
series. The dependence of high electrical conductance
on the formation of the spinel NiCo, 0Oy is highlighted
and the most suitable preparation procedure for the
attainment of this is identified. Given such data the
preparation of materials within this system for elec-
trocataylitic applications, having high activity, may be
obtained.

2. Experimental

2.1. Methodology

First the effect of the firing temperature on the forma-
tion of the stoichiometric spinel NiCo,O4 was investi-
gated through the preparation of the spinel by thermally
decomposing nickel and cobalt nitrates. This method
of preparation owes its popularity to its ease of use and
its appropriateness for the direct deposition of elec-
trode materials. The later point is of particular impor-
tance to this system given that the low thermal stabil-
ity precludes many procedures that require high tem-
perature treatments. This was conducted over a wide
range of temperatures and the phase purity, surface
area and conductance of the materials were analysed.
Once the optimum firing conditions had been estab-
lished a range of preparation techniques were assessed,
undertaken according to the thermal treatment identi-
fied. These included co-precipitation under several dif-
ferent conditions of pH control, cryochemical (freeze
drying) and spray pyrolysis. It is submitted that attain-
ing high conductance is largely dependant on the forma-
tion of the NiCo,04 phase. Therefore, given the most
appropriate method of preparation, that is to say the
method deriving the highest purity of the spinel phase,
the entire range of nickel cobaltites were prepared and
analysed.

2.2. Experimental procedures—preparation
techniques
2.2.1. Thermal decomposition
of common salts
In order to evaluate the effects of the tempera-
ture of thermal treatment, NiCo,O4 was prepared
by the thermal decomposition of the metal nitrates.

Ni(NO3),-6H,0 and Co(NO3),;-6H,O (Analar grade,
Aldrich) were dissolved in methanol in the appropriate
quantities and the methanol evapourated. The mixed
nitrates were either transferred to a crucible (for prepa-
ration of samples for XRD and BET analysis) or spread
to a piece of alumina (samples for the conductance mea-
surements). These were dried at 110°C and then heated
at temperatures in the range 250 to 700°C, in 50°C
increments, for 2 h. Samples were generally heated
from room temperature to that required for the ther-
mal treatment at 5°C/min, although the effect of the
ramp rate was investigated through the preparation of
NiCo, 04 thermally treated at 400°C with a ramp rate of
2°C/min. The optimum temperature for firing was iden-
tified as 375°C and was subsequently used throughout
the further investigations. This was confirmed by ther-
mal analysis conducted on the mixture of the metal
nitrates. Three coatings were applied to the alumina
and were gently pressed at 1 ton for 2 min before dry-
ing to ensure that the oxide loadings of the samples and
the morphologies were comparable. To enable the com-
plete assessment of the conductance of this series, the
individual oxides of cobalt and nickel were prepared in
the same manner on the alumina substrate and fired at
400°C.

2.2.2. Co-precipitation

Co-precipitation offers a convenient method for the
preparation of mixed metal salts and incorporates a
high degree of mixing, the only concern being the pu-
rification from any impurities incurred from the pre-
cipitating agent. It is well known that transition metal
salts undergo alkaline precipitation, furthermore nickel
and cobalt hydroxides are observed to precipitate from
metal nitrates in similar pH ranges 6.6-8.1 and 6.8-8.6

respectively.
Ammonia or ammonium hydroxide are un-
suitable precipitating agents due to water-

soluble chloroaquotetra-ammine cobalt (III) and
chloroaquotetra-ammine nickel (III) complexes that
form.

Three co-precipitation routines were followed; The
addition of NaOH to a solution of the metal nitrates,
the addition of a solution of the nitrates to NaOH and
the addition of each of the reagent separately to a buffer
solution of a suitable pH.

A buffer solution was prepared from 50 ml 0.2 M
imidazole and 62.8 ml 0.1 N HCI diluted with distilled
water to 200 ml and the pH found to be 7.0. Aqueous
solutions of 0.5 M NaOH and metal nitrates (0.07 M
Ni and 0.14 M Co) were slowly added to the buffer at
a rate so that the pH remained as close to 7.0 as possi-
ble, a deviance of 0.2 pH units being controlled. After
the complete addition of metal nitrates further alkali
was added until pH 10 was obtained, this being found
to be the lowest pH at which further precipitation of
cobalt hydroxide ceased in the filtrate. The precipitate
was stirred for a further hour before being filtered. The
filtrate was tested with 1 M NaOH for complete pre-
cipitation of hydroxides before washing with 250 ml
portions of distilled water. The washing was continued
until the filtrate showed no reaction with 0.5 M AgNO;
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(chloride ion purity) and pH and a platinum wire flame
test matched that of the distilled water used. The residue
was then dried in air at 110°C and fired in air at 375°C
for 2 h.

2.2.3. Cryochemical

A 0.1 M aqueous solution of nickel and cobalt nitrates
in the required proportions was frozen in liquid nitro-
gen and transferred to a freeze drying apparatus. The
system was isolated from the atmosphere and a vacuum
applied with the flask seated in a dry ice bath, this being
removed after 12 h and the vacuum sublimation con-
tinued for a further 12 h. The metal nitrates were then
heated at 300°C for 6 h under vacuum and the resultant
powder was then heated in air at 375°C for a further 2 h.

2.2.4. Spray pyrolysis

NiCo,04 was directly deposited to a glass slide by spray
pyrolysis. An alcoholic solution comprising 0.14 M
CO(NO3)2'6H20 and 0.07 M Ni(NO3)2-6H20, in
accordance with the precursors discussed by Tiwari and
co-workers [25] was deposited onto a thermostati-
cally controlled heated substrate at 375°C in a verti-
cal arrangement as an aerosol generated by a nebulizer
(Hudson disposable). This was continued for 5 h, the
material being removed from the glass slide at 30 min
intervals and collected for subsequent analysis.

2.3. Analytical techniques
Due to the uncertainty of the precise path length and
the area of electrical conduction, the measurement of
resistivity was not undertaken due to the likely errors
and poor comparability of samples. Instead measure-
ments of resistance and conductance were made. For
the studies of thermal treatment and compositions, the
resistance of samples coated to alumina were measured
between gold tracts screen printed on alumina sub-
strates. The dimensions of the substrates were, in all
cases, 8 mm by 12 mm 96% alumina with two screen
printed gold tracts of 1.5 mm width and 2 mm spacing
(Du-pont). A Hewlett-Packard model 3478 A digital
multimeter was used to measure resistance at 25°C.
Although the thermal decomposition of the metal ni-
trates and precipitated hydroxides and spray pyrolysis
can be undertaken directly on alumina to yield films
of good adhesion, the cryochemically prepared pow-
der could not be coated without the addition of binding
agents. The resistance measurements of NiCo,QOy pre-
pared by the different methods were therefore under-
taken using pressed pellets of the powders. These were
pressed as discs of 10 mm diameter under a pressure
of 20 tons/cm? for 5 min from 0.5 g of the respective
powders. The conductance values reported in Table III
were corrected for variances in disc thickness. Silver
paste was applied to both surfaces to make electrical
contacts and the resistance through the pellets was mea-
sured. Such a method was not favoured for all investiga-
tions since the degree of penetration of the conductive
paint, necessary to achieve reliable electrical contacts,
was uncertain. The reproducibility of the path length
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of electrical conduction through each pellet was, there-
fore, to some extent uncontrollable and lower resistance
values may have been incurred given the incidence of
greater diffusion of the conductive layer.

X-ray powder diffraction (XRD) was undertaken on
a Philips PW1850 powder diffractometer using Cu K,
radiation operated at 35 kV and 40 mA with a Ni
filter. The average wavelength of the radiation was
given as 1.54186 A. Samples were mounted on an alu-
minium/silica slide and angles from 5° to 90° were mea-
sured in 0.02° steps at 0.01°/s. Average crystallite sizes
for NiCo, Oy prepared by different techniques were cal-
culated using the Scherrer equation with a shape factor
of 0.9. Calculations were performed using the [311],
[440] and [511] diffraction lines. Instrumental broaden-
ing was measured using a standard sample of high crys-
tallinity Co304 having a known distribution of crystal-
lite sizes.

Du-Pont models 910 1600DTA and 951TGA were
used for differential thermal analysis (DTA) and ther-
mogravimetric analysis (TGA) respectively. Analysis
was undertaken under static air in the temperature range
10-1000°C at a heating rate of 5°C/min.

The surface areas of the powders were measured by
the BET method using a Micrometrics Gemini instru-
ment with nitrogen adsorption under isothermal con-
ditions. 20 points were measured and STAR software
was used for data analysis.

Scanning Electron Microscopy (SEM) was under-
taken on several samples, as detailed in the results
and discussion sections. This was conducted on a
Cambridge Instruments Spectroscan model 90 Scan-
ning Electron Microscope operated at 25 kV and
100 mA with an X-ray detector. The samples were of
sufficient electrical conductivity so as to alleviate the
necessity of coating with gold prior to analysis.

3. Results and discussion

3.1. Effects of firing temperature

The conductance of the samples and the sample load-
ings are given in Table I, selected XRD patterns are
given in Fig. 1 whilst the XRD results are summarised
for all of the samples in Table II.

TABLE 1 Resistance values, surface areas and sample loadings for
NiCo,04 samples fired at varying temperatures

Temperature

of thermal Conductance (S§)  Sample loading  Surface area
treatment (°C)  at25°C (mg/cmz) (mz/g)a
250 2.69 x 1074 9.94 2.80
300 0.0475 8.22 12.05
350 0.0499 9.67 16.77
400 0.0389 8.25 17.05
450 0.0360 9.17 10.41
500 0.0421 8.20 4.32
550 0.0409 8.11 3.19
600 0.0143 10.10 293
650 475 x 1074 8.52 3.03
700 1.90 x 1074 9.42 2.78
NiO @ 400 1.54 x 1074 8.99 9.76
Co304 @ 400 2.09 x 10~* 9.86 222

2Assessed with powder samples.
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Figure 1 Selected XRD patterns of NiCo,Oy4 fired at various tempera-
tures: (a) 650°C, (b) 400°C, (¢) 350°C, and (d) 300°C. Common lines
labelled on single patterns for clarity: O = NiC0,04, X = C0304, + =
NiO, 0 = NiCoO..

The method of thermal decomposition of the metal
nitrates, mixed through recrystalisation from an alco-
holic solution was chosen due to the simplicity of the
technique and its common occurrence in the litera-
ture. Furthermore, the technique offers a facile means
of preparing the spinel material directly on a sub-
strate, an operation that poses difficulties when start-
ing with the pre-fired powder due to the low thermal
stability.
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Figure 3 DTA profile of mixed nickel and cobalt nitrates.

X-ray diffraction data showed that the spinel
NiCo,0y is scarcely formed below 350°C, this was
confirmed by thermal analysis (TGA and DTA), Figs 2
and 3, which indicated that the metal nitrates had al-
most fully decomposed at 325°C. The profiles showed
that, after initial melting of the nitrates at 97°C, the
loss of waters of hydration occurred to yield dis-
tinct tetra and di-hydrated salts. This is common
with Ni(NO3),-6H,O but not the cobalt analogue [35]
and was therefore due to the nickel precursor alone.

TABLE II Summary of XRD phases for NiCo, Oy fired at varying temperatures

Temperature
of thermal

treatment (°C)

Phases present

Cell parameter (A)

250

300

350
400
450
500
550
600

650

700

Some NiCo0,04, and Co304, mainly
nickel and cobalt salts
NiC0204, NiO and C0304

NiCo,04 only

NiCo;04 and NiO

NiCo,04 and NiO

NiCo,;04 and NiO

NiCo,04 and NiO

NiCo;04, Co304 and trace NiO

Co0304, NiO and some NiCo,0y4,
NiC002C0304, NiO
NiO, Co304 and trace NiCo,0O4 and NiCoO,

NiCo,04 = 8.1462, Co304 = 8.0470

NiCo,04 = 8.1221, Co304 = 8.1094,
NiO = 4.1382

NiCo,04 = 8.1185

NiCo,04 = 8.1182, NiO = 4.1706

NiCo,04 = 8.1185, NiO = 4.1705

NiCo,04 = 8.1197, NiO = 4.1700

NiCo,04 = 8.1183, NiO = 4.1708

NiCo0,04 = 8.1151, NiO = 4.1755,
Co304 = 8.0624

NiCo,04 = 8.2562, NiO = 4.1782,
Co0304 = 8.0876, NiCoO, = 4.2488

NiO = 4.1964, Co304 = 8.0894, NiCoO»,
NiCoO; = 4.2480
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Following decomposition a constant weight loss oc-
curred due to the loss of excess oxygen from the spinel.
The final weight loss to occur was observed at 953°C
(evident as the endotherm at 956°C on the DTA trace)
and was due to the Coz;04 — CoO transition. This in-
dicates that the NiCo,0O4 phase had become totally de-
composed to Co304 and NiO at this temperature. This
is in contradiction to that reported by Haenen [20] who
suggested that these precursor materials were decom-
posed at approximately 250°C and that the NiCo,04
phase was evident at this temperature. This may, how-
ever, be explained by the greater duration of heat treat-
ment by Haenen (10 h). Furthermore the cobalt oxide
transition at approximately 950°C was absent from the
profiles reported by Haenen. The sample fired at 350°C
showed only NiCo,04 to be present with a cell param-
eter of 8.1185 A, this being in agreement with the liter-
ature value 8.1140 A [36]. It should be noted, however,
that the difference between powder diffraction patterns
for NiCo,04 and Co30y is, unsurprisingly, very slight
and the close inspection of high angle diffraction lines
is often necessary in order to assess the presence of
small quantities of Co3QOy.

The presence of the cubic NiO phase initially ap-
peared in the sample fired at 400°C and co-existed with
the NiCo, 0Oy in greater quantities, but with the exclu-
sion of Co30y4, up to the firing temperature of 550°C.
The cell parameter of the NiO within this temperature
range changed little and remained close to the litera-
ture value of 4.1780 A [37], indicating little structural
interaction between the two phases. Therefore the NiO
must be considered as a separate entity to NiCo,Oy4
and not merely a surface species, furthermore, the ex-
istence of a solid solution of the form NiO—Co3;0y4
can be excluded. The surface coverage of NiCo,Oy4
by NiO for the materials fired at higher temperatures
would then explain the loss of electrochemical per-
formance evident from literature reports. The loss of
activity may also be due to the reduction in the sur-
face area associated with the formation of the NiO
layer.

At afiring temperature of 600°C some NiCo, 04 was
observed together with some NiO, indicating that Ni

preferentially formed the spinel NiCo,O4 but presented
the same separate NiO phase as was common with all
temperatures above 400°C. The cause for the incom-
plete formation of NiCo,O4 would then appear to be
the cobalt constituent, this forming Co3;04 with a cell
parameter of 8.0624 A, slightly smaller than the litera-
ture value of 8.084 A [38]. This was evident at higher
firing temperatures, and at 650°C the cell parameter for
Co304 became very close to that quoted (8.0876 A). An
interesting phase apparent at 650 and 700°C is the lower
cobaltite NiCoO;, having a cell parameter of 4.2488 A
and 4.2480 A at these temperatures and in excellent
agreement with the literature value of 4.248 A [39]. At
700°C no NiCo,04 was formed.

The surface areas of the powder samples were ob-
served to increase to a maximum value of 17.05 m%/g
for the powder treated at 400°C and fall sharply to
4.32 m?/g at 500°C, from whereon they remained fairly
constant. The surface areas are lower than reported else-
where for powders treated at lower temperatures (250 to
300°C) [20, 40], however, in both of these studies the
surface area of powders fired at temperatures higher
than 400°C were not detailed and therefore this signif-
icant decrease was omitted. Such a sudden and signif-
icant decrease in surface area must have been due to
the formation of a NiO surface layer, the surface area
of which was found to be significantly less than that of
NiC0204.

Observations by SEM indicated that, providing the
temperature was increased gradually, the particle and
agglomerate sizes did not become significantly en-
larged at successively higher temperatures. SEM pic-
tures of the samples heated at 400, 500 and 600°C are
given in Figs 4-6. Between 400 and 500°C the degree
of agglomeration was very similar and the particle sizes
remained at 0.5-1 um. The degree of agglomeration of
the particles did, however, become somewhat more pro-
nounced at 600°C, although the particle sizes were not
observed to change significantly. The profound changes
in conductance were, therefore, due to the presence of
the NiCo,0O4 and not to changes in the surface mor-
phology. Since it is unlikely that changes in the size of
the crystallites would have contributed to the observed

Figure 4 SEM image of NiCo,Oy4 from metal nitrates fired at 400°C.
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Figure 6 SEM image of NiCo,0y4 from metal nitrates fired at 600°C.

conductance changes. Indeed no significant changes in
the broadness of powder diffraction lines were observed
throughout the range of firing temperatures. The lack
of changes in the crystallite sizes for Co3Oy4 throughout
a similar range of firing temperatures has also been re-
ported for Co3O4 powders prepared by the same method
[41].

The variance in sample conductance throughout the
range of firing temperatures was dependant on the for-
mation of the spinel NiCo,0O4 and due to the semicon-
ducting nature of this compound, this exceeding the
bulk conductance of the individual metal oxides alone.
It should be noted that the sample loading was observed
to exert no significant interaction with the overall trend
of the conductance values throughout this series. This
is shown in Fig. 7, which illustrates the fluctuations in
conductance to be independent of changes in loading.

The initial increase in conductance from firing tem-
peratures of 250°C to 300°C was largely due to the for-
mation of the spinel and the conductance maintained
the highest values at firing temperatures of 300°C and
350°C, at which the purest spinel phase was identi-
fied by XRD. This inverse correlation between con-
ductance and NiO content (and therefore firing temper-
ature above 400°C) continued as the temperature was
further increased and the NiCo,O4 phase became less
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Figure 7 Sample conductance and loading for NiCo,O4 samples pre-
pared from thermally decomposed metal nitrates.

pure with respect to the formation of NiO on the surface
and therefore the loss of Ni from the bulk material, pre-
sumably as Ni>* species. The sudden decrease in con-
ductance at 650°C was then due to the more complete
decomposition of NiCo,O4. The fluctuations in con-
ductance values between firing temperatures of 300°C
and 550°C may have been due to the differences in the
grain structure, and hence the nature of the grain bound-
aries caused by progressively higher temperatures. In-
deed it is realised that such phenomena exert profound
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influences on the conducting nature of such materials.
Although, with respect to the importance of NiCo,O4
formation, this was minimal and the changes in the
crystallite sizes have been shown to be negligible, the
effects may be amplified due to the particularly low
resistance of the NiCo, 4 phase.

Comparisons of the electrical properties of these ma-
terials with literature reports can only be made with
difficulty. Indeed very few details are to be found in
the literature and these represent only a narrow range
of firing temperatures, furthermore figures are invari-
ably quoted as resistivity or conductivity values which
can only be accurately measured given detailed knowl-
edge of the geometry of the sample and the pathway
of electrical conduction. Carapuca [40] detailed the re-
sistivity of NiCo,04 electrodes fired at three temper-
atures (300, 350 and 400°C) and indicated the same
trend as observed in the present study. Tarasevich [9]
detailed the conductivity of pressed pellets formed by
the same method and treated to 600°C at a range of mea-
surement temperatures. The firing temperatures above
350°C were, however, only sparsely covered and there-
fore the significant fluctuations caused by the loss of
nickel species from the bulk were missed. Again the
same trend at lower temperatures was observed, al-
though the conductivity of the material fired at 250°C
was significantly higher whilst the materials were pre-
pared by the same method as detailed in this paper.
Furthermore the authors suggested the fall in conduc-
tivity at firing temperatures above 450°C to be due to the
formation of separate NiO and CoO oxides. However,
no XRD data was given to support this and the oxide
Co0, which, for the materials fired in air, only forms
when cobalt oxides are heated above 950°C, has not be
observed in powder diffraction patterns. Another differ-
ence in conclusions is the mechanism for conduction,
the authors suggesting the novel cationic distribution
as outlined above.

Given the XRD, conductance and surface area re-
sults, and consideration of previous investigations, the
optimum temperature for the preparation of NiCo,O4
may be selected. Such a temperature should not only
result in the production of phase pure NiCo,0y4, that
is to say with the absence of the oxides of the nickel
and cobalt, but also seek to maximise both surface area
and conductance. It is therefore suggested that 375°C
should be selected, and is indeed applied throughout
the following investigations.

3.2. Effects of preparation technique
Given the identification of the optimum calcination
temperature as being 375°C for the preparation of the
purest NiCo,O4 phase, this was subsequently applied to
the following investigations to preparation techniques.

Table III details the surface area and conductance of
the samples prepared by the various techniques and Ta-
ble IV summarises the phases present on the powder
diffraction patterns. A selection of the powder diffrac-
tion patterns is given in Fig. 8.

From the powder diffraction patterns it is clear that
the formation of NiCo,O4 with the absence of the
individual oxides was dependant on the preparation
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TABLE III Resistance values, crystallite sizes and surface areas for
NiCo,04 prepared by alternative methods and fired at 375°C

Average Surface
Conductance  crystallite  area
Preparation technique (S) at 25°C size (A) (m?%/ 2)?
Thermal decomposition 0.083 120-140 17.05

Temperature ramped thermal ~ 0.071 135-160 18.73

decomposition
Spray pyrolysis 0.039 80-100 32.75
Cryochemical 0.042 50-60 63.45
Co-precipitation @ pH 7.0 0.027 60-80 47.04
Co-precipitation into nitrates ~ 0.031 55-65 42.58

Co-precipitation into NaOH 0.053 50-60 51.01

20btained from powder samples.

TABLE IV Summary of XRD phases for NiCo,O4 prepared by dif-
ferent techniques and fired at 375°C

Preparation technique Phases present Cell parameter (A)

NiCo,04 NiCo0,04 = 8.1165
NiCo0,04, NiO and NiCo,04 = 8.1160,
some Co304 NiO = 4.1531

Thermal decomposition
Temperature ramped
thermal decomposition

Spray pyrolysis NiCo0,04 only NiC0y04 = 8.1173

Cryochemical NiCo0,04 only NiCo,04 = 8.1146

Co-precipitation @ pH 7.0 NiCo,04 and NiCo,04 = 8.1161,
some NiO NiO =4.1812

Co-precipitation into NiCo0,04, NiO and NiCo,04 = 8.1155,
nitrates some Co304 NiO = 4.1870

Co304 = 8.0851

Co-precipitation into NaOH NiCo,04 NiCo,0O4 = 8.1144

Counts
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Figure 8 Selected XRD patterns of NiCoyO4 prepared by various tech-
niques: (a) Thermal decomposition, (b) Co-precipitation at pH 7.0, (c)
Co-precipitation of NaOH into metal nitrates, (d) Co-precipitation of
metal nitrates into NaOH, (e) Cryochemical, and (f) Spray pyrolysis.
Common lines labelled on single patterns for clarity.



technique employed, the spray pyrolysis, cryochemi-
cal and co-precipitation into NaOH techniques form-
ing only NiCo,0y. It is suggested that the differences
in the phase purity obtained by these techniques was
due to the degree of mixing of the precursors obtained
and the extent to which this was maintained during the
decomposition step.

The simplest technique, that is to say thermal de-
composition of the metal nitrates, when undertaken at
375°C, formed NiCo,04 with a cell parameter close
to the literature value. However some NiO and Co3;04
were also observed on the powder diffraction pattern
of the sample fired under conditions of low thermal
ramping up to a final temperature of 375°C. This was
probably due to the slight separation of the materials
when heated due to the slight differences in their melt-
ing points, and made apparent due to the increased time
available for the separation of the nitrates before the
solid state reaction occurred.

The spray pyrolysis and the cryochemical techniques
yielded NiCo,04 with no detectable NiO or Co304
phases. It is documented that this may be achieved for
the compound NiCo,04 by these techniques [22, 23,
29], although the importance of the intimacy of mix-
ing and the maintenance of this was only noted for the
cryochemical technique [22, 23].

Of the methods of co-precipitation investigated, the
addition of a solution of the mixed nitrates to a slight
excess of NaOH yielded the purest phase of NiCo,0Qy,
this being with the total absence of NiO and Co3O4. The
addition of NaOH to the nitrates caused the appearance
of a considerable quantity of NiO and was due to the
precipitation of Ni(OH), before Co(OH),, the latter oc-
curring at a higher pH [42], and the subsequent contin-
ued separation of the materials throughout the proce-
dure. Controlling the pH of the precipitation close to
the values observed for the alkaline hydrolysis of the
metal nitrates was also observed to be of little merit
since small quantities of NiO were again observed, and
due to the same preferential precipitation of Ni(OH),.

The surface areas of the powders prepared by these
methods reflected the crystallite sizes produced, these
being calculated from the XRD data. The thermal de-
composition techniques yielded the lowest surface ar-
eas due to the melting of the nitrate precursors and,
therefore, the formation of a dense material before de-
composition occurred. This was also indicated by the
large crystallites formed, indeed those for the sam-
ple prepared under conditions of slow thermal ramp-
ing (135-160 A) were larger than those from the nor-
mal heat treatment (120-140 A) due to the increased
time for agglomeration under melting to occur before
decomposition. The cryochemical technique produced
the highest surface area powder, comparable to that
previously obtained [22, 23], as is unsurprising since
the particle sizes obtained during the initial freezing
step would have been maintained throughout the en-
tire process. Co-precipitation also yielded powers of
high surface area, and small crystallite size (50-80 A)
and this reflected the very fine nature of the precipi-
tates obtained. Furthermore since the metal hydroxides
were considerably less hydroscopic than the nitrates,

less separation of the nickel and cobalt constituents
could occur during the firing step because of consid-
erably less melting through the loss of the waters of
hydration. The surface area obtained for the powder
produced by spray pyrolysis was rather low and the
crystallites a little larger than for alternative techniques
due to the spreading of the deposition on the substrate
and the subsequent agglomeration of the particles. This
was due to the impinging spray being too wet due to
either the substrate being too cool or the flow rate being
too high. A similar morphological effect has also been
reported for NiCo,O4 prepared through this method
[27, 28].

The conductance of the pressed pellets formed from
the powders indicated that the thermal decomposition
technique was particularly suitable to the preparation of
NiCo,0;4 of high conductance. However XRD analy-
sis showed that these techniques were unsuitable for the
preparation of high purity NiCo,0O4 due to the presence
of NiO and Co30y, and, therefore, this appears to be
in contradiction. It is unlikely that the applied conduc-
tive paint would have diffused into these pellets signif-
icantly more than with the other pellets as very similar
conductance values for several other pellets were also
attained. The more likely cause for the high conduc-
tance is a combination of two factors. Firstly larger
grain sizes were derived from the thermally decom-
posed nitrates, evident in the low surface area and large
crystallite sizes. Secondly the thermally decomposed
nitrates were of greater compressibility than those of
the alternative techniques, evident by the formation of
thinner pressed discs. These factors therefore combined
to yield pellets having larger intergranular contacts and
therefore greater conducting pathways than was present
in the discs of the powders prepared by the alternative
techniques. Therefore, in this case, the nature of the par-
ticles and their contacts was significant, although this
only became evident due to the nature of the pressed
pellet technique.

The other preparation techniques identified by XRD
as deriving NiCo,O4 of low phase purity were the pre-
cipitation methods involving the buffer solution and the
addition of NaOH to the metal nitrates. These yielded
lower conductance due to the degree of formation of the
NiCo,04 phase whereas the morphology of the pow-
ders was similar. This is shown by the similarity in
crystallite size (60-80 A) and surface area, for both
powders. The methods by which the purest NiCo,O4
phase was prepared yielded appreciably higher conduc-
tance values due to the greater formation of the spinel
phase. Again the particle sizes, typically 50-60 A for
the cryochemical and co-precipitation into NaOH tech-
niques, and 80—100 A for the spray pyrolysis technique.
The differences in the surface areas of the powders
were not found to influence conductance as this was
quite similar, whilst the surface area of the spray pyrol-
ysed sample was significantly lower than for the other
techniques.

Although a wide range of preparation techniques
are reported in the literature, details pertaining to
the surface area and crystallite sizes produced are
scarce. Krezhov [31] prepared NiCo,O4 by the thermal
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decomposition of the metal hydroxides and reported a
surface area of 50 m%/g with 150 A crystallite sizes.
Klissurski [22] precipitated metal hydroxycarbonates
from the metal nitrates and reported surface areas of up
to 90 m?/g and crystallite sizes of 80-120 A. Peshev
[21] obtained a similarly high surface area of 94 m?/g
through the precipitation of metal oxalates. De Faria
[30] produced the oxides through the thermal decom-
position of the metal nitrates and recorded the same low
surface area (32 m?/g) and large crystallites (>200 A).
Carapuca [40] investigated several different procedures
for the thermal decomposition of the metal nitrates and
reported very low surface areas, typically 1018 m?/g.
The same trends have, therefore, been observed, al-
though the precise figures are quite different due to the
precise nature of the preparation technique employed.

With respect to electrochemical performance, Bocca
and co-workers [43] have explicitly investigated the ef-
fects of preparation procedure. A similar range of tech-
niques were investigated by electrochemical means,
although Teflon bonded electrodes were used. It was
shown that the method of hydroxide precipitation gave
optimum performance and greatest stability, although
electrodes prepared from thermally decomposed pow-
ders improved on ageing, presumably as the active sur-
face area became increased. The authors indicated the
surface area and morphology as being of fundamental
importance, although no measures of these were given.

3.3. Effect of composition

Results from the investigations concerning the opti-
mum firing temperature and preparation technique were
applied to the selection of the preparation method for
the generation of materials in the series Ni,Co;_,O,.
The co-precipitation of metal hydroxides from their re-
spective nitrates, and introduced to NaOH as outlined
in Section 2.2 was selected as the preparation tech-
nique. This selection was made by virtue of the phase
purity of NiCo,04 formed during the previous investi-
gations into techniques and the smaller crystallite size
produced. This in turn would then be of interest to
the generation of higher surface area powders perti-
nent to subsequent applications. The precipitates were
then thermally treated at 375°C.

Table V details the conductance and surface ar-
eas of powders in the composition range Ni,Co;_,O,
(0 < x < 1) and the XRD patterns are summarised in
Table VI. A selection of the patterns in shown in Fig. 9.

The spinel NiCo,0O4 was found to be formed, at least
in the minority, for all compositions within the range
10-80 mol% Ni inclusively. The unit cell parameter
was observed to increase from the value of pure Co3;O4
(8.0821 A) with the initial introduction of nickel and
then fall from the value at 10 mol% Ni to that at 33 mol%
Ni, this being the spinel NiCo,Oy4. The large cell param-
eter at 10 mol% Ni may have been due to more Co’* or
Ni?* assuming tetrahedral coordination, in which they
are unstable with respect to octahedral coordination,
than is common in the stoichiometric spinel. Imme-
diately following the spinel composition the unit cell
parameter again increased but remained fairly stable as
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TABLE V Resistance values and sample loadings for materials in the
series Ni,Coj_, Oy, prepared by co-precipitation into NaOH and fired
at 375°C

Conductance (S) at Sample loading
X 25°C (mg/cm?)
0 235 x 1074 421
0.1 297 x 1074 3.98
0.2 408 x 1074 4.45
0.33 0.0460 4.02
0.4 0.0195 3.88
0.5 0.0105 3.92
0.67 8.25 x 10~ 431
0.75 5.94 x 1074 422
0.8 5.12 x 107 3.89
0.9 445 x 1074 4.08
1.0 3.94 x 10~ 4.01

TABLE VI Summary of XRD phases for the series Ni,Co;—, O,
prepared by co-precipitation into NaOH and fired at 375°C

X Phases present Cell parameter A)
C03 04 C03 04 8.0662
0 Co304 8.0821
0.1 NiCo0,04, Co304 and trace NiO NiCo,04 = 8.1187,
Co304 = 8.0511
0.2 NiCo0,0y4, and trace Co3zOy4 NiCo,04 = 8.1121
and NiO
0.33 NiCo;04 NiCo,;04 = 8.1144
0.4 NiCo0,04 and NiO NiCo0,04 = 8.1125,
NiO = 4.1880
0.5 NiCo0,04 and NiO NiCo0,04 = 8.1125,
NiO = 4.1895
0.67 NiCo0,04 and NiO (approximately NiCo,04 = 8.1128,
equal quantities) NiO = 4.1807
0.75 NiCo,04 and NiO (NiO major NiCo0,04 = 8.1167,
constituent) NiO =4.2011
0.8 NiCo0,04 and NiO NiCo0,04 = 8.1215,
(NiO in majority) NiO = 4.1926
0.9 NiO and Co304 Co304 = 8.1031,
NiO = 4.2025
1.0 NiO 4.1921
NiO NiO 4.1792

the system became rich in Ni up to the composition of
75 mol% Ni, at which the major constituent in the XRD
pattern became NiO. This increase was probably due to
the replacement of the Ni** species, lost as NiO with
the larger Co?* ion in order to maintain the charge neu-
trality of the spinel species. At 90 mol% Ni only Co3;O4
and NiO were observed, the Co3O4 having a larger cell
parameter than quoted in literature. The cell parameter
of the cubic NiO phase was not observed to change as
the compositions became richer in Ni, and since these
were very close to the literature value, Ni-Co oxide
solid solutions were not formed. If such solutions were
formed, then the cell parameter would be expected to
change as the larger cobalt ions became introduced to
NiO.

The agreement of XRD patterns of the standard sam-
ples of NiO and Co30O4 with those prepared through
the thermal decomposition method was very good. In-
deed the prepared CozO4 sample had a cell parame-
ter (8.0821 A) in closer agreement with the literature
value (8.084 A) than the purchased standard sample
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Figure 9 Selected XRD patterns of the series Ni,Co;_,O,: (a) = 10
wt% Ni, (b) = 20 wt% Ni, (¢) = 33 wt% Ni, (d) = 50 wt% Ni, (e) = 67
wt% Ni, (f) =75 wt% Ni, and (g) = 90 wt% Ni. Common lines labelled
on single patterns for clarity.

(8.0662 A). The lines for the NiO sample were how-
ever slightly shifted to higher diffraction angles.

It is interesting to note that, even with the compo-
sition of 50 mol% Ni and 50 mol% Co, the lower
cobaltite, NiCoO, observed earlier was absent and
therefore the formation of this material is dependant
on higher temperatures as opposed to the correct stoi-
chiometry.

As noted previously the occurrence of reports per-
taining to the entire range of Ni-Co compositions are
rather scant and, more typically, only the cobalt rich
end of the system is investigated. Krezhov [31] reported
some XRD data for the cobalt rich range and the results
are in good agreement with those presented in this pa-
per. Likewise Singh and co-workers [16] analysed the
cobalt rich system having used sol-gel as the prepa-
ration technique. However, besides the oxides their
XRD data showed a mixture of hydroxides which, since
these have not be identified by studies using alterna-
tive preparative procedures, must have been due to the
alkoxides formed during the sol-gel process.

Kovalenko [18] reported the entire composition
range and noted that NiO was present in all composi-
tions from x = 0.33 (NiCo,04). The presence of NiO
in the sample that should have been NiCo,04 can be ex-
plained by the high firing temperature of the materials
(500°C). Since the temperature of heat treatment em-
ployed was prohibitively high so as to preclude the for-
mation of pure NiCo,Oy the cell parameter and phase

purity details presented can not be accurately relied
upon.

De Faria and co-workers [21] studied bulk and sur-
face composition of the entire range of materials pre-
pared by thermal decomposition of the metal nitrates
at 400°C. The current XRD results are generally in
good agreement although they did not detect NiO be-
low compositions containing 60 mol% Ni, and this was
attributed to its smaller particle size. Furthermore the
cell parameters of the NiCo,O4 phase were found to
fluctuate, although generally increased, as the nickel
rich compositions were considered. However the re-
sults in this paper indicate that the cell parameter of
NiCo,0y increased only very gradually up to a com-
position of 75 mol% Ni. This may be attributable to
the greater degree and intimacy of mixing of the pre-
cursors by the current co-precipitation technique and
therefore the more complete formation of the spinel
phase.

Roginskaya and co-workers [3] presented XRD data
pertaining to the entire composition range, again pre-
pared by thermal decomposition of metal nitrates. The
presence of ¥-NiOOH in the XRD pattern of the pure
NiO sample was noted but the cobalt analogue was
not found, the absence of Co30O;, in the composition of
90 mol% Ni was ascribed to the imbedding of cobalt
oxide species in the amorphous NiOOH phase. The
NiOOH phase was shown to be present up to a fir-
ing temperature of 500°C, beyond which NiCo,04
would have been thermally decomposed. The absence
of Co304 for the formulation of 20 mol% Ni was also
noted, the formation of only NiCo, 04 being suggested.
NiO was, however, detected by infrared spectroscopy,
confirming the deficiency of the thermal decomposition
technique in the preparation of pure NiCo,0O;, as dis-
cussed above. However, the same gradual increase in
the unit cell parameter of NiCo,O4 was observed with
increasing Ni content in the formulation, and the cell
parameter of the cubic NiO phase was not observed to
change appreciably.

Trunov and co-workers [16] prepared the entire range
of compositions by the precipitation of the metal hy-
droxides, although they favoured the use of ammonia as
the precipitating agent. Although many transition metal
salts undergo alkaline hydrolysis, if ammonia or an am-
monium salt is used, complexation of the form detailed
in the discussion above often occurs [44]. This is cer-
tainly true of nickel and cobalt salts and was confirmed
during the current investigations. No further details of
the preparation technique beyond the identity of the
precipitation agent were, however, stated and a brief
consideration of the XRD patterns indicated similar re-
sults to those presented in this communication.

Hu and co-workers [32] reported a series of primarily
Ni rich cobaltite systems beyond NiCo,O4 prepared by
the thermal decomposition of the metal nitrates on tita-
nium and fired for very short periods (10 min). At the
composition relating to stoichiometric NiCo,O4 the au-
thors indicated the additional presence of Co3O4, whilst
NiO appeared on XRD patterns at compositions above
40 mol% Ni. At higher nickel contents NiO became
the majority phase and very little NiCo, 04 appeared to
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form above 70 mol% Ni, no details of cell parameters
were given. The lower degree of NiCo,0O4 formation
and the narrower composition range in which this phase
was evident, further indicates the deficiency in precur-
sor mixing, and may have been exacerbated further by
the short firing time.

It is clear, therefore, that the spinel NiCo,04 forms
preferentially to the individual metal oxides at compo-
sitions outside of the stoichiometry for NiCo,0O4. For
such mixtures the excess of either metal will form the
oxide of that metal in addition to NiCo,Qy4, and with
the absence of NiCo solid solutions.

The conductance of the films supports the suppo-
sition that, NiCo,;0O4 being the most conducting con-
stituent identified by XRD, the electronic conductance
of the films should increase as more NiCo,04 was
formed. Indeed conductance increased from the value
of Co30y, this being a semiconductor having low con-
ductivity due to the inverse spinel structure and the sub-
sequently low concentration of conducting chains. The
maximum conductance was then obtained for the sto-
ichiometric composition giving rise to NiCo,O4 and
then decreased as the composition became richer in Ni.
The decrease in conductance with added Ni was, ini-
tially, gradual as NiCo,O4 remained the majority con-
stituent but decreased abruptly as NiO, again a semi-
conductor of low conductivity which relies on oxygen
deficiency for conduction, became the majority con-
stituent. The variance in the sample loading again had
little effect on the conductance values and this is plotted
in Fig. 10.

Trunov [16] measured the conductance of pressed
pellets of the oxides formed in the series detailed above,
although no figures are quoted. It is, however, stated
that the highest conductance corresponded to the com-
position range between x values of 0.2 and 0.4. This is
extended to include x = 0.5 in the present study and is
probably attributable to the method of preparation.

It is realised that changes in the morphology of the
films, and the subsequent differences in inter-granular
contacts, cause changes in the electrical conductance
of the materials. However it is considered that such
pronounced changes and of such magnitudes can not
be due entirely to these factors. Moreover the trend
of conductance with varying composition within this
system relates well to the established values for these
oxides, that is to say NiCo,O4 being more conducting
than the individual oxides NiO and Co30y.
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Figure 10 Conductance and sample loading of the series NiyCoj—,O,.
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4. Conclusions

The investigations of the firing temperature show that,
for the thermal decomposition of the metal nitrates, the
NiCo, 04 phase with the exclusion of the individual ox-
ides of nickel and cobalt is only formed within a narrow
range of firing temperatures. Below 350°C the nitrates
are not fully decomposed and the solid state reaction to
form NiCo, Oy is, therefore, incomplete. Above 400°C
the spinel decomposes with the loss of NiO, the unit
cell parameter of which remained fairly constant and
suggested that solid solutions of the form NiO—Co, O,
were not formed.

The abrupt and significant changes in conductance,
and moreover the strong correlation with the formation
and decomposition of the spinel NiCo,O4 phase, show
that the maximisation of the electrical conductivity of
these materials is entirely dependant on the formation
of the spinel.

The decrease in conductance as the firing tempera-
ture was increased from 450°C was therefore due to the
loss of NiO from the NiCo, 04 bulk. This decrease may
then be due to either the formation of a less conduct-
ing NiO surface layer or the loss of nickel species from
the bulk material. The introduction of a less conducting
material on the surface must cause a decrease in conduc-
tance. However, the surface coverage of NiO at 400°C
is likely to be low, whereas the conductance of the
material decreased by approximately 22%, and, there-
fore, the loss of nickel species from the bulk had the
more profound effect. This supports the conductance
model of electron hopping of octahedrally coordinated
nickel species and, therefore, the cationic distribution
(Coj—x*t CodM)ei[NijT Ni3tCo¥* 0Oy The loss of
electrochemical activity for NiCo, Oy fired in excess of
400°C may be attributable to three factors, namely; the
lower conductance of the material, the coverage of the
surface with NiO and the lower surface area of the NiO
surface layer.

The firing temperature of 375°C maintained for a
period of 2 h is therefore suggested for the formation
of NiCo,O4 from thermally decomposed metal nitrates.

Of the preparation techniques investigated, spray py-
rolysis, co-precipitation of the metal nitrates into NaOH
and freeze drying formed the most pure NiCo,0Oy4, with
the exclusion of the individual metal oxides. The al-
ternative co-precipitation techniques and the thermal
decomposition of the metal nitrates formed impure
NiCo,04 and the importance of obtaining a high de-
gree of mixing of the precursors and maintaining this
during firing is therefore highlighted.

Whilst the conductance of the thermally decom-
posed nitrates was high, the surface area was low
due to the large crystallites formed due to the spread-
ing of the materials as they melted. Of the other
techniques the attainment of high conductance was
dependant on the formation of the NiCo,O,4 phase,
with higher values being obtained for the techniques
yielding higher surface area and smaller crystallites.
High electrical conductance is, therefore, primarily
due to the degree to which NiCo,04 is formed, the
nature of the morphology having a less pronounced
effect.



Whilst the firing temperature of 375°C was adequate
for the complete formation of NiCo,0,, this may be
reduced for the co-precipitation technique for which
the thermal decomposition of the metal hydroxides is
considered.

The selection of preparation technique depends on
the required use of the powder and therefore the na-
ture of its format. Whilst the cryochemical technique
provides for high surface area NiCo,O4 having high
electrical conductance and small crystallites, the sub-
sequent formation of films on a support material can
only be made with the addition of a binder material.
The precipitation of metal hydroxides, which may then
be coated to a support medium before decomposition
would, therefore, become the favoured technique. Nev-
ertheless the thermal decomposition of the metal ni-
trates provides for a very simple means of attaining
well adhered films, although electrochemical perfor-
mance would consequently be lower due to the low
surface area.

For the application to lithium-ion batteries the cry-
ochemical and precipitation techniques would be par-
ticularly suitable since the use of binding agents are rou-
tinely included during the formation of large area films.

The details of the phases present with changing com-
position show that, as is stated in the literature cited,
the spinel NiCo,O4 phase may be obtained outside
the stoichiometric composition. Furthermore these re-
sults highlight the relationship between the purity of
the NiCo,O4 and the preparation technique employed.
Through using the co-precipitation technique, which
derives better mixing of the nickel and cobalt species
before firing and considerably lower particle sizes, the
range of compositions in which NiCo,Q0y is produced
has been extended considerably. It follows that the tech-
nique of freeze drying may also derive these benefits
due to the low particle size and the intimacy of mixing
obtained. The additional consideration of conductance
shows that the attainment of high electrical conductiv-
ity depends on the purity of the NiCo,O4 phase and that
higher conductance than the individual oxides can be
obtained outside the stoichiometric composition.

This is of particular importance to the application to
lithium-ion battery technology, in which the attainment
of high conductivity of the cathode materials is of fun-
damental importance. These compositions, which are
nickel rich, maintain a high conductivity due to the in-
clusion of NiCo0,04 in the mixed oxide phases. This,
therefore, allows for the inclusion of large proportions
of Ni into the Co3zOy4 host material without the necessity
for the inclusion of increased conducting additive over
the pure Co30O4 system. Electrochemical performance
would not be compromised through the reduction of the
amount of active material.
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