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A significant industrial problem associated with the production of nickel from basic nickel
carbonate has been identified. Fundamental studies of the change of phase, product surface, and
internal microstructures taking place during oxidation and reduction processes at temperatures
between 110 �C and 900 �C have been carried out. The various elemental reactions and fun-
damental phenomena that contribute to the change of the physical and chemical characteristics
of the samples during the processes taking place in Ni metal production through gas/solid-
reduction processes have been identified and thoroughly investigated. The following phenomena
affecting the final-product microstructure were identified as follows: (1) chemical changes, i.e.,
decomposition, reduction reactions, and oxidation reactions; (2) NiO and Ni recrystallization
and grain growth; (3) NiO and Ni sintering and densification; and (4) agglomeration of the NiO
and Ni particles.
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I. INTRODUCTION

THIS article describes a series of fundamental studies
to identify the elemental reactions and phenomena
taking place during oxidation and reduction processes
used in production of solid Ni metal. A great deal of
fundamental research has been undertaken on the factors
influencing the gas/solid reduction processes; this
includes thermal decomposition reactions and heteroge-
neous reactions involving gas/solid systems.[1–6] These
studies have formed the basis for the use of these
reactions in metallurgical and materials production on
an industrial scale. The evolution of materials charac-
teristics during these processes is complex, since a
number of elemental reactions and fundamental phe-
nomena occur simultaneously; these may include, but
are not limited to, solid-precursor decomposition, reduc-
tion reactions, oxidation reactions, gas- and solid-phase
mass transfer, and sintering. Identifying and describ-
ing these fundamental phenomena is important for
understanding the underlying science, as well as for
improved control of technological applications. Differ-
ences in the relative contributions of these phenomena
will lead to differences in the properties of the final
product.

Despite the accumulated knowledge to date, the
complexities of the processes mean that it is still
necessary to characterize individual systems through

systematic experimental studies. An important indus-
trial example of the class of gas/solid-reaction processes
is the production of nickel. Basic nickel carbonates
(NiCO3ÆxH2O, NiCO3ÆxNi(OH)2ÆyH2O, NiCO3ÆxNiOÆ
yH2O), or BNC, are used in the commercial production
of nickel-metal powders and compacts through calcina-
tion and reduction with hydrogen.[7]

In the case of nickel production from nickel oxide,
residual oxygen and overall reduction rate are the key
parameters determining the specification and value of
the final Ni product and the production rates, respec-
tively. The European Union’s new chemical policy
regulations[8] require that oxygen concentrations in the
nickel product are less than 0.1 wt pct as nickel oxide.
These restrictions are driven by the need to minimise the
generation of residual NiO dust, which has been shown
to be carcinogenic.[9] From the point of view of
workplace health and safety, and marketability of nickel
products, it is important to characterize the form of any
residual nickel oxides present, and to determine how
they were formed, and therefore, how they might be
further reduced. These processes, as they relate to
industrial practice, have not been adequately described
in studies to date.
The approach taken in the current study is as follows:

(1) systematically investigate the modes of occurrences
of residual oxygen (in the form of NiO) in the final Ni
product; (2) carry out carefully planned and controlled
laboratory experiments to investigate fundamental phe-
nomena and reactions; and (3) relate results from these
experiments to microstructures observed in industrial
samples to identify fundamental processes occurring
during production of Ni metal through gas/solid
reactions.
Figure 1 illustrates the various types of residual NiO

microstructures observed in materials obtained from
several locations along the process line in the commer-
cial production of Ni. For the purpose of the following
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systematic investigation of the processes resulting in
formation of these various types of NiO, these have been
classified as follows:

(1) type 1—trapped round particles surrounded by
(1A) thick or (1B) thin dense Ni;

(2) type 2—trapped blocky form surrounded by por-
ous Ni;

(3) type 3—surface layer of a NiO on a Ni particle
(3A) with or (3B) without a fine layer of Ni on
oxide surface;

(4) type 4—bulky NiO (4A) with or (4B) without
dense Ni inside; and

(5) type 5—fine partially reduced NiO particles with
individual particle size of one to five lm.

From Figure 1, it clearly follows that residual NiO is
present in various complex structures, which resulted
from different phenomena occurring during the Ni
production process. Understanding of the phenomena
resulting in the formation of these residual, nickel-oxide
microstructures is important for the process control to
obtain a high-quality nickel product.

In Part I of the series, a systematic investigation of
changes in phases present, product surface, and internal
microstructures occurring in starting material BNC
during controlled oxidation and reduction conditions is
provided. The principal aim of the study is to identify the
various fundamental phenomena occurring and their
effects on the processes and the final product. This is to
provide a basis for future fundamental studies on each of
the phenomena and also provide information in support
of industrial operations. In Part II of the series, the
analysis of the microstructure formation in intermediate

and final products during industrial operations and the
implications for plant practices are described.

II. PREVIOUS STUDIES ON BNC
DECOMPOSITION AND NiO REDUCTION

There have been a number of studies on the thermal
decomposition of BNC and nickel carbonates using
thermo-gravimetric analysis (TGA) and differential
thermal analysis (DTA).[10–14] It is generally agreed that
the thermal decomposition of various BNC proceeds in
two steps, first involving the removal of H2O only, and
then H2O and CO2. Using heating rates between 2 �C/
min to 50 �C/min the evolution of H2O only is reported
to occur from 90 �C to 200 �C; the evolution of H2O
and CO2 occurs from 270 �C to 420 �C. The two steps of
decomposition of BNC can be represented by the
following chemical reactions:

xNiCO3�yNiðOHÞ2�zH2O! xNiCO3�yNiðOHÞ2þ zH2O

½1�

xNiCO3�yNiðOHÞ2 ! ðxþ yÞNiOþ xCO2 þ yH2O

½2�

The two decomposition steps are reported to apply to
2NiCO3Æ3Ni(OH)2Æ4H2O,[11,13] NiCO3Æ2Ni(OH)2Æ4H2O,[12]

and NiCO3ÆNi(OH)2Æ2H2O.[14] Only in the latter study[14]

have the microstructure changes occurring during the
transformation from BNC to NiO particles been

Fig. 1—Examples of types of residual nickel oxides observed in the materials and product of refinery plant: (a) type 1A, NiO enclosed by thick
dense Ni; (b) type 1B, NiO enclosed by thin Ni layer; (c) type 2, trapped blocky NiO surrounded by porous Ni; (d) type 3A, NiO with fine layer
of Ni on NiO surface; (e) type 3B, NiO on the surface of Ni; (f) type 4A, bulky NiO with dense Ni inside; (g) type 4B, bulky NiO; and (h) type
5, fine partially reduced NiO particles, size 1 to 5 lm.
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examined; however, this is a very cursory study of these
phenomena.

There have been a number of studies on the gaseous
reduction of nickel oxide to nickel by hydrogen-based
gases,[15–21] in which the overall reaction can be
expressed as follows:

NiOðsÞ þH2ðgÞ ! NiðsÞ þH2OðgÞ ½3�

In many cases, the starting point for these studies
involved the use of finely divided NiO powder or
compacts. Although reduction in hydrogen atmospheres
was found by many investigators to occur readily, there
are considerable differences in the reported kinetics of
these processes due to the differing characteristics of the
starting materials and the reaction geometries employed
in these studies.[15–21] In relatively few studies, the
reaction conditions have been well established, using
either dense NiO sheets[16–18] or granules[20,21] to over-
come gas-phase mass-transfer limitations. These studies
show that the reaction rates increase with increasing
temperatures up to 600 �C, and then a slowdown
between 600 �C to 900 �C, before increasing again
above 950 �C. There are no phase changes taking place
in this range of temperatures, and no physical changes
to the oxide or metallic phases were detected that might
explain the slowdown of the reaction between 600 �C to
900 �C. A number of mechanisms have been proposed
to explain the observed reduction behavior, but to date,
the origins of these phenomena remain uncertain.

The majority of the studies on BNC are focused on
the thermal decomposition in air and limited to low
temperatures (<600 �C). On the other hand, although
research has been carried out on NiO reduction at
temperature ranges between 200 �C to 1000 �C, there
are no published studies of microstructure evolution
during reduction of BNC to NiO, and then to Ni.

Although the gaseous transformation of BNC to
NiO, and then reduction to nickel by hydrogen appear
to be simple reactions, the factors influencing the
extent and rates of reduction, and its inter-relationship
with the microstructure are not completely under-

stood. The reduction of BNC and NiO appear to be
strongly dependent on the characteristics of the
starting materials, the process conditions, and thermal
history. This is of particular concern for the accurate
control of industrial processes used in the production
of nickel oxide and nickel metal powders, in which
variations in product quality and characteristics are
undesirable.

III. EXPERIMENTAL DESIGN

A. Materials

In the current study, BNC supplied by the BHP
Billiton Yabulu Refinery was used as the starting
material. The BNC was produced by precipitation of
nickel from an ammonia-ammonium carbonate solution.
The particles were spherical and ellipsoidal in shape, as
shown in Figure 2, ranging from 0.4 to 23 lm in
diameter, with a mean diameter of 8.2 lm. The surfaces
of the particles were superficially smooth; the Brunauer-
Emmett-Teller (BET)-specific surface area of the original
BNC particles was 238 m2/g. Prior to experiments, BNC
samples were dried in an oven in air atmosphere at a
temperature of 105 �C for 16 hours to release the
physically bound H2O. The dried BNC contained
approximately 52 pct wt Ni, 3.52 pct wt C, and approx-
imately 0.001 pct wt S; the balance was predominantly
O and H2O. On this basis, the calculated composition is
approximately NiCO3Æ2.02Ni(OH)2Æ1.94H2O.

B. Experimental Plan

The experimental plan in the current study was
developed following careful evaluation of the modes of
occurrences of residual nickel oxide in the materials
(Figure 1), the thermal and atmosphere conditions in
the actual process, and consideration of possible
elementary reactions and phenomena involved in the
gas/solid reaction processes.
Separate and combination heat treatments on BNC

samples under specific experimental conditions were

Fig. 2—SEM micrographs (secondary electron images) showing the surface morphology of the original BNC particles. Note the smooth surface
of the particles, which consist of submicron grains.
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carried out to reproduce some of the residual nickel-
oxide microstructures to allow the investigation of the
underlying elementary reactions and fundamental phe-
nomena occurring during the process responsible for the
formation of these microstructures.

The heat treatments carried out in this study are as
follows: (1) calcination/oxidation of BNC in air; (2) direct
reduction of BNC in reducing (15 pct H2-N2 and 1.5 pct
H2-N2) gas atmosphere; and (3) reduction in 15 pct H2-
N2 gas atmosphere of preoxidized/calcined BNC.

The calcination/oxidation and reduction of the sam-
ples were carried out at temperatures between 110 �C
and 900 �C. The samples were held at the peak
temperatures for 30, 60, and 120 minutes to evaluate
the effect of holding time at a temperature. The heating
rate of 10 �C/min used in the study was selected to
reflect the heating rate in the rotary kiln used in
industrial production of nickel.[22]

C. Experimental Technique

The oxidations and reductions were carried out in an
electrically heated furnace inside a quartz tube, using a
top-blown fluidising particle technique. The schematic of
the furnace used in the current study is shown in Figure 3.
The reducing/oxidizing gases were introduced through a
5-mm-inner diameter (ID) alumina injection tube from
the top, blowing and circulating the particles at the
bottom of the closed-end, 30-mm-diameter quartz tube.
The flow rates utilized in the experiments were 500 to
1000 mL/min. The quartz tube was supported by a steel
frame separate from the furnace, and it was moveable. A
mechanical vibrator was attached to the steel frame, thus
indirectly vibrating the quartz tube; this ensured that a
good circulation of the particles in the sample bed was
maintained throughout the experiments and enhanced
the contact between the gas and the particles.

Approximately 5 g of sample were initially placed in
the quartz tube. The samples were heated to the desired
temperature in the desired atmosphere. After reaching
the desired temperature, the samples were held at the
temperature before they were quickly cooled by remov-
ing the quartz tube from the furnace and by passing a
flow of inert gas (Ar or N2) through the system. The
samples were then analyzed using materials-character-
ization techniques to study the phase changes and
microstructure/surface-morphology evolution during
the process. Selected repeated experiments were carried
out to ensure the consistency and repeatability of the
experiments.

D. Analysis Techniques and Sample Preparation

The microstructures of the samples were examined
using scanning electron microscopy (SEM) and
energy dispersive X-ray (EDX) techniques, namely,
FE-SEM JEOL* 6300/6400, variable pressure SEM

JEOL 6460LA, and PHILIPS** XL-30 with acceler-

ating voltage of 15 and 20 kV. X-ray powder diffrac-
tion (XRD) analyses were carried out using PHILIPS
PW 1130 X-ray diffractometer with a graphite mono-
chromator using Cu Ka radiation.
Thermo-gravimetric analysis and DTA were carried

out on the samples using the STA 409C/CD (NET-
ZSCH GmbH, Bayern, Germany). Specific surface-area
measurement of selected samples was carried out using
the Tristar 3000 (Micromeritics Instrument Corp.,
Norcross, GA). Particle-size measurement of the sam-
ples was carried out using the Mastersizer 2000 (Mal-
vern Instruments Ltd., Worchestershire, United
Kingdom).
To enable the examination of the internal microstruc-

tures of the materials, the samples, after the experi-
ments, were mounted in epoxy resin and cured in a
vacuum chamber. Cross sections of the samples were
then prepared by polishing, using SiC paper and
diamond paste (down to a 0.25 lm size). For SEM
surface-morphology observations, the powder samples
after the experiments were directly placed on a carbon
tab attached to an aluminium pin stub before being
sputter coated using an Eiko IB-5 Sputter Coater (Eiko
Co. Ltd., Hitachinaka, Japan) with platinum.

IV. RESULTS AND DISCUSSION

A. BNC Samples Calcined in Air

The behavior, fundamental reactions, and microstruc-
tural changes of BNC during calcination in air were

Fig. 3—Schematic of the experimental apparatus used to treat BNC
powders.

*JEOL is a trademark of Japan Electron Optics Ltd., Tokyo.

**PHILIPS is a trademark of FEI Company, Hillsboro, OR.
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characterized using a number of techniques. Figure 4
shows the XRD patterns of BNC samples calcined in air
for 30 minutes at various temperatures. The XRD
analyses of the samples heated at 110 �C and 200 �C
show no clear X-ray diffraction peaks, suggesting that
the material was in an amorphous or microcrystalline
state. At 340 �C, it can be seen that the NiO diffraction
peaks appear, indicating that the reaction in Figure 2
had already commenced. As the temperature of calci-
nation is increased to 900 �C, the NiO peaks become
sharper.

From the XRD results, the average crystallite size of
the NiO was estimated by using the Debye-Scherrer
formula,[23] i.e., calculated from the broadening of the
X-ray peaks at half maximum, as follows:

D ¼ 0:89k=b cos h ½4�

where D is the average crystallite size, k is the Cu Ka

wavelength (1.5418 Å), and b is the peak width at half
maximum. Assuming a zero contribution from strain,
the values of b were corrected by considering the
broadening due to instrumental effects.[23] The instru-
mental effects to the X-ray peaks broadening were
determined by analysing NIST 640 C silicon standard
and were found to have a value of binst = 0.134 deg.
Table I shows the summary of the effect of maximum
calcination temperature in air on the average NiO
crystallite size. At 340 �C, the average crystallite size

was appromixately 4 nm; the average crystallite size
increases with increasing calcination temperatures. At
900 �C, the calculated average crystallite size was
approximately 52 nm (0.052 lm), and this value is
comparable to the size of NiO grains observed using
SEM, as demonstrated subsequently in this article.
Figure 5 shows the TGA and DTA results of BNC

heated in air from room temperature to 900 �C, with a
heating rate of 10 �C/min. The DTA curve shows two
maxima at 110 �C and 310 �C, and the differential
thermal gravimetry (DTG) curve suggests that the first
decomposition of BNC occurred between 100 �C and
220 �C, and that the second decomposition occurred in
the range of 230 �C to 370 �C. These may be attributed
to the release of H2O and the formation of nickel oxide
(second removal of H2O and CO2), respectively, as has
been suggested by previous investigators.[10–14] These
observations and interpretations are supported by the
XRD results that indicate that at 340 �C, nickel oxide
had already formed.
Figures 6(a) through (h) represent selected SEM

micrographs of the surface morphologies and the
sectioned microstructures of BNC samples at various
temperatures, following treatment in air. At 110 �C to
200 �C, the shapes and the sizes of the particles were still
the same as in the original particles. Figures 6(a) and (b)
show SEM images of the surface and internal micro-
structure of a BNC particle at 200 �C. In general,
discrete particles were observed at that temperature,
rather than agglomerates. In Figure 6(b), the particles
appear uniform in cross section; however, on heating
above 200 �C, a concentric layer structure can be seen in
some of the particles.
The concentric layer structure became more distinct

upon heating up to 400 �C and 600 �C (Figure 6(d)).
Some of the larger particles consist of two or more
concentric layer structure cores, indicating the successive
formation of layers on the particles’ surfaces during the
precipitation reaction.
At 700 �C and 800 �C, there were signs that agglom-

eration had occurred during calcination; agglomerates
in the range of 50 to more than 100 lm were observed at

Fig. 4—XRD spectra of BNC samples calcined in air at various tem-
peratures. Heating rate 10 �C/min, holding time at temperature
30 min, Cu Ka radiation used.

Table I. Effect of Maximum Calcination Temperature in Air
on the Average NiO Crystallite Size, Calculated Using

Debye–Scherrer Formula (BNC Heating Rate 10 �C/min;

Holding Time at Temperature 30 Minutes)

Temperature
of calcination (�C)

340 400 500 600 700 800 900

Average crystallite
size, D (nm)

4 7 16 24 34 44 52

Fig. 5—DTA, TGA, DTG, and DDTA curves of BNC samples he-
ated in air with heating rate of 10 �C/min.
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Fig. 6—SEM micrographs of the surface (left column) and the cross sections (right column) of BNC samples calcined in air (30 min, 10 �C/min
heating rate) at various temperatures: (a) and (b) 200 �C; (c) and (d) 400 �C; (e) and (f) 800 �C; and (g) and (h) 900 �C.
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800 �C. In some particles, a clear, physical separation
between layers in the concentric layer structure had
occurred by 800 �C. At temperatures in the range of
800 �C to 900 �C, random distributions of a very small
(<0.1 lm) recrystallized NiO grains were observed
throughout the particles, destroying the concentric layer
structure.

Referring to the results in Figure 5, it can be
suggested from a small DTA peak at 660 �C that the
recrystallization of NiO occurred at that temperature.
This peak can be clearly seen in the first derivative of
differential thermal analysis (DDTA) curve. The newly
recrystallized NiO grains were, however, indistinguish-
able at 700 �C and 800 �C, which was likely due to the
very small size of the grains. From the XRD peaks in
Figure 4, the calculated average crystallite sizes at
700 �C and 800 �C were 34 and 44 nm, respectively.
Figures 6(g) through (h) show SEM images of the
surface and sectioned particles at 900 �C. It can be
clearly seen from Figure 6(h) that submicron grains,
having diameter of approximately 0.05 to 0.1 lm, are
observed on the surface and within the particle. This is
consistent with the average crystallite size calculated
using the Debye–Scherrer formula (0.052 lm).

B. BNC Sample Reduced in 15 Pct H2-N2 Gas
Atmosphere

To study the behavior, fundamental reactions and
microstructure change of BNC in reducing conditions,
BNC samples were again heated to various temperatures
using a 10 �C/min heating rate, but in this series of
experiments, a 15 pct H2-N2 gas atmosphere was used.

Figure 7 shows the XRD analyses of the samples
reduced in 15 pct H2-N2 at different temperatures. It can
be seen that at 100 �C to 200 �C, no peaks are observed,
indicating the samples were in an X-ray amorphous
state. At 340 �C, broad NiO X-ray diffraction peaks

are observed, which indicate the formation of a
fine-crystalline oxide. A small Ni-metal peak is also
observed at this temperature. These suggest that upon
heating in a reducing atmosphere, BNC first decomposes
to nickel oxide, before forming nickel nuclei. At 400 �C,
the X-ray diffraction pattern consists principally of Ni
with residual NiO. Upon increasing the temperature to
900 �C, the Ni X-ray diffraction peaks become sharper.
At 100 �C to 200 �C, the surface morphology of the

particles was similar to BNC particles oxidized at
110 �C to 200 �C in air. The majority of the 1- to 10-
lm particles were spherical or ellipsoidal in shape,
having smooth external surfaces. The sectioned micro-
structure of BNC particles at 200 �C appeared to be
uniform, with concentric layer structure observed in
some of the particles.
Figures 8(a) and (b) show SEM images of the surface

and microstructure of sectioned particles at 340 �C.
From the cross-sectional observation, it can be seen that
at this temperature, some of the particles had trans-
formed to more porous/spongy particles (Ni particles).
The concentric layer structure of the particles at this
temperature was quite distinct. Agglomeration of some
of the Ni particles was observed at 340 �C.
The SEM observations of the particles treated at

400 �C to 500 �C showed that the surfaces of most
particles were covered with porous/spongy Ni and that
extensive agglomeration of the particles had occurred.
The size of the agglomerates can be more than 100 lm.
By 500 �C, it appears that all of the particles had
transformed to porous Ni crystals, confirming the XRD
results.
At 700 �C, the spongy nickel particles consisted of

0.05- to 0.1-lm-diameter nickel grains (Figures 8(c) and
(d). At 800 �C, grain growth of the subgrains had
occurred, such that the mean grain size of the nickel was
of the order 1 lm. Extensive agglomeration of the
particles at 800 �C can be seen in Figures 8(e) and (f).
At 900 �C, the particles had formed agglomerates/

lumps of more than 700 lm in diameter. The Ni grains
had coarsened to more than 1 lm in size. There was
clear evidence of sintering and densification of the Ni
structure (Figures 8(g) and (h)). From the particle cross
sections, there was no evidence of residual nickel-oxide
trapped inside the dense nickel; the darker regions at the
center of the particles in Figure 8(h) are isolated pores.
Additional experiments were carried out using longer

reduction times at the peak temperatures, i.e., 60 and
120 minutes. Above 700 �C, there was a significant
sintering/densification of the nickel when the reduction
time was increased to 60 or 120 minutes (Figure 9).
The X-ray powder diffraction results and SEM obser-

vation were related to the DTA and TGA results.
Figure 10 is an example of the DTA and TGA results;
in this case, the reduction of BNCwas carried out in 5 pct
H2-N2 (rather than in 15 pctH2-N2) with a heating rate of
10 �C/min. This atmosphere condition was selected after
considering the constraint of the instrument in using high
hydrogen content gases and the safety assessment asso-
ciated with the experimental procedure. However, it was
expected that this would resemble the case of reduction in
15 pct H2-N2. From the DTA and DTG curves, it could

Fig. 7—XRD spectra of BNC sample reduced in 15 pct H2-N2 at
various temperatures. Heating rate 10 �C/min, holding time at tem-
perature 30 minutes, Cu Ka radiation used.
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Fig. 8—SEM micrographs of the surface (left column) and the sections (right column) of BNC sample reduced in 15 pct H2-N2 (30 min, 10 �C/min heating
rate) at various temperatures: (a) and (b) 340 �C, (c) and (d) 700 �C, (e) and (f) 800 �C, and (g) and (h) 900 �C. Nickel metal appears as the bright phase in (b).
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be suggested that the decomposition of BNC to NiO
occurred from 80 �C to approximately 370 �C, followed
by NiO reduction to Ni occurring at approximately
450 �C. Absence of thermal and weight changes recorded
by DTA and TGA curves indicates that no reactions
occurred at temperatures above 500 �C; this is in agree-
ment with microstructural and XRD analyses that
indicate nearly complete reduction to Ni metal. The

recrystallization and densification of Ni at temperatures
higher than 700 �C, as evident from SEM observations,
are not detected in the DTA spectrum, which may be due
to the associated energy changes being very small.

C. Preoxidized BNC Sample Reduced in 15 Pct H2-N2

Gas Atmosphere

During the BNC processing, for example, in a rotary
kiln, the material moves from low-temperature oxidizing
conditions at the feed input end to high-temperature
reducing conditions at the discharge end. In order to
simulate this, and to study the effect of preoxidation on
the reduction behavior, BNC samples were first preox-
idized in air, with a 10 �C/min heating rate to 900 �C,
then reduced in a 15 pct H2-N2 gas atmosphere at
various fixed temperatures for 30 minutes.
Figure 11 shows the XRD analyses of the preoxidized

BNC samples reduced at different temperatures. At
110 �C to 200 �C, the reduction was not started.
Similarly to the directly reduced BNC, nickel started
to nucleate at the temperature range of 300 �C to
400 �C. This is suggested from the XRD spectra at
340 �C and 400 �C showing Ni peaks. At 500 �C to
600 �C, from the XRD result, it can be seen that the
height of the highest Ni peak is comparable to the
highest NiO peak. In contrast to the directly reduced
BNC, residual NiO was detected by XRD even at

Fig. 9—SEM micrographs of the cross sections of BNC samples reduced in 15 pct H2-N2 at 60 and 120 min (10 �C/min heating rate) at various
temperatures, showing extensive densification at temperatures above 700 �C.

Fig. 10—DTA, TGA, DTG, and DDTA curves of BNC samples re-
duced in 5 pct H2-N2 with a heating rate of 10 �C/min.
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700 �C. At 900 �C, no NiO XRD peaks were observed;
however, microstructure observation revealed the pres-
ence of residual NiO (Figure 12).

The morphology and microstructure of the particles
after heating in 15 pct H2-N2 between 110 �C and
200 �C are similar to that of the starting preoxidized
particles. The particles exhibited a structure that is
composed of a random distribution of a very small
(<0.1 lm) recrystallized nickel-oxide grains, rather
than a clearly defined layer structure.

Figures 12(a) and (b) show the morphology of the
surface and microstructure of sectioned particles at
340 �C. In this temperature range, the particles started
to agglomerate as the nickel formed at the surface,
provides bridges between particles. The size of the
agglomerates can be more than 400 lm.

Between 500 �C to 600 �C, surface pores were
observed on the nickel particles; the size can be up to
1 lm or more (Figure 12(c)). A concentric layer struc-
ture with distinct gaps between layers was observed in
some of the particles (Figure 12(d)).

At 700 �C, quite dramatic changes in the nickel-
product structure were initiated with the densification of
the nickel metal on the surface of the particles, resulting
in the formation of a dense, nickel layer on the particle
surface (Figures 12(e) and (f)).

At 800 �C and 900 �C, the particles were character-
ized by the presence of thick, dense, metallic-Ni layer
that encapsulates the residual NiO inside the particles
(Figures 12(g) and (h)). This dense nickel consists of
recrystallized nickel with large-grain size, and the
particles were sintered together. The thick, dense Ni
made further reduction of the NiO by direct access of H2

gas impossible.
Figure 13 is an example of the DTA and TGA results

of the reduction in 5 pct H2-N2 (heating rate of
10 �C/min) of preoxidized BNC in air at 900 �C for

30 minutes. The decrease in weight starting at 340 �C, as
can be seen from the TGA curve, suggests that NiO
starts to reduce at approximately this temperature. This
NiO reduction, however, continued up to 900 �C. This is
in contrast with the direct reduction of BNC in the same
atmosphere where the transformation to Ni is completed
at 450 �C (Figure 10).

D. Transformation Sequence

The experimental results have shown that the
microstructural changes taking place in the processing
of BNC depend critically on the thermal history. The
key changes in the samples during the experiments,
derived by interpretation of results of the various
analyses described previously, are summarized in
Table II. The changes in the specific surface area,
measured using the BET method, during BNC pro-
cessing are summarized in Table III. The results of the
specific surface-area measurements support the inter-
pretation of transformations derived from SEM and
other analyses.
In an oxidizing condition, i.e., in air, BNC decompo-

sition is believed to occur in two stages. The first stage
involves the removal of physically absorbed water. The
formation of NiO occurs at the second stage at a
temperature between 300 �C to 400 �C; this transfor-
mation occurs without significant change in the specific
surface area, i.e., from 238 m2/g in the original BNC to
204 m2/g at 340 �C (Table III). At approximately
660 �C, the recrystallization of NiO commences; as the
temperature increases, sintering and grain growth of the
recrystallized NiO grains take place within the original
particles. By 700 �C, these processes have resulted in a
significant decrease of specific surface area to 6.6 m2/g;
at 900 �C, fully recrystallized NiO particles are formed
with specific surface area of 1.1 m2/g.
Direct gaseous reduction of BNC is suggested to take

place in three stages. The first stage is the removal of
physically entrained water. In the second stage, BNC
decomposes to nickel oxide, accompanied by the
removal of chemically bound H2O and CO2, producing
particles having a porous, concentric-ring structure. In
the third stage, nickel oxide is reduced to nickel metal,
accompanied by the removal of oxygen. All of these
changes can occur at relatively low temperatures, i.e.,
below 500 �C.
Similar to the case of calcination in air, at these low

temperatures, the NiO particles produced from the
decomposition of BNC are porous (Figure 8(b)); as a
consequence, they still have a high, specific surface area,
i.e., 207 m2/g at 340 �C. This high, specific surface area
facilitates the delivery of fresh reducing gas to the
interior of the particles, thus promoting the complete
reduction of the nickel oxide at low temperatures,
provided it has a high, chemical rate of NiO reduction,
i.e., a high partial pressure of hydrogen (15 pct H2-N2).
Further increases in temperature, i.e., above 500 �C,
result in the densification of the nickel product, accom-
panied by a significant decrease in specific surface area,
i.e., the specific surface areas at 700 �C and 900 �C are
1.1 and 0.3 m2/g, respectively.

Fig. 11—XRD spectra of the preoxidized BNC samples in air at
900 �C (30 min, 10 �C/min heating rate), which were then reduced in
15 pct H2-N2 (30 min, 10 �C/min heating rate) at various fixed tem-
peratures; Cu Ka radiation is used.
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Fig. 12—SEM micrographs of the surface (left column) and the sections (right column) of the preoxidized (for 30 min at 900 �C, 10 �C/min
heating rate) BNC sample reduced in 15 pct H2-N2 (30 min, 10 �C/min) at various temperatures: (a) and (b) 340 �C, (c) and (d) 600 �C, (e) and
(f) 700 �C, and (g) and (h) 900 �C. (NiO and Ni appear as dark gray and bright phases, respectively, in (d), (f), and (h)).
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In the case of the preoxidized BNC (at 900 �C)
reduced in a 15 pct H2-N2 condition at 300 �C to
400 �C, the nickel metal nucleates on the surface of the
recrystallized NiO grains. The reduction, however,
proceeds at a slower rate compared to the directly
reduced BNC. This is believed to be mainly due to the
larger grain size, denser sintered structure, and higher
crystallinity (low reducibility) of the recrystallized nickel
oxide particles as a result of preoxidation. This obser-
vation is supported by the BET-specific surface-area
measurements. Table III shows that the specific surface
area of the preoxidized samples at 900 �C is 1.1 m2/g.

As the temperature is increased to 660 �C, it appears
that recrystallization of the unreduced NiO occurs, as
could be suggested from the small peak in the DDTA
curve in Figure 13. As the temperature reaches 700 �C
to 800 �C, recrystallization, grain growth, and sintering
of the nickel-metal product take place. As a result, there
is a closing of pores on the particles’ surfaces. Under the
process conditions with the materials used in the current
study, the rate of nickel densification (closing up of the
pores) on the particle surface progresses quickly, relative
to the overall reduction, resulting in the formation of a
dense, nickel-metal product layer before the full reduc-
tion of the nickel oxide is complete. Once this dense,
nickel microstructure has formed, further reduction of
this trapped nickel oxide becomes progressively more
difficult. There is no direct contact between the reducing
gas and the nickel oxide at this stage; further removal of
oxygen can only take place by solid-state diffusion
through the dense, nickel layer formed, i.e., the reaction
becomes mass transfer limited. As further oxygen is
removed in this way, the layer thickness of the dense
nickel becomes progressively greater, and the diffusion
flux of oxygen through the layer is progressively
reduced. Prolonged heating times at high temperatures
(>800 �C) will also have a negative effect, as it
promotes densification of overall agglomerated mate-
rial. This is supported by the BET-specific, surface-area

measurements; the specific surface area of the preoxi-
dized (at 900 �C) samples reduced at 700 �C and 900 �C
are 0.52 and 0.44 m2/g, respectively.
This analysis indicates that the strategy to approach a

more complete reduction of nickel oxide to nickel metal
is to control the relative rate of densification of nickel
product to the overall NiO reduction rate. To demon-
strate this point, additional sets of experiments were
carried out.
Initial tests were conducted by first oxidizing BNC at

500 �C for 30 minutes prior to subsequent isothermal
reductions at 500 �C to 900 �C in 15 pct H2-N2 for
30 minutes. The temperature of 500 �C was chosen as
the preoxidation temperature for the following reasons:

(1) at this temperature, the nickel oxide formed has
lower crystallinity, higher porosity, and a higher
surface/volume ratio, as compared to NiO preoxi-
dized at 900 �C (Figure 4); and

(2) 500 �C is well below the Ni and NiO recrystalliza-
tion temperatures of 600 �C to 700 �C (Table II)
and below the temperature of 700 �C, at which the
sintering and the densification of the porous nickel
product is first observed (Table II).

The selected microstructures of BNC samples preox-
idized at 500 �C, and subsequently reduced at 500 �C to
900 �C, are shown in Figures 14(a) through (d). From
the microstructures, it can be seen that even at 500 �C,
the nickel oxide has completely reduced to nickel metal.
This result is in sharp contrast with samples preoxidized
at 900 �C, then reduced at the same temperatures
(Figure 12) for 30 minutes, in which NiO is trapped
inside layers of dense, nickel metal. This demonstrates
that controlling the nickel-oxide structure prior to
reduction process, i.e., increasing its reducibility, can
result in a complete reduction of BNC to nickel. The key
changes observed in the samples from this set of
experiments are also summarized in Table II.
The second series of tests conducted was direct

reduction of BNC in 1.5 pct H2-N2 at temperatures
between 600 �C and 900 �C. Figure 15 shows selected
SEM micrographs from these tests. It can be seen that at
700 �C, residual NiO trapped inside dense nickel was
observed. This is not observed in the case of reduction in
15 pct H2-N2 at the same temperature. By decreasing the
partial pressure of hydrogen by an order of magnitude,
the chemical rate of reduction of nickel oxide is
decreased; the densification of nickel product occurs
before the reduction of nickel oxide is complete, which
results in the formation of trapped residual nickel oxide.
As the temperature is increased, more densification and
agglomeration of the nickel occurs, which means further
removal of the trapped NiO is more difficult. At 800 �C
and at 900 �C, residual NiO enclosed in a dense Ni
network, forming denser agglomerates, is observed
(Figures 15(c) and (d)).
Previous studies of the reduction of NiO with

hydrogen gas[10–16] have shown that reduction to metal-
lic nickel occurs readily with the formation of porous,
nickel metal product. The porous product allows con-
tinuous access by gas-phase diffusion from the bulk gas
to the NiO interface, at which a chemical reaction

Fig. 13—Differential thermal analysis (DTA), thermal gravimetry
analysis (TGA), first derivative of TGA (DTG), and first derivative
of DTA (DDTA) curves of pre-oxidised BNC (at 900 �C, 30 min,
with heating rate 10 �C/min) samples reduced in 5%H2-N2 with
heating rate 10 �C/min.
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between gas and oxide occurs. The resultant H2O
product gas is also able to diffuse through the porous
product, thus enabling the reduction reaction to proceed
to completion. It has been shown in the present study
that under certain conditions, the morphology of the Ni-
metal product microstructure can change, leading to the
change in the rate-limiting reaction mechanism. The
formation of a dense, product layer leads to a significant

reduction in the overall rate of oxygen removal from the
sample.
Utigard et al.[20] reported that in temperature range of

700 �C to 900 �C, there is a decrease in the NiO
reduction rates. Based on their extended experiments,
they suggested that this is not due to physical changes of
the oxide, nor the metallic phases. They speculated that
the slowdown in the rate might be due to grain growth
of the nickel formed or by surface segregation of sulfur.
It should be noted that the characteristics, such as
particle size, purity, etc., of the NiO and experimental
technique used in their study are different than that used
in the current study.
The current study shows that in the temperature range

of 700 �C to 900 �C, there are several fundamental
phenomena occurring simultaneously that may be
responsible for the lowering of the NiO reduction
kinetics. These include the NiO recrystallization and
grain growth (600 �C to 900 �C); NiO sintering
(>800 �C); Ni product recrystallization and grain
growth (>700 �C); Ni product densification
(>700 �C); and agglomeration of particles (>700 �C).
It is also shown in the present study that the thermal
history and original microstructure of the material have

Table III. Summary of the Measured BET Specific Surface

Areas from the Processing of BNC (Heating Rate 10 �C/min;

Holding Time 30 Minutes)

Temperature
(�C)

BET Specific Surface Area (m2/g)

BNC
Calcined
in Air

BNC Reduced
in 15 Pct
H2-N2

Preoxidized BNC
(at 900 �C),
Reduced in
15 Pct H2-N2

25 (initial) 238 238 1.1
340 204 207 1.5
700 6.6 1.2 0.5
900 1.1 0.3 0.4

Fig. 14—SEM micrographs of the sections of the preoxidized (at 500 �C for 30 min) BNC sample reduced in 15 pct H2-N2 for 30 min at various
temperatures: (a) 500 �C, (b) 700 �C, (c) 800 �C, and (d) 900 �C. The gray regions inside the particles are pores in the nickel product, not resid-
ual nickel oxide.
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a significant effect on the microstructure evolution, and
hence, on the final microstructure of the nickel product.

V. SUMMARY

A systematic investigation of changes in the phases
present, the product surface, and the internal micro-
structures in basic nickel carbonate during controlled
oxidation and reduction conditions at temperatures
between 110 �C and 900 �C has been carried out. The
results show that the thermal history and original
microstructure of the material have significant effects
on the microstructure evolution and, hence, on the final
microstructure of the nickel product. The fundamental
phenomena that are observed to contribute to the
change of the physical and chemical characteristics of
the particles during the process, affecting the final
microstructure, are as follows:

1. chemical changes, i.e., decomposition, reduction
reactions, and oxidation reactions;

2. NiO and Ni recrystallization and grain growth; and
3. NiO and Ni sintering and densification.

The findings of the present study have clear implica-
tions for industrial practice, demonstrating that the key

to achieving complete reduction of NiO by hydrogen gas
is by controlling the relative rates of densification of
nickel product and the overall reduction rate of nickel
oxide. High extent of NiO reduction is favored by the
following steps:

1. maintaining a high-NiO, specific surface area to
avoid NiO and Ni recrystallization and densifica-
tion, which is achieved by carrying out reduction
below 600 �C; and

2. maintaining a high chemical rate, which is favored
by high H2 partial pressures and high H2/H2O ra-
tios (i.e., high chemical driving force for reduction).
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Fig. 15—Backscattered electron images showing internal microstructures of BNC reduced in 1.5 pct H2-N2; heating rate 10 �C/min at various
temperatures: (a) 600 �C, (b) 700 �C, (c) 800 �C, and (d) 900 �C. The gray phases are the residual nickel oxide.
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