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Uniform fine particles of nickel basic carbonate were synthesized by heating, aqueous solution
containing 0.08 mol dm~2 nickel sulfate and 0.8 mol dm~2 urea, at 85°C for various periods of
time. These particles were then coated with copper compound by heating them in aqueous
dispersion, containing urea and copper nitrate, at 85°C. The coating material was found to be
amorphous and was composed of Cu,(OH),CO3. The coating mixture, when heated under
similar conditions in the absence of the dispersed cores, produced greenish dispersion of the
precipitated particles [coating precursor solids]. The later were also amorphous in nature and
had the same chemical composition [Cu,(OH),CO3] as that of the coating material of the coated
particles. Air-dried core, coated, and coating precursor materials were calcined at 700°C for 1 h

at the heating rate of 5°C min~’

in the air atmosphere, which converted them into NiO,

NiOjcorel/CuOicoatingl, @and CuO, respectively. Scanning electron microscopic examination
showed no sintering occurred in all these solids during the calcinations process and the
particles retained their identities to a significant extent.

© 2006 Springer Science + Business Media, Inc.

1. Introduction

Synthesis of inorganic fine powders, composed of bare
or coated particles of uniform morphological features and
chemical compositions is the research domain of a number
research groups in different parts of the world [1-6]. In
fact, inorganic powders are widely used in a number of hi
tech applications, such as fuel cells [ 7], advanced ceramics
[8], gas sensors [9], photocatalyst [10], etc. In all these
applications, particle shape, size, chemical composition,
and the uniformity there in play a vital role in tailoring the
properties of the powders, as well as powder based gadgets
to the desired level. In this regard, we have established
recipes for various types of powders, composed of bare
and coated systems of uniform fine particles [11-19].

In continuation of the same efforts, attempts have been
made in this study to establish optimum conditions for the
synthesis of uniformly dispersed coated particles, com-
prised of core and coating materials of nickel and copper
compounds, respectively. It is mentioned that such com-
posite system of fine powders has never been reported
before. We hope that the obtained materials would be
proved novel precursors for the fabrication of high temper-
ature gas sensors, since compounds of nickel [NiO] and
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copper [CuO] have separately been employed elsewhere
[20, 21] as the basic materials for making thick film gas
Sensors.

This study reports the synthesis of nickel basic carbon-
ate particles and their coating with basic copper carbon-
ate by means of urea based homogeneous precipitation
method. In the absence of the core particles, the opti-
mized coating mixture generates spherical particles of
amorphous basic copper carbonate precipitates, designate
as coating precursors. On calcination at the elevated tem-
peratures, the core, coated, and coating precursor parti-
cles convert into nickel oxide, copper oxide coating)/nickel
oxidecore), and copper oxide, respectively.

2. Experimental procedures

2.1. Material

Merck reagent grade Nickel (II) sulfate, copper (II) ni-
trate, and urea were used as the starting chemicals for
the synthesis of the reported materials. Stock and other
required solutions of these chemicals were made with
doubly distilled water, using all Pyrex glass vessels. The
glass vessels were initially cleaned with dilute nitric acid,
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then thoroughly rinsed with copious amount of doubly
distilled water, and then dried in a drying oven. All the
solutions were filtered through 0.1 um pore size mem-
brane filter before use. The working and stock solutions
were never used longer than 4 days.

2.2. Synthesis of nickel compound

[core particles]

In this case, 500 cm® of aqueous solution, containing
0.08 mol dm~—3 nickel sulfate and 0.8 mol dm—3 urea,
was prepared at room temperature. This solution [reactant
mixture] was then transferred to a 600 cm® double-walled
Pyrex glass reactor, pre-heated at 85°C by hot circulating
water. The reactor was closed at the top by means of a per-
forated lid and the reactant mixture was aged up to 5 h.
During aging period, the initially clear homogeneous solu-
tion converted into dispersion of the precipitated particles,
which settled down at the bottom of the reactor, leaving
clear supernatant solution above. In some cases, the clear
supernatants were heated under similar conditions after
separating them from the settled solids. In all the experi-
ments, the precipitated solids were isolated from the lig-
uid phase by vacuum filtration through 0.1 um pore size
membrane filter, and then washed extensively with dou-
bly distilled water. The obtained wet material was either
dispersed in distilled water and stored in the form of dis-
persion in a tightly stoppered Pyrex glass vessel, or dried
in air and stored in a desiccator in the form of dry powder.

2.3. Synthesis of copper/nickel compound
[coated particles]

Various amounts (0.2-0.8 g dm~3) of the originally wet
core particles of the nickel compound were ultrasonically
dispersed in aqueous solutions, containing varying quanti-
ties of urea [0.2—1.0 mol dm 3] and copper nitrate [0.002—
0.02 mol dm™3]. In all cases, the resulting dispersions
were stirred by means of a magnetic stirrer for 6 h in a
glass stoppered titration flask at room temperature. Later
on, all the dispersions were individually transferred to a
double-walled Pyrex glass vessel [reactor], described in
section 2.2. The content of the reactor was aged at 85°C for
10-120 min with constant stirring. At the end of this treat-
ment, temperature of the reactor was immediately brought
down to room temperature by means of cold circulating
water. This dispersion was then filtered through a 0.1 um
pore size membrane filter in order to separate solids from
the liquid phase. The solids retained on the membrane fil-
ter were extensively washed with doubly distilled water,
dried in air, and then stored in desiccator.

2.4. Heat treatment

Air-dried powders of the core and coated particles were
heated at 700°C in the tube furnace, equipped with a
programmable controller. Heating was performed in air
atmosphere for 1 h at the heating rate of 5°C min~!. After
this treatment, the furnace was turned off and the heat-
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treated samples were cooled down to room temperature
inside the furnace.

2.5. Characterization

Shape and size of the core and coated particles were evalu-
ated by scanning electron microscopy [SEM; JEOL, JSM-
6300]. For this study, the powder samples were mounted
on standard stubs, which were then coated with a thin
conducting layer of gold in a sputtering machine. Dur-
ing microscopic examination, the SEM was operated at
15 keV.

The coated solids were subjected to energy-dispersive
x-ray analysis [EDX, Noran Voyager x-ray microanalysis
system] for the qualitative evaluation of their metal con-
tent. Similarly, wet chemical methods, as described in our
earlier paper [16], were employed for determination of
quantitative composition of the coated particles.

Crystallinity of the selected air-dried and heat-treated
powder samples was evaluated on a Siemens D500, x-ray
diffractometer, with CuK, radiations. The diffractome-
ter was operated at 40 kV and 20 mA during the mea-
surements. Continuous scanning was carried out on these
samples in the 20 range from 5-80°.

The desired powder samples were also analyzed by
thermogravimetry, using the Perkin Elmer 7, TGA ma-
chine. In this analysis, the sample was heated at the rate
of 10°C min~! in nitrogen ambient, maintained in the
sample compartment by continuous flow of nitrogen.

3. Results and discussion

3.1. Core particles of nickel compound

A transparent aqueous solution, containing nickel nitrate
and urea was used as the precursor solution for the prepa-
ration of core particles of nickel compound. This solution
was subjected to aging at 85°C for the periods up to 5 h.
It was noted that visual turbidity started to appear in this
solution after ~45 min, obviously due to the formation of
tiny precipitated particles in the aging mixture. The tur-
bidity increased with the passage of time and after 90 min
of aging, the precipitated solids settled down at the bottom
and leaving transparent supernatant solution at the top. On
continuous heating of the same reactant mixture, turbidity
re-appeared in the supernatant solution after 105 min of
the total aging period, which increased with time. Once
again, the precipitated solids settled down at the bottom
within 30 min of the inception of the appearance of the
second turbidity and leaving a transparent supernatant at
the top. The same mixture was kept hot at 85°C for further
5 h, but the supernatant solution stayed transparent during
the course of aging.

Following the above-mentioned results, it was of inter-
est to see the difference, if any, in the properties of the two
solids, obtained in the same reactant mixture in two con-
secutive precipitation steps. For this purpose, a separate
experiment was performed in which aging of the above-
mentioned reactant mixture was terminated after 90 min



and the settled solid and clear supernatant were separated
from each other. The solid was dried in air after extensive
washing with distilled water and designated as S1. Sim-
ilarly, the supernatant solution was aged at 85°C, which
produced precipitated solids within nearly 45 min. The
latter were separated from their mother liquor, washed,
air-dried, and designated as S2.

In order to account for the conversion of the transpar-
ent reactant solution into dispersion of the precipitated
solids, it is firmly believed that on heating the initial
solution mixture, dissolved urea started to liberate hy-
droxyl and carbonate ions in the bulk of the solution,
which resulted in the formation precipitated particles of
nickel compound. It is worth mentioning that urea has
widely been used by the researchers as the thermally ac-
tivated precipitant for producing uniform fine particles of
inorganic compounds of various morphological features
and chemical compositions with high degree of success
[4,5, 11-18, 22-24].

The appearance of first and second turbidity in the re-
actant mixture during the aging period at 85°C pointed
to two consecutive nucleations [primary and secondary],
which took place at the interval of nearly 15 min. Scanning
electron micrographs of S1 [Fig. 1A], and S2 [Fig. 1B]
revealed that both samples were composed of particles
with nearly identical features and size distributions.

We believe that due to rather long time interval between
the primary and secondary nucleation, the primary parti-
cles got sufficient time to grow to full grown particles
and thus settled down at the bottom of the reaction vessel.
Though the supernatant of these particles was relatively
weak in the reactants content, yet nucleation took place
in it and lead to full-grown precipitated particles.

It must be noted that multiple nucleation ended with
polydispersed system of particles of cadmium compound,
produced by urea based homogeneous precipitation pro-
cess, reported in our earlier study [18]. This aspect of urea
based homogeneous precipitation process is further being
investigated in our laboratory for different systems.

X-ray diffractometric [XRD, Figs 2A, and B] stud-
ies indicated that the solids depicted in Fig. 1A-B were
crystalline and composed of NiCOj3 - Ni(OH); - H,O. This
showed that the primary particles appeared in both the pri-
mary and secondary nucleation process emerged as crys-
talline entities having identical crystal structures, which
was maintained during the course of their growth. Com-
position of these solids, as identified by XRD, matched
very well with that determined by the chemical methods.
It is reported here that only the particles shown in Fig. 1A
were employed for further study.

The particles shown in Fig. 1A were heated in the
thremogravimetric analyzer [TGA] from 30-700°C at
the heating rate of 5°C. It was observed that weight of
the sample decreased as a result of the heat treatment.
The weight loss of the sample was recorded as a function
of temperature and is given in Fig. 3A. As is clear from
the plot in this figure that the solid lost its thermally de-
composable components mostly in the temperature range

Figure I Scanning electron micrographs (SEM) of the particles ob-
tained, when (A) aqueous solution, containing 0.08 mol dm~ NiSO4 and
0.8 mol dm~3 urea was heated for 90 min at 85°C; (B) supernatant of the
precipitated particles obtained in A was heated at 85°C for 45 min; (C) the
particles shown in A were calcined at 700°C for 1 h at the heating rate of
5°C min~!,

of 350400°C. The weight loss verses temperature trace
becomes almost parallel with the temperature axes in the
temperature range of 400-700°C, indicating negligible
changes in weight as a result of heat treatment in this
temperature range. The total weight loss observed as a
result of heating at 700°C was found to be ~40%. The
sample was recovered from the machine at the end of the
experiment, and found it black in color.

Another heat treatment experiment was per-
formed in which a weighed powder sample of
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Figure 2 X-ray diffraction (XRD) patterns of the particles shown Fig. 1A
(A); Fig. 1B (B); and Fig. 1C(C). Symbols: a, NiCO3 - Ni(OH), - H>0O;
b, NiO.
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Figure 3 Thermogravimetric analysis (TGA) curves for the particles shown
in Fig. 1A: (A); Fig. 4A (B); and Fig. 5A (C).

NiCOj; - Ni(OH), - H,O was heated in a tube furnace at
700°C for 1 h at the heating rate of 5°C min~! in air
atmosphere. This sample lost ~39% of its weight as a
result of the heat treatment. The observed weight loss
agreed very well with the weight loss registered in the
TGA experiment. The heated powder was analyzed by
x-ray diffractometry and was found to be NiO [XRD,
Fig. 2C]. The transformation of NiCOs; - Ni(OH), - H,O
to NiO was believed to take place according to the fol-
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lowing reaction:

NiCOj; - Ni(OH), - H,O %09} 2NiO + CO, +2H,0 (1)

The weight loss indicated in Eq. (1) is based on the given
chemical composition of this solid, which was less than
the experimentally determined weight loss of ~39%. This
difference in the weight loss could be due to the decom-
position of impurities [possibly, cynate and sulfate ions]
associated with this solid during the precipitation process
(12).

Scanning electron microscopy demonstrated [SEM,
Fig. 1C] that particles of the heated powders [NiO] re-
tained their morphological features to a significant extent.
Slight damage to the original features of the particles is
obviously due to the loss of material during the calcina-
tions process.

3.2. Coated particles

Dispersion of the NiCOj-Ni(OH),-H,;O particles
[Fig. 1A] in aqueous solutions, containing copper nitrate
and urea in specific ratio, when heated at 85°C for 1 h, con-
verted into dispersions of the coated particles. The precip-
itation of the coating material on the dispersed cores was
outcomes of the thermal decomposition of urea, which in-
creased pH of the medium and generated carbonate ions
in the coating mixture. Under such circumstances, copper
ions in the same ambient could not maintain their ionic
states and precipitated out on the surface of the dispersed
core particles, most probably in the form of copper basic
carbonate. It was noted from the scanning electron mi-
croscopic observations of different batches of the solids,
obtained in the coating experiments, that the coating re-
action was dependent upon the reaction conditions, i.e.,
amount of copper nitrate, urea, and dispersed cores in
the coating mixture, as well as aging period at the given
temperature. As such, extensive variations in the applied
experimental parameters were performed for achieving
the optimum conditions under which uniformly coated
particles could be produced.

Fig. 4A exemplifies the coated particles with maximum
loading of the coating material, as obtained under the de-
scribed experimental conditions. Increase in the solid/
solution ratio in the same coating mixture lead to a corre-
sponding decrease in the % gain in weight of the dispersed
core particles, resulted from the precipitated shells.

Similarly, the solids shown in Fig. 5A were produced,
when the coating mixture, described in the legend of
Fig. 4A, was heated at 85°C for 1 h in the absence on the
dispersed cores. Yield of these particles corresponded well
with the increase in weight [ ~30 wt%] of the core par-
ticles during their conversion to coated solids [Fig. 4A].
This observation leads to the fact that the dispersed cores
had negligible effect on the precipitation process of the
shell material. However, the presence of the dispersed
cores did affect the growth of the precipitated copper



Figure 4 Scanning electron micrographs (SEM) of the coated par-
ticles obtained, when (A) an aqueous dispersion, 0.5 g dm™> in
NiCOs - Ni(OH), - H,O cores, 0.008 mol dm™> in Cu(NO3),, and
0.5 mol dm~3 urea was aged for 25 min at 85°C; (B) particles shown
in A were calcined at 700°C for 1 h at the rate of 5°C min~!.

compound, since the latter precipitated out in spherical
morphology [Fig. 5A] in the absence of the core particles.

It was also observed that the shell material of the coated
particles got dissolved and leaving bare cores, when pH
of the dispersion of the former particles was adjusted to
values <4.0 and >10.5 and allowed to stay for 1 h with
constant stirring. Nearly 100% dissolution of the shell
material was achieved in this process, as confirmed from
the chemical analysis of the filtrate of the same dispersion
and weight of the dried residue [core]. Energy-dipersive
x-ray analysis showed no traces of copper in the latter
solid. Similarly, its XRD pattern was identical with that
of the bare NiCOs; - Ni(OH), - H,O particles. All these
finding pointed to the absence of chemical interaction
between the shell and core materials during and after the
completion of the coating process.

The coated particles, shown in Fig. 4A, were ana-
lyzed by x-ray diffractometry. The XRD pattern obtained
[Fig. 6A] was almost the same, as obtained [Fig. 2A] for
the core [NiCOj3 - Ni(OH), - H,O] particles. This demon-
strated amorphous nature of the shell material. It was also

Figure 5 Scanning electron micrographs (SEM) of the particles obtained,
when (A) aqueous solution, containing 0.008 mol dm™3 Cu(NO3), and
0.5 mol dm~> urea was heated for 30 min at 85°C; (B) particles shown in
A were calcined at 700°C for 1 h at the rate of 5°C min~!.

20/degree

Figure 6 X-ray diffraction (XRD) patterns of the coated particles, shown
in Fig. 4A (A); and Fig. 4B (B). Symbols: a, NiCOs3 - Ni(OH); - H,0; b,
CuO; ¢, NiO.
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Figure 7 Energy-dispersive x-ray analysis (EDX) pattern of the particles
displayed in Fig. 4A.

noted that particles [Fig. SA] produced in the coating mix-
ture in the absence of dispersed cores were found to be
amorphous, which further substantiated the fact that the
presence of the dispersed cores in the coating mixture
had negligible effect on the chemistry of the precipitation
process.

Energy-dispersive x-ray analysis [Fig. 7] showed that
the coated particles, shown in Fig. 4A, contained copper
and nickel. These metals were obviously resided in ma-
trices of the shell and cores materials, respectively. Wet
chemical analysis showed that shell material of the coated
particles was composed of Cu,(OH),COs.

The coated particles, shown in Fig. 4A were also sub-
jected to thermogravimetric analysis [TGA]. The TGA
trace obtained for this solid in the temperature range
of 30-700°C is given in Fig. 3B. As is evident from
this figure, the coated solid lost its noticeable weights
at two different temperatures. The first weight loss oc-
curred at 220°C, whereas the second weight loss took
place at around 350°C. These weight changes at two
different temperatures were due to the presence of two
different types of materials [coating and core materials]
in the coated solids. This was further substantiated by
the TGA experiments performed independently with the
cores [TGA trace, Fig. 3A] and coating precursors [TGA
trace, Fig. 3C] particles, which indicated weight losses
at ~220, and 350°C, respectively. Thus the latter exper-
iments confirmed the fact that the weight losses in the
coated solid at 220 and 350°C [TGA trace, Fig. 3B] were
due to the core and coating material, respectively. Fur-
thermore, the TGA trace of the coated solids gave no
indication of any reaction between the core and coating
material during the course of heating and transformed
independently into other phases.

In order to identify the thermally generated phases in the
coated solids, the as-prepared coated particles [Fig. 4A]
were calcined at 700°C under the controlled condition
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of heating in the air atmosphere, and then analyzed by
the powder x-ray diffractometry. The XRD pattern of the
calcined solid is shown in Fig. 6B. This figure pointed
to the presence of only two phases, i.e. NiO, and CuO
in this solid, which obviously emerged from the core
[NiCOs - Ni(OH); - H,O], and coating [Cuy(OH),COs]
materials, existed in the original solid.

SEM of the calcined coated particles is shown in
Fig. 4B. Inspection of the figure revealed that coating
got damaged during the calcination process, while the
cores retained their morphological features to a significant
extent.

It was interesting to note that on calcinations under sim-
ilar conditions, the coating precursor particles [Fig. SA]
transformed into CuO particles with very small change
in surface features of the particles. This observation re-
vealed that in the present case, the copper basic carbonate
material was thermally more fragile in the coating than as
independent particles.

4. Conclusions
Light green particles of NiCO; - Ni(OH), - H,O precipi-
tated out in aqueous solution mixture of urea and nickel
sulfate, when it was heated at 85°C. Two distinct stages
were noted during the precipitation process, caused by the
inception of primary and secondary nucleation at the inter-
val of about 15 min. The solids resulted in both the precipi-
tation stages were isolated independently from the mother
liquors, which were found to be identical in morpho-
logical features, chemical compositions, and crystalline
nature. They transformed into NiO particles without sin-
tering and any significant change in particle morphology,
when calcined at 700°C at the heating rate of 5°C min~".
The as-prepared NiCOj3 - Ni(OH), - H,O particles were
coated with Cu,(OH),COs. For this purpose, aqueous dis-
persion, containing the optimized amounts of the urea,
copper nitrate, and the core particles, was heated at 85°C
for 1 h. The coating material got dissolved and left be-
hind the core particles, when pH of the dispersion of the
coated particles was adjusted to values <4.0 and >10.5
and allowed to stay for 1 h with constant stirring. This
showed the absence of chemical bonds between the core
and coating materials. Dry powder of the coated parti-
cles transformed into composite solids, composed NiO
and CuO. Obviously, NiO, and CuO were the calcination
products of the core and coating materials, respectively.
This further indicated that the core and coating materials
stayed mutually inert during the heat treatment.
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