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Morphologies and properties of nickel particles
prepared by spray pyrolysis
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Nickel particles were prepared by spray pyrolysis of aqueous solutions of NiCl,-6H,0 with
reducing gas. Wet pyrolysis lowered the onset and the finishing temperatures of the
individual chemical transformations by at least 100°C to contribute high conversion to
nickel and its completion of sintering. Densification by increasing the furnace set
temperature outweighed the adverse effects of the dry sintering and short residence time
of the precursor particles. The initial salt concentration increased the size of the nickel
particles with their densification, resulting from the enhanced rate of nickel nucleation.

© 2004 Kluwer Academic Publishers

1. Introduction

Nickel particles have been replacing palladium parti-
cles as electrode materials for multilayer ceramic chip
(MLCC) due to their low cost [1]. Recently nickel-
based MLCC even achieved better performances than
palladium-based one in migration, reliability, capaci-
tance values, insulation resistance, breakdown voltage
and resistivity [2]. In order to obtain such performances,
the nickel particles should be spherical and highly crys-
talline with smooth surfaces. Spray pyrolysis has been
one of the excellent candidates for this purpose. The
morphology of the nickel particles is highly dependent
on the condition of spray pyrolysis as well as the na-
ture of nickel precursors [3—5]. However, few system-
atic studies to characterize this dependency have been
found. Nagashima et al. [6] prepared the nickel particles
by spray pyrolysis of Ni(NOs3),-6H,O aqueous solution
with 20 vol% H;in N,. Hollow particles with rough sur-
faces were obtained at 700 to 900°C while the particles
became solid and spherical with smooth surfaces up to
1500°C. On the other hand Stovic et al. [7] prepared,
from NiCl,-6H,O with 20 vol% H, in N, between
700 and 900°C, relatively spherical nickel particles.
They discussed the morphology according to the resi-
dence time of the precursor in the reactor. Che et al. [8]
obtained dense nickel particles from Ni(NO3),-6H,O
aqueous solution by spray pyrolysis with 15 vol% H;
in N». Hollow nickel oxide particles with rough surfaces
formed at low temperature reduced to hollow nickel
particles by Hpabove 300°C. Subsequent intraparticle
sintering of nickel crystallites yielded the densification
of the nickel particles as the temperature increased. In
a previous study [9], we discussed the morphology of
nickel oxide particles, the intermediates to nickel par-
ticles, by spray pyrolysis of the aqueous solution of
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NiCl,-6H,0O with argon only. We showed the effects
of the elementary processes, such as the drying of salt
droplets, decomposition of crystalline water, precipita-
tion of salt and oxidation of the salt, empathizing the
roles of salt solubility in its precipitation and volume
reduction in the salt to oxide transformation.

In this study we have proceeded to the nickel particles
by reductive spray pyrolysis of NiCl,-6H,O solution.
Their morphologies and properties have been investi-
gated by inserting preliminary drying, and varying the
furnace set temperature and initial salt concentration.

2. Experimentals

The apparatus for preparation of nickel particles by
spray pyrolysis consisted of ultrasonic nebulizer, diffu-
sion dryer, tubular reactor in electrical furnace, filter and
acid gas absorber, as shown in Fig. 1. An aqueous so-
lution of NiCl,-6H,O solution with various concentra-
tions (reference concentration was 0.5 M) maintained at
30°C was nebulized indirectly at a rate of 15 ml/h. The
droplets were carried by either argon gas (99.99%) at
2.5 1/min or 10%H;-90% argon in volume at 1.25 I/min
to an electrically heated (reference furnace set temper-
ature was 900°C) tubular reactor 800 mm long with the
diameter of 32 mm. In the former, the mixture gas con-
taining 10%H,;-90% argon was introduced at 1.25 1/min
to the annular space of a concentric tubular reactor so
that the droplets and hydrogen could be heated sepa-
rately before they met. This configuration was abbre-
viated as TT, hereafter which meant thermally dried
droplets with hydrogen introduced in fubular reactor.
On the other hand, in case of the latter, the balance ar-
gon gas at 2.5 1/min was introduced to the same place,
abbreviated as TF, where F means hydrogen introduced
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Figure 1 Schematic diagram of overall experimental apparatus. 1. Ar Gas; 2. H, Gas; 3. Flow meter; 4. Nickel salt solution; 5. Ultrasonic nebulizer;
6. Reactor; 7. Electrical Furnace; 8. Filter; 9. Bubbler; 10. NaOH solution; 11. Hydrogen burner.

to nebulizing flask. The droplets passed diffusion dryer
with the dimension described elsewhere [9], if neces-
sary, in order to see the effect of preliminary drying,
in which case “D” preceded the abbreviations such as
DTT and DTF. Thus we have four configurations such
as TT, TF, DTT and DTF, as shown in Table 1. In the
middle of the furnace, the two streams from inner tube
and annular space met in the neck with decreased cross
section to enhance their mixing.

In addition to the reactor configurations, the process
variables included the initial concentration of the nickel
salt and furnace set temperature in order to investigate
their effect on the size, morphology, crystallinity and
chemical nature of the product particles. The particles
exiting from the reactor were collected by filtration.
The water vapor and acid formed was finally absorbed
in caustic solution before exhausting the waste gas.
The particles collected were characterized in the same
manner described elsewhere [9].

3. Results and discussion
3.1. Thermogravimetric analyses

of nickel salts
Fig. 2 shows thermogravimetric analyses of the reagent
NiCl,-6H,0O with argon, air, and 10%H;-90% argon
mixture. Weight losses in all the samples were initiated

TABLE 1 Abbreviation of reactor configuration
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Figure 2 Thermogravimetric analyses of NiCl,-6H,O under various gas
conditions. (Heating rate: 20°C/min).

by removal of crystalline water: six molecules of crys-
talline water were removed stepwise, first four out of
six and then the remaining two, which completed up to
280°C. Above the temperature the weight loss stopped
until chemical transformation such as either oxidation
or reduction of the dehydrated salt took place, depend-
ing on the gas environment. With air, the dehydrated
salt began to oxidize at 420°C and the oxidation ceased

TT TF

DTT DTF

Types of drying Thermal drying only

Position of hydrogen Tube in furnace

introduced

Spraying flask

Thermal drying only

Diffusion and thermal
drying
Spraying flask

Diffusion and thermal
frying
Tube in furnace
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at 620°C, while with hydrogen the salt directly reduced
between 570 and 730°C. In the argon environment the
final weight loss occurred with wider temperature range
between 420 and 790°C to result in the highest loss
among the three. The onset temperature of the weight
loss in the argon was the same as that in the air while
its finishing temperature was higher than that in the hy-
drogen environment. Thus it is supposed that the mech-
anism of beginning the weight loss would be the same
in both the air and the argon, which would be decom-
position of the dehydrated salt. In the air environment,
the salt decomposed in turn transformed to the oxide
by the reaction with oxygen. On the other hand in the
argon the salt kept on decomposing to metallic nickel.
Since the rate of the decomposition was probably lower
than that of the direct reduction by hydrogen, the for-
mer would end at higher temperature than the latter, as
described before. In the case of argon, though major
weight loss came from the reductive decomposition of

the salt, compared to the curves for air and hydrogen
environments, the additional weight loss would be con-
tributed by sublimation of the salt. The reason for this is
that the dehydrated salt had a chance to sublime before
the decomposition took place in such wider range of
temperature [9]. In the real situation, in addition to the
salt and hydrogen, there coexists water coming from
decomposition of crystalline water in the salt as well as
evaporation of the droplets. The water was believed to
take part in the oxidation of the salt instead of oxygen,
forming intermediate oxide, which was then reduced
by hydrogen to final nickel [8].

3.2. Effect of reactor configurations

Four modes of reactor configuration were used as TT,
DTT, TF and DTF, as described before. In general, TT
particles resembled DTT as TF did DTF, which im-
plied that the insertion of the diffusion dryer did not

(b)

Figure 3 SEM pictures of (a) DTT and (b) TF nickel particles prepared, otherwise under reference condition.
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Figure 4 Comparison of diameters of DTT, TT, DTF, and TF particles
prepared under reference condition.

decisively influence the morphology of the nickel par-
ticles. This was not the case for the nickel oxide [9],
where the preliminary drying significantly affected the
hollowness as well as the size of the particles. Fig. 3
shows SEM images of DTT and TF particles prepared
under the reference conditions. The former were rela-
tively large and spherical with some honeycomb-like

appearance while the latter were small and relatively
far from spherical with internal solidness. Fig. 4 shows
the average diameters of the particles prepared under
reference conditions by the different modes of reactor
configuration. Each diameter was obtained by averag-
ing the number mean diameters of six samples prepared
for each corresponding configuration and the error in
each bar was within 6%. The standard deviations of
the particle diameters in each sample were about 1.4.
DTT particles were the largest, followed by TT, DTF
and TF in the order of decreasing size. For the port
of hydrogen introduction fixed, the preliminary drying
increased the average diameter of the particles, even
though not so significant as the oxide particles. As
described in our previous study [9], the salt particles
resulted in relatively solid particles when preliminary
drying was inserted, whose size changed little during
oxidation. Otherwise, the salt particles became hollow,
which shrink by collapse due to oxidative densification.
Thus such effect of the diffusion dryer still remained in
the final nickel particles: DTT and DTF particles were
larger than TT and TF, respectively. Under reference
condition the XRD patterns of the particles were all
nickel without any traces of chloride and oxide, irre-
spective of the modes of reactor configuration. In the
case in which hydrogen was directly introduced into the

Figure 5 Comparison of (a) nickel oxide, (b) honeycomb-like TT and (c) sintered TF (d) nanosized nickel particles occasionally found in TF under

reference condition.
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reactor tube such as in DTT and TT, the droplets, before
they met the hydrogen, would form oxide particles [9].
As described elsewhere [9], single oxide particle was
composed of very small oxide nuclei generated from the
salt, which remained without sintering due to their high
sintering onset temperature(about 1300°C [8]). When
the oxide particles met hydrogen at the mixing junc-
tion, they completely transformed to metallic nickel
particles under the reference condition, as already dis-
cussed with XRD patterns. Even after the complete
chemical reduction to nickel, initial single nickel par-
ticle would be composed of many tiny nickel crystal-
lites directly converted from the oxide nuclei. Since
the onset sintering temperature of nickel nanoparticles
is somewhere between 200 and 300°C [8], the nickel
crystallites would easily undergo intraparticle sintering
forming initially dumbbell-like aggregates, whose three
dimensional appearance would be honeycomb-like, and

1KY

(b)

16.8K8 1

finally single solid nickel particles as completely sin-
tered forms. Many TT and DTT particles were found
honeycomb-like since in those modes there was insuf-
ficient residence time for complete sintering. On the
contrary, when hydrogen was introduced to the neb-
ulizer as in the configurations of TF and DTF, suffi-
cient residence time would be given for the subsequent
intraparticle sintering. Thus TF and DTF particles be-
came smaller, more solid and less spherical compared
to their counterparts. In addition, as will be described
later, TF and DTF modes enhanced the overlap of the
oxidation and the reduction to increase the rate of the
latter. This not only prolonged the time for sintering
but also increased the rate of nickel nucleation, as will
be also discussed later, all of which further enhanced
the rate of sintering to contribute such morphology
of the particles. The sequence from oxide to sintered
nickel particles is shown in Fig. 5 by TEM images

,BAaF goaa

Figure 6 SEM pictures of TF-nickel particles prepared at various furnace set temperatures, otherwise under reference condition: (a) 300°C, (b) 500°C,

(c) 750°C, and (d) 1050°C. Continued
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Figure 6 (Continued).

of the particles of oxide, and nickel during and after
sintering.

Aside from the discussion of the effect of reactor
configuration, nanoparticles were sometimes observed
as shown in Fig. 5d, irrespective of the configuration
modes, but the general condition where they appear
have not be found yet. They were probably formed from
vapor-to-solid conversion starting from salt vapor sub-
limed, as discussed before.

3.3. Effect of temperature

Figs 6 and 7 show SEM images and XRD patterns of
TF particles prepared at different furnace set tempera-
tures, respectively. The usual particulate form was not
observed until the honeycomb-like particles appeared
at 500°C. From the XRD patterns of the samples, first
nickel oxide and metallic nickel appeared at 300 and
500°C, respectively, with traces of the chloride. As the
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Figure 7 XRD patterns of TF particles prepared from NiCl,-6H,O at
various furnace set temperatures. (C represents for chloride and O for
nickel oxide.)



temperature increased, the particles became solid and
small with the disappearance of the honeycomb as well
as the decrease in surface roughness. All the chloride
and oxide peaks disappeared around 600°C, indicating
completion of the final reduction, and the crystallinity
of the nickel particles then increased with the temper-
ature. In the previous study [9] on the oxide particles
prepared with argon only, traces of chloride were left
even up to 1000°C. From this it is supposed that the
rate of reduction was high enough and thus the rate
of oxidation controlled that of overall chemical trans-
formation. Therefore, with hydrogen the intermediate
oxide was rapidly consumed, which completed the ox-
idation of the chloride at a temperature lower by at
least 400°C than without hydrogen. On the other hand,
in real spray pyrolysis, as shown in Fig. 7, the on-
set temperatures of both the oxidation and reduction
as well as the finishing temperature of the reduction
were all lowered by more than 100°C than the corre-
sponding temperatures in the thermogravimetric anal-
yses shown in Fig. 2. Then, the removal of crystalline
water, the oxidation of the salt and the reduction of
the oxide would take place consecutively with signifi-
cant overlap between them. It is thus apparent that the
water left in the particles would accelerate the rates
of the latter two chemical transformations. However,
for TT particles, the nickel peaks were not found until
600°C at which the chloride and oxide peaks still re-
mained (not shown). In the mode, since hydrogen was
not met until the mixing junction, the reduction had lit-
tle chance of overlap with the oxidation as well as the
removal of crystalline water. There were thus two rea-
sons why the reduction was retarded in the TT mode:
one was that the water was not left in the oxide particles
and the other was that time was not sufficient for their
reduction.

Fig. 8 shows the variation in average diameter of
DTT and TF particles with respect to furnace set tem-
perature, otherwise under reference condition. The size
of the particles decreased with the temperature, inde-
pendent of the reactor configurations. The DTT parti-
cles are larger than the TF at the given temperature.
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Figure 8 Average diameters of DTT and TF particles prepared from
NiCl,-6H,O with respect to furnace set temperatures, otherwise under
reference condition.
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Figure 9 Diameters of DTT, TT and TF particles prepared from
NiCl,-6H,O with respect to initial salt concentrations.

The size difference in the two configurations decreased
with the temperature to zero at 1000°C, due to the effect
of sintering. Again this was not the case for the oxide
particles, as discussed elsewhere [9].

3.4. Effect of initial salt concentration

The morphology of the particles were apparently un-
changed by the increase in the initial salt concentration
except their size. Fig. 9 shows the effect of the initial
salt concentration on the average diameter of DTT and
TF particles prepared. Based on the initial droplet di-
ameter of 3 um, the diameters of theoretically dense
particles of salt, oxide and metallic nickel calculated
[6, 9] are also shown in the Figure. Since the densi-
ties of the salt, oxide and metallic nickel were 3.544,
7.65 and 8.9, respectively [10], the size of the dense
particles decreases in that order. Again the DTT par-
ticles were larger than the TF particles. All the nickel
particles prepared were larger than the dense nickel par-
ticles and even dense nickel oxide particles. The sizes
of all the particles, irrespective of the reactor configu-
ration, increased with the concentration, as expected.
However, the difference in the sizes of the true and the
theoretically dense nickel particles decreased with the
concentration. If the particles had had the same degree
of densification with respect to the initial salt concen-
tration, the plot of their size vs. the initial concentration
would have located in the same relative position with
respect to the plots for the dense particles as in the
case of the oxide particles [9]. On the other hand, the
peak heights in the XRD patterns of the nickel particles
increased substantially with the initial salt concentra-
tion reaching 95% of those of reagent nickel at 2 M,
as shown in Fig. 10. It is highly probable that the den-
sification of the nickel particles with the concentration
shown in Fig. 9 was related to the increase in the crys-
tallinity. The rate of nucleation increased with the initial
salt concentration This decreased the size of nuclei
but increased their number substantially [11], which
caused such nuclei to get the increased chance of crys-
talline growth accompanying the densification of the
particles.
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sintering with the temperature outweighed the short
residence time and the lowered rate caused by the
dry reduction. The initial salt concentration increased
the size of the nickel particles with some densifica-
tion due to the enhancement of rate of crystalline
growth.
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Figure 10 XRD patterns of nickel particles prepared at different initial
salt concentrations, otherwise under reference condition.

4. Conclusions

Nickel particles were prepared by spray pyrolysis of
aqueous solutions of nickel chloride with 10 vol%H,—
90 vol% argon mixture. Existence of water in the
wet chemical transformation occurred in the spray
pyrolysis apparently enhanced their oxidation and
the subsequent reduction of the oxide particles by
lowering their onset and finishing temperatures by
more than 100°C. In spite of the low onset sintering
temperature of nickel, the particles were observed in
honeycomb-like structure during their sintering. These
particles were found with high probability in case that
their residence time was short for the completion of
the sintering and the water was intentionally removed
before the reduction of the oxide particles. More den-
sification took place with the furnace set temperature
by reducing the size of the particles. The promoted
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