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a  b  s  t  r  a  c  t

Co3O4 nanoparticles  were  easily  prepared  via  the  decomposition  of  the  pentam-
mine(carbonato)cobalt(III)  nitrate  precursor  complex  [Co(NH3)5CO3]NO3·0.5H2O  at  low  temperature
(175 ◦C).  The  product  was  characterized  by  thermal  analysis,  X-ray  diffraction  (XRD),  Fourier-transform
infrared  spectroscopy  (FT-IR),  UV–visible  spectroscopy,  transmission  electron  microscopy  (TEM),
energy-dispersive  X-ray  spectroscopy  (EDX),  Raman  spectroscopy,  Brunauer–Emmett–Teller  (BET)
specific  surface  area  measurements  and  magnetic  measurements.  The  FT-IR,  XRD,  Raman  and  EDX
results indicated  that  the  synthesized  Co3O4 nanoparticles  are  highly  pure  and  have  a single  phase.  The
TEM  analysis  revealed  nearly  uniform  and  quasi-spherical  Co3O4 nanoparticles  with  an  average  particle
entammine(carbonato)cobalt(III)
hermal decomposition
eak ferromagnetic behaviour

-Type semiconductor

size  of  approximately  10 nm.  The  optical  absorption  spectrum  of  the  Co3O4 nanoparticles  showed  two
direct band  gaps  of 2.18  and  3.52  eV  with  a red  shift  in  comparison  with  previous  reported  values.
The  prepared  Co3O4 nanoparticles  showed  a  weak  ferromagnetic  behaviour  that  could  be attributed  to
uncompensated  surface  spins  and/or  finite-size  effects.  Using  the  present  method,  Co3O4 nanoparticles
can  be  produced  without  expensive  organic  solvents  and  complicated  equipment.  This  simple,  rapid,
safe  and  low-cost  synthetic  route  can  be  extended  to the  synthesis  of  other  transition-metal  oxides.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Nanoscale transition-metal oxides have received considerable
ttention because of their interesting size-dependent physical and
hemical properties [1–4]. Among these oxides, spinel-type cobalt
xide (Co3O4) has been the subject of scientific and technologi-
al attention owing to its wide range of applications. This p-type
emiconducting material has many applications, e.g., it is used
n heterogeneous catalysis, solid-state sensors, pigments, mag-
etic materials, and electrochromic devices, for energy storage
nd as anode materials in lithium-ion batteries [5–17]. On the
ther hand, nanoscale Co3O4 structures show interesting mag-
etic, optical, field emission and electrochemical properties that
re not observed by their bulk materials. The prospect of potential
pplications of Co3O4 has led to substantial research and efforts to
evelop synthetic routes for various types of its nanostructures.

n this context, spinel-type Co3O4 with different morphologies,
uch as nanoparticles, hollow nanospheres, nanofibres, nanowires,

anowalls, nanorods, nanotubes, nanoboxes, nanocubes and meso-
orous structures, have been described in the literature [18–24].
mong these structures, the preparation of Co3O4 nanoparticles

∗ Corresponding author. Tel.: +98 6612202782; fax: +98 6616200088.
E-mail address: sfarhad2001@yahoo.com (S. Farhadi).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.11.135
has been extensively studied using physical and chemical tech-
niques such as sol–gel method [25], solvothermal method [26,27],
combustion method [28], microemulsion [29], chemical spray
pyrolysis [30], chemical vapour deposition [31,32],  thermal decom-
position of cobalt precursors [33–38],  ionic liquid-assisted method
[39], yeast-assisted biotemplating technique [40], sonochemi-
cal method [41], co-precipitation [42], microwave-assisted route
[43,44] and mechanochemical method [45]. However, most of these
methods utilize toxic and expensive reagents, high temperatures,
expensive, complex instruments and long reaction times. Thus, it is
desirable to develop a simple, inexpensive and non-toxic route for
the preparation Co3O4 nanoparticles at a relatively low tempera-
ture.

The thermal decomposition of transition-metal complexes is
one of the simplest and least expensive techniques for preparing
nanosized transition-metal oxides with relatively high specific sur-
face areas at low temperature [46–53].  This technique not only
avoided the need for a template and complex apparatus but also
exhibited a capacity to control the shape of the target products.
By selecting an appropriate precursor coupled with a rational cal-
cination procedure, products with unique sizes and shapes could

be obtained. This method also has potential advantages, including
operational simplicity, high yield of pure products, absence of sol-
vent, low energy consumption and functional efficiency, exempting
the need for special equipment. Therefore, as a continuation of our

dx.doi.org/10.1016/j.jallcom.2011.11.135
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:sfarhad2001@yahoo.com
dx.doi.org/10.1016/j.jallcom.2011.11.135
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revious studies [54–57],  we report a rapid and simple thermal
ecomposition method for the preparation of Co3O4 nanoparti-
les from the pentammine(carbonato)cobalt (III) nitrate complex
Co(NH3)5CO3]NO3·0.5H2O, a new precursor. The product was
dentified by X-ray diffraction (XRD), Fourier-transform infrared
pectroscopy (FT-IR), UV–visible spectroscopy, BET specific sur-
ace area measurements, energy-dispersive X-ray spectroscopy
EDX), transmission electron microscopy (TEM), thermal analysis
TGA/DTA) and magnetic measurements. This approach provides

 one-step, simple, general and inexpensive method for preparing
o3O4 nanocrystals at low temperature (175 ◦C). Furthermore, to
he best of our knowledge, there has been no report on the prepara-
ion of spinel-type Co3O4 from a classical coordination compound.

. Experimental

.1. Preparation of [Co(NH3)5CO3]NO3·0.5H2O precursor [58]

A solution of 30 g of cobalt(II) nitrate hexahydrate (0.103 mol) in 15 mL  of dis-
illed water was thoroughly mixed with a solution of 45 g of ammonium carbonate
0.468 mol) in 45 mL  of distilled water and 75 mL  of concentrated aqueous ammo-
ium hydroxide (1.11 mol  NH3). Then, 16–20 mL  of a 30% H2O2 solution was slowly
dded. After the resulting mixture was cooled in an ice-salt bath overnight, the
roduct was  filtered, washed with 50 mL  of ice-cold water followed by ethanol
nd  diethyl ether and then dried by drawing air through the filter funnel. This
rude material was  purified by recrystallization from hot water. The complex was
haracterized by thermal analysis and FT-IR.

.2. Preparation of Co3O4 nanoparticles

To prepare Co3O4 nanoparticles, 2 g of the [Co(NH3)5CO3]NO3·0.5H2O complex
as added to a porcelain crucible and placed in an electric furnace. The complex
as heated at the rate of 2 ◦C min−1 from room temperature to 150 ◦C in air and was
aintained at 150 ◦C for 1 h. Similar experiments were performed with 2 g sam-

les  of the complex at the selected temperatures of 175, 200, 250 and 300 ◦C. The
emperatures for calcining the complex were selected from the TGA–DTA data. The
ecomposition product generated from the complex at each temperature was cooled
o  room temperature and collected for characterization.

.3. Characterization techniques

The thermal behaviour of the precursor complex was studied using a Netzsch
TA  409 PC/PG thermal analyser at a heating rate of 5 ◦C min−1 in air. Infrared spec-
ra  were recorded on a Shimadzu System FT-IR 160 Spectrophotometer using KBr
ellets. The XRD patterns were recorded on a Rigaku D-max C III X-ray diffrac-
ometer using Ni-filtered Cu K� radiation (� = 1.5406 Å) to determine the phases

resent in the decomposed samples. Raman spectrum was  acquired on a Spex 1403
aman Spectrometer. Optical absorption spectrum was recorded on a Shimadzu
650PC UV–vis spectrophotometer in the 250–700 nm wavelength range at room
emperature. The samples for UV–vis studies were well dispersed in distilled water
y  sonication for 25 min  to form a homogeneous suspension. Particle sizes were

Fig. 1. (a) TGA and (b) DTA curves of the [
nd Compounds 515 (2012) 180– 185 181

determined by a transmission electron microscope (TEM, Philips CM10) equipped
with a link energy-dispersive X-ray (EDX) analyser. The powders were ultrason-
icated in ethanol and a drop of the suspension was dried on a carbon-coated
microgrid for TEM measurements. The specific surface area of the product was mea-
sured by the BET method using an N2 adsorption–desorption isotherm carried out
at  −196 ◦C on a surface area analyser (Micromeritics ASAP 2010). Before each mea-
surement, the sample was degassed at 150 ◦C for 2 h. Magnetic measurements were
carried out at room temperature using a vibrating sample magnetometer (Meghnatis
Daghigh Kavir Co.) with a maximum magnetic field of 10 kOe.

3. Results and discussion

Initially, the thermal behaviour of the
[Co(NH3)5CO3]NO3·0.5H2O complex was  studied by thermal
analysis. Fig. 1 shows TGA/DTA curves recorded at a constant
heating rate of 5 ◦C min−1 in the 25–300 ◦C temperature range. The
TGA curve in Fig. 1(a) shows that the decomposition of the complex
occurs in three main stages. The first stage occurs at 105 ◦C and
shows a 3.25% weight loss, which can be related to the liberation
of half a mole of H2O per mole of the complex. The second stage
occurs at approximately 145–150 ◦C and shows a 22.5% weight loss,
which is consistent with the theoretical value of 22.37% caused
by the loss of one mole of NH3 and one mole of CO2 per mole of
the complex. On further heating, the third stage occurs in which
an extensive weight loss (43.25%) is observed in the 150–175 ◦C
range, which is accompanied by an explosive decomposition of
the residue complex. Above 175 ◦C, the weight remains constant,
confirming the complete decomposition of the complex. The
combined weight loss from all stages is approximately 69%, which
is consistent with the theoretical value (69.2%) that is calculated
for the formation of Co3O4 from the complex. The DTA curve of
the [Co(NH3)5CO3]NO3·0.5H2O complex in Fig. 1(b) shows char-
acteristic endothermic and exothermic peaks, consistent with the
TGA data. The small endothermic peaks at 105 ◦C can be explained
by the loss of half a mole of H2O. The broad endothermic peak at
145–150 ◦C can be attributed to the loss of one mole of NH3 and
the decomposition of an unstable monodentate carbonate ligand
(dissociation of the Co OCO2 bond). The decomposition of the
residue complex shows a small endothermic peak at 170 ◦C, which
is immediately followed by a large exothermic peak near 175 ◦C.

This sharp exothermic peak can be explained by the explosive
decomposition of the complex via an intramolecular redox process
occurring between the reductant (NH3 ligands) and the oxidant
(NO3

−). The explosive reaction resulted in the formation of solid

Co(NH3)5CO3]NO3·0.5H2O complex.
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ig. 2. FT-IR spectra of the [Co(NH3)5CO3]NO3·0.5H2O complex decomposed at var-
ous  temperatures; �: Co3O4 phase.

o3O4 and gaseous products (i.e., NH3, N2, NO or N2O and H2O),
ccording to the following reaction:

[Co(NH3)5CO3]NO3·0.5H2O → Co3O4 + 10NH3 + 8H2O + 3CO2 +

Fig. 2 shows the FT-IR spectra of the [Co(NH3)5CO3]NO3·0.5H2O
omplex and its decomposition products at different temperatures.
or the complex (Fig. 2(a)), the characteristic stretching bands
f NH3, CO3 and NO3 are observed at approximately 3500–3000,
600 and 1350 cm−1, respectively [59]. As shown in Fig. 2(b), the

ntensity of these bands decreases when the complex is heated
t 150 ◦C. At this temperature, two small absorption bands (�)
hat are assigned to the Co O stretching bands of Co3O4 appear
t approximately 663.47 and 570.89 cm−1, respectively, providing
lear evidence for the presence of crystalline Co3O4 [60]. This obser-
ation confirms that the formation of Co3O4 nanocrystals begins at
pproximately 150 ◦C. As can be clearly seen in Fig. 2(c), all bands
f the complex disappear as the temperature increases to 175 ◦C,

onsistent with the TGA–DTA data described above, and only two
haracteristic strong bands of the spinel-type Co3O4 structure are
bserved [60]. As shown in Fig. 2(d and e), FT-IR spectra of the sam-
les that were decomposed in the 200–250 ◦C range show only the
O + 3.75N2

Fig. 3. XRD patterns of the [Co(NH3)5CO3]NO3·0.5H2O complex decomposed at
selected temperatures; �: Co3O4 phase.

strong bands associated with Co3O4 without obvious changes. It is
noted that a tiny band at approximately 2360 cm−1 in the spectrum
of some samples is associated with the presence of atmospheric CO2
[61].

XRD patterns of the decomposition products of the
[Co(NH3)5CO3]NO3·0.5H2O complex at various temperatures
are shown in Fig. 3. Fig. 3(a) shows the XRD pattern of the complex
heated at 150 ◦C. The XRD pattern of the decomposed sample at
this temperature reveals broad and weak diffraction peaks with
2� values at 19.50◦, 31.37◦, 37.02◦, 39.10◦, 44.97◦, 55.84◦, 59.58◦,
65.46◦ and 77.62◦ that are assigned to the crystal planes of (1 1 1),
(2 2 0), (3 1 1), (2 2 2), (4 0 0), (4 2 2), (5 1 1), (4 4 0) and (5 3 3) of
crystalline Co3O4, respectively, consistent with the literature
values (JCPDS Card No. 76-1802). This result confirms that the

formation of the Co3O4 phase started at 150 ◦C. As shown in
Fig. 3(b), the intensity of the characteristic peaks of the Co3O4
phase increases considerably as the temperature increases to
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sity of Co3O4 (6.08 g/cm ) and SBET is the specific surface area of the
Co3O4 powder in m2/g. The particle size calculated from the surface
area data is approximately 11.5 nm,  which is in good agreement
with the XRD and TEM results.
Fig. 4. Raman spectrum of the Co3O4 nanoparticles.

75 ◦C. At this temperature, complete decomposition of the com-
lex is observed, which is in good agreement with the TGA–DTA
nd FT-IR results. No characteristic peaks of impurity phases such
s CoO and CoOOH are present, indicating that the final product is
ighly pure. The considerable broadening of the diffraction peaks
emonstrates the nanometre nature of the Co3O4 particles. The
verage crystallite size of the Co3O4 powder prepared at 175 ◦C is
pproximately 11 nm as determined from the XRD pattern param-
ters according to the classical Debye–Scherrer equation [62],
XRD = 0.9�/(  ̌ cos �), where DXRD is the average crystallite size, �

s the wavelength of CuK�,  ̌ is the full width at half maximum of
he diffraction peak and � is the Bragg angle. As seen in Fig. 3(c–e),
he width of the Co3O4 peaks decreases as the decomposition
emperature increases to 200, 250 and then 300 ◦C because of
rystallite growth, but no new phase is observed.

The Raman spectrum of the Co3O4 nanoparticles shown in Fig. 4
isplays five bands (A1g + Eg + 3F2g) in the 150–800 cm−1 range. The
and at 670 cm−1 with A1g symmetry is attributed to the octahedral
oO6 sites of the crystalline Co3O4 phase and is in agreement with
he literature value [63]. The bands with medium intensity located
t approximately 470 and 510 cm−1 have the Eg and F2g

(2) sym-
etry, respectively, whereas the weak band located at 606 cm−1

as the F2g
(1) symmetry. The band at approximately 191 cm−1 is

ttributed to the F2g
(3) mode of the tetrahedral CoO4 sites [64]. This

esult further confirms the formation of the Co3O4 nanocrystals.
o vibrational modes due to impurities are observed. Furthermore,

he peak positions of the five active modes shift to low wavenum-
ers (ca. 10–20 cm−1) in comparison with those of the bulk Co3O4
ample [65]. This phenomenon is attributed to the optical phonon
onfinement effect in nanostructures that can cause uncertainty
n the phonon wave vectors and a consequential downshift of the
aman peaks [66].

The size and shape of the Co3O4 particles prepared by the ther-
al  decomposition of the [Co(NH3)5CO3]NO3·0.5H2O complex at

75 ◦C were investigated by TEM. The TEM analysis reveals very
ne, loosely aggregated particles. The particles have uniform size
nd a homogeneous sphere-like morphology with a narrow size
istribution. As shown in the inset in Fig. 5, the Co3O4 nanoparticles
xhibit a narrow size distribution (6–14 nm)  and the mean diam-
ter of the particles is approximately 10 nm,  which resembles the
verage particle size calculated from the XRD data. From the TEM
mage, it was concluded that this preparation method successfully
vercame the problem of agglomeration and is appropriate for the

roduction of small-sized Co3O4 nanoparticles.

The EDX spectrum of the product is shown in Fig. 6. The EDX
nalysis of the Co3O4 nanoparticles confirms that the sample
Fig. 5. TEM image of the Co3O4 nanoparticles.

contains only Co and O. The Al and Au signals originate from the Al
base and the Au sprayed during sample preparation, respectively.
The experimental atomic percentages of Co and O are found to
be 43.18% and 56.82%, respectively. The atomic ratio of Co to O is
approximately 3:3.96, which further confirms that the final product
is composed of only Co3O4 nanocrystals.

BET surface area measurements were also conducted using the
Co3O4 nanoparticles obtained from the decomposition of the com-
plex at 175 ◦C. The specific surface area of the sample is 85.50 m2/g.
Assuming that the Co3O4 nanoparticles are almost spherical, as con-
firmed by TEM, the surface area can be used to estimate the particle
size according to the equation DBET = 6000/(� × SBET), where DBET is
the diameter of a spherical particle (in nm), � is the theoretical den-

3

Fig. 6. EDX spectrum of the Co3O4 nanoparticles.
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Fig. 8. Room-temperature magnetization curves as a function of applied magnetic

T
C

ig. 7. UV–vis spectrum and (Ah�)2–h� curve (inset) of the Co3O4 nanoparticles.

The optical properties of the Co3O4 nanoparticles were investi-
ated at room temperature by UV–vis spectroscopy. Fig. 7 shows
he absorbance spectrum of the Co3O4 sample with two absorp-
ion bands in 200–350 and 400–580 nm wavelength ranges. The
rst band can be assigned to the O2− → Co2+ charge-transfer
rocess while and the second one to the O2− → Co3+ charge trans-
er [67]. Co3O4 is a p-type semiconductor, and the absorption
and gap (Eg) can be determined by the following equation [68]:
Ah�)2 = K(h� − Eg), where h� is the photon energy (eV), A is the
bsorption coefficient, K is a constant and Eg is the band gap. The
and gap can be estimated by extrapolating the linear region in
he plot of (Ah�)2 versus photon energy. As shown in the inset in
ig. 7, two absorption peaks yield two Eg values for the sample.
he empirical Eg values of the Co3O4 nanoparticles prepared in this
tudy are 2.18 and 3.52 eV, which are greater than the bulk val-
es (1.77 and 3.37 eV, respectively) [40,69]. This suggests that the
o3O4 nanocrystals synthesized via the present method are well
ithin the quantum confinement regime which allows fine tuning

f their material properties. Our results are generally consistent
ith the reported data for Co3O4 nanoparticles [69]. These find-

ngs confirmed that the optical band gap energies increase as the

rystallite size decreases.

Room-temperature magnetic measurements of the Co3O4
anoparticles prepared at 175 and 200 ◦C are shown in Fig. 8. As
hown in the inset in Fig. 8(a and b), the thin hysteresis loop

able 1
omparison of the results obtained for the preparation of Co3O4 nanoparticles in the pres

Entry Preparation method Conditions (solvent, and surfactants) 

1 Sol–gel method Liquid N2, Propionic acid 

2 Hydrothermal method Water, PVPa

3  Combustion method Water, PVAb

4  Microemulsion method Water/cyclohexane/n-pentanol, CTABc

5  Ionic-liquid assisted method [BMIM]OHd

6  Sonochemical method Water/NaOH, TMAHe

7  Microwave method Ethylene glycol, TOPOf

8  Mechanochemical method – 

9  Thermal treatment process – 

10  Thermal decomposition – 

a PVP: polyvinylpyrrolidone.
b PVA: polyvinyl alcohol.
c CTAB: cetyltrimethylammonium bromide.
d [BMIM]OH: 1-n-butyl-3-methylimidazolium hydroxide (an ionic liquid).
e TMAH: tetramethylammonium hydroxide.
f TOPO: trioctyl phosphine oxide.
field for the Co3O4 nanoparticles prepared at: (a) 175 ◦C and (b) 200 ◦C. The insets
show the magnetization of the hysteresis loop.

is characteristic of weak ferromagnetic behaviour, although bulk
Co3O4 is antiferromagnetic [70]. From the insets, the coercive
field and the remanent magnetization are estimated to be less
than 50 Oe and 0.002 emu/g, respectively. The low coercive field
and remanent magnetization confirm that the Co3O4 nanoparti-
cles exhibit a weak ferromagnetic behaviour. The maximum field
applied (8 kOe) does not saturate the magnetization, and the mag-

netization at this applied field is approximately 0.25 emu/g. The
ferromagnetic behaviour of the nanoparticles can be explained as
follows: bulk Co3O4 has a normal spinel structure with antiferro-
magnetic exchange between ions that occupy the tetrahedral and

ent work with some reported methods.

Temperature
(◦C)

Time
(h)

Particle
size (nm)

Particle size
distribution
(nm)

Ref.

260 2 300 200–400 [25]
150 16 350 300–500 [26]
400 2 33 – [28]
450 3 – 80–150 [29]
RT 6 30 10–50 [39]
Ultrasonic
irradiation

1 45 20–60 [41]

400 3 6 4–8 [44]
300 2 13 – [45]
500 5 30 30–50 [52]
175 1 10 6–14 This work
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ctahedral sites [70]. It has zero net magnetization owing to the
omplete compensation of sublattice magnetization. Hence, the
hange from an antiferromagnetic state for bulk Co3O4 to a weak
erromagnetic state for Co3O4 nanoparticles can be ascribed to the
ncompensated surface spins and/or finite-size effects [36,71,72].

t is well known that the magnetic properties of nanomaterials
re strongly dependent on the shape and size of their particles,
rystallinity, magnetization direction and so on.

To elucidate the advantages of the present method, we  have
ompared the empirical results with some reported studies in
able 1. From Table 1, it is clear that the present method is more
uitable and/or superior to other methods with respect to the
eaction conditions, reaction temperature, reaction time, average
article size and particle size distribution. It can be seen that most
f these methods are associated with one or more disadvantages,
uch as prolonged reaction times, harsh reaction conditions, high-
emperature requirement, use of harmful organic solvents, use of
xpensive solvents and surfactants and the formation of particles
ith very large sizes and wide size distribution. Using the present
ethod, Co3O4 nanoparticles can be produced at low temperature

n the absence of solvent, surfactant and any expensive, compli-
ated equipment.

. Conclusions

In summary, pure nanosized Co3O4 particles with an average
article size of 10 nm were successfully synthesized by the ther-
al  decomposition of the [Co(NH3)5CO3]NO3·0.5H2O complex as a

ew precursor in the 150–200 ◦C range. From this complex, Co3O4
anoparticles are formed via the dehydration and subsequent
xplosive redox reaction between the NH3 ligands as the reduc-
ng agent and the NO3

− ions as the oxidizing agent. By this method,
niform and sphere-like Co3O4 nanoparticles with weak agglomer-
tion, narrow size distribution and weak ferromagnetic behaviour
an be obtained. The optical absorption band gaps of the Co3O4
anoparticles were estimated to be approximately 2.18 and 3.52 eV,
hich are red shifted in comparison with previously reported val-
es. This method is simple, inexpensive, safe and suitable for the

ndustrial production of high-purity Co3O4 nanoparticles for vari-
us applications. Furthermore, the method may be advantageous
or the synthesis of other metal oxide nanostructures.
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