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Effect of thermal treatment on the kinetics and sintering
characteristics of nickel hydroxide as a precursor
for the thermal genesis of nickel oxide catalyst
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Abstract

The thermal events encountered throughout the calcination course of the parent nickel
hydroxide precursor were investigated using a number of physicochemical techniques. The
thermal decomposition products obtained by calcination of this precursor were investigated
by infrared and X-ray techniques. Analysis of the surface excess oxygen and N, adsorption
data revealed the existence of a considerable disparity in their degrees of oxidation, surface
area and pore structure. The variation of the surface area with time was correlated with the
differences in the concentration of the created cationic vacancies during the calcination.
The presence of such vacancies leads to an increase in the growth rate of the fine pores
compared with the large ones. A reduction in the volume of the pores which are intercom-
municating and which communicate with the surface of the catalyst, was observed at a
certain moment during the sintering process of the products obtained. The thermal
decomposition of the parent hydroxide was studied non-isothermally and isothermally. The
kinetic analysis of the a—¢ data obtained under isothermal conditions in the temperature
range 250-350°C was performed. From the complementary consideration of the sintering
study and the kinetic evidence we can conclude that the thermal decomposition of the
hydroxide occurs by a nucleation-and-growth reaction and that the main decomposition
process obeys the Avrami-Erofe’ev equation. During the decomposition course, the nucle-
ation reaction is followed by an advancing interface mechanism in the brucite-type structure
of the reactant, and both proton and electron transfer steps are involved.

INTRODUCTION

It has been stated [1] that during the thermal treatment of crystalline
hydroxides, the mechanism which determines the relationship between the
surface and the calcination temperature is governed by three consecutive
processes: decomposition, recrystallization and sintering. Release of water
from the crystalline hydroxide (decomposition or dehydroxylation) differs
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from the dehydration of the crystalline hydrate in that product release must
be preceded by chemical interaction between the anions; the role of proton
transfer in such a process has been discussed [2,3]. The effect of calcination
on the residual oxide products has been studied by gas adsorption measure-
ments [4,5]. Creep and sintering of the product phase have been observed
[6,7]. Water elimination is regarded as the first step in a sequence of
structurally related steps through which the hydroxide is converted to the
thermally stable oxide; the water is produced by the interaction of the
double hydroxide layers and escapes through these layers by diffusion [8]. It
has been proposed [9] that sintering of crystalline solids occurs on account
of their “viscous flow”, and may be related to directional displacement of
vacancies. It is interesting to consider the existence of directional move-
ment of atoms during sintering of crystallites, leading to filling of their
pores and grain growth. It has been stated [10] that the equilibrium vacancy
concentration cannot be uniform at different points in the porous solid, or
in a body having internal surfaces, or in a solid homogeneous body of
irregular form, the surface of which does not correspond to the minimum
free energy.

The present work deals with a study of the nature and characteristics of
both sintering and decomposition processes accompanying the thermal
treatment of nickel hydroxide. Structural and textural variations encoun-
tered throughout the calcination course were followed by TGA, DTA,
X-ray diffraction, IR analysis and adsorption measurements of N, gas.

EXPERIMENTAL
Materials

Nickel hydroxide was prepared [11] by treating nickel nitrate (AR-grade,
Merck product) solution with an excess of ammonium hydroxide, followed
by steam distillation until the precipitate was ammonia free. After drying
over P,O;, the dried product had a water content of 20.09%, compared
with 19.43% for the stoichiometric Ni(OH),.

The N, gas used has a nominal purity of 99.7%. It was further purified
by passing it through an appropriate series of oxisorb and molecular sieve
traps.

Apparatus and techniques

Thermogravimetric (TG) and differential thermal (DTA) analyses of the
parent hydroxide were carried out using a Shimadzu unit (Model 30H). The
heating rate was standarized at 10°C min~! in a dynamic atmosphere of air
(15 ml min~"'); highly sintered @-Al,0; was used as a thermally inert
reference for the DTA measurements.
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Infrared absorption spectra (IR) were recorded from thin discs (40 + 2
mg cm ') of KBr-supported test samples over the frequency range 4000-200
cm™!, using a Perkin—-Elmer spectrophotometer (Model 2000).

X-ray powder diffractograms (XRD) were recorded for the calcinated
products of the parent hydroxide on a Philips diffractometer (Model PW
1710), using Ni-filtered Cu Ka radiation, operated with 20° diverging and
receiving slits at a scanning rate of 20° min~!. The diffraction patterns thus
obtained were matched with relevant ASTM cards [12] for identification
purposes.

The surface excess charge associated with the nickel ions was deter-
mined by allowing the excess oxygen to decompose hydrazine N,H, + O,
= N, + 2H,0. The undecomposed N,H, was evaluated automatically
using the apparatus and technique described elsewhere [13].

Nitrogen sorption was determined volumetrically at 77 K using a conven-
tional apparatus. The calcined samples were pre-outgassed (103 torr) at
150°C for 5h. The surface area (Sggr) was calculated using the BET
method. Analysis based on the Kelvin equation was performed for calculat-
ing the pore-size distribution data.

RESULTS AND DISCUSSION

The non-isothermal events encountered throughout the calcination
course of the parent hydroxide are shown in the TG and DTA curves in
Fig. 1. The TG curve (a) indicates that the hydroxide suffers a 20.90%
weight loss through a single acceleratory-rate step occurring at 275-325°C
which is compatible with that anticipated theoretically (19.43%) for the
formation of the stoichiometric NiO structure. The endothermic peak
observed in the DTA curve (b) at about 310°C, and its compatibility with
the region of the weight loss in the TG curve, supports the idea that the
decomposition reaction proceeds through a single distinct stage.
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Fig. 1. TG (a) and DTA (b) curves for nickel hydroxide.
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Fig. 2. Infrared absorption spectra of the parent nickel hydroxide and its calcination
products at 200, 300, 400, 500, 600 and 700°C.

Structural variations accompanying the thermal treatment of the parent
hydroxide were investigated from the IR spectra (Fig. 2) and XRD data
(Fig. 3), as well as from the surface content of excess oxygen determined
for the calcined product of the parent hydroxide (Table 1). The IR spectra
for the parent sample and its calcination product at 200°C show character-
istic bands [14] for structural (OH™) (3650 cm™!) and water of hydration
(370 cm™!) [15]. Because the adsorbed oxygen species are known [16] to
absorb IR radiation at 1552 cm™! (O,), at about 1160 cm™! (O;) and at
about 860 cm™! (O27); the complex absorption band observed at 1500-980
cm™! can be assigned to the presence of a mixture of perturbed O, and
02~ species. For the calcination products obtained at 300-500°C, the IR
spectra show characteristic peaks of charged as well as uncharged O,
species [17]. Within this context, the XRD data compiled in Fig. 3 indicate
the coexistence of Ni,O, with the dominant NiO phase; this is reflected in
the relevant IR spectra of these products, which show marked changes in
comparison with the band structure of the parent hydroxide. In addition,
the maximum surface content of excess oxygen determined for this temper-
ature range, see Table 1, confirms the above results. At 500°C, where the
decomposition process is complete, a marked decrease in surface excess
oxygen content is observed. This may help to clarify the interrelation
already inferred from the XRD analysis, which confirmed the formation of
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Fig. 3. XRD for nickel hydroxide and its calcination products at 250, 300, 350, 400, 500 and
700°C.

NiO as the sole bulk phase. The relevant IR spectrum shows a band
characteristic for the uncharged O, species at about 1500 cm™!. The IR
spectra for the products obtained above 500°C show only the absorptions of
Ni=O bending vibrations, where the spectra display a well defined band
structure analogous to that reported for the NiO-like structure [11]. The
corresponding XRD data for these products also support the above con-
tention.

It is worth noting that at such high temperatures, the lattice ordering
mechanism is operating and is accompanied by a sintering process [18].
Therefore, the unexpected slight increase in the determined surface con-
tent of excess oxygen (700°C), Table 1, is understandable if we remember
that the sintering process tends to maintain the bulk properties throughout
the solid particles [18].

Sintering is one of the most important phenomena taking place when
crystalline solids are heated. It can affect both the decomposition reaction
and also the properties of the resulting products. Moreover the external
sign of sintering in a crystalline porous solid, specially a dispersed one, is a
reduction in its external dimensions during heating. Therefore a reduction
in porosity and an increase in the apparent density are observed with an
increase in calcination temperature (see Table 1).

Sintering of a powder normally begins with the “welding” of the grains
at the contact sites. This affects the trend of variation of the surface area
with the duration time, as shown in Fig. 4. There is a decrease in Spgr at
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Fig. 4. Variation of surface area (Sgpr) with time duration of heating at different calcina-
tion temperatures for nickel hydroxide.

temperatures above 300°C which can be interpreted as follows. Sintering
can be represented as the spontaneous filling of the free spaces inside the
grains and between them by substance as a result of an increase in the
mobility of the elements in its lattice at adequately high temperatures. As a
result, there is a regular change in the area of the entire surface of the
grains and the surface of contact between them: the first diminishes and
the second increases, leading to the observed surface area decrease.
Therefore special attention was paid to the kinetics of sintering in a work
dealing with the adsorption capacity of these solids [19,20].

Regarding the kinetic expression for the sintering rate on the basis [19]
of surface area variation with the calcination temperature and duration
time, the rate of an active solid is represented by

dS/dr = —Kf(S)t (1)

where Sger is denoted as S.
When an active solid is heated, Spey can be correlated directly [19] with
the rate of sintering according to the equation

d§S/dt= —-KS (2)
which can be written in the form
S =35, exp(—Kt) (3)

Using eqn. (3), the sintering rate constants were calculated, see Fig. 5, and
are listed in Table 1 together with the cumulative data derived from the
analysis of N, adsorption measurements for the calcined products of nickel
hydroxide at 250-700°C. From studying the trend of variation of the
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Fig. 5. Variation of log Sgpy With log ¢ for the calcination products of nickel hydroxide at
different temperatures (250-700°C).

obtained kinetic data of sintering with time at constant temperature,
represented in Fig. 5 and Table 1, we can conclude that the degree of
shrinkage of the solid is proportional to the duration time. This is in
accordance with the results given by Pines [10], who related this behaviour
to the change in the coefficient of self diffusion as a result of a process of
relaxation (removal of distortions), occurring simultaneously with sintering.

One of the main factors influencing the sintering rate is the crystalliza-
tion and grain growth process which occur concurrently. It was found
(Table 1) that the sintering rate is greatly reduced when there is intensive
grain growth. This is explained by the fact that diffusion from the pores
occurs not towards the surface of the particles but towards the boundaries
of the individual grains [10]. Thus, the distance over which diffusion occurs
with a reduction in pores is determined by the sizes of the crystals which
sharply reduced during intensive accumulative recrystallization [21,22].

It has been stated previously [11] that the thermal treatment of nickel
hydroxide produces an oxide containing excess oxygen in the lattice and
chemisorbed on the surface. This excess oxygen is accompanied by the
creation of cationic vacancies |C |, which facilitate surface as well as lattice
diffusion [11] at higher temperatures

2NiZ*+ 207"+ 10,(g) = 2Ni**+ 30>+ [C| (4)

Accordingly the concentration of the surface excess oxygen can be consid-
ered as a measure of the concentration of these vacancies. In our case it
was found that the surface excess oxygen increases with increasing calcina-
tion temperature (Table 1). It has been stated [9] that (i) the difference in
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the concentration of the vacancies leads to an increase in the growth rate
of the fine pores compared with the large ones, and (ii) the fine pores may
diminish at the expense of an increase in the volume of the large ones.
These conclusions are in agreement with the cumulative data cited in Table
1. Thus, if we assume that the calcination products contain closed pores of
different sizes, their growth will be irregular and depends on many factors,
acting partly in opposite directions and behaving differently for different
pores at various stages of the sintering process. Accordingly, the process of
reducing the volume of the pores which are intercommunicating and which
communicate with the surface of the oxide system obviously occurs during
the sintering process.

Extending the kinetic study of the sintering process, the activation
energy value (E,) for this process was calculated to be 17.14 kJ mol~!. The
lower value of E, suggests that the decomposition reaction is the rate-de-
termining step, which normally possesses higher E, values [3]. Therefore
any further attempt to justify the above conclusion must depend on the
kinetics of the thermal analysis.

Next, the results of fundamental mechanistic investigations of the ther-
mal decomposition of a well-defined solid will be discussed. Such studies
are intended to identify the sequence of steps by which such a crystalline
compound is converted to the reaction products, and also the parameters
which control the reactivity of the participating species. Therefore the
above analysis is of particular significance, because the conclusions that will
be reached provide a theoretical basis for the meaningful interpretation of
the previously obtained data.

The kinetics of thermal decomposition in both isothermal and non-iso-
thermal conditions have interested several investigators [23—25]. Because of
several inaccuracies [26,27], reliable kinetic parameters cannot be easily
obtained from a single variable temperature thermogram [28]. Accordingly,
isothermal kinetic analyses are in general more reliable for determining the
a—t function and the E, value of the reaction, especially under less
complex conditions [29-31].

The a—t curves for the parent hydroxide were obtained in the tempera-
ture range 250-350°C. In order to carry out the scheme of kinetic analysis,
a computer program was devised [32] considering the different rate equa-
tions [25] governing the kinetics of solid state reactions. It was found from
the analysis of each set of a—f data that the main decomposition process of
nickel hydroxide obeys the Avrami-Erofe’ev equation

—log(1 —a)/" =Kt (5)

Accordingly, the decomposition reaction occurs by a nucleation-and-growth
mechanism. This nucleation occurs at all edges of the plate-like crystallites
and the subsequent advance of the coherent interface represents a topotac-
tic process [33] yielding a pseudomorphic product, within which the pores
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Fig. 6. Arrhenius plot for the isothermal decomposition of nickel hydroxide.

are disposed in a regular manner. The activation energy (E,) for the
decomposition reaction was estimated as 177.11 kJ mol~! from the rate
constants measured between 250 and 350°C by applying the Arrhenius
equation, see Fig. 6. On the whole, the possible association of surface
excess oxygen with O2~ and OH ™, stresses the validity of the concept [11]
that NiOOH is formed as an intermediate and is confined to the surface
layers. The formation of such species is a result of the following topochemi-
cal decomposition reaction

2Ni(OH), + 10, = 2NiOOH + H,0 (6)

Thus, the formation of stoichiometric NiO can be attributed [34,35] to the
presence of insufficient ambient oxygen to initiate such a topochemical
process.

The above findings lead to the suggestion that the proposed nucleation-
and-growth mechanism is followed by an advancing interface in the
brucite-type structure of the reactant and both proton transfer (20H™ —
H,O + 0?7) and electron transfer (2Ni**+ 02~ — 2Nij** + ;0,) steps are
involved. The higher value of E, (177.11 kJ mol™!) is ascribed to the
participation of the electron transfer step at low temperatures, whereas at
temperatures above 310°C (DTA), water escape becomes inhibited so that
the dehydroxylation exerts the dominant influence on the decomposition
rate. In a general consideration of the mechanisms whereby water may be
eliminated from solids, we can conclude [36-38] that four steps may
contribute to the overall decomposition reaction: (i) formation of the water
molecule within the crystal, (ii) water elimination at the gas—solid interface,
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(iii) fragmentation of the reactant crystal, and (iv) reorganization of the
vacancy structure.
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