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Abstract

toxic solvents or complicated equipment.

Co304 nanoparticles were prepared using [Co(NH3)¢](NOs), as a starting material‘via a solid-state thermal
decomposition route at low temperature (150°C). The product was characterized by thermal analysis
(thermogravimetric/derivative thermogravimetric/differential thermal analysis), X-ray diffraction, Fourier transform
infrared spectroscopy, Raman spectroscopy, Brunauer-Emmett-Teller specific surface area measurement, UV-visible
spectroscopy, transmission electron microscopy (TEM), energy-dispersive X-ray spectroscopy, and magnetic
measurements. The results confirmed that the nanoparticles are highly-pure Cos0,4 with weak ferromagnetic
properties. TEM images showed that the Cos;0,4 nanoparticles have an average diameter size of around 13 nm. The
optical spectrum indicated two direct bandgaps at 2.3 and 3.2 eV which are blueshifted relative to reported values
for the bulk sample. By this fast and simple method, Coz0,4 nanoparticles can be produced without expensive and
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Background

Transition metal oxide nanoparticles represent a broad
class of materials that have been investigated extensively
due to their interesting catalytic, electronic, and magnetic
properties relative to those of the bulk counterparts, and
the wide scope of their potential applications [1-4].
Among metal oxides, special attention has been focused
on the synthesis and properties of spinel-type Co30,
which is important as a heterogeneous catalyst, solid-state
sensor, anode material in Li-ion rechargeable batteries,
pigment, electrochromic sensor, and magnetic material
and in solar energy storage [5-12]. For these diverse appli-
cations, it is of great importance to prepare Coz0,4 with
well-controlled dimensionality, sizes, and crystal structure.
Up to now, several methods have been reported in order
to synthesize Co3;0O, nanoparticles, including sol-gel
method [13], hydrothermal method [14,15], combustion
method [16], microemulsion method [17], chemical spray
pyrolysis [18], chemical vapor deposition [19,20], thermal
decomposition of cobalt precursors [21-26], sonochemical
route [27,28], co-precipitation [29], microwave irradiation
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[30], and mechanochemical processing [31]. However,
most of these methods have one or more drawbacks, such
as prolonged reaction times, the use of toxic and expensive
solvents/reagents, complicated synthetic steps, the use of
expensive equipment, and high synthetic temperatures.
Therefore, the development of simple, inexpensive, and
nontoxic methods for the preparation Co30,4 nanoparticles
at relatively low temperature is still demanded.

Among the numerous methods developed for preparing
metal oxide nanomaterials, the molecular precursor route
has been regarded as one of the most convenient and
practical techniques because it not only enables to avoid
special instruments, complicated processes, and severe
preparation conditions but also provides good control
over purity, homogeneity, composition, phase, and micro-
structure of the resultant products [32-39]. By choosing
a proper molecular precursor, coupled with a rational
calcining procedure or other decomposition processes
[40-43], nanocrystalline products could be obtained usu-
ally under the conditions significantly milder than those
employed in the conventional solid-state synthesis.

Herein, we report on the preparation of Co30O, nano-
particles by direct solid-state thermal dissociation of the
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labile [Co(NH3)](NO3), complex as a new precursor, as
well as the characterization of the obtained product by X-ray
diffraction (XRD), Fourier transform infrared spectroscopy
(FT-IR), Raman spectroscopy, UV-visible (UV—vis) spectros-
copy, Brunauer-Emmett-Teller (BET) specific surface area
measurement, energy-dispersive X-ray spectroscopy (EDX),
transmission electron microscopy (TEM), thermal analysis
(thermogravimetric(TG)/derivative thermogravimetric
(DTG)/differential thermal analysis (DTA)), and magnetic
measurements.

Results and discussion

First, the thermal behavior of the [Co(NHs)g](NOs3),
precursor was studied by thermal analysis. Figure 1 shows
TG, DTG, and DTA curves recorded for [Co(NHs)s]
(NO3), at a constant heating rate of 10°C minlin the
temperature range of 25°C to 600°C. The TG and DTG
curves show that the decomposition of the complex pro-
ceeds in two main stages. The first stage that occurred at
about 100°C shows 12.20% weight loss which is consistent
with the theoretical value of 11.95% caused by the loss of
two molecules of NH3 per one molecule of the complex.
In the second stage, an extensive weight loss (60%) is ob-
served at about 150°C, which related to the decomposition
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Figure 1 TG, DTG, and DTA curves of the [Co(NH3)g](NO3),
complex.
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of the residue [Co(NH3)4](NO3), complex. Above 150°C,
the weight remained constant, confirming the complete
decomposition of the complex. The weight loss of all steps
is about 72% which is consistent with the theoretical value
(71.85%) calculated for the formation of Co30, from the
complex. The DTA curve in the inset of Figure 1 shows
two characteristic peaks. The small endothermic peak at
about 100°C can be explained by freeing two NH; mo-
lecules in consistent with TG and DTG data. The residue
gives a sharp exothermic peak at about 150°C. This
exothermic peak related to the explosive decomposition
of the complex via an intramolecular redox process
occurring between the reductants (NH; ligands) and the
oxidants (NO3). The explosive decomposition of the
complex resulted in the solid Co30, and gaseous pro-
ducts, i.e,, NH3, N3, NO, N,O, and H,O. Although not
all of the reaction products were determined in the ana-
lyses, the decomposition of the complex and formation
of the Coz0,4 nanoparticles can be expressed as follows:

9[Co(NH3)s](NOg)a(s) — 3C0304(s) + 30NH;(g) + 4NO(g)
+2N,0(g) + 17N(g) + 36H,0(g)

Figure 2 shows FT-IR spectra of the [Co(NH3)s](NO3),
complex and its decomposition products at different
temperatures. In Figure 2(spectrum a), the characteristic
stretching bands of NH3 and NO; groups are observed at
about 3,500 to 3,000, 1,600, 1,350, and 800 cm [44]. As
shown in Figure 2(spectrum b), all the bands associated
with the complex clearly disappeared when the complex
was decomposed at 150°C. At this temperature, only two
characteristic strong bands of the spinel-type Co30, struc-
ture at about 663.47 and 570.89 cm™* are observed [45],
confirming that the complex was decomposed completely
at 150°C to the Co30, phase as indicated by the TG/DTA
results. In Figure 2(spectrum c), the FT-IR spectrum of
the sample decomposed at 175°C shows the strong bands
related to Co30,4 without obvious change.

Figure 3 presents the XRD patterns of the decompos-
ition products of the [Co(NHz)s](NO3), complex at 150°C
and 175°C. Well-defined diffraction peaks at about 19.52°,
31.50°, 37.05°, 38.77°, 44.96°, 55.80°, 59.53°, 65.30°, 74.55°,
77.50°, and 78.60° are observed, corresponding to the
(111), (220), (311), (222), (400), (422), (511), (440), (620),
(533), and (622) planes of CozO, crystals, respectively
(JCPDS card no. 76—1802). This result confirms that the
complex was decomposed completely into the Co30,
phase at 150°C, in good agreement with the thermal ana-
lysis and FT-IR results. No impurity peaks were found in
the XRD patterns, confirming that the product is well-
crystallized CozO, with high purity. As can be seen, the
diffraction peaks are broadened because of the small size
effect of the nanoparticles. The average crystallite size (d)
was calculated to be approximately 13 nm by the Scherrer
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Figure 2 FT-IR spectra of (a) the [Co(NH5)¢](NOs), complex and
its decomposed products at (b) 150°C and (c) 175°C. The black-
filled square indicates the Co30,4 phase.

relation [46]: d = 0.91/(Bcosf), where A is the wavelength
of Cu Ka radiation, B is the corrected full width at half
maximum of the diffraction peak, and 6 is the Bragg angle.
As shown in Figure 3 (pattern b), no new phase was ob-
served when the decomposition temperature increased to
175°C, but the width of the Co3;0, peaks decreased be-
cause of crystallite growth.

Figure 4 displays the Raman spectrum of the Coz0,
nanoparticles. As shown in Figure 4, the Raman spectrum
of the Co30,4 nanoparticles in the range of 300 to 800 nm
shows four obvious peaks located at around 468, 510, 605,
and 670 cm™, corresponding to the four Raman-active
modes (Ayq, Eg, and 2F,,) of Co30,. The Raman shifts are
consistent with those of pure crystalline Co304[47,48], in-
dicating that the Co30,4 nanoparticles have a similar crys-
tal structure to bulk Co3z0,4 However, compared with
those for bulk Co30,, the peak positions of the four active
modes shift to low wavenumbers by about 10 to 20 cm™
[49]. This phenomenon is attributed to the optical phonon
confinement effect in nanostructures, which can cause
uncertainty in the phonon wave vectors and thus a
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Figure 3 XRD patterns of the [Co(NHs)¢](NOs), complex
decomposed at (a) 150°C and (b) 175°C.

80

downshift in the Raman peaks [50]. This result further
confirms the formation of the Co3;0, nanoparticles.

Figure 5 shows TEM images of the Co30, powder pre-
pared by thermal decomposition of the [Co(NH3)¢](NO3),
complex at 150°C. The TEM sample was prepared by dis-
persing the powder in ethanol by ultrasonic vibration. It
can be seen that the product was formed from extremely
fine spherical particles which were loosely aggregated. The
uniform Co30, particles have sphere-like shapes with
weak agglomeration. As can be seen in the inset of
Figure 5, the particle sizes possess a narrow distribution in
a range of 6 to 20 nm, and the mean particle diameter is
about 13 nm. In fact, the mean particle size determined by
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Figure 4 Raman spectrum of the Co30,4 nanoparticles.
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Figure 5 TEM images of the Co30, nanoparticles in two
different magnifications. The inset shows the particle size
distribution of Co304 nanoparticles.
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TEM is very close to the average particle size calculated
by the Debye-Scherer formula from the XRD pattern.

The EDX spectrum of the product in Figure 6 reveals
the presence of only cobalt and oxygen peaks, with no
other relevant elements present; the large Si peak can be
attributed to the Si wafer upon which the nanoparticles
were deposited prior to analysis. The atomic percentages
of Co and O were found to be 43.15% and 56.95%, re-
spectively. The atomic ratio of Co and O is 3:3.96, which
approaches the theoretical value for Coz0,4. This obser-
vation further confirms that the final product is only
highly pure Co3;0, nanoparticles.

The surface area of the Co304 nanoparticles obtained
from the decomposition of the complex was measured
by the BET method. The specific surface area of the
sample was 77.50 m”/g. Assuming that the nanoparticles
are almost spherical, as confirmed by TEM, the surface
area can be used to estimate the particle size according
to Dger = 6,000/(p x Sper), where Dggr is the diameter
of a spherical particle (nm), p is the theoretical density
of Co30, (6.05 g/cm3), and Sgpr is the specific surface
area of Co30, powder (m?/g). The particle size calcu-
lated from the surface area data is about 12.80 nm,
which is in good agreement with the XRD and TEM
results.

The optical absorption properties of the as-prepared
Co30, nanoparticles were investigated at room tempe-
rature by UV-vis spectroscopy (Figure 7). There are two
obvious absorption peaks at 281 and 531 nm. Co30, is
a p-type semiconductor, and its optical bandgap can
be obtained from the following equation [16]: (Ahv)" =
(hv - Eg), where hv is the photon energy (eV), A is the ab-
sorption coefficient, B is a constant relative to the mater-
ial, E, is the bandgap, and # is either 1/2 for an indirect
transition or 2 for a direct transition. The (A/v)? versus hv
curve for the product is shown in the inset of Figure 7.
The value of hv extrapolated to (Ahv)* = 0 gives the
absorption bandgap energy. Two regions with a linear re-
lationship are observed in the ranges of 3.8 to 6.1 and 1.9
to 2.5, respectively, giving two E, values of 3.2 and 2.3 eV.
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Figure 6 EDX analysis of the Co;0, nanoparticles.
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Figure 7 UV-vis spectrum and (Ahv)?-hv curve (inset) of the
Co30,4 nanoparticles prepared at 150°C.

The bandgap of 2.3 eV can be associated with the O"—Co"
charge transfer process (valence to conduction band
excitation), while the 3.2 eV bandgap relates to the
0""—Co™ charge transfer (with the Co"" level located
below the conduction band) [51]. As has been investi-
gated in the literatures [27,52], the E; values of Co30,
nanoparticles are greater than those of bulk Co3;04
(Eq=1.77 and 3.17 eV, respectively). The increase in the
bandgap of the Co30, nanoparticles may ascribe to the
quantum confinement effects of nanomaterials.

Figure 8 shows the magnetic properties of the Co30,
nanoparticles. The fine shape of the hysteresis loops is a
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characteristic of a weak ferromagnetic behavior, although
bulk Coz0, is antiferromagnetic [53]. From the inset,
the coercive field (H.) and the remanent magnetization
(M,) are estimated to be 0.015 kOe and 0.002 emu/g,
respectively. The low coercive fields and remanent mag-
netizations confirm that the Co30O, nanoparticles have
weak ferromagnetic properties. The maximum applied
field, 8 kOe, does not saturate the magnetizations which
should be attributed to weak ferromagnetic ordering of
the spins in the nanoparticles. Co30, nanoparticles con-
sist of small magnetic domains, each characterized by its
own randomly oriented magnetic moment. The total
magnetic moment of the nanoparticles is the sum of
these magnetic domains coupled by dipolar interactions.
The ferromagnetic behavior of the Co30, nanoparticles
can be explained as follows: bulk Co3O, has a normal
spinel structure  with antiferromagnetic exchange be-
tween ions occupying tetrahedral and octahedral sites
[53]. It has zero net magnetization due to the complete
compensation of sublattice magnetizations. Hence, the
change from an antiferromagnetic state for bulk Coz0,
to a weakly ferromagnetic state for Co30,4 nanoparticles
can be ascribed to uncompensated surface spins and/or
finite size effects [54,55].

Conclusions

In this work, we presented a simple and low-temperature
method of synthesizing spinel-type CozO, nanoparticles
with an average particle size of 13.5 nm through thermoly-
sis of the [Co(NHz)g](NO3), at low temperature (150°C).
Co30, nanoparticles are formed from this complex via an
explosive redox reaction between NHj ligands as the
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reducing agent and the NOj3 ions acting as the oxidizing
agent. This method yields sphere-like Co;04 nanoparticles
with weak agglomeration, a narrow size distribution, and
weak ferromagnetic behavior. The estimated optical ab-
sorption bandgaps of the Co30,4 nanoparticles were about
2.3 and 3.2 eV, which are relatively blueshifted, compared
with the values for the bulk sample. This approach pro-
vides a one-step, general, and inexpensive route for the
preparation of Co30, nanoparticles with high purity for
industrial and high-technology applications.

Methods

Preparation of Cos0,4 nanoparticles

Initially, the [Co(NHj3)e](NOj3), complex was synthesized
via a simple reaction of an aqueous solution of [Co(H,O)g]
(NO3), with concentrated ammonia solution according to
the reported method [56]. By adding acetone to the re-
action mixture, the complex was precipitated as an or-
ange precipitate. The composition of the complex was
confirmed by thermal analysis, FT-IR, and elemental
analysis: anal. calc. for [Co(NH3)6](NO3),: Co, 20.68; H,
6.32; N, 39.30; found: Co, 21.10; H, 6.25; N, 39.89. To
prepare Co30, nanoparticles, the [Co(NHj3)e](NO3),
complex was decomposed at selected temperatures for
1 h in an electric furnace under ambient air. The tem-
peratures were selected according to the thermoanaly-
tical data. The decomposition product was collected for
characterization.

Characterization techniques

The XRD patterns were recorded by a Rigaku D-max C
III X-ray diffractometer (Rigaku Corporation, Shibuya-ku,
Japan) using Ni-filtered Cu Ko radiation (1 = 1.5418 A) in
order to determine the phases present in'the decomposed
samples. Infrared spectra were recorded on a Schimadzu
system 160 FT-IR spectrophotometer (Shimadzu Corpo-
ration, Kyoto, Japan) using KBr pellets. The Raman spec-
tra were measured on a Spex 1403 Raman spectrometer.
Thermal analysis was conducted with a Netzsch STA 409
PC/PG thermal analyzer at a heating rate of 5°C min™" in
air. The optical absorption spectrum was recorded on a
Shimadzu 1650PC UV-vis spectrophotometer in a wave-
length range of 200 to 700 nm at room temperature. The
sample for UV-vis studies was well dispersed in distilled
water to form a homogeneous suspension by sonication
for 25 min. The particle size was determined using a
transmission electron microscope (Philips CM10, Philips,
Amsterdam, The Netherlands) equipped with an energy
dispersive X-ray analyzer. For the TEM measurements,
the powders were ultrasonicated in ethanol, and a drop of
the suspension was dried on a carbon-coated microgrid.
The specific surface area of the product was measured by
the BET method using N, adsorption-desorption isotherm
carried out at -196°C on a surface area analyzer
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(Micromeritics ASAP 2010, Micromeritics, Norcross, GA,
USA). Before each measurement, the sample was degassed
at 150°C for 2 h. A vibrating sample magnetometer
(Meghnatis Daghigh Kavir Co., Kashan, Iran) was used to
measure the magnetic properties of CozO4 nanoparticles.
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