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Pure and M-doped Co3O4 (M = Cr, Fe, Mg, Zr) powders with a nanometre size and a narrow size distribution were prepared
by spray pyrolysis from a spray solution with citric acid and ethylene glycol. The precursor powders with a hollow and thin
walled structure were turned to nano-sized Co3O4 powders after post-treatment. The mean size of the pure Co3O4 powders
post-treated at a temperature of 600 oC was 77 nm. On the other hand, the mean sizes of the doped Co3O4 powders with a
doping concentration of 3 mol.% were changed from 24 to 63 nm. The Mg-doped Co3O4 powders had the minimum mean size.
The mean sizes of the Mg-doped Co3O4 powders with doping concentrations of 1 and 5 mol.% were 60 and 61 nm. The mean
sizes of the Mg-doped Co3O4 powders with a doping concentration of 3 mol.% post-treated at temperatures of 700 and 800 oC
were 63 to 102 nm.
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Introduction

Cobalt oxide (Co3O4) powders has been extensively used
as the material for solid sensors, ceramic pigments, inter-
calation compounds for energy storage, rotatable magnets,
heterogeneous catalysts, and electrochromic devices [1-3].
The performance of Co3O4 powders in their applications
is influenced by the morphology, mean powder size, size
distribution, and crystallinity. In particular, the properties
of Co3O4 powders are strongly related to the mean powder
size. Nano-sized Co3O4 powders are mainly used as a
material of the black matrix for flat panel displays. The
black matrix is a black coating layer surrounding pixels
of a display device. The black matrix is used to improve
the contrast of flat panel displays such as plasma display
panels (PDP). When applied to the substrate of the display
device, the black matrix exhibits an excellent external light
absorbing effect. Therefore, a display device having im-
proved luminance and contrast characteristics can be attained.
A black matrix pattern was formed on a glass substrate

by a lithography process. The characteristics of the black
matrix pattern are strongly affected by the properties of the
black paste. Therefore, nano-sized Co3O4 powders prepared
by various liquid-solution and gas phase reaction methods
were tried as the black matrix material [4-9]. Spray
pyrolysis, which is one of the gas-phase reaction methods,
has been widely used to synthesize the ceramic powders
because it is a simple and continuous process. The powders
prepared by conventional spray pyrolysis have submicro-

metre or micrometre sizes because of a droplet-to-powder
conversion process. Nano-sized oxide powders have also
been prepared by spray pyrolysis applying the polymeric
precursors [9, 10]. The precursor powders formed by
spray pyrolysis from the polymeric precursors were turned
into nano-sized oxide powders with a narrow size distri-
butions after post-treatment at high temperatures. Therefore,
nano-sized oxide powders prepared by spray pyrolysis
had a high crystallinity and a high purity without organic
contamination. A small amount of dopants could be ex-
pected to aid control of. the grain-growth rate during
the post-treatment process at high temperatures. Therefore,
dopants could be applied to control the growth of the
nano-sized powders.
In this study, nano-sized Co3O4 powders with a uniform

morphology and a narrow size distribution were prepared
by spray pyrolysis from a spray solution containing citric
acid and ethylene glycol. The effects of dopant materials
on the morphology, mean powder size and crystallinity
of the M-doped Co3O4 (M = Cr, Fe, Mg, Zr) powders
prepared by spray pyrolysis were investigated.

Experimental Procedure

The spray pyrolysis system consists of a droplet generator,
a quartz reactor, and a powder collector. A 1.7-MHz
ultrasonic spray generator with six vibrators was used to
generate a large amount of droplets, which were carried
into the high-temperature tubular reactor by a carrier gas.
The droplets and powders evaporated, decomposed, and/or
crystallized in the quartz reactor. The length and diameter
of the quartz reactor are 1,200 and 50 mm, respectively.
The precursor solutions were prepared by dissolving stoichi-
ometric ratios of cobalt nitrate hexahydrate (Co(NO3)2·6H2O,
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Aldrich), chromium (III) nitrate nonahydrate (Cr(NO3)3·9H2O,
Aldrich), iron (III) nitrate nonahydrate (Fe(NO3)3·9H2O,
Aldrich), magnesium nitrate hexahydrate (Mg(NO3)2·6H2O)
and zirconyl nitrate hydrate (ZrO(NO3)2·xH2O, Aldrich)
in distilled water. The total concentration of cobalt and
dopant precursors was fixed at 0.3M. The doping concen-
trations of Cr, Fe, Mg and Zr component were changed
from 1 to 5 mol.% of the cobalt component. The concen-
trations of citric acid and ethylene glycol used as organic
additives were each 0.3M. The flow rate of air used as carrier
gas was 40 Lminute−1. The precursor powders prepared
by spray pyrolysis at 700 oC were post-treated in a box
furnace at temperatures between 600 oC and 800 oC.
The crystal structures of pure and doped Co3O4 powders

were investigated using X-ray diffractometry (XRD,
RIGAKU, DMAX-33). The mean crystallite sizes of the
Co3O4 powders were estimated from Scherrer’s equation.
The morphological characteristics of the powders were
investigated using scanning electron microscopy (SEM,
JEOL, JSM 6060) and TEM (TEM, FEI, TECHNAI 300K).
Surface area measurements were done by the Brunauer-
Emmett-Teller (BET, PROTECH, TRISTAR 3000) method
using N2 as the adsorbate gas.

Results and Discussions

Fig. 1 shows the SEM images of the pure and doped
Co3O4 powders prepared by spray pyrolysis. The doping

Fig. 1. SEM images of the precursor Co3O4/MOx (M = Cr, Fe, Mn, Zr) powders prepared by spray pyrolysis.
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concentration of Cr, Fe, Mg, and Zr components was
fixed at 3 mol.% of cobalt component. The powders were
several micrometres in size, hollow and thin wall structures
irrespective of the doping material. The severe preparation
conditions of high flow rate of the carrier gas and short
residence time of the powders produced the powders with
hollow and thin wall structures. Addition of citric acid and
ethylene glycol into the spray solution improved the hol-
lowness of the precursor powders by gas evolution from
the decomposition of the organic materials.
The effects of the type of doping material on the morph-

ologies of the post-treated M-doped Co3O4 (M = Cr, Fe,

Mg, Zr) powders are shown in Fig. 2. The precursor
powders obtained by spray pyrolysis were post-treated
at a temperature of 600 oC for 3 h. The concentration of
doping materials was 3 mol.% of the cobalt component.
The post-treated powders had different morphologies to
those of the precursor powders obtained by spray pyrolysis.
The spherical shape of the precursor powders with micro-
metre sizes disappeared after post-treatment. The post-
treated pure and doped Co3O4 powders had a fine size and
regular morphology. The precursor powders with hollow
and thin wall structures were turned into the fine size Co3O4

powders during the post-treatment process irrespective of

Fig. 2. SEM images of the pure and M-doped Co3O4 powders post-treated at a temperature of 600
oC.
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the doping material. However, the doping material affected
the mean sizes of the post-treated Co3O4 powders. Fig. 3
shows the TEM images of the post-treated pure and doped
Co3O4 powders. The TEM samples were prepared by dis-
persing the powders milled by hand using an agate mortar
in ethyl alcohol. The nano-sized powders had slightly
aggregated structures between the powders. The mean
sizes of the powders were affected by the type of the
doping material. The mean size of the pure Co3O4 powder
measured from a TEM image was 77 nm. On the other
hand, the mean sizes of the doped Co3O4 powders doped
with Cr, Fe, Mg, and Zr were 40, 63, 24, and 50 nm,
respectively. The Mg-doped Co3O4 powder had a finer size
than those of the Cr, Fe and Zr-doped Co3O4 powders.
The BET surface areas of the powders are shown in Table 1.
The doped Co3O4 powders had larger surface areas than
that of the pure Co3O4 powder. The Mg-doped Co3O4

powders had the largest BET surface area of 36 m2/g.
The XRD patterns of the pure and doped Co3O4 powders

post-treated at a temperature of 600 oC are shown in Fig. 4.
All the diffraction peaks can be perfectly indexed to a cubic
phase of Co3O4. The post-treated powders had a pure cubic
phase of Co3O4 irrespective of the type of doping material.

Fig. 3. TEM images of the pure and M-doped Co3O4 powders post-treated at a temperature of 600
oC.

Table 1. Characteristics of pure and doped Co3O4 powders

Doping material No Cr Fe Mg Zr

BET surface area (m2/g) 11 12 18 36 15

Mean powder size (nm) 77 40 63 24 50

Mean crystallite size (nm) 29 25 29 24 29
Fig. 4. XRD patterns of the pure and M-doped Co3O4 powders
post-treated at a temperature of 600 oC.
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The mean crystallite sizes of the pure and doped Co3O4

powders are shown in Table 1. The mean crystallite sizes
of the Co3O4 powders were changed from 24 to 29 nm
according to the type of doping material. The mean size
of the Mg-doped Co3O4 powder measured on a TEM image
and the mean crystallite size measured from the XRD pattern
were the same at 24 nm. Therefore, the Mg-doped Co3O4

powder particles as shown in Fig. 3(d) were single crystals.
The effects of the doping concentrations of the Mg

component on the mean sizes, BET surface areas and mean
crystallite sizes were investigated. Fig. 5 shows the TEM
images of the Mg-doped Co3O4 powders with different
doping concentrations. The doping concentrations of the
magnesium component were 1 and 5 mol.% of the cobalt
component. The precursor powders obtained by spray
pyrolysis were post-treated at temperature of 600 oC for
3 h. The doping concentrations of the magnesium component
affected the mean sizes of the Mg-doped Co3O4 powders.
The mean sizes of the Mg-doped Co3O4 powders with
doping concentrations of 1 and 5mol.% were 60 and 61 nm.
However, the mean size of the Mg-doped Co3O4 powders
with a doping concentration of 3 mol.% was 24 nm. The
mean sizes of the Mg-doped Co3O4 powders decreased with
an increase in the doping concentrations of the magnesium
component below 3 mol.%. However, the doping with the
magnesium component at a high concentration of 5 mol.%
increased the mean size of the Mg-doped powders. The
BET surface areas of the Mg-doped Co3O4 powders with
doping concentrations of 1 and 5 mol.% were 18 and
17 m2/g. Fig. 6 shows the XRD patterns of the Mg-doped
Co3O4 powders. The mean crystallite sizes of the Mg-doped
Co3O4 powders with doping concentrations of 1 and 5mol.%
were 31 and 27 nm, respectively. The Mg-doped Co3O4

powders with a doping concentration of 3 mol.% had
the lowest mean crystallite size of 24 nm.
The morphologies and mean sizes of the Mg-doped

Co3O4 powders with a doping concentration of 3 mol.%
post-treated at different temperatures were investigated
by TEM images as shown in Fig. 7. In Figs. 3 and 7, the
mean sizes of the Mg-doped Co3O4 powders increased

with an increase in the post-treatment temperature. The
mean sizes of the Mg-doped Co3O4 powders post-treated
at temperatures of 700 and 800 oC were 63 to 102 nm.
The Mg-doped Co3O4 powders had slightly aggregated
structures even at a high post-treatment temperature of
800 oC. Therefore, post-treatment temperature was a
powerful variable to control the mean sizes of the Mg-
doped Co3O4 powders.

Conclusions

Pure and doped Co3O4 powders with a nanometre size
were prepared by spray pyrolysis. The type of doping
material, doping concentration and post-treatment temper-
ature changed the mean size of the Co3O4 powders. Magne-
sium was an efficient doping material to prepare Co3O4

powders with a nanometre size under 30 nm. The optimum
doping concentration of the Mg component was 3 mol.%
of the cobalt component. Post-treatment temperature was
a powerful variable to control the mean size of the Mg-
doped Co3O4 powders. Therefore, the mean sizes of the
Mg-doped Co3O4 powders could be controlled from 24 to

Fig. 5. TEM images of the Mg-doped Co3O4 powders with
different doping concentrations.

Fig. 6. XRD patterns of the Mg-doped Co3O4 powders with
different doping concentrations.

Fig. 7. TEM images of the Mg-doped Co3O4 powders post-
treated at different temperatures.
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102nm by changing the post-treatment temperatures between
600 and 800 oC.
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