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Abstract—The present study reports the gamma-ray irradiation assisted polyacrylamide gel synthesis and
optical, photoluminescence and supercapacitive performances of cobalt tungstates with special defect struc-
ture. The analysis of X-ray powder diffraction data showed that the purity and crystallinity of CoWO4
increased with the increasing of sintering temperature. X-ray photoelectron spectroscopy and energy spec-
trum analysis show that the high purity CoWO4 powders does not contain any other impurities. Color and
optical properties analysis indicates that the high purity CoWO4 powders exhibits a strongest blue color than
that of other samples. The photoluminescence spectrum shows three obvious emission bands in ultraviolet
(340–375 nm), blue (424–490 nm), and green light emission (510 nm) regions under 220 nm xenon lamp
excitation, which are ascribed to the organic impurities, the transition of 3T1u levels to the 1A1g level, and the
partially allowed transition of T1g to 1A1g, respectively. Studies on electrochemical properties demonstrate that
the CoWO4 powder has an excellent prospect in the supercapacitors for advanced electrochemical energy
storage applications.

Keywords: CoWO4, sintering temperature, optical properties, emission band, blue light emission,
supercapacitor
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INTRODUCTION
With the development of market economy, the

demand for semiconductor luminescent materials is
increasing day by day. However, traditional lumines-
cent materials are difficult to meet the rapid economic
development and market demand. Various new meth-
ods for improving luminescent materials have been
developed, mainly including: (1) rare earth ion doping
activates luminescent materials [1–6]; (2) composite
of multi-component single-phase luminescent mate-
rials [7–13]; (3) construct luminescent materials with
special defect structures [14]. In these methods, the
construction of special defect structure does not intro-
duce other impurity elements or semiconductor mate-
rials, which is favored by researchers.

Cobalt tungstate is a highly efficient self-activated
luminescent material, which has potential applica-
tions in luminescent devices, f lat panel display and

lighting system outside the space station window [15–
17]. Due to the high energy band value of CoWO4 and
the low recombination rate of electrons and holes, its
luminous efficiency is low and it is difficult to be
applied industrially. In recent years, γ-ray irradiation
assisted polyacrylamide gel method (GIAPGM) can
enhance the physical and chemical properties of sin-
gle-phase materials by making them have special
defect structure without introducing any impurity [18,
19]. Therefore, it is of great significance to synthesize
CoWO4 phosphor with special defect structure by
using GIAPGM and to study its optical, photolumi-
nescence and supercapacitor properties.

In this paper, we propose the synthesis of CoWO4
phosphor with special defective structure by
GIAPGM. The effects of sintering temperature on
phase purity, crystallinity, functional group, optical,
photoluminescence and supercapacitor properties of
S288
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Fig. 1. XRD patterns of samples S1, S2, S3, S4, S5, and S6.
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CoWO4 phosphors have been studied systematically.
Reasons for enhancement of photoluminescence
emission intensity of CoWO4 phosphors with special
defect structure are discussed in detail. The CoWO4
phosphor was used as a electrode material and its elec-
trochemical performances were studied by electro-
chemical impedance spectroscopy technology, cyclic
voltammetry, and galvanostatic charge/discharge.

EXPERIMENTAL
Synthesis of CoWO4 Phosphors

CoWO4 phosphors were prepared by GIAPGM
with cobalt chloride and tungstic acid used as metal
source [20, 21]. 0.015 mol/L cobalt chloride and tung-
stic acid with molar ratio nCo : nW = 1 : 1, 4.7282 g cit-
ric acid, 20 g glucose, 9.5958 g acrylamide, and
1.9192 g N,N '-methylene diacrylamide were dissolved
in turn in 100 mL deionized water. The above experi-
mental process is completed under magnetic agitation.
After the above reagent is completely dissolved, it is
transferred to a sealed glass bottle for 20 kGy γ-ray
irradiation to obtain gel. The gel is then dried at 120°C
in a drying oven for 24 h. Subsequently, the xerogel
powder sintered at 400, 500, 600, 700, 800, and 900°C
for 5 h to obtain CoWO4 phosphors are labeled as sam-
ples S1, S2, S3, S4, S5, and S6.

Material Characterization

The phase purity, crystallinity, and functional
group of samples S1, S2, S3, S4, S5, and S6 were
recorded by a DX-2007BH X-ray diffractometer
(XRD). The charge state of sample S6 was character-
ized by a KRATOS X SAM 800 X-ray photoelectron
spectrometer. The surface morphology of sample S6
was characterized by scanning electron microscopy
(SEM) and transmission electron microscopy (TEM).
Ultraviolet–visible (UV–Vis) diffuse reflectance
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A  Vo
spectra of samples S1, S2, S3, S4, S5, and S6 were
measured by a UV1800 UV–Vis spectrophotometer
with a integrating sphere as a attachment. The photo-
luminescence (PL) properties of samples S1, S2, S3,
S4, S5, and S6 were studied by a SHIMADZU RF-
5301PC fluorescence spectrophotometer. The elec-
trochemical properties of samples S1, S2, S3, S4, S5,
and S6 were investigated on a CST 350 electrochemi-
cal workstation through using a three-electrode cell as
described in the previous reports [22, 23].

RESULTS AND DISCUSSION
Phase Purity and Structure Analysis

To study the effect of sintering temperature on the
phase transition of CoWO4 xerogel, XRD is used to
detect the phase purity and structure of CoWO4 sam-
ples. Figure 1 shows the XRD patterns of samples S1,
S2, S3, S4, S5, and S6. An amorphous state can be
observed for the sample S1. With the sintering tem-
perature rising to 500°C, the diffraction peaks of
CoWO4 with standard JCPDS card no. 15-0867 and
WO3 with standard JCPDS card no. 20-1324 appeared
in the sample. When the temperature continues to rise,
the diffraction peak of WO3 disappears, leaving only
the diffraction peak of CoWO4. With the increase of
sintering temperature, the intensity of CoWO4 diffrac-
tion peaks increases continuously. From the XRD
results, it can be inferred that at low temperature,
H2WO4 is firstly decomposed into WO3 and H2O, and
then WO3 reacts with Co ions in the precursor to pro-
duce CoWO4

(1)

(2)

XPS Analysis
XPS technology can be used to detect any impuri-

ties contained in a sample. In order to study the chem-
ical composition and oxidation state of CoWO4, XPS
was used to measure the sample S6, as shown in Fig. 2.
The survey spectra of sample S6 exhibits the charac-
teristic peaks of C, O, Co, and W elements in the range
of 0–1350 eV as shown in Fig. 2a. Although the char-
acteristic peak of element C can be observed in the
sample, it is mainly caused by the calibration peak of
XPS instrument, so CoWO4 sample does not contain
any impurities. [22, 23]. Figure 2b shows the Co 2p
electron level of sample S6. The two characteristic
peaks at 779.21 and 795.32 eV are assigned to Co3+

ions and the satellite peaks at 7861.90 and 800.52 eV
are ascribed to Co2+ ions [16]. Due to the presence of
Co vacancy, charge compensation will occur in W ion,
which will affect the photoluminescence performance
of CoWO4 [24]. The W 4f electron level of sample S6
as shown in Fig. 2c. According to the literature [25],

→ +2 4 3 2H WO WO H O,
++ + →2

3 2 42WO 2Co O 2CoWO .
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Fig. 2. XPS spectra of sample S6: (a) survey spectra, (b) Co 2p electron level, (c) W 4f electron level, and (d) O 1s electron level. 
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the characteristic peaks of W 4f5/2 and W 4f7/2 were
observed around 38 and 36 eV, respectively for the
pure WO3. In this experiment, the characteristic peaks
of W 4f5/2 and W 4f7/2 are significantly displacement,
indicating that CoWO4 is formed. The O 1s electron
level of sample S6 as shown in Fig. 2d. The two char-
acteristic peaks at 530.10 and 528.25 eV can be
assigned to adsorbed oxygen [26] and lattice oxygen,
[27] respectively. The results show that the CoWO4
synthesized by GIAPGM has high surface adsorbed
oxygen and Co vacancy, suggesting that the material
has excellent photoluminescence properties.

Surface Morphology

Surface morphologies observed by SEM and TEM
for the sample S6. Figure 3a shows the SEM image of
sample S6. The image show that the CoWO4 particle
formation is fine, the particle boundaries are distinct
and the particle surface appears quite smooth for the
CoWO4 sample. The particles appear to grow up and
become rice grains. The average diameter is about
300 nm. The element composition of sample S6 was
further characterized by EDS spectra as shown in
Fig. 3b. The major elements for the sample S6 are C,
O, W, Co, and Cu. The characteristic peaks of C and
Cu elements are ascribed to the TEM microgrid. The
results also indicate that there are no other impurity
elements in the sample S6. Figure 3c shows the TEM
RUSSIAN JOURNAL OF
image of sample S6. The average diameter of particles
is consistent with the SEM observation results.
Figure 3d shows the HRTEM image of CoWO4 prod-
ucts. The lattice spacing of 0.3597 and 0.2915 nm cor-
responds to the d-spacing of (112) and (‒111) planes,
respectively. The (112) and (–111) planes can be
assigned to the CoWO4 with the standard JCPDS card
no. 15-0867. The result indicates that the CoWO4
grains grew along the (112) and (‒111) planes.

Optical Properties
UV–Vis diffuse reflectance spectroscopy can be used

to analyze the color properties of semiconductor materi-
als. The UV–Vis diffuse reflectance spectra of samples
S1, S2, S3, S4, S5, and S6 as shown in Fig. 4a. Four obvi-
ous diffuse peaks at 250, 460, 520, and 680 nm were
observed for the samples S1, S2, S3, S4, S5, and S6. The
color-related parameters includes (L*, a*, b*), the hue
angle (H°), the chroma parameter (c*), and the total
colour difference ( ) can be calculated by previous
reports [28] and following equations:

(3)

(4)

(5)

Δ CIE*E

 
° =  
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arctan ,

*
b
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IE
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2( *) ( *) ( *)* ,LE a b

= +2 2* ( *) ( *) .c a b
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Fig. 3. (a) SEM image, (b) EDS, (c) TEM and (d) HRTEM image of sample S6.
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Table 1 shows the color coordinates of samples S1, S2,
S3, S4, S5, and S6. Generally, the blue component of
the sample is determined by the parameters of b*, with
more negative b* value means more obvious blue. The
result indicates the blue component of sample S6 is
better than other samples. In the temperature range of
700–900°C, the absolute value of a*, b*, c* increases
with the increasing of sintering temperature, suggest-
ing that the crystallinity of CoWO4 increases with the
increasing of sintering temperature.

The UV–Vis absorption spectrum of samples S1,
S2, S3, S4, S5, and S6 are calculated on the basis of
UV–Vis diffuse reflectance spectra and K–M theory:
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A  Vo

Table 1. Color coordinates and Eg values of samples S1, S2, S

Sample
Color co

L* a* b*

S1 77.610 –0.101 0.450
S2 46.761 –0.289 –1.171
S3 71.240 –4.578 –5.875
S4 83.695 –3.451 –3.996
S5 84.049 –3.505 –5.228
S6 78.193 –3.600 –7.350
(6)

where S is the scattering coefficient, α is the absorp-
tion coefficient, and R is the reflectance. The UV–Vis
absorption spectrum of samples S1, S2, S3, S4, S5,
and S6 as shown in Fig. 4b. Five obvious absorption
peaks at 206, 330, 520, 585, and 785 nm were observed
for the samples S1, S2, S3, S4, S5, and S6. The
absorption peaks at (206, 330), (520, 585), and 785 nm
can be assigned to the [WO6]6– complex within the
wolframite structure, the d–d transition band and Co
vacancy, respectively [8, 29]. The reason why the
absorption coefficient of sample S1 is inconsistent

∞−α= =
2(1 )( ) ,

2
RF R

S R
l. 95  Suppl. 2  2021

3, S4, S5, and S6

ordinates
Eg, eV

c* Ho

0.461 –77.350 77.611 5.176
1.206 76.137 46.777 4.760
7.448 52.073 71.628 4.885
5.280 49.186 83.861 5.152
6.294 56.161 84.284 5.191
8.184 63.905 78.620 5.105

Δ CIE*E
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Fig. 4. (a) UV–Vis diffuse reflectance spectra and (b)
UV‒Vis absorption spectra of samples S1, S2, S3, S4,
S5, and S6. 

R
efl

ec
ta

nc
e,

 %

20

40

60

80

0

(a)

300200 600 800

400�C
500�C
600�C
700�C
800�C
900�C

400 500
Wavelength, nm

700

A
bs

or
ba

nc
e,

 a
.u

.
0.4

0.8

1.2

0

(b)206 nm

330 nm

520 nm 585 nm

785 nm

300200 600 800

400�C
500�C
600�C
700�C
800�C
900�C

400 500
Wavelength, nm

700
with other samples may be that the sample contains a
large number of organic impurities.

The optical band gap (Eg) values of samples S1, S2,
S3, S4, S5, and S6 by the Tauc relation:

(7)

where F(R) = α, hν is the photon energy, and A is a
constant. The Eg values of samples S1, S2, S3, S4, S5,
and S6 are given Table 1. The Eg values of samples S1,
S2, S3, S4, S5, and S6 is found to be 5.176, 4.760,
4.885, 5.152, 5.191, and 5.105 eV, respectively. The
determination of Eg value of CoWO4 semiconductor is
conducive to the subsequent analysis of its photolumi-
nescence mechanism.

Photoluminescence Properties
Figure 5 shows the emission spectrum of samples

S1, S2, S3, S4, S5, and S6 with the excitation wave-
length at 220 nm. For the sample S1, four emission
peaks at 340, 365, 424, and 470 nm can be found as
shown in Fig. 5a. With the increase of sintering tem-
perature, the intensity of emission peak in the ultravi-
olet region decreases or shifts until the sintering tem-
perature is 600°C (Figs. 5a–5c), and then the emis-
sion peak in this region disappears. Combined with
XRD and FTIR analysis, the emission peaks in the
UV region including 340, 365, and 375 nm can be
attributed to organic impurities. As the temperature
increases from 400 to 500°C, the intensity of emission
peak at 424 nm decreases. Therefore, the emission
peak at 424 nm can be assigned to WO3. At the same
time, the emission peak of 510 nm can be observed
when the sintering temperature reaches 600°C. The
emission peaks at 465, 470, 480, 490, and 510 nm can
be ascribed to [WO6]6− complexes [8, 30]. When the
sintering temperature reaches 700°C, the emission
peak of 490 nm appears as shown in Fig. 5d. With the
increase of sintering temperature, the intensity of
emission peak at 490 nm also increases and blue shift
occurs to 480 nm (Fig. 5f). In addition, the emission
peak of 510 nm is redshifted with the increase of sin-
tering temperature. The redshift phenomenon can be
attributed to the presence of adsorbed oxygen on the
CoWO4 surface. In Fig. 5f, the emission peak at
440 nm can be assigned to the scattering peak.

With the increase of sintering temperature, the
emission intensity first decreases, then increases and
then decreases. The first reduction may be due to a
reduction in the amount of organic impurities in the
sample. In addition, the appearance of WO3 also
weakens the emission intensity of samples. The second
reduction was mainly due to the concentration of
adsorbed oxygen in the sample or other vacancy con-
centration reduction. The sample S3 shows that the
highest emission intensity is mainly due to the forma-
tion of pure phase CoWO4 at 600°C, and the oxygen
vacancy concentration and adsorption oxygen con-

ν = ν − g( ( ) ) ( ),nF R h A h E
RUSSIAN JOURNAL OF
centration in the sample are at the highest level. In the
final analysis, the photoluminescence performance of
CoWO4 is affected by impurity concentration, inter-
mediate product concentration, adsorption oxygen
concentration, crystallinity and other factors in the
sample.

The Commission Internationale de l’Eclairage
(CIE) diagram of samples S1, S2, S3, S4, S5, and S6
under 220 nm xenon lamp excitations have been ana-
lyzed by CIE 1931 software. The CIE color coordi-
nates (x, y) of samples S1, S2, S3, S4, S5, and S6 were
found to be (0.1387, 0.1053), (0.1178, 0.3086), (0.1337,
0.1767), (0.1257, 0.1768), (0.1193, 0.1326), and (0.1272,
0.1459), respectively. The luminescence of CoWO4 is
mainly concentrated in the blue-green area. The
CoWO4 phosphor has potential application in the field
of blue-green light emission.

It can be seen from the calculation in Table 1 that
the Eg value of CoWO4 is very large (Eg = 5.191 eV),
and only excitation under ultraviolet light can make
the electron transition from valence band to conduc-
tion band. According to literatures [8, 31], the
(WO6)6– levels consist of ground state 1A1g and the
 PHYSICAL CHEMISTRY A  Vol. 95  Suppl. 2  2021
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Fig. 5. Emission spectrum of samples: (a) S1, (b) S2, (c) S3, (d) S4, (e) S5, and (f) S6 with the excitation wavelength at 220 nm. 
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excited state 3T1g, 1T1g, 3T1u, 1T1u. When the 220 nm
light is used to excite the CoWO4 phosphor, the elec-
trons transition from the ground state to the excited
state. Due to the presence of organic impurities in the
sample, the transport of electrons from the ground
state to the excited state is promoted, and ultraviolet
luminescence (340–375 nm) is generated during the
process of recombination with the holes left by the
ground state under the action of vibration relaxation.
The blue light emission (424–490 nm) can be ascribed
to the transition of 3T1u levels to the 1A1g level. Gener-
ally, the spin transition of T1g to 1A1g is forbidden.
However, this transition is partially allowed due to the
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A  Vo
spin orbit coupling, resulting in a green light emission
peak at 510 nm in CoWO4.

Supercapacitive Performance

In order to study the influence of different sintering
temperatures on the electrochemical properties of
CoWO4, the cyclic voltammetry (CV) curve of sam-
ples (a) S1, (b) S2, (c) S3, (d) S4, (e) S5, and (f) S6
measured at the scan rates of 5, 10, 50, 100, and
200 mV s−1 in the potential range of 0–0.4 V are shown
in Fig. 6. For the all samples, the specific current
increased with the increasing of the scan rate. The
anode and cathode peaks of samples (a) S1, (b) S2,
l. 95  Suppl. 2  2021
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Fig. 6. Cyclic voltammograms of samples: (a) S1, (b) S2, (c) S3, (d) S4, (e) S5, and (f) S6. 
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(c) S3, (d) S4, (e) S5, and (f) S6 move towards lower

potential and higher potential respectively with the

increasing of scan rate. It can also be seen from the fig-

ure that organic impurities and WO3 have a great

influence on the shape of CV curve of CoWO4 powder.

With the improvement of the phase purity of CoWO4

powders, the CV curve middle region narrowed. The

sample S2 have a maximum integrated area in CV

curve than that of other samples, suggesting that the

sample possess highest electrochemical performance.

Combining Fig. 5 and electrochemical performance

analysis results, it can be seen that there is some cor-

relation mechanism between CoWO4 photolumines-
RUSSIAN JOURNAL OF
cence and supercapacitor performance. This internal
correlation mechanism is still unclear and needs fur-
ther study.

CONCLUSIONS

In summary, the cobalt tungstates nanoparticles
with special defect structure has been successfully pre-
pared via GIAPGM, which is an excellent phosphor
withe high photoluminescence and supercapacitor
properties. The sintered samples were characterized by
XRD, XPS, SEM, TEM, UV–Vis, PL, and electro-
chemical workstation. The results indicate that the
phase purity and crystallinity of CoWO4 increases with
 PHYSICAL CHEMISTRY A  Vol. 95  Suppl. 2  2021
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the increasing of sintering temperature. Color, optical,
photoluminescence, and electrochemical properties
demonstrate strong temperature dependent behavior.
The photoluminescence emission bands at 340–375,
424–490, and 510 nm can be assigned to the organic

impurities, the transition of 3T1u levels to the 1A1g level,

and the partially allowed transition of T1g to 1A1g,

respectively. Based on the molecular orbital theory, a
reasonable photoluminescence mechanism of CoWO4

phosphor is proposed. The electrochemical properties
indicating that the CoWO4 is a promising supercapac-

itor for advanced electrochemical energy storage
applications. Additionally, the current GIAPGM is
valuable for preparing other phosphors or supercapac-
itors with special defects.
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