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The cobalt oxide (Co3O4) nanomaterials were prepared by coprecipitation synthesis technique by maintaining the pH of the
mother solution at 7, 8, and 9. The prepared nanomaterials were subjected to structural and optical characterizations, and the
results were examined. The optical absorption spectral studies reveal that the two absorption bands indicate ligand–metal
coordination. The photoluminescence spectra contain emission peak at 488 and 745 nm due to size and shape of the
synthesized materials. The magnetic nature of the samples was identified from the hysteresis loop traced by vibrating sample
magnetometry (VSM). The Fourier transform infrared (FT-IR) spectrum of Co3O4 nanomaterials reveals two sharp bands
absorbed in 584 and 666 cm-1. This ascribes to the Co-O and O-Co-O stretching, respectively. As the pH of the solution varied
from 7 to 10, the SEM image authenticates the transformation of Co3O4 nanomaterials morphology from spherical to cubic to
agglomerated shape. From the UV-Vis spectra, two absorption bands around 473 nm and 762 nm are observed for the
materials prepared at pH 7 and 8. But at pH 9, these two peaks were shifted towards higher wavelengths 515 nm and 777 nm.
The observed ferromagnetic nature of Co3O4 nanomaterials clearly show the role of surface spins and surface morphology on
the magnetic properties of Co3O4 nanomaterials. The cyclic voltammetry (CV) curves show the rectangular type of
voltammogram. This is an indication of good charge propagation with the electrodes. The Nyquist plots of Co3O4
nanomaterials have a semicircle in the high frequency region and a vertical line in the low frequency region. The results
suggest that Co3O4 is found to be a promising material for the fabrication of light-emitting diodes, solar cells, and
optoelectronic devices.
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1. Introduction

The nanosized semiconducting compounds have been
attracting researcher’s interest due to their structural, chem-
ical, physical, optical, and magnetic properties which differ
from their bulk counterparts [1]. P-type semiconductor such
as cobalt oxide (Co3O4) nanomaterials have been attracting
attentions due to their excellent properties [2, 3]. Cobalt
oxide has been widely investigated for various applications
such as sensors, electrochromic devices, and catalysts and
lithium batteries [4, 5]. Cobalt oxide shows interesting opti-
cal, magnetic, and electrochemical properties when it is
reduced to the nanometer scale [6]. It has a wide range of
morphological structures, such as nanorods, core shells,
nanowires, helixes, nanobelts, nanoplatelets, and nanotubes
with a surface-to-volume ratio [7]. There are various synthe-
sis methods that have been employed to synthesis Co3O4
nanomaterials via physical deposition, wet-chemical, and
thermal route [8].

In the synthesis of metal oxide nanoparticles via the
hydrothermal method, the pH of the solution significantly
affects the purities, morphology, and structure of the
nanoparticles. For instance, Bi2O3 nanomaterials synthe-
sised at pH of 13 show a pure monoclinic phase with a
higher degree crystalline compared to the nanomaterials
prepared at pH 11 and 12 [9]. In the case of ZrO2-based
nanomaterial, the pH of the reaction solution at 7, 8, and
9 provides ZrO2 with good crystalline nature [10]. The
ZrO2 crystal sizes were 12, 14, and 16nm for pH7, 8,
and 9, respectively [10]. Moreover, the ZrO2 prepared at
pH 7 exhibited a ferromagnetic nature against the dia-
magnetic nature that exhibited by the materials prepared
at pH8 and 9 [10]. Similarly, in the case of SnO2 nano-
materials synthesized by microwave-assisted method, the
morphology changes (change in spherical shape to flower
shape) when the pH varied from 7 to 9 [11]. Moreover,
the magnetic behaviour changes from ferromagnetic to
diamagnetic nature [11]. Many parameters exhibit favour-
able changes when pH was varied including physical,
chemical, magnetic, and optical properties (energy gap,
crystal structure, and luminescence). Hence, many works
consider the effect of pH during the preparation and
characterisation of nanomaterials using chemical
methods [12].

Hence, the present work is focused on the synthesis of
Co3O4 nanomaterials by the coprecipitation method and
studying the effect of pH on the structural, morphological,
and physical properties of Co3O4 nanomaterials. Finally,
the chromaticity parameters of the Co3O4 nanomaterial
were evaluated.

2. Experimental

2.1. Materials

2.1.1. Cobalt Oxide Nanomaterial Preparation. In general,
the cobalt chloride solution was mixed with various con-
centrations of ammonia solutions, and the resulting prod-
uct was calcinated. In this work, three samples were

prepared by maintaining the pH of the reaction solution
at 7, 8, and 9. Typically, a 0.1mol of cobalt chloride
(Sigma-Aldrich ≥98%) solution was prepared by adding
50ml of demineralised water (solution A). Then, 20ml of
ammonium hydroxide (~28% NH3 base, Sigma-Aldrich)
solution was added to 30ml of dematerialized water (solu-
tion B). The solutions A and B were mixed and stirred for 30
minutes. In this reaction, the ammonia (NH4OH) solution
was added to maintain the required pH. The final solution
was stirred for 6h. The obtained precipitate was washed using
ethanol and deionised water consequently. Then, the washed
material was dried at 80°C for 12h in a hot air oven. It was cal-
cined at 500°C for 5h. The ammonium hydroxide concentra-
tion is modified based on the pH values in the required
solution B.

2.1.2. Materials Characterisation. The powder XRD pat-
terns were recorded for the prepared samples in the Xpert
high score instrument over the 2θ range of 20°-80° in steps
of 0.02°. From these patterns, information regarding parti-
cle size and defects was obtained. The FT-IR spectrum was
recorded using Avatar 330, in the wavelength range 400–
4000 cm-1. The KBr pellet technique was used. The spec-
trum can be used to identify and differentiate molecules
present in the sample. The synthesized powder was ana-
lysed by the FEI Quanta FEG 200-High Resolution Scan-
ning Electron Microscope. SEM is employed to study the
crystal structure and morphology of the samples. The
UV-Vis absorption spectra of the synthesized materials
were recorded from 190nm to 1100 nm using a Shimadzu
spectrophotometer.

It is employed for the quantitative analysis of samples.
The photoluminescence responses of the samples were
examined using a Jobin Yvon FLUOROLOG-FL3-11 spec-
trophotometer under an excitation wavelength of 330 nm.
It arises when the emitting excited state is generated by
the absorption of a photon. The Lake Shore vibrating
sample magnetometer (model 7404) was used to study
the magnetic properties of synthesized nanomaterials.
The colour coordinates of the prepared samples were
investigated within the framework of CIE 1931. The elec-
trochemical performance of Co3O4 nanomaterials was
evaluated using cyclic voltammetry (CV) and electrochem-
ical impedance spectroscopy (EIS) (three electrode sys-
tem). The working electrode was made with active
material Co3O4 (80wt. %); active carbon black (10wt. %)
and polyvinylidene fluoride (10wt. %). The slurry was coated
in the stainless steel which is the current collector. The differ-
ent scan rates of 10, 20, 30, 50, and 100 mVs-1 and the poten-
tial window of -0.2 to 1V were used for the measurement. In
this experiment, a 1M KOH solution was used as an
electrolyte.

3. Results and Discussion

3.1. XRD Analysis. The X-ray powder diffraction (XRD)
patterns of the synthesised Co3O4 nanomaterials and
JCPDS used for comparison are depicted in Figure 1.
Figure 1(a) represents the X-ray powder diffraction
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(XRD) patterns of the prepared samples. All the peaks
coincided with JCPDS file no. 76-1802, which suggests a
cubic spinel structure with space group Fd3m [13]. The
intensity of the prepared Co3O4 nanomaterial increases,
while increasing pH which suggests that the prepared
materials are of good crystalline nature. This was further
confirmed by the variation in crystallite size, calculated
from the Scherrer equation

D = Kλ
βCOSθ , ð1Þ

where D is the crystallite size, λ is the X-ray wavelength
(CuKα − 1:5406 Å), β is the FWHM, and θ is the diffrac-
tion angle. The calculated crystal sizes reduce from 14 to
10 nm, while the pH changes from 7 to 9. The diffraction
peak shifted slightly from right to left while increasing pH
of the solution (Figure 1(b)). This is due to the different
pH of the reaction solution providing energy to molecules
to occupy the proper equilibrium sites, resulting in the
improvement of the crystalline property and degree of ori-
entation of the Co3O4 nanomaterials.

3.2. Fourier Transform Infrared Spectroscopy. FTIR spectro-
scopic analysis done to determine the functional group char-
acters and purity of synthesized metal oxide nanoparticles.
From Figure 2, two major sharp bands observed at 584 cm-

1 and 666 cm-1 which ascribes the symmetric stretches to
Co-O [14] and O-Co-O [15], respectively. The broad bands
at 3300 cm-1 are attributed to the O-H stretching. The weak
IR band at 1652 and 1619 cm-1 accounting as symmetric and

asymmetric stretching of H-O-H because due to the adsorp-
tion of moisture. These OH and H-O-H moisture bands may
be observed due to the sample pellets being exposed in air
ambiance.

3.3. Morphology Studies. Figure 3 shows the scanning elec-
tron microscope (SEM) images of synthesized nanomate-
rials. The particles are of uniform size and well-defined
spherical shapes. Moreover, when the pH of the solution
was increased, the shapes of the particles are growing in
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Figure 2: FTIR Spectrum of Co3O4 nanomaterials.
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Figure 1: X-ray diffraction and peak diffraction for Co3O4 nanoparticles. (a) Ray diffraction (XRD) pattern and (b) diffraction peak.
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certain direction such as spherical and cubic
(Figure 3(a)) to the regular shape of the cubic structure
(Figure 3(b)). Figure 3(c) shows the agglomerated,
spherical-shaped particles. Here, the pH of the solution
plays a major role in the formation of nucleation sites
which determine the shape of the particles. The other
reason for such morphological change might be due to
the presence of OH- ions in the precursor solution that
creates noncovalent bonding interaction. This intermolec-
ular interaction during the reaction is often referred to
as the steric effect, which leads to the raising of repul-
sive forces between overlapping electron clouds. So, it
authenticates the transformation from spherical to cubic
to agglomerated shape.

3.4. UV-Vis Spectra and Optical Bandgap. The UV-Vis spec-
tra of the solutions were measured using a UV-Vis spectro-
photometer (Lambda 25, Perkin Elmer Inc., Shelton, CT,
USA) from 200 nm to 1200 nm in 10mm quartz cuvettes
at room temperature, and ε are given in M−1 cm−1.
Figure 4 shows the optical absorption spectra of synthesized
materials. There are two absorption bands around 473 nm
and 762 nm observed for the materials prepared at pH7
and 8, respectively. But at pH9, these two peaks were shifted
towards higher wavelength such as 515nm and 777nm,
respectively. These two absorption bands are associated with
the O2--to-Co2+ and O2--to-Co3+ charge transfer processes
in the Co3O4 nanomaterials. The peak at 276nm fits the
bonding-antibonding nature of the (π – π∗) electronic tran-
sition between cobalt and oxygen [16]. The band gaps were
calculated as 2.5, 2.4, and 2.2 eV for the materials prepared
at pH7, 8, and 9, respectively. Figure 5 shows the optical
bandgap of Co3O4 nanomaterials. These Eg values are asso-

ciated with O2
-→Co3+ and O2

-→Co2+ its charge transfer
process unit. The calculated band gap value is low compare
to the bulk value of Co3O4 (3.17 eV). The band gap decreases
due to the crystal size effects of Co3O4 nanomaterials
[17–20].

3.5. Photoluminescence Spectra. The photoluminescence
spectra of Co3O4 nanomaterials are shown in Figure 6.
In Figure 6, it is observed that the intensity of the peaks
increased with respect to the alkalinity of the samples
(increase in pH). The respective emission peaks observed
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Figure 3: Scanning electron microscopy (SEM) image of Co3O4 nanoparticles (a) at pH 7.0 (b), at pH 8.0 and (c) at pH 9.0.
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Figure 4: Ultraviolet-visible spectrum of Co3O4 nanoparticles.
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along 488.85 nm, 745nm, and 488nm in the spectra are
referred to as the deep level emission as it asserts the
radiative transition of donors to acceptors [21]. These
results indicate that the radiative transition of the donors
(cobalt interstitial, oxygen vacancy) to acceptors (cobalt
vacancy, oxygen interstitial) is only active at the different
pH, concentration etc. of the mother solution. The emis-
sion band at 488nm is represented the interband transi-
tion due to the transition between the occupied state of
Fermi level and the unoccupied conduction band. It is
observed here due to the different particle size [22] and
surface morphology [23]. Radial recombination occurs in
the surface lattice of Co3O4 due to the holes recombining
with the electrons found in the singly ionized vacancies
of oxygen atoms. So, the luminescence spectra of Co3O4
are found to be the presence of the oxygen vacancies in
Co3O4 nanomaterials [24].

3.6. Magnetic Behaviour. The M-H curve of Co3O4 nanoma-
terials synthesised at various pH is shown in Figure 7. From
the curve, it is seen that the prepared particles exhibit para-
magnetic behaviour with coercivity value are shown in
Table 1. In general, ferromagnetic ordering will be obtained
when the excess surface spins present in nanomaterials
which may contribute to the weak ferromagnetism in anti-
ferromagnetic materials. In the present work, the prepared

samples deliver a weak ferromagnetic behaviour, this may
be ascribed to the uncompensated surface spins [25] or the
partly inverted spinel structure possibly by local electron
hopping [26]. Further, the ferromagnetic behaviour of the
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Figure 5: Optical band gap of Co3O4 nanomaterials.
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Figure 6: Photoluminescence Spectrum of synthesized Co3O4 nanomaterials.

pH 9.0
pH 8.0
pH 7.0

–15000

–0.008

–0.004M
 (e

m
u/

g) 0.000

0.004

0.008

–10000 –500 50000
H (Oe)

10000 15000

Figure 7: Vibrating sample magnetometry (VSM) spectra of Co3O4
nanoparticles.
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materials relies on defects, oxygen vacancies, and the surface
morphology of the nanomaterials. In addition, the fine size
of Co3O4 particles provides the large surface-to-volume
ratio, which favours the magnetic moment from uncompen-
sated surface Co ions. Hence, the observed ferromagnetic
nature of Co3O4 nanomaterials clearly shows the role of sur-
face spins and surface morphology on the magnetic proper-
ties of Co3O4 nanomaterials.

3.7. International Commission on Illumination- (CIE-)
Chromaticity. The chromaticity coordinates x and y are cal-
culated from the tristimulus values from the following [27].

x = x
x + y + z

,

y = y
x + y + z

:

ð2Þ

Figure 8 shows the CIE-1931 colour coordinate dia-
gram of Co3O4 for the pH from 7 to 9. The CIE coordi-
nates (x, y) are found to be (0.196, 0.374), (0.589, 0.373),
and (0.018, 0.47) for the materials synthesized at pH7, 8,
and 9. The calculated colour coordinates are listed in
Table 2. The cobalt with pH7 and pH9 appeared in

the green region, whereas the pH8 sample appeared in
the red region. The illumination value of colour tumble
emission can be tuned. In order to achieve the white col-
our, it is required more optimization of the pH value
between 7 and 8. The red oxide phosphor-based devices
are suffered due to the issues of low colour purity [28].
The CIE coordinates (x, y) for Co3O4 with pH8 are
determined to be (0.589, 0.373), as compared to the
National Television Standard Committee (NTSC) red
(0.67, 0.33). This phosphor has to be tuned for improving
colour purity. As depicted, phosphors of Co3O4 with dif-
ferent pHs from 7 to 9 could be used as potential emis-
sion material, visible light display device, and light-
emitting diode applications.

3.8. Electrochemical Behaviour of Co3O4. Figure 9 shows the
cyclic voltammetry (CV) curves of the prepared cobalt
oxide nanomaterials. The curves show the rectangular type
of voltammogram, and this is an indication of notable
charge propagation at the electrodes. The shape of the
CV does not change while increasing scan rate; the size
of the strip only increased which indicates the good charge
discharge characteristics with excellent reverse process
[29]. This electrochemical study of Co3O4 nanomaterials
confirms the pseudocapacitive behaviour. The specific
capacitance was calculated from CV curves according to
the following relation:

Cs =
1
mv Vc − Vað Þ

ðvc
va

IdV, ð3Þ

where Cs is the specific capacitance (F/g), v is the scan
rate (V/s), (Vc −Va) is potential window, I is the current,
and m is the mass (g) of active material.

Figure 10 shows the specific capacitance of the pre-
pared materials. The maximum specific capacitance of
350 F/g was observed, and 1at 0m/vs at pH-8, 300 F/g
was calculated from 300F/g and 275 F/g found for pH-7
only. However, the material prepared at pH-8 only has
high specific capacitance because their well-defined cubic
shape [14]. Figure 11 shows electrochemical impedance

Table 1: Calculated magnetic parameters of Co3O4 nanoparticles at different pH values.

pH Saturation magnetization, Ms (emu/mg) Remanence, Mr (emu/mg) Coercivity, Hc (Oe) Squareness, Mr/Ms (%)

7.0 5.4511 279.09 407.88 51.199

8.0 4.6175 188.49 428.14 40.820

9.0 6.2530 263.89 423.57 42.202
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Figure 8: International Commission on Illumination (CIE) colour
coordinate diagram of Co3O4 for different pH values.

Table 2: CIE-1931 chromaticity coordinates of Co3O4 at different
pH values.

Sample X Y

Cobalt-pH 7 0.196 0.374

Cobalt-pH 8 0.589 0.373

Cobalt-pH 9 0.018 0.47

6 International Journal of Photoenergy



spectroscopy of Co3O4 nanoparticles at different pH
values. The Nyquist plots of Co3O4 nanomaterials have
a semicircle in the high-frequency region and a vertical
line in the low-frequency region. In the high-frequency
region, the semicircle belongs to the charge transfer pro-
cess, and in the low range frequency shows the vertical
line is the Warburg impedance plot of the high capacitive
behaviour of the rapid ions.

4. Conclusions

The Co3O4 nanomaterials were prepared by coprecipita-
tion by maintaining the pH of the reaction solution at 7,
8, and 9. The XRD pattern showed cubic spinel structure,
and the calculated crystal size ranges from 14 to 10 nm
when the pH changes from 7 to 9. The variation in mor-

phology of Co3O4 nanomaterials was investigated by SEM.
The CV curves indicate a rectangular type of voltammo-
gram, signifying good charge propagation with the elec-
trodes. The optical absorption band gaps of Co3O4
nanomaterials were estimated at 2.5, 2.4, and 2.2 eV for
pH7, 8, and 9, respectively. The emission band at
488 nm is attributed to the transition taking place here;
the size effect and surface morphology were observed in
the XRD and SEM. The VSM studies show that the syn-
thesized nanomaterials exhibit weak ferromagnetism in
antiferromagnetic nature. This work concluded that the
tunable properties such as particle size and band gap of
Co3O4 nanomaterials were achieved under different pH
conditions. Also, the primary studies proved that the pre-
pared Co3O4 nanomaterials could serve as photolumines-
cence applications.
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Figure 9: CV curve of Co3O4 nanoparticles (a) at pH 7.0, (b) at pH 8.0, and (c) at pH 9.0.
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