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Abstract Micrometer-sized particles of cadmium car-
bonate (cores) were prepared by homogeneous precipita-
tion from aqueous solution containing urea in the presence
of cadmium sulfate. These particles were then homoge-
neously coated with a layer of nickel hydroxy carbonate by
heating their dispersion in aqueous solution, containing
nickel sulfate and urea, at 85 °C for 70 min with constant
agitation. The same solution mixture produced spheroids of
nickel hydroxy carbonate (coating precursors), when he-
ated under similar conditions in the absence of the cad-
mium carbonate particles. The existence of the coated layer
on the cores and its composition was confirmed by various
physical methods. The as-prepared carbonated solids
(cores, coating precursors, and coated particles) were
converted into their oxide forms by calcination at 700 °C.
The cores became porous, whereas the coating precursors
and coating layer disintegrated into smaller particles during
the calcination process.

Introduction

Materials in powder form are used in many applications,
such as dentistry [1], ceramics [2], gas sensors [3], catalysts
[4], adsorbents [5], lubricants [6], pigments [7], chemical
mechanical polishing [8], controlled release drugs, [9], etc.
On most of the occasions, these materials are produced by
mechanical means. However, the powders produced by
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mechanical methods are usually composed of irregular
shaped particles with broad size distribution. The latter
properties reduce the reproducibility in performance of
these materials in the finished products. Alternatively,
colloid chemists have explored various wet chemical
methods [10-17] for the synthesis of powder materials,
comprised of particles with uniform characteristics. Among
these methods, urea based homogeneous precipitation
method [16, 17] proved to be a versatile method for pro-
ducing bare and coated particles. It is worth mentioning
here that Matijevi¢ and his co-workers [18-22] did pio-
neering work in this area and produced a number of novel
systems of uniform fine particles by the urea based
homogeneous precipitation technique. Following their
approach, we also produced a number of inorganic pow-
ders, as reported elsewhere [23-30]. These powders were
comprised of bare as well as coated systems of uniform fine
particles of various chemical compositions and novel
morphological features.

In this study, our target was the synthesis of such uni-
formly coated particles, composed of shells of nickel
compound around the cadmium carbonate particles, which
could be employed as precursor material for obtaining
externally composite system of NiOcoaiing/CdOcore by the
calcination process at the elevated temperatures. We
believe that our targeted products would be the first of their
kind to be reported, both in respect of chemical composi-
tion, and morphological features, and thus would behave
differently in applications. For example, nickel oxide and
cadmium oxide posses the semiconducting properties and
gas sensing properties [31-34] and thus the composite
oxide system (NiOoaing/CdOcore) could very well be uti-
lized in the preparation of hybrid electrical gas sensor,
possibly of novel performance. It is added that the
possibility of producing the composite oxides system
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[CdOcoating/NiOcore] is under investigation and would be
reported in the subsequent publications.

In this study we report the synthesis of cadmium
carbonate particles and their coating with basic nickel
carbonate by means of urea based homogeneous pre-
cipitation method. In the absence of the core particles,
the optimized coating mixture generates spheroids of
crystalline nickel hydroxy carbonate precipitates, desig-
nate as coating precursors. On calcination at the elevated
temperatures, the core, coated, and coating precursor
particles convert into CdO, NiOcoating)/CdOcore), and
NiO, respectively.

Experimental procedures
Material

Cadmium sulfate, nickel sulfate, and urea were taken as the
starting materials in this study. All these chemicals were
obtained from Merck and used in the as-received form
without further purification. Thoroughly cleaned Pyrex
glass vessels were used for the preparation of aqueous
solutions of the described chemicals, needed in this study.
Doubly distilled water was used for making all the stock
and working solutions. In order to get rid of any dust
contaminant, all the solutions were filtered through 0.1 pm
pore size membrane filter before use.

Synthesis of coated particles

The synthesis of coated particles was carried out in two steps.
In the first step, core particles of cadmium carbonate were
obtained by homogeneous precipitation [30]. For this pur-
pose, 200 cm® aqueous solution of cadmium sulfate
(0.06 mol dm™) was mixed with equal volume of aqueous
solution of urea (0.8 mol dm™) at room temperature in an
open 500 cm? beaker. This mixture was then aged at 85 °C in
a pre heated 600 cm’ double walled Pyrex glass reactor for
1 h. Hot water was kept circulating through the double
walled jacket of the reactor from the constant temperature
bath for keeping temperature of the reactor at 85 °C during
the aging period. Following this treatment, white precipitates
appeared in the reactant mixture. The resulting suspension
was immediately cooled down to room temperature in the
same reactor by changing the line of hot circulating water to
tape water. Finally, the suspension was transferred to open
beaker and the solid contents were isolated from the liquid by
filtration through 0.1 pm pore size membrane filter. These
solids were cleaned of undesired ions by washing with
copious amount of the doubly distilled water. The washed
solids were dried in air at laboratory temperature for several
hours, and then stored in stoppered bottles.

In the second step, the coating mixture was prepared by
ultrasonically dispersing the known amounts (0.2-0.8 g )
of the dry core (CdCOs) particles in 500 cm® aqueous
solution mixtures, 0.4 moldm™ in urea and
0.01-0.08 mol dm™ in nickel sulfate. After constant agi-
tation for 1-7 h at room temperature in a double walled
Pyrex glass reactor (described above), each dispersion was
aged in the same vessel for 20—-160 min at 85 °C, while
keeping the agitation on. Following the predetermined
aging period, temperature of the reaction mixtures was
brought to room temperature. The solids in the coating
mixture were separated from the liquid, washed, and then
dried in the same manner, as used during the preparation
process of the core particles.

In some cases, the above-mentioned coating mixtures
were treated under similar conditions in the absence of the
dispersed core particles, which produced dispersions of the
greenish precipitated particles (coating precursors). These
particles were recovered from their mother liquor, and
handled like the core and coated particles.

It is added here that similar experimental strategy was
also adopted in our earlier studies [25-28] as well as by
other researchers [21] for obtaining different types of
coated particles.

Calcination

Selected batches of the core, coated and coating precursor
particles were calcined in a tube furnace at 700 °C for 1 h.
Ramp rate of the furnace was kept at 10 °C min™". At the
end of the calcination process, the furnace was turned off
and the calcined samples were allowed to stay inside the
furnace till it acquired the room temperature.

Characterization

The morphological characteristics of the particles (as-pre-
pared and calcined) were investigated by scanning electron
microscope (SEM; JEOL, JSM-6300). The standard pro-
cedures were adopted in making samples for observation in
the SEM. To mention briefly, very small amount of the
desired powder was sputtered with thin layer of gold after
mounting it on a standard stub with the help of a silver
paint before microscopic study. The power of the SEM was
kept at 15 keV during examination of all the test powder
samples.

The qualitative atomic composition of the coated parti-
cles with respect to metal content was confirmed through
the use of X-ray energy-dispersive microanalysis (EDX,
Noran Voyager X-ray microanalysis system), attached with
the same SEM. Moreover, the coated particles were also
analyzed for the quantitative determination of the metals by
the chemical methods, described in our earlier paper [28].
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X-ray diffractometry was employed for ascertaining the
crystallinity and composition of the as-prepared and coated
particles before and after the calcinations process. The
XRD patterns for these solids were obtained with Siemens
D500, X-ray diffractometer, with CuK, radiations. The
detector of the machine was moved stepwise (A20 = 0.05°)
between 5° and 80°.

Parts of the powder samples, analyzed with SEM, EDX,
and XRD analysis, were also subjected to thermal analysis.
These analyses were performed with Perkin—Elmer 7, TGA
machine. The machine operating conditions were kept uni-
form during analysis of all the test samples. The latter were
heated at the rate of 10 °C min~' in dynamic air atmosphere.

Results and discussion
Core particles of cadmium compound

Figure 1a shows scanning electron micrograph of the
cadmium carbonate particles, prepared by homogeneous
precipitation method [30] under the conditions, mentioned
in the legend of the same figure. Composition of these
particles was confirmed by X-ray diffractometric mea-
surements (XRD, Fig. 2a). The former were white in color
and on calcination at 700 °C, they converted into brown
powder of cadmium oxide (XRD, Fig. 2b) with the gen-
eration of uniform pores in the body of the particles. The
formation of pores in the calcined particles (SEM, Fig. 1b)
was obviously due to the thermally induced loss of material
in the form of CO, according to the reaction 1.

CdCO; 2240 + Co, (1)

Wt. loss

Similar results were also obtained in our earlier study
[30]. It may also be added here that the generation of pores
in such a uniform manner points to the size uniformity of
the primary particles (CdCO3), which on aggregation pro-
duced the full-grown core particles.

It appears that the weight loss of 25.52% in the total solids
(reaction 1) was at the primary particles’ level, which caused
the observed porosity in the calcined solids (CdO particles).

Coated particles

The core particles of cadmium carbonate were uniformly
coated with shells of nickel compound by the homoge-
neous precipitation method. For this purpose, dispersions
of the core particles in aqueous solutions, containing
urea and nickel sulfate were heated at 85 °C for various
periods of time. It was observed that the coating process
was very much sensitive to the applied experimental
conditions. Uniformly coated particles were obtained
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only when the coating mixtures, containing 0.3—
0.6 g dm™ of cores, 0.02-0.0348 mol dm™ NiSO,, and
0.25-0.45 mol dm™ urea, were heated at 85 °C for
130 min with constant agitation. These particles carried
variable amounts of the coating material, depending upon
the composition of the coating mixture, described above.
For example, at constant amount of urea (0.4 mol dm_3)
and cores (0.5 ¢g dm*3) in the coating mixture, the
amount of coating material on the dispersed cores in-
creased (Fig. 3) with the increase in concentration of
NiSO, in the same mixture within the above mentioned
concentration domain. Increasing the concentration on
NiSO, beyond the indicated limit, mixture of coated and
coating precursor particles was obtained.

Figure 4a shows typical example of the coated particles,
obtained under the experimental conditions, given in the
legend of this figure. These particles got light green colora-
tion due to the intrinsic color of the shell material (nickel
compound). Similarly, the light green particles (coating
precursors) shown in Fig. Sa were produced, when the
coating mixture described in the legend of Fig. 4a was
treated under similar conditions in the absence of the core
particles. Inspection of these figures reveals that surface
features of the shell material in the coated particles (Fig. 4a)
and those of the coating precursors (Fig. 5a) were identical.

Similarly, XRD analysis showed that the coated parti-
cles (Fig. 4a) were composed of cadmium carbonate, and
nickel hydroxy carbonate (XRD, Fig. 6a). Obviously, those
were core and coating materials, respectively. Similarly,
the coating precursors (Fig. 5a) turned out to be nickel
hydroxy carbonate (XRD, Fig. 7a). These observations
pointed to the fact that in the absence of core particles, the
described reactant mixture generated spheroids of nickel
hydroxy carbonate, while in the presence of dispersed core
particles; it produced shells of the same compound around
the latter particles. Identical composition of the shell and
coating precursors materials showed that the presence of
cores had negligible effect on the precipitation mechanism
of the nickel compound under the described conditions.
Moreover, the shell-core association appeared to be phys-
ical in nature, since the XRD analysis (Fig. 6a) of the
coated particles gave no indication of any sort of inter-
mediate compound formation possibly at the shell/core
interface during the synthesis.

The composite nature of the coated particles was also
authenticated by EDX analysis (Fig. 8), which showed that
these particles contained nickel and cadmium. Obviously,
those were the metals, present in the coating and core
materials respectively.

Similarly, wet chemical analysis revealed that the coated
particles shown in Fig. 4a were composed of 13.6% nickel
and 46.2% cadmium. A close agreement was found between
the calculated composition (14% Ni, and 46.9% Cd),
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Fig. 1 Scanning electron micrographs (SEM) of the CdCOj particles
produced in a solution mixture, containing 0.03 mol dm™ CdSO, and
0.4 mol dm™ urea by heating it 85 °C for 60 min (a), and CdO
particles obtained from the CdCOj; particles in A on calcination at
700 °C (b)

estimated from the amounts of the shell (NiCO;5-Ni
(OH),-H,0; ~28 wt.%) and core (CdCO;; ~72 wt.%)
materials in the given amount of the coated particles.

The coated particles, shown in Fig. 4a, were also sub-
jected to thermogravimetric analysis (TGA). It was
observed (Fig. 9a) that these particles suffered 9% weight
loss at 340 and 19% weight loss at 390 °C. Following the
amounts of the shell (~28 wt.%) and core materials (~
72 wt.%) in the coated particles, we believed that the two
weight losses at 340, and 390 °C were due to the thermal
decomposition (phase transition) of the shell and core
materials, according to reactions 2, and 1, respectively.

NiCO; - Ni(OH), - H,0 2™ 2Ni0 + 0,

Wt. loss

+H,0 (2)

7753
a
a
b
b
b
b (b)

b b

. | 2 | X | "
20 40 60 80
26/degree

Fig. 2 XRD traces of the solids, displayed Fig. la (a), and Fig. 1b
(b). Symbols: a, CdCOs; b, CdO
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Fig. 3 Variation in the amount of the coating material, deposited on
the dispersed cores, when the coating mixtures containing 0.4 mol
dm™ urea, 0.5 g dm™ cores (CdCO3), and 0.020-0.034 mol dm™
nickel sulfate, were heated at 85 °C for 130 min with constant
agitation

In order to confirm this idea, TGA experiments were

performed separately with the core and coating precursors
under the same conditions, as employed for the coated

@ Springer
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Fig. 4 Scanning electron micrographs (SEM) of the coated particles
obtained by heating at 85 °C, aqueous dispersion, containing 0.5 g
dm™ CdCO; particles, 0.03 mol dm™ in NiSO,, and 0.4 mol dm™
urea for 130 min with constant agitation (a); calcination of the
particles shown in A at 700 °C for 1 h produced the particles in
displayed in B

particles. The TGA traces for these materials have been
included in Fig. 9 at b (for cores), and at ¢ (for coating
precursors). The latter traces clearly revealed that the
coating precursors and cores lost significant weights be-
tween 340-370 °C, and 380420 °C, respectively. The
weight loses registered in the TGA traces (b and c¢ in
Fig. 9) agreed with the calculated weight loses indicated in
reactions 1, and 2, respectively. It is added that the close
agreement between (i) the phase transition temperature of
nickel hydroxy carbonate in the coating precursors and
shells of the coated particles, and (ii) cadmium carbonate in
the bare cores and coated cores, supported the fact that the
shell/core association was purely physical in nature, and
both the materials stayed mutually inert during the heating
process in the TGA experiments.

@ Springer
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Fig. 5 Scanning electron micrographs (SEM) of the Ni-
COj3-Ni(OH),-H,O particles obtained by aging aqueous solution,
0.03 mol dm™ in NiSOy, and 0.4 mol dm™ in urea at 85 °C for
130 min (a), and NiO particles, obtained from the particles in A on
calcination at 700 °C for 1 h (b)

Following the information, gathered from the above
thermal study of the coated particles, the latter were
calcined at 700 °C in the static air atmosphere. The
calcined coated particles, which acquired black color
with brown tint (originated from the calcined cores), are
shown in Fig. 4b. As is clear from this figure that the
shell material lost its original morphological features and
transformed possibly into densely packed smaller parti-
cles, adhered with the cores surfaces. It was interesting
to note that the coating precursors also lost their mor-
phological features and disintegrated into black colored
smaller particles (SEM, Fig. 5b), when calcined under
similar conditions. These observations pointed to the fact
that nickel hydroxy carbonate was fragile enough to
sustain its original morphology in the shell as well as in
the coating precursors under the described calcination
conditions.
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Fig. 6 X-ray diffraction (XRD) patterns of the coated particles,

shown in Fig. 4a (a); and in Fig. 4b (b). Symbols: a, CdCOs; b,
NiCO;.Ni(OH),-H,0; ¢, CdO; d, NiO
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Fig. 7 X-ray diffraction (XRD) patterns of the particles, shown in
Fig. 5a (a); and in Fig. 5b (b). Symbols: a, NiCO;-Ni(OH),-H,O; b,
NiO

XRD analysis (Figs. 6b, and 7b) revealed that the solids
shown in Figs. 4b, and 5b, were composed of CdO/NiO,
and NiO, respectively. It means that in both cases the

Cd

Cd

0 2 4 6 8 10
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Fig. 8 Energy-dispersive X-ray analysis (EDX) pattern of the coated
particles shown in Fig. 4a
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Fig. 9 Thermogravimetric analysis (TGA) curves for the particles
displayed in Fig. 4a (a); Fig. la (b); and Fig. 5a (c¢)

carbonated solids completely converted into their respec-
tive oxides. Furthermore, the absence of the diffracted
peaks in the XRD pattern (Fig. 6b) of the calcined coated
particles, other than those of the CdO and NiO designated
peaks, showed the absence of any sort of the thermally
generated product at the core/shell interface. Similar
behavior was shown by our previously reported coated
particles, i.e., NiCO3~Ni(OH)Z~H20(Sheu)/1\/[nCO3(core) [26],
and 2C0C03~CO(OH)2~H20(Sheu)/CdCO3(core) [27] during
calcination process at the elevated temperature. In contrast,
calcination resulted the formation of the composite solid
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phase at the core/shell interface in the coated particles,
composed of CoCOzshenny/NiCO3-Ni(OH),-HyOcorey [281,
TiOx(shety/ZnOcorey  [35], and  Y(OH)COj3sheiry/SiOx(core)
[36]. This indicated that composition of the core and
coating material play a vital role in the initiation of the
solid-state reaction between the core and coating material
at the elevated temperatures.

Conclusions

1. Heating of the aqueous, (a) solution of urea and cad-
mium sulfate produced CdCOj; particles, and (b) dis-
persion of CdCOj particles in urea and nickel nitrate
solution generated coated particles, composed of
CdCO3(C0re)/NiCO3'Ni(OH)z'H2O(C0aﬁng). The same
coating mixture produced spheroids of NiCOj3-Ni
(OH),-H,O (coating precursors), when heated under
similar conditions in the absence of the dispersed cores
(CdCO:3).

2. On calcination at 700 °C, the core (CdCOs), coating
precursors (NiCOs5-Ni(OH),-H,O), and coated (Cd
CO3/1corey/NiCO3-Ni(OH)»-HyO\coatingy)  particles con-
verted into CdO, NiO, and CdOjcore}/NiOjcoating]s Par-
ticles, respectively.

3. Calcination resulted in, (a) porosity in the core particles
due to the loss of thermally decomposable carbonate rich
material, (b) disintegration of the coating precursors into
smaller fragments, and shells on the coated particles into
densely packed small particles. The observed behavior
in (b) and (c¢) pointed to the fragile nature of this material
under the applied heat treatment.
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