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a b s t r a c t

In this research, cobalt oxide produced by the hydrothermal method through the using thioglycolic
acid (TGA) as the fuel is discussed in this paper. The produced cobalt oxide nanomaterials are
characterized via X-ray diffraction analysis (XRD), high resolution scanning electron microscopy (HR-
SEM), high resolution transmission electron microscopy (HR-TEM), diffuse reflectance spectroscopy
(DRS). Additionally, as a possible promising application of the cobalt oxide based dye-sensitized solar
cells (DSSCs) are successfully fabricated and the cell performances are evaluated. Solar cells have
recently drawn a growing research interest due to their increasing power conversion efficiency, proper
bandgap, high absorption coefficient and the earth abundant nature.
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1. Introduction

Transition-metal oxides [TMOs] have been found place in
many research areas due to their exclusive properties, such as,
semiconducting behavior, spin-polarization, magnetic, optical, so-
lar cells and antibacterial activity. Intensive research is presently
being carried out on enhancing these properties and the adding
novel functionalities to the oxides (Søndenå et al., 2007). In recent
years, development of solar cells that the directly convert sun
light into electricity. Solar cell is one of the most promising
technologies for collecting that the sun energy as the largest non-
carbon and carbon based natural source. Photovoltaic acceptance
has been growing to present in satisfactory for alternatives to the
conventional solar cells. Solar cells, that the lowest cost and the
simplest fabrication method for solar cells is solution processing
that provides roll-to-roll printing as a beneficial method for large
scale production. In recent years, Fuel cells have advantages over
other systems because of their high electrical efficiency and fuel
flexibility. Several type of fuel cell requires specific materials
and the fuels for different applications. Recent advances, fuel
cell types, such as, alkaline fuel cells (AFCs), molten carbonate
fuel cells (MCFCs) and solid oxide fuel cells (SOFCs). Currently,
researchers focus on SOFCs. SOFCs have many advantages for a
wide range of applications because of their electrical efficiency,
potential to use natural gas, biogas or CH4 as a fuel and high per-
formance. Solid oxide fuel cells (SOFCs) are considered as a highly
encouraging way for green electric power generation from fossil
fuels and the renewable energy with much fewer impressions
on the environment. It is the key to develop new cathode with
excellent electro-catalytic activity toward the oxygen reduction
reaction (ORR) within the intermediate temperature range, as
it is the limitation for the total polarization (Zhu et al., 2016).
The most important factor influencing fuel cell performance is
the material used as a catalyst. Catalysts speed up the reac-
tions at both anode and cathode. There are several types of
fuel cells. They are categorized depending on the nature of the
electrolyte (Brousse et al., 2015). Nowadays, that the challenges
associated with up conversion of sub-bandgap photons lie in both
the solar cell technology and the up converter material side.

Various synthetic approaches for cobalt oxide based nanoma-
terials are being developed in the last few years with respect to
achieving control of crystallite size, shape, and assembly behav-
ior (Gogotsi and Penner, 2018). Spinel-type cobalt oxide (Co3O4)
is commonly prepared by the ceramic technique that the involves,
combustion method (Bilecka et al., 2008), or microwave irradia-
tion (Jiu et al., 2002), or hydrothermal/solvothermal method (Gu
et al., 2007) or chemical spray pyrolysis (Gardey-Merino et al.,
2012), or sonochemical method (Ai and Jiang, 2009) and modified
sol–gel method (Li and Ren, 2006). New fuel based methods
has been developed as a mild hydrothermal method to synthe-
size cobalt oxides by the using thioglycolic acid (TGA). We have
presented here a hydrothermal method, which is milder, sim-
pler, and more environmental friendly than other methods. The
unique advantage of this method is inexpensive raw materials
and simple preparation process. Therefore, it is possible to control
both kinetic and thermodynamic factors of the preparation using
hydrothermal method (Sharma et al., 2010).

Currently, that the efficiently of engineer the cobalt oxide
surfaces/interfaces; the quest to find an optimal and the cham-
pion passivating material that can efficiently improve the cobalt
oxide solar cell performance is appealing and the success could
be much reliant on the understanding of the structures and the
properties of the passivating layer/ cobalt oxide system. In recent
years, efforts should be spent on elucidating the mechanisms
of passivating layer effects on the cobalt oxide solar cell per-
formance. A number of efforts have been made to minimize

that the two major losses occurring in single junction solar cells
i.e., the sub band gap transmission and thermalization of hot
carriers (Schouwink et al., 2014). To the best of our consent,
we mainly research work, the progress and achievements in the
preparation processes. Finally, we outline the challenges and the
perspectives of this promising solar cell.

2. Materials and methods

2.1. Preparation of Co3O4

Analytical grade Co(NO3)2.6H2O from Sigma–Aldrich company
with minimum purity of 99 wt.% as received, and thioglycolic
acid (TGA) from Sigma Aldrich company, 99.5 wt.%, were used
as starting materials. A mixed solution of cobalt nitrate [1 M]
is dissolved in 100 ml distilled water and 100 ml 0.08 M of
thioglycolic acid (TGA) was mixed slowly under stirring. After
stirring, the reactants were put into a 250 ml capacity Teflon-
lined autoclave. The autoclave was maintained at 100–160 ◦C for
5–7 h and then cooled down to room temperature naturally. The
product was centrifuged, washed with alcohol and distilled water
for several times, and dried in the air at 120 ◦C for 5 h.

2.2. Characterization of cobalt oxide

Cobalt oxide chemical analysis was analyzed by a Scanning
Electron Microscope (SEM) model, CARL ZEISS EVO MA15. The
structural studies on cobalt oxide nanoparticles were done using
Seifert 3003 TT X-ray diffractometer with Cu Kα radiation with a
wavelength of 1.540 Å and the system was operated at 30 keV in
a scan range of 20–100◦ Phillips TECHNAI FE 12. Stereo-scan LEO
440 and a high resolution transmission electron microscope (HR-
TEM). Diffuse reflectance measurements were performed by Jasco
V-670 double-beam spectrometer for energy gap determination.

2.3. Fabrication of solar cells

The cobalt oxide was used as photo-anodes in DSSCs with a 3-
mm thickness, sensitized in a 0.03 mM acetone solution of Ruthe-
nium (II) cis-di(thiocyano) bis (2,2′-bypyr-idyl-4,4’dicarboxylic
acid) (N3) dyes for at least 10 h at 50 ◦C. The excess unanchored
dyes were rinsed off using absolute acetone and dried in air,
then the covered with platinum sheet as counter electrodes. The
internal space of the cell was filled with liquid electrolyte (0.3
M LiI, 0.03 M I2) dissolved in acetonitrile by the capillary action.
The photovoltaic characteristics were measured by 614 Keithley
picoammeter under Oriel solar simulator illumination (AM1.5,
100 mW/cm2).

3. Results and discussion

XRD analysis supplies the width and the intensity of the
diffraction peaks is depending on lattice strain, crystallite size,
and other imperfections, such as, stacking responsibilities. The
XRD patterns of cobalt oxide nanoparticles are shown in Fig. 1.
2θ values at 24.53◦, 27.25◦, 31.30◦, 36.99◦, 44.97◦, 49.56◦, 55.14◦,
59.78◦, 65.90◦, and 77.12◦ appeared. XRD analysis supplies the
width and the intensity of the diffraction peaks is contingent
on lattice strain, crystallite size, and other imperfections, such
as, stacking responsibilities. The XRD patterns of cobalt oxide
nanoparticles are shown in Fig. 1. 2θ values at 31.30◦, 36.99◦,
44.97◦, 49.56◦, 55.14◦, 59.78◦, and 65.90◦, appeared. (220), (311),
(222), (400), (331), (511) and (440) crystal planes of the cubic
spinel structure, respectively. Cobalt oxides presented in diffrac-
tion peak positions, inter planar distanced (Å) values of (FWHM)
full-width at half-maximum, [1.0012], [0.9345], [1.0967], [1.3467],
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Fig. 1. XRD pattern of cobalt oxide prepared by Hydrothermal method.

[1.4744], [1.0242] and [1.2287], respectively. These diffraction
peaks are indexed to the crystalline cubic phase of Co3O4 with
lattice constants of a = 8.076 Å and a space group of Fd3 m,
which are in agreement with the reported values (JCPDS card no.
76-1802). These diffraction peaks are indexed to the crystalline
cubic phase of Co3O4 with lattice constants of a = 8.076 Å and
a space group of Fd3 m, which are in consent with the reported
values (JCPDS card no. 76–1802).

The average crystallite size is obtained from XRD peaks using
Scherrer equation (Becheri et al., 2008).

L =
0.89λ
β cos θ

where, L = average crystallite size (Å), λ = wavelength of the
incident X-ray beam (1.54 Å), β = the FWHM (rad), and θ =

Bragg’s angle. The average crystallite size for the sample was
found to be 17.2 nm, respectively.

By SEM analysis it is observed that the Co3O4 exhibited a high
degree of agglomeration, as is shown in Fig. 2(a, b). The EDX
result showed (Fig. 2c) the presence of Co3O4 by the appearance
of Co and O peaks in the spectrum. Though, the presence of cobalt
oxides no impurity is also evidenced from the EDX spectrum.

A comparable agglomeration is evidenced in Co3O4 powders
synthetized by synthesis using thioglycolic acid (TGA) as fuel.
Fig. 3(c, d) is the TEM image of the cobalt oxide nanopowder.
It shows the formation of the agglomerated spherical shaped
nanoparticles. The average crystal size observed from XRD is con-
siderably small compared to the mean size calculated from TEM
particle size histograms. Nonetheless, a more rapidly appearance
arguments available that the particle size represented by the
mean intensity peaks form maximum peak obtained XRD spectra
(crystal region) is a considerable agreement with the mean size
calculated from the TEM measurement in visible region (particle
size for tiny particles into present in agglomerated/ aggregates)
within acceptable error limit for present instrumentation. Co3O4
nanoparticle (interaction for Co-O) means that the outstanding to
the micro-nano motions for nanoparticle, that the atoms in the
nano sized metal oxides are more active than those of the base
metal oxides in preparation method (Bindu and Thomas, 2014;
Paul et al., 2010). In hydrothermal process the decomposition of
the precursors at a specific flush depends on the temperature and
pressure inside the reaction container. Now, pressure is related
to the fraction of the solvent and is kept constant for all the

experiments. Initially synthesis is achieved in water with in con-
centrations of thioglycolic acid (TGA). Synthesis is carried out in
different experimental conditions to get the optimum condition
for the formation of Co3O4 based nanoparticles.

The fundamental absorption, which agrees to the conversion
from valence to the conduction band, can be used to regulate
the band gap energy of the oxide material. For analysis purposes,
the diffuse-reflectance (R) of the sample can be related to the
Kubelka–Munk function F(R) by the relation F(R)=(1-R)2/2R (He
et al., 2005). The optical property of the cobalt oxide is con-
sidered by the DRS in the UV–Vis region. Fig. 4a shows the
DRS spectra recorded at room temperature in the wavelength
choice of 200–800 nm. From this spectra, it may be observed
that the absorption edge of the Co3O4 is slightly shifted (350–
550) to lower wavelength with increasing Co3+ concentration.
The first band (200–300) is assigned to the O2−

→Co2+charge
transfer process while the second band (350–700) is assigned to
the O2−

→ Co3+charge transfer (Subba Ramaiah et al., 2001).
Present work, that the bandgap energies are (Fig. 4b) 4.10 eV
for the Co3O4 nanoparticles. The increases in the optical band
gap energy exhibitions an increasing trend as the particle size
decreases due to the quantum confinement of cobalt oxides. the
nanoparticles influence the optical devices (Ramamoorthy and
Rajendran, 2017).

Fig. 5a shown the photocurrent–voltage curve of the DSSCs ob-
tained with the 2-mm cobalt oxide. During the photocurrent mea-
surements, the cell efficiency (h) is expressed by the following
equation:

η = (Voc JscFF )/Pin (1)
FF = Vopt Jopt/Voc Jsc (2)

Which P in is the power of white light, FF is fill factor, Vopt
and Jopt are voltage and current for determined power output,
and Voc and Jsc are open-circuit photovoltage and short-circuit
photocurrent, respectively. The cell effectiveness, small circuit
current and the open-circuit photovoltage of cobalt oxide DSSC
is 1.3%, 5.10 mA cm−2 and 397 mV, respectively (Peh et al.,
2010). Present work, J–V curves of the fabricated DSSCs sen-
sitized by the N719 under standard AM 1.5 illumination (100
Ma/cm−2) are shown in Fig. 5b. The detailed values for pho-
tovoltaic parameters of all devices, including the short-circuit
photocurrent density Jsc(mA/cm2) 19.02 ± 0.21, open-circuit volt-
age (Voc) 0.812 ± 0.008, fill factor (FF) 0.69 ± 0.09 and PCE
% (9.05 ± 0.02) are collected in cobalt oxides. Cobalt oxides
aggregated have been effectively decreased the surface area, and
with direct contact to the dye molecules, it resulted in a lower
amount of adhered dye molecules to convert sunlight thereby
leading to a lower Jsc (Peter and Wijayantha, 1999).

Fig. 6 shows the XPS spectra of Co3O4,the binding energy of
Co3+2p3/2 electrons on for 782 eV and Co2+2p 1/2 for 797 eV. The
relative ratio of Co 2þ to Co 3þ can be assessed by calculating the
corresponding integrated areas. The binding energy shifts about
to a lower value, indicating the (Co2+–O−) bond in (Co3+–O−)
high value indicated for Co3O4. As suggested by the mechanism,
as follows

2Co3+ − O−
→ Co3+ − O − O − Co3+ → O2 + 2Co2+

To extend the in above mechanism, it is assumed that the two
adsorbed oxygen atoms (Co3+–O−) produced. The bond energies
of these peaks are very consistent with the Co3+and Co2+cations
reported in previous literature of Co3O4 (Zhang et al., 2016;
Kumar et al., 2016).
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Fig. 2. (a,b) SEM pattern of cobalt oxide prepared by Hydrothermal method. (c) EDS spectrum of cobalt oxide.

Fig. 3. (a,b) TEM pattern of cobalt oxide prepared by Hydrothermal method.
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Fig. 4. (a) Diffuse reflectance spectra of cobalt oxide prepared by Hydrothermal
method. (b) Bandgap energy for of cobalt oxide.

Fig. 5. (a) Photocurrent–voltage curves of cobalt oxide DSSC. (b) J–V
characteristics of DSSCs using cobalt oxide.

4. Conclusion

The Co3O4 is well-dispersed with high crystallinity, terms of
size, morphology, optical and the Co3O4 particles thereby leading
to high solar cell efficiency. Experimental design and analysis of
cobalt oxide based DSSC is carried out. Thus in the present study
we explained an improved DSSC constructed with hydrother-
mally synthesized cobalt oxide. In addition, hydrothermal method

Fig. 6. XPS spectrum for cobalt oxide.

is very simple, inexpensive and energy efficient to obtain Co3O4
materials in nanoscale range. Therefore, Co3O4nanoparticles in
the large area processes are a positive step for the development
of low-cost antireflection and are a good choice for the easy
low temperature fabrication solar cells as well as environmental
friendly deposition methods.
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