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Cobalt tungstate (CoWO4) crystals were synthesized by the co-precipitation (CP) and polymeric precursor
(PP) methods with posterior heat treatment at 800 �C for 4 h. The electronic structure, morphological fea-
tures, optical, colorimetric, and supercapacitive properties were investigated in detail. X-ray diffraction,
Rietveld refinement data, micro-Raman spectra, and Fourier transform-infrared spectra proved the crys-
tallization of both CoWO4 materials with a wolframite-type monoclinic structure. Rietveld refinement
data were employed as input data to simulate all clusters found in this crystalline structure as well as
electron density maps. These results indicated the existence of distortions in both octahedral [CoO6]
and [WO6] clusters, yielding an inhomogeneous charge distribution in the monoclinic lattice. Field emis-
sion scanning electron microscopy and transmission electron microscopy techniques show the presence
of asymmetrical CoWO4 crystals. The ultraviolet–visible diffuse reflectance spectroscopy revealed optical
band energy values of 2.84 and 2.89 eV for CoWO4 crystals prepared by the CP and PP methods, respec-
tively. Colorimetric results indicated that the CoWO4 crystals have a desirable feature for the develop-
ment of blue inorganic pigments. The experimental specific capacitance measurements of CoWO4

crystals as an electrode (CP and PP) were 192.5 Fg�1 and 249.1 Fg�1 at 40 mV s�1 and 5 mV s�1 in an elec-
trode with 0.4 mg and 0.8 mg of electroactive materials in 1 M Na2SO4 solution, respectively.
� 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is
an open access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The cobalt tungstate (CoWO4) crystals can be found in small
quantities as a result of the burning of coal mine dumps in the min-
eral form, presenting gray, bluish-gray, and greenish-gray colors
[1]. This mineral, also known as ‘‘Krasnoselskite”, has been explored
at Krasnoselskaya mines in Krasnogorsk, Chelyabinsk basin, Ural
Mountains in Russia [2,3]. According to the literature [4], CoWO4

crystals are not recognized as a natural mineral by the Interna-
tional Mineralogical Association (IMA) [5,6]. These crystals are oxi-
des belonging to the wolframite family [7] with a general formula
(AWO4) (A = Mn2+, Fe2+, Co2+, Ni2+, and Zn2+), space group (P2/c),
symmetry point group (C4

2hÞ, two molecular formula units per unit
cell (Z = 2) and n� 13 in the international crystallography table [8–
12]. Among the transition metals belonging to the fourth period of
the periodic table (from d5 to d10), only the tungstate cooper
(CuWO4) does not present a wolframite-type monoclinic structure
[13]. In particular, the CuWO4 crystals with d9 electronic configura-
tion exhibits a strong Jahn-Teller distortion in octahedral [CuO6]
clusters gives rise to a d-orbital splitting, in which the degeneracy
of r-antibonding orbitals is broken, which decreases its symmetry
and modifies its lattice to the triclinic structure at room tempera-
ture [14–17].

According to the literature, the CoWO4 crystals can be obtained
via traditional routes performed at high temperatures (>900 �C)
and long processing times (>4h) as conventional solid-state reac-
tion, oxide-mixture, crystal growth flux and reduction/oxidation
reactions [18–27]. In addition, other more elaborate synthesis
methods have been employed to prepare the CoWO4 (microcrys-
tals, nanocrystals and films), including proteic sol–gel green [28],
solid-state metahetic [29], polymeric precursor [30], facile
refluxing-calcination [31,32], molten salt [33,34], conventional
hydrothermal [35–38], microwave hydrothermal [39,40], precipi-
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tation or co-precipitation [41–45], sonochemical [46,47], alcohol-
thermal [48], spray pyrolysis [49], and pulsed laser deposition [50].

In relation to the electronic properties of CoWO4 crystals, differ-
ent studies have demonstrated that this tungstate is a good candi-
date for technological applications in high-density capacitors [51–
55], solid-electrolyte galvanic cells [56], catalysts for hydrogen
evolution reaction [57], magnetic [58–60], electric transport [61],
microwave dielectric [62], photoluminescence [63], photocatalyst
[64,65], electrocatalytic [66], tribological [67], desulfurization
[68], sensitive nonenzymatic glucose sensor [69], acetone gas sens-
ing [70], high capacity anode material for lithium-ion batteries
[71], and color properties [72].

However, few theoretical studies have been reported in the lit-
erature, explained by means of ab initio calculations, also known as
the first-principles method based on the density-functional theory
(DFT) or by means of a full-potential linearized augmented plane
wave (FP-LAPW) for resolution of the electronic structure in
CoWO4 crystals with the correlation between experimental data
and theoretical calculation [73,74], and few investigations have
been reported in the literature on their colorimetric properties
[72].

Thus, in this paper, CoWO4 crystals were synthesized by two
chemical methods (co-precipitation and polymeric precursor) with
posterior heat treatment at 800 �C for 4 h. These crystals were
characterized by using X-ray diffraction (XRD) patterns, Rietveld
refinements, micro-Raman, and Fourier transforms infrared (FT-
IR) spectroscopies. The morphology aspects were observed by field
emission images scanning electron microscopy (FE–SEM) and
transmission electron microscopy (TEM). The optical band gap val-
ues of these crystals were obtained from ultraviolet–visible (UV–
Vis) diffuse reflectance spectroscopy. Finally, we investigated the
colorimetric analyses in a colorimeter in the CIELAB color space
and electrochemical behavior using cyclic voltammetry at different
scan rates for applications of CoWO4 electrodes as high-density
capacitors. Our study on CoWO4 crystals provide a news insight
into the colorimetric and electrochemical investigations with the
main difference for supercapacitor performance between CoWO4

submicron and microcrystals as electrodes. These results suggest
this oxide material as a potential candidate for energy storage in
the future.
2. Experimental details

2.1. Synthesis of CoWO4 crystals by the co-precipitation and polymeric
precursor methods

Initially, CoWO4 crystals were prepared by the co-precipitation
(CP) method, with some modifications in relation to the synthesis
method described in [75]. The synthesis of CoWO4 crystals is
described as follows: 3.3318 g of sodium tungstate (VI) dihydrate
[Na2WO4�2H2O; 99% purity, Sigma-Aldrich�] and 2.9696 g of cobalt
(II) nitrate hexahydrate [Co(NO3)2�6H2O 98% purity, Dynamic�]
were separately placed in two beakers with a capacity of 500 L
and dissolved using a volume of 250 mL for each beaker with
deionized water (DI-H2O). In this solution containing Co2þ

ðaqÞ and
2NO�3ðaqÞ ions was noted the formation of a complex with light
red color, commonly detected when the pH of the solution is main-
tained at 7.5 [76]. This chemical reaction involving Co2+ ions and
H2O molecules is able to rapidly produce the hexaaquacobalt(II)
complex ion, [Co(H2O)6]2+, with octahedral symmetry (Oh) [76].
The addition of 1.6 mL of nitric acid [HNO3; 65% purity, Merck�]
to this solution changes the pH to 4.5 due to an increase of the con-
centration of H3O+ and NO�3 ions. The chemical equilibrium is
shifted in the reaction, destabilizing the [Co(H2O)6]2+ complex
and releasing Co2+ ions in the reaction medium. After this pH mod-
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ification, 200 mL was added to the second solution containing
NaþðaqÞ and WO2�

4ðaqÞ ions, which was maintained under constant stir-
ring at 75 �C for 2 h. After this process, the formation of a purple
suspension containing CoWO4(s) precipitates was observed. The
chemical reactions involved in this synthesis are summarized in
equations (1–4):

Co NO3ð Þ2:6H2OðsÞ !n:H2O ½Co H2Oð Þ6�2þ þ 2NO�3ðaqÞ ð1Þ

½Co H2Oð Þ6�2þ þ 2NO�3 aqð Þ þ 6HNO3 !pH¼4:5 1Co2þ
aqð Þ þ 6H3O

þ þ 8NO�3ðaqÞ
ð2Þ

Na2WO4:2H2OðsÞ !n:H2O 2Naþaqð Þ þ 1WO2�
4 aqð Þ þ 2H2O ð3Þ

1Co2þ
aqð Þ þ 6H3O

þ þ 8NO�3ðaqÞ þ 2Naþaqð Þ þ 1WO2�
4 aqð Þ

þ 2H2O !75ÂºC=2h
CoWO4ðsÞ þ 2NaþðaqÞ þ 6H3O

þ þ 8NO�3ðaqÞ þ 2H2O

ð4Þ
The above experimental procedure was performed with great

accuracy and reproducibility of data to obtain amorphous CoWO4

(s) precipitates. The precipitates were separated from the liquid
phase via centrifugation (9,000 rpm for 10 min) by using DI-H2O
and ethanol (ten times) to remove the by-products of the reaction.
In the sequence, the amorphous precipitates were dried at 65 �C for
10 h in a conventional furnace, deagglomerated and placed in a
porcelain crucible. Such precipitates were heat treated at 800 �C
for 4 h, maintaining a heating rate of 1 �C/min.

CoWO4 crystals were also prepared by the polymeric precursor
(PP) method [77]. This synthetic experimental methodology is a
modified sol–gel method, which is based on the complexation of
metal alkoxides and the esterification/polymerization reaction
[78]. Somemodification in this synthesis method has been success-
fully used to obtain nanocrystalline CoWO4 powders when cal-
cined at temperatures from 500 �C to 800 �C [79]. To obtain the
crystals, a tungsten metal citrate (Cit-W) at pH = 7 was initially pre-
pared by using DI-H2O as a solvent, and citric acid [C6H8O7; 99%
purity, Sigma-Aldrich�] as a complexing agent to tungstic acid
[H2WO4; 99% purity, Sigma-Aldrich�]. After homogenization,
cobalt (II) nitrate hexahydrate [Co(NO3)2�6H2O, 99.9% purity,
Sigma-Aldrich�], in which the octahedral [Co(H2O)6]2+ complex is
employed as lattice modifier to tungsten citrate. The Cit-W with
bivalent cations was stirred at 90 �C for 2 h, forming a homoge-
neous red solution. Ammonium hydroxide (NH4OH) was used to
adjust the pH at around 7. This solution was polymerized with
the addition of ethylene glycol [C2H6O2; 99.5% purity, Dynamic�]
as polyalcohol. After reaction at a temperature of approximately
90 �C, a polyester and water were formed. The citric acid/metal
molar ratio was maintained at 3:1 and 60:40 for citric acid/ethy-
lene glycol to promote citrate polymerization. The polymerized
solution was heated until the water evaporated and a polymeric
resin formed. The resin was heated at 350 �C for 4 h by using a
heating rate of 10 �C/min, forming black amorphous powders.
The precursor powders were deagglomerated with mortar and pes-
tle, and heat treated at 800 �C for 4 h by using a heating rate of
1 �C/min. The monophasic CoWO4 crystal (blue color) is found only
at high temperatures (�600 �C) [80].

2.2. Experimental characterizations

CoWO4 crystals were structurally characterized by XRD on a
LabX XRD-6000 diffractometer (Shimadzu�, Japan) with Cu-Ka
radiation (k = 1.5406 Å). XRD patterns were collected over 2h rang-
ing from 10� to 75� with a scanning rate of 2�/min. For Rietveld



Fig. 1. XRD patterns of CoWO4 crystals synthesized by the (a) CP and (b) PP
methods. The red vertical lines ( ) indicate the position and relative intensity of
XRD patterns of CoWO4 phase reported in ICSD with CIF file No. 15851.
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refinements, XRD patterns were collected over 2h ranging from 10�
to 110� with a scanning rate and step size of 1�/min and 0.02�,
respectively. Micro-Raman spectra were acquired on a Raman Sen-
terra scattering microscope (Bruker Optik, Germany) at 532 nm.
These spectra were recorded at room temperature in the region
from 85 cm�1 to 1,050 cm�1. The incident laser beam power on
the sample was mantained at 6 mW, with 250 scans of spectral
scanning, a step of 0.5 cm�1 and spectral resolution of 4 cm�1.
Infrared (IR) spectroscopy was performed to identify the functional
groups in the precursors employed in the synthesis of the crystals.
FT-IR spectra were obtained on a spectrophotometer (PerkinEl-
mer�, FT-IR Spectrum 100) in the region from 400 to 1,200 cm�1,
with a spectral resolution of 4 cm�1. The morphological features
were examined by using a FE-SEM from (JEOL�, Japan) in JSM-
IT300 model operated at 15 kV, and with a transmission electron
microscopy (TEM), from (JEOL�, Japan) in JEM-2100 model with
working voltage of 120 kV. The shape, average size and diffraction
plane of CoWO4 crystals were determined using the high resolu-
tion (HR)-TEM. Optical analyzes were performed in a UV–Vis spec-
trophotometer (Shimadzu�, Japan) in 2600 model. The optical
band gap of the samples was recorded in diffuse reflectance mode
in UV–Vis region by using barium sulfate (BaSO4) as the standard.
The color of the crystals was acquired on a portable digital col-
orimeter with 8 mm caliber (FRU�, WR-10QC model) with photo-
diode array sensor at CIE 10� standard observer, light source D65,
luminosity (L*) measuring range 0–100, and through the color dif-
ference formula: DE *a *b at color space CIELAB defined by the
International Commission on Illumination (CIE) in 1976 [81,82].
2.3. Electrochemical capacitance measurements

CoWO4 films (as electrodes) were prepared by using 150 mg of
crystalline CoWO4 (CP and PP)/deagglomerated with mortar and
pestle, dispersed in acetone (5 mL) and ethylene glycol (5 mL).
These CoWO4 suspensions were homogenized in an ultrasonic bath
(CPX 1800 Branson) for 30 min, and then, maintained at 50 �C for
2 h under constant stirring. CoWO4 suspensions were deposited
to obtain films on a fluorine-doped tin oxide (FTO) coated glass
substrate with surface resistivity �7 X/sq by the drop casting
method and limited geometric area of 1 cm2. The deposition of
CoWO4 films was performed by adding 40 lL of the suspension
on the FTO glass. After evaporation at 55 �C for 3 h, the CoWO4

electrodes were heat tread at 500 �C for 2 h with heating rate at
1 �C/min. The mass of CoWO4 crystals deposited post-heat-
treatment were 0.4 mg for CoWO4 film prepared by CP method
and 0.8 mg for CoWO4 film prepared by PP method. Electrochem-
ical performances were evaluated by using cyclic voltammetry
(CV) curves in an Autolab PGSTAT302N Metrohm potentiostat/gal-
vanostat (Metrohm) at room temperature and the NOVA 1.7 soft-
ware was employed for data acquisition. All experiments were
achieved in a conventional three-electrode cell. CoWO4 was used
as working electrode, platinum (Pt) wire and Ag/AgCl electrode
in luggin capillary were used as counter electrode and reference
electrode, respectively. CV measurements were obtained in differ-
ent potential window from 0.0 to 0.4, 0.6, 0.8, and 1.0 V, then
unique potential window was analyzed different scan rates from
5 to 100 mV s�1 in a 1.0 mol L�1 Na2SO4 aqueous solution
(pH � 7.0).
3. Results and discussion

3.1. XRD patterns analysis

Fig. 1(a,b) shows the XRD patterns of CoWO4 crystals prepared
by the CP and PP methods, both heat-treated at 800 �C for 4 h.
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According to the literature [83], XRD patterns can be employed
to prove the degree of structural order–disorder at long-range or
the periodicity of crystalline lattice of CoWO4 crystals. As can be
seen in Fig. 1(a,b), the normalized XRD patterns of CoWO4 crystals
exhibited diffraction peaks indexed to the wolframite-type mono-
clinic structure [84,85] and Inorganic Crystal Structure Database
(ICSD) with the crystallographic information file (CIF) No. 15851
reported by Weitzel at 1976 [86]. Moreover, the diffraction peaks
were slightly broader for CoWO4 crystals prepared by the CP in
relation to than verified by the PP method. This particular behavior
can be explained by the fact that the crystallite size decreases from
bulk to nanoscale dimensions [87]. The Debye–Scherrer equation
(5) was employed as shown below [88]:

D ¼ k:k
b:cosh

ð5Þ

This equation simply and quantitatively describes the broaden-
ing of a peak at a particular diffraction angle (h), as it relates the
crystalline domain size (D) to the width of the peak at half of its
height (b). The Scherrer constant, k, is typically considered to be
0.94 is a good approximation, but can vary with the morphology
of the crystalline domains [89]. The X-ray wavelength (k) is a con-
stant that depends on the type of X-rays used. Each peak can be
evaluated independently and should produce a consistent crys-
talline domain size so long as the sample can be roughly approxi-
mated as uniform, spherical particles [90]. Therefore, the Debye–
Scherrer equation (5) can be used to obtain the XRD crystallite size
of CoWO4 crystals. The domain sizes calculated were �41.34 nm
for CoWO4 crystals obtained by the CP method, and �46.58 nm
for CoWO4 crystals synthesized by the PP method. Although
CoWO4 crystals prepared by the CP method appear to exhibit
wide-range XRD peaks when calculating the Full Width at Half
Maximum (FWHM) for the (010) plane located at around 15.5�
presents D value larger than CoWO4 crystals prepared by the PP
method. Note that in the Debye–Scherrer equation (5), the diffrac-
tion angle is in radians (not degrees) and corresponds to h and not
2h, as is typically plotted in an XRD pattern. Also, note that crys-
talline domain size does not necessarily correspond to particle size,
as particles can be polycrystalline, containing multiple crystalline
domains. When the crystalline domain size calculated by the
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Debye–Scherrer equation (5) matches the average diameter of par-
ticles determined by more precise methods (e.g., FE–SEM images,
or TEM images), it suggests that the particles prepared by the CP
method are formed by polycrystalline nanocrystals. For further
clarification, we employed the Rietveld refinement analysis to
explain this difference between the degrees of long-range order–
disorder and different distortions in octahedral [CoO6]/[WO6] clus-
ters in the monoclinic lattice.
Fig. 2. Rietveld refinement plots of CoWO4 crystals synthesized by the (a) CP and
(b) PP methods, respectively.
3.2. Rietveld refinement analysis

The Rietveld refinement method is based on the construction of
diffraction patterns calculated in relation to the structural model
employed as a crystallographic standard [91,92]. This structural
refinement uses the patterns calculated with a fit of the adjust-
ment in relation to finding pattern data to provide the structural
parameters of the sample and the profile diffraction [92]. In this
paper, the Rietveld refinement method was applied to adjust the
best lattice parameters of the unit cell, structural factors such as
atomic positions, and atomic isotropic displacement parameters
(Uiso) due to the different synthesis methods used to obtain the
CoWO4 crystals. In these analyses, the refined parameters were
the shift lattice constants, background, scale factor, profile half-
width parameters (u, v, w), isotropic thermal parameters, lattice
parameters, and atomic positions. The background was corrected
using a three (P1, P2, and P3) polynomial functions of the first kind
[93]. The peak profile function was modeled by using a convolution
of the Thompson-Cox-Hastings pseudo-Voigt function [94] to
effectively improving our Rietveld refinement data.

Fig. 2(a,b) illustrate the Rietveld refinement plots for the
observed patterns versus calculated patterns of CoWO4 crystals
prepared by the CP and PP methods, respectively.

As can be seen in Fig. 2(a,b), our XRD patterns at Rietveld rou-
tine were adjusted to the (experimentally) observed pattern
diffraction profile, providing the structural parameters of the
desired material and its (calculated) diffraction profile. In this
study, the Rietveld refinement method was applied to estimate
the atomic positions, lattice parameters, and unit cell volume of
the CoWO4 crystals. This refinement method allows for finding
peculiar structural features of CoWO4 crystals produced by each
type of synthesis. The Rietveld refinement was performed using
the ReX software version 0.9.2 [95], using the ICSD of CIF file No.
15851 [86], which presents consistent crystallographic patterns
in good agreement with studies previously reported in the litera-
ture [96]. The single CoWO4 crystals have a wolframite-type mon-
oclinic structure, presenting a space group (P2/c), symmetry point
group (C4

2h), and two molecular formula units per unit cell (Z = 2).
The structural refinement confirmed the presence of CoWO4 crys-
tals with phase pure without any secondary or deleterious phases.
In general, slight differences in the intensity scale were identified
between experimental and calculated XRD patterns, as described
by the line (YObs – YCalc), and as illustrated in Fig. 2(a,b). However,
CoWO4 crystals prepared by the CP present a major difference at
the line (YObs – YCalc). The experimentally obtained data from Riet-
veld refinement are displayed in Tables 1(a,b), respectively:

The data presented in Tables 1(a,b) for fit parameters (Rp, Rwp,
Rexp, v2, and GoF) were obtained consistently within Rietveld’s cri-
teria. After repeated Rietveld refinement cycles and fine-tuning of
structural parameters to find the lowest and best possible values
for the two CoWO4 crystals, which confirm the quality, repro-
ducibility, and reliability of these data. In general, some few varia-
tions in the atomic (x, y, z) positions for O1, O2 atoms, and (y)
atomics positions for Co and W atoms were observed, while the
Co and W atoms occupying special (x, z) atomics positions into
the monoclinic lattice, remain fixed during all the structural refine-
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ment. Subsequently, the lattice parameters and atomic positions
obtained from the Rietveld refinement analysis will be used to start
the optimization of the calculated electronic structure by the DFT
method in a further paper..
3.3. Clusters coordination and charges map electron density analysis

Fig. 3(a,b) illustrate a schematic representation of the mono-
clinic structure with the lattice parameters, internal angle (b) of
the (1 � 1 � 1) unit cell, and [O–Co–O]/[O–W–O] bonds of CoWO4

crystals synthesized by the CP and PP methods, respectively.
The wolframite-type monoclinic structure for CoWO4 crystals

was modeled by using the visualization system for electronic and
structural analysis (VESTA) software version 3.5.7 for Windows
10�-64 bits [97,98]. The lattice parameters and atomic positions
obtained from Rietveld refinement data are listed in Tables 1(a,
b). As can be noted in Fig. 3(a,b), the distorted octahedral [CoO6]
and [WO6] clusters are formed by different types of octahedron
polyhedrons with 6 vertices, 8 faces, and 12 edges [99]. Moreover,
we have verified that both crystals have the internal angle



Table 1a
Rietveld refinement data of CoWO4 crystals synthesized by the CP method.

Atoms Wyckoff Site x y z Uiso

Co 2f 2 0.5 0.669812 0.25 0.044309
W 2e 2 0.0 0.182346 0.25 0.051526
O1 4g 1 0.218883 0.116066 0.954182 0.059304
O2 4g 1 0.273348 0.381309 0.385495 0.001803

a = 4.6713(3) Å, b = 5.685(2) Å, c = 4.95156(4) Å, V = 131.500(9)Å3; a = c = 90�, b = 89.99297(4)�; Rp(%) = 10.2007.
Rexp(%) = 8.4985, Rwp(%) = 12.7579, v2 = 2.253594, GoF = 1.5012; q = 7.75 g/cm3, and l/q = 164.98 cm2/g.

Table 1b
Rietveld refinement data of CoWO4 crystals synthesized by the PP method.

Atoms Wyckoff Site x y z Uiso

Co 2f 2 0.5 0.666125 0.25 0.099467
W 2e 2 0.0 0.180954 0.25 0.106288
O1 4g 1 0.099286 0.099286 0.929666 0.099319
O2 4g 1 0.248704 0.35799 0.397271 0.065079

a = 4.70117(8) Å, b = 5.72087(4) Å, c = 4.98201(9) Å, V = 133.990(6)Å3; a = c = 90�, b = 90.02595(4)�; Rp(%) = 7.7364.
Rexp(%) = 9.9954, Rwp(%) = 11.6727, v2 = 1.363768, GoF = 1.167805; q = 7.60 g/cm3, and l/q = 169.27 cm2/g.

Y.L. Oliveira, A.F. Gouveia, M.J.S. Costa et al. Materials Science for Energy Technologies 5 (2022) 125–144
(b – 90�), while the CoWO4 crystals prepared by the PP method
have a longer length in the b lattice parameter and unit cell volume
(Tables 1(a,b)), indicating a more anisotropic behavior than CoWO4

crystals prepared by the CP method [100]. It is possible to note that
these CoWO4 crystals present some variations in both [O–Co–O]
and [O–W–O] bond angles and lengths. This characteristic result
implies in distortions in the octahedral [CoO6] and [WO6] clusters
with distinct degrees of order–disorder in the lattice. Finally, as can
be observed in Fig. 3(a,b), CoWO4 crystals prepared by the CP
method exhibit more distortions in their chemical bonds than
those prepared by the PP method.

Fig. 4(a–f) display the 2D isolines of electron density models
into the (1 � 1 � 1) unit cell on the (111), (010), and (121) planes
for CoWO4 crystals prepared by the CP and PP methods.

The 2D isolines of electron density models were calculated by
using the Fourier transform structure factor from the structure
parameters and atomic scattering factors of free atoms obtained
from Rietveld refinement data of CoWO4 crystals prepared by the
CP and PP methods, respectively. These data were used in the
VESTA software version 3.5.7 [97,98] to obtain the 2D isolines of
electron density models with a high resolution from 0.015 to
0.020 Å. These figures show different and sensible color scales on
each specific plane, which indicate zones with high and low elec-
tron densities. In Fig. 4(a), the blue color regions are related to
the absence of electronic charge, yellow color regions are ascribed
to the medium electron densities, while the red color areas exhibit
a high electronic density in the (111) plane. Moreover, it is possi-
ble to verify the presence of non-homogeneous electronic charge
distributions near the [O–Co–O] bonds related to an atomic dis-
placement, indicating the existence of large distortions between
Co and O atoms (Fig. 4(a)). We have observed two W atoms, one
Co atom, and three O atoms in the (010) plane due to the presence
of distortions in the octahedral [WO6] clusters (Fig. 4(b)). For
CoWO4 crystals prepared by the CP method, it was observed that
the Co and W atoms are able to share the same O1 and O2 atoms
in the (121) plane. This behavior is explained by the differences
in the distances of [O–Co–O] and [O–W–O] bonds due to the pres-
ence of two different octahedral [CoO6]/[WO6] clusters in crystals
with type-wolframite monoclinic structures (Fig. 4(c)). Fig. 4(d–f)
show the 2D isolines of the electrons density maps for CoWO4 crys-
tals prepared by the PP method. In the (111) plane, also it observed
a non-homogeneous distribution of electronic charges between the
[O–Co–O] bonds, presenting smaller distortions than those pre-
sented by the CP method. In the (010) plane, the same distortions
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on the octahedral [WO6] clusters and presence of electronic inter-
action or charges proximity between the O1 and W atoms were
observed, as shown in Fig. 4(e). Finally, in the (121) plane, it was
observed that the Co and W atoms share the same O1 and O2
atoms, with a higher electron charge density on the Co atoms, as
shown in Fig. 4(f). Moreover, it was noted that the O2 atom exhib-
ited a minor electronic charge density on the (121) plane for
CoWO4 crystals prepared by the PP method. These results corrob-
orate the cluster’s coordination model illustrated earlier in Fig. 3
(a,b).

3.4. Micro-Raman spectra analysis

The tungstates crystals with a wolframite-type monoclinic
structure present a total of (3 N = 36 degrees of freedom), as
described by means of standard group theory analysis, space group
(P2/c), symmetry point group (C4

2hÞ, two molecular formula units
per unit cell (Z = 2) and n� 13 in the international crystallography
table of these oxides [101–103]. Therefore, we have the presence of
N = 12 atoms within the monoclinic unit cell, as illustrated previ-
ously in Fig. 3(a,b). In our case, CoWO4 crystals have 36 distinct
vibration modes (Raman) and [IR], as indicated in equation (6)
[103,104]:

C Ramanð Þþ Infrared½ �f g ¼ fð8Ag þ 10BgÞ þ ½8Au þ 10Bu�g ð6Þ
where the Ag and Bg, are Raman-active vibrational modes, while Au

and Bu are active vibrational modes in the infrared spectra. The A
and B modes are nondegenerate. The subscripts ‘‘g” and ‘‘u” indicate
the parity under inversion in centrosymmetric CoWO4 crystals.
Therefore, only 18 active vibrational modes are expected in the
Raman spectra of these CoWO4 crystals, as represented by reduced
equation (7) below [105]:

C Ramanð Þ ¼ ð8Ag þ 10BgÞ ð7Þ
According to the recent literature [106,107], structural refine-

ment data obtained employing Rietveld method and group theory
calculations. CoWO4 crystals exhibited a wolframite-type mono-
clinic structure, which is composed and formed only by distorted
octahedral [CoO6] and [WO6] clusters. Therefore, these crystals
have a group symmetry (Oh) and symmetry site (C2). The micro-
Raman spectra of the CoWO4 crystals can be classified into two
types of groups (external and internal vibrational modes). The
external vibrational modes are related to the lattice phonons,
which correspond to the motion of distorted octahedral [CoO6]



Fig. 3. (a,b): Schematic representation of (1 � 1 � 1) unit cells for CoWO4 crystals
synthesized by the CP and PP methods, respectively. The distorted octahedral
[CoO6] and [WO6] clusters show the internal (b angles), lattice parameters, [O–Co–
O] and [O–W–O] bonds, respectively.
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clusters in the monoclinic unit cell. The internal vibrational modes
are ascribed to vibrations of distorted octahedral [WO6] clusters,
assuming a center of mass of the steady state. The distorted octa-
hedral [WO6] clusters have group symmetry (Oh), where these
vibrations are composed of 6 internal vibrational modes (4Ag and
2Bg). The other external vibrational modes (4Ag and 8Bg) in the
Raman spectra are related to different optical modes, and stretch-
ing and bending vibrations types such as: symmetric, anti-
symmetric, scissoring, twisting, rocking, wagging, and transverse
at short-range of bonds in between two distorted octahedral
[5OW–O–WO5] clusters and interconnected distorted octahedral
[5OW–O–CoO5–O–WO5] clusters [108].

Fig. 5(a,b) displays the micro-Raman spectra for CoWO4 crystals
prepared by the CP and PP methods, respectively.
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As can be observed in Fig. 5(a,b), we can identify the presence of
18 Raman active vibrational modes between 85 and 1,050 cm�1 for
CoWO4 crystals prepared by two methods. However, the CoWO4

crystals prepared by means of the PP method exhibited active-
Raman vibrational modes vibrational sharper and better defined.
This behavior can be explained by means of Raman spectroscopy
has proved its potential as a powerful vibrational spectroscopic
technique for a fundamental and molecular-level characterization
of the vibration of chemical bonds, thus providing access to the
extended structure of crystalline solids (via phonons) but also
the short-range structure of amorphous materials [109]. The main
active-Raman (Ag) vibrational mode and intense peak located at
around 881–884 cm�1 is ascribed to the symmetric stretching of
bonds msym[ O2  W ? O5 ? ] of distorted octahedral [WO6]
clurters, as shown in inset Fig. 5(a,b). Moreover, 2 active-Raman
(1Ag and 1Bg) vibrational modes at approximately (802–
803 cm�1) is related to the anti-symmetric stretching of mantisym[-
-O2-W.O5.] bonds and at around (703–711 cm�1) is ascribed
to the symmetric stretching of msym[ 5OW–O–WO5 ? ] bonds
between distorted octahedral [WO6]–[WO6] clusters in good agree-
ment with the literature [103,108] (inset Fig. 5(a,b)), while the
active-Raman (1Bg) vibrational mode with low intensity at around
190–191 cm�1 is ascribed to the transverse optical T́[.Co.O%–
O5%] (inset Fig. 5(a,b)). Therefore, all the active-Raman vibrational
modes, which were identified on the Raman peaks are correspond-
ing to a wolframite-type monoclinic structure. The experimental
positions of 18 active-Raman vibrational modes were identified
as (d for CoWO4 crystals prepared by CP method) and (j for
CoWO4 crystals prepared by PP method). Their relative position
for all active-Raman vibrational modes were compared with those
Raman-active modes reported in the literature and are listed in
Table 2.

As can be noted in Table 2, there is a good agreement between
the Raman-active vibrational modes for our CoWO4 crystals pre-
pared by CP and PP method, some works reported in the literature
synthesized experimentally and theoretically calculated by Vienna
ab initio package [101–103]. Some small variations in the typical
positions of the Raman vibrational modes can be caused by the dif-
ferent preparation methods, average crystal size, distortions in (O–
Co–O)/(O–W–O) bonds, interaction forces involving octahedral
[WO6]–[CoO6]–[WO6] clusters and/or different degrees of order–
disorder structural in the monoclinic lattice.

As previously described in the text, the Raman and IR spectra
displayed 36 different vibrational modes, which were presented
in equation (6). These modes, only some of them are active in
the infrared spectrum. Therefore, only 18 vibrational modes are
expected in the IR spectra of CoWO4 crystals, as represented in
equation (8) below [108]:
C Infrared½ � ¼ ½8Au þ 10Bu� ð8Þ
However, 3 modes (1Au and 2Bu) are only acoustic vibrations

and can not be detected in the infrared spectrum. Therefore, in
equation (8) should be reduced and can be better represented by
the following equation (9) [103,108]:
C Infrared½ � ¼ ½7Au þ 8Bu� ð9Þ
In general, the IR spectroscopy can be divided into three regions

(near, mid and far), and these transition metal oxides as our
CoWO4 crystals have many vibrational modes in the far infrared
region. Therefore, all 15 infrared-active vibrational modes only
can be detectable with a better FT-IR spectrophotometer in the
far region, cesium iodide pellets as background, or high-
performance optional transit Platinum ATR accessory. Unfortu-
nately, our FT-IR equipment is limited. Moreover, this technique



Fig. 4. Electron density maps in (a,d) (111), (b,e) (010), and (c,f) (121) planes of CoWO4 crystals synthesized by the CP and PP methods, respectively.
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can elucidate the type difference of IR-active vibrational modes
between the Co and O atoms, the W and O atoms, and their
inter-atomic bonds in CoWO4 crystals [110].

Fig. 6(a,b) display the FT-IR spectra of CoWO4 crystals synthe-
sized by the CP and PP methods, respectively.

As can be observed in Fig. 6(a,b) for both CoWO4 crystals, the
dynamic force between atoms is associated with the highest
energy modes can be understood based on the main atomic shifts.
In our FT-IR spectra of CoWO4 crystals prepared by the CP and PP
methods, it was only possible to detect 7 IR-active vibrational
modes from 400 to 1,200 cm�1 were identified as (d for CoWO4

crystals prepared by CP method) and (j for CoWO4 crystals pre-
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pared by PP method), which are related to the 4Au and 3Bu modes,
as shown in Fig. 6(a,b). The 1Au mode located at around 863–
864 cm�1 is ascribed to the symmetric stretching vibrations of
msym[ O2  W ? O5 ? ] presents in distorted octahedral [WO6]
clusters. Also observed was a smaller IR-band at 821–830 cm�1,
which be related to the optical 1Bu mode at the zone center
reported by Kalinko et al. [104] or anti-symmetric stretching vibra-
tions of mantisym[-O2-W.O5.] bonds in distorted octahedral
[WO6] clusters. Another band of low intensity at 692–690 cm�1

is referred to anti-symmetric stretching vibrations of
mantisym[-5O-W.O.WO5.] bonds in distorted octahedral
[WO6] clusters (inset Fig. 6(a,b)) [10,105]. Also observed was a



Fig. 5. (a,b): Micro-Raman spectra for CoWO4 crystals synthesized by the (a) CP and
(b) PP methods. Inset in Fig. 5(a,b) show the distorted octahedral [CoO6] clusters
with symmetric stretch for Bg mode, distorted octahedral [WO6] clusters with anti-
symmetric stretch for Ag and Bg modes, and distorted octahedral [WO6] clusters
with symmetric stretch for Ag mode, respectively.
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shoulder at 641–613 cm�1 (1Bu mode) is attributed to optical
modes for mantisym[-5O-W.O.WO5.] bonds in distorted
octahedral [WO6] clusters [108]. Moreover, 1Au mode located at
528–532 cm�1, which be related to the optical 1Bu mode for
anti-symmetric stretching vibrations and scissoring vibrations of
Table 2
Comparative data for respective positions of Raman-active modes of CoWO4 crystals repo

Lattice mode symmetry (O7
h) Synthesis method

T (�C) Raman-active mode assignment
t (h)

Raman active vibrational modes Bg T́[ .W.O%–O5%]
Ag T́[ .W.O%–O5%]
Bg T́[ .Co.O%–O5%]+

T́[ .W.O%–O5%]
Bg T́[ .Co.O%–O5%]+

T́[ .W.O%–O5%]
Bg T́[ .Co.O%–O5%]
Ag T́[ .Co.O%–O5%]
Bg s[.O2.W%O5%]
Ag q[-O2-W%O5%]+

T́[ .Co.O%–O5%]
Bg x[.O2.W&O5&]
Ag dscis[-O2-W%O5%] +

msym[ 5OW–O–WO5 ? ]
Bg dsym[ 5OW–O–WO5 ? ] + q[ O2  
Ag msym[ 5OW–O–WO5 ? ]
Bg msym[ 5OW–O–WO5 ? ]
Ag dsym[ 5OW–O–WO5 ? ]
Bg msym[ 5OW–O–WO5 ? ]
Ag msym[ 5OW–O–WO5 ? ]
Bg mantisym[-O2-W.O5.]
Ag msym[ O2  W ? O5 ? ]

Ref. –

T = Temperature; t = time; FGT = Flux Growth Technique; MF = Melted Flux; IPS =
THE = Theoretical by DFT in the Vienna ab initio simulation package; sym = Symmetric; an
= Transverse; Raman-active vibrational modes = (cm�1), Ref. = References and z= This W
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mantisym[-5O-W.O.WO5.] + dscis[-O2-W%O5%] bonds in
octahedral [WO6] clusters, 1Bu mode in 467–469 cm�1 ascribe to
anti-symmetric stretching vibrations of dantisym[-5-
O-W.O.WO5.] bonds and 1Au mode in 434–435 cm�1 is the
assignment to anti-symmetric stretching and twisting modes
ascribed to dantisym[-5O-W.O.W.O5] bonds + s[.O2.W%O5

%] bonds in distorted octahedral [WO6] clusters [108]. A compar-
ison between the respective positions of IR-active vibrational
modes of CoWO4 crystals obtained in our study with others pub-
lished in the literature [10,103–105] are shown in Table 3:

As shown in Table 3, the IR-active modes found in our CoWO4

crystals obtained by CP and PP methods indicate good agreement
between the wavenumbers of infrared-active modes reported in
the literature.

3.5. Morphological features of CoWO4 crystals
3.5.1. FE-SEM images analysis and average crystal size
The morphological aspects such as shape, dispersion, aggrega-

tion, and average crystal size of CoWO4 crystals obtained by the
CP and PP methods were observed by FE-SEM images, as shown
in Fig. 7(a–f).

As can be seen in FE-SEM image at low magnification at
23,000� in Fig. 7(a), the CoWO4 crystals obtained by the CP
method exhibit several quasi-spherical-like crystals and some
irregular ellipse-like crystals. We attribute that our synthesis con-
dition in the CP method is responsible for promoting the growth of
this particles. Furthermore, we propose that these CoWO4 crystals
are formed by self-assembly of several nanocrystals, as shown in
FE-SEM image at high magnification at 45,000� (Fig. 7(b)). This
growth process is dominant for a random and spontaneous aggre-
gation of small CoWO4 crystals to form larger ellipse-like CoWO4

crystals and it is thermodynamically driven because larger crystals
are more energetically favored than smaller crystals [111]. In
recent studies [112–115], CoWO4 nanoparticles can be easily
obtained at the nanoscale. However, few papers show CoWO4 crys-
rted in the literature with those obtained in the present study.

FGT + MF THEO IPSOPH MF CP PP

1000 – 300 1000 800 800
– – – – 4 4
88 99 – 93.9 94 95
125 140 – 133.7 131 131
154 168 – 161.6 150 152

185 192 – 164.2 160 161

199 193 – 188.4 190 191
– 237 – 211.1 204 208
271 292 – 271.7 261 264
– 299 – 280.4 279 280

315 317 – 308.9 311 313
332 361 – 338.3 328 329

W ? O5 ? ] – 379 – 355.1 353 355
403 407 – 406.6 407 408
496 510 – 508.9 503 505
530 551 – 540.3 535 536
657 646 – 656.8 658 659
686 692 693 691.9 703 711
765 781 – 770.8 802 803
881 874 890.3 884.9 881 884
[101] [101] [102] [103] [z] [z]

Inorganic Polymer Syntheses; CP = Co-Precipitation; PP = Polymeric Precursor;
tisym = Anti-symmetric; scis = Scissoring; s = Twisting; q = Rocking;x =Wagging; T́
ork.



Fig. 6. FT-IR spectra for CoWO4 crystals synthesized by the (a) CP and (b) PP
methods. Inset in Fig. 6(a,b) distorted octahedral [WO6] clusters with antisymmet-
ric stretching vibration for Au and Bu modes, respectively.
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tals on the micrometer scale [102,107] until the present year. This
behavior is possibly due to the good stability of [Co(H2O)6]2+ cobalt
cationic complex in aqueous media, which decreases the electronic
attraction with [WO2�

4 ] tungsten anionic complex, decreasing reac-
tion kinetics, growth rate, and the average size of CoWO4 crystals.
As can be seen in Fig. 7(c,d), we can observe the presence of several
rod-like CoWO4 microcrystals and some quasi-spherical-like crys-
tals. Therefore, CoWO4 crystals prepared by the PP method present
preferentially more anisotropic than isotropic growth. The heat
treatment performed at 800 �C for 2 h induced a decomposition
process of residual organic compounds and promoted the appear-
ance of pores, which were slowly reduced by the microparticles’
growth, forming large aggregated regions with irregular shapes
[116]. Moreover, the thermal energy favors the diffusion mecha-
nism, leading to the microparticles accumulating into a more dense
mass (Fig. 7(d)), resulting in necking between the grains. This
growth mechanism occurs through the grain boundary motion
due to a reduction in the total grain boundary surface energy
[117]. In general, the crystalline oxides prepared by the PP method
exhibit irregular morphologies, non-uniform particle size distribu-
tion, and a very agglomerated nature. To compare the shape and
Table 3
Comparative data for respective positions of IR-active modes of CoWO4 crystals reported

Lattice mode Symmetry (O7
h) Synthesis method

Infrared active vibrational modes T (�C) Infrared-active mode assignment
t (h)
Au dantisym[-5O-W.O.W.O5]+

s[.O2.W%O5%]
Bu dantisym[-5O-W.O.WO5.]
Au mantisym[-5O-W.O.WO5.] + dscis
Bu mantisym[-5O-W.O.WO5.]
Au mantisym[-5O-W.O.WO5.]
Bu mantisym[-O2-W.O5.]
Au msym[ O2  W ? O5 ? ]

Ref. – –

T = Temperature; t = Time SSR = Solid state reaction; MF = Melted Flux; LCAO = Linear com
CP = Co-Precipitation; PP = Polymeric precursor; sym = Symmetric; antisym = Anti-sym
Infrared active vibrational modes = (cm�1); Ref. = References and z= This Work.

133
average crystal size of CoWO4 crystals obtained by the CP and PP
methods, we counted 160 crystals with good contour and quality
in several FE-SEM images. The Shapiro–Wilk (W) normality test
was employed to verify that data are normally distributed [118].
In all cases, the counting of crystal sizes is well described by a
log-normal distribution according to equation (10) below:

y ¼ y0 þ
Affiffiffiffiffiffiffiffiffiffiffiffiffi

2pwx
p e

� ln x
xc½ �2

2w2 ð10Þ

where y0 is the first value in the y-axis, A is the amplitude, w is the
width, p is a constant, and xc is the center value of the distribution
curve in the x-axis. The average size distribution for CoWO4 crystals
obtained by the CP method were counts and estimated in the range
from 150 to 375 nm; thus, these crystals are in submicrometer scale
from 100 to 1000 nm (Fig. 7(e)). Moreover, these CoWO4 crystals
exhibit irregular sphere-shaped with major percentual for average
crystals size at around 31% referent to 275 nm. Therefore, according
to the literature [119], these CoWO4 crystals are not nanometric,
since the nanocrystals present an average size distribution from 1
to 100 nm, when belonging to nanoscale, with significant and
intriguing optical properties [120]. Moreover, the average particle
size distribution of CoWO4 crystals obtained by the PP method
has been estimated in the range from 600 nm to 1.5 lm (Fig. 7
(f)). Moreover, these CoWO4 crystals exhibit a rod-like shape and
also some quasi-spherical-like with major percentual for average
crystals size at around 36% referent to 900 nm. However, a consid-
erable percentage (%) relative at around 38.75% of the CoWO4 crys-
tals prepared by the PP method is between 1.0 and 1.5 lm, which
are due to the presence of CoWO4 microcrystals, while the 61.25%
are ascribed to other smaller CoWO4 crystals with an average size
between 600 and 900 nm at the sub-micrometer scale. In both
cases, the average crystal size was estimated using the GNU Image
Manipulation Program (GIMP 2.99.6) version for Windows 10�-64
bits [121]. Finally, all our statistical data obtained through the
counting of particle sizes using FE-SEM images were well-
described by the log-normal distribution.

3.5.2. TEM and HR-TEM images analysis
Fig. 8(a–h) display TEM and HR-TEM images of CoWO4 crystals

prepared by the CP method (a–d) and PP method (e–h) both heat
treated at 800 �C for 4 h, respectively.

Through the analysis of TEM and HR-TEM images is possible to
confirm the size and shape of CoWO4 crystals prepared by the CP
and PP methods. Fig. 8(a–c) show the presence of some CoWO4

nanocrystals prepared by the CP method with aggregated and
irregular nature. However, HR-TEM images were possible to con-
firm the pristine crystal and monoclinic structure of CoWO4 phase.
HR-TEM image displayed in Fig. 8(d) shows the presence of some
in the literature with those obtained in the present study.

SSR MF LCAO SCP CP PP

1100 1000 – 800 800 800
2 – – 2 4 4
445.57 433 434 430 434 435

470.78 463 444 – 467 469
[-O2-W%O5%] – 510 505 – 528 532

531.63 538 535 – 641 613
685.30 625 651 605 692 690
– 759 742 – 821 830
855.11 841 854 850 863 864
[10] [103] [104] [105] z z

bination of atomic orbital (LCAO) calculations; SCP = Simple chemical precipitation;
metric; scis = Scissoring; s = Twisting; q = Rocking; x = Wagging; T́ = Transverse;



Fig. 7. FE-SEM images at low and high magnification of CoWO4 crystals synthesized by the (a,b) CP and (c,d) PP methods, and (e,f) average crystal size distribution for CoWO4

crystals obtained by the CP and PP methods, respectively.
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CoWO4 crystals with diameters of approximately 200 nm. HR-TEM
image displayed in Fig. 8(d) shows an interplanar distance for
these nanocrystals estimated at around 3.72 Å, which correspond
to (011) crystallographic plane of CoWO4 monoclinic phase (edge
134
of a selected small quasi-spherical CoWO4 crystal). Fig. 8(e–g) illus-
trate the presence of CoWO4 crystals prepared by the CP method,
presenting also an aggregate feature with some rod-like shape
more observed than quasi-spherical-like crystals. Therefore,



Fig. 8. TEM images of CoWO4 crystals synthesized by the (a,b,c) CP and (e.f,g) (PP) methods, and HR-TEM images for CoWO4 crystals synthesized by the (d) CP and (h) (PP)
methods, respectively.
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CoWO4 crystals prepared by the PP method exhibit a more aniso-
tropic than isotropic growth than isotropic. Moreover, the HR-
TEM image in Fig. 8(h) showed the presence of some CoWO4 crys-
tals with diameters of approximately 600 nm. Finally, the Fig. 8(h)
shows the interplanar distance for these crystals was estimated at
around 4.67 Å, which correspond to (100) crystallographic plane of
CoWO4 monoclinic phase, (edge of a selected small rod-like CoWO4

crystal).
3.6. Optical and colorimetric properties of CoWO4 crystals

The optical band gap energies (Egap) for our CoWO4 crystals
obtained by the two synthesis methods were estimated and calcu-
lated by a modified Kubelka–Munk equation (11) [122,123]:
135
½F R1ð Þhm� ¼ C1 hm � Egap
� �n ð11Þ
where F(R1) is the Kubelka-Munk function, R1 is the reflectance
(R1 = Rsample/Rstandard; Rstandard refers to barium sulfate [BaSO4]),
hm is the photon energy, C1 is a proportionality constant, Egap is
the optical band gap, and n is a constant associated with different
types of electronic transitions (n = 0.5 for directly allowed, n = 2
for indirectly allowed, n = 1.5 for directly forbidden, and n = 3 for
indirectly forbidden) [124]. Therefore, the Egap values for our
CoWO4 sub-microcrystals and microcrystals were calculated with
a basis in previous literature proven by means of theoretical calcu-
lations at density functional theory (DFT) [73], which indicates the
optical diffuse reflectance UV–Vis spectra governed by direct elec-
tronic transitions. In this phenomenon, after the electronic absorp-
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tion process, electrons located in minimum energy states in the
conduction band (CB) can relax to the maximum energy states of
the valence band (VB) in a same k-points in the Brillouin zone
[73,125]. Based on this information, the Egap values of the CoWO4

crystals were calculated using n = 0.5 in equation (11). We plotted
values of [F(R1)hm]2 against hm, and, using equation (11), Egap(exp)
values were estimated by extrapolating the linear portion of UV–
Vis curve to the y-axis intercept.

Fig. 9(a,b) display the UV–Vis diffuse reflectance spectra of
CoWO4 crystals obtained by the CP and PP methods, respectively.
Insets show the Egap values and the digital photos of these crystals.

As displayed in Fig. 9(a,b), the profiles of UV–Vis spectra of
CoWO4 crystals indicated a typical optical behavior found in
Fig. 9. UV–Vis spectra for CoWO4 crystals synthesized by the (a) CP and (b) PP
methods. Insets show the digital photos of CoWO4 crystals obtained by each
method, respectively.

136
structurally-ordered crystalline materials. Such CoWO4 crystals
present a direct optical band gap with (Egap = 2.84 and 2.89 eV) val-
ues. This small deference at DEgap = 0.05 eV values between our
CoWO4 crystals is possibly related to the Jahn-Teller effect, inter-
mediary electronic levels, or electronic structure defects, as previ-
ously explained in Fig. 3(a,b) and Fig. 4(a–f). Moreover, a small
shoulder was observed at �2.65 eV in both CoWO4 crystals, which
is possibly due to the presence of defect states in the band gap. For
the transition metal tungstates, the 2p orbitals (O atoms) are pre-
dominant in the maximum valence band (VB), while the minimum
conduction band (CB) is predominantly composed of 3d orbitals
(Co atoms) and 5d orbitals (W atoms) [73]. These two crystalline
oxide absorbs visible light with a wavelength smaller than
425 nm, due to their low-values band gap (2.84 < 2.89 <
�2.92 eV). According to the data reported in the literature
[38,41,61,73,126–129], the CoWO4 crystals prepared experimen-
tally and theoretically calculated present different optical band
gap values ranging from 2.20 eV to 3.20 eV. This feature can be
related to the influence of different synthesis methods, shapes,
and average crystal sizes for CoWO4 (Table 4).

As can be seen in Table 4, all experimentally obtained results in
our study are in good agreement with the literature [38,41,61,126–
129]. Some small differences in Egap values can be ascribed to elec-
tronic structure defects, resulting in different arrangements of
electronic energy levels located between the VB and CB. Moreover,
our CoWO4 crystals prepared by the CP method exhibited a smaller
Egap value, suggesting a major presence of surface and structural
defects at the medium range and local bond distortions which yield
localized electronic levels within the forbidden bandgap.

The colorimetry analysis was realized by means of CIELAB color
space defined by the International Commission on Illumination
(CIE) in 1976 [130]. The color measurements were performed in
three readings on an angle of 90� for each sample, obtaining an
average of the five readings (L*, a*, and b*) as displays at 2D-
circle and 3D-sphere color scales in Fig. 10(a,b) for CoWO4 crystals
obtained by the CP and PP, respectively.

CIELAB data is the most popular color space and recognized
worldwide, using a white standard as a reference through a col-
orimeter for measuring object color and is widely used in the liter-
ature [21,72,131]. Although, it is possible to perform this kind of
approximate measurement to obtain CIELAB data using a smart-
phone app named Colorimeter at version 5.5.1 (developed by
Research Lab Tools, São Paulo, Brazil; purchased from Google Play)
[132]. This uniform color space was defined by CIE in 1976 to
reduce one of the major problems of the original Yxy space: that
equal distances on the x, y chromaticity diagram did not corre-
spond to equal perceived color differences. In this color space, L*
indicates lightness and a* and b* are the chromaticity coordinates.
The a* colorimetry coordinate corresponds to (�a = green color)
and (+a = red color) at values in the x-axis, b* colorimetry coordi-
nate corresponds to (�b = blue color) and (+b = yellow color) at val-
ues in the y-axis, and L* is lightness, which may vary (from
0 = black to 100 = white) in value on the z-axis [133,134]. Our
two CoWO4 sub-microcrystals and microcrystals prepared by PP
method obtained higher L* and a* values while having smaller b*
values. These results may be attributed to the crystals size and
shape. The difference in blue pigmentation in CoWO4 crystals
was visibly observed of qualitatively form previously through dig-
ital photos (Inset Fig. 9(a,b)). However, qualitative data with more
details are proved by means of mathematical localization (a*,b*)
color coordinates at 2D-circles and (L*) coordinates at 3D-sphere
color scales in Fig. 10(a,b) for CoWO4 sub-microcrystals and micro-
crystals obtained by the CP and PP methods. The changes of pig-
ment were well correlated concerning to all color parameters (L*,
a*, b*). These color coordinates values were obtained by the color
software FRU� version 3.22, and high-quality digital photos of



Table 4
Comparative results between the morphological features (crystal size and shape) and optical band gap energy (Egap) values of CoWO4 crystals synthesized by the CP and PP
methods, followed by heat treatment at 800 �C for 4 h obtained in the present work and those reported in the literature.

Synthesis method T (�C) t (h) Crystal shape Average crystal size (nm) Egap(eV) Ref.

HC 180 24 Spherical 50 2.61 [38]
CP-C 500 1 Nearly spherical 30–50 2.95 [41]
MF 1250 15 Single crystals 4000 2.80 [61]
DFT � � � � 3.20 [73]
SASRFC 500 1 Spherical 70 2.58 [126]
CP-C 400 4 Spherical agglomerates 2000 2.20 [127]
CP-C 500 1 Spherical � 2.86 [128]
PAHC 150 15 Spherical 25 2.40 [129]
CP 800 4 Quasi-spherical and Ellipse-like 150–375 2.84 z
PP 800 4 Rod-like and Quasi-spherical-like 600–1500 2.89 z

T = Temperature; t = time; HC = hydrothermal conventional; CP-C = Co-Crecipitation with calcination; MF = Melted Flux; DFT = density-functional theory; SASRFC = Salt
aqueous solution reaction followed by calcination; PAHC: Precipitation assisted hydrothermal conventional; CP = Co-Crecipitation; PP = Polymeric precursor; Ref. = Refer-
ences; and z= This Work.
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our CoWO4 crystals were used to obtain RGB values, presented in
Table 5, employing the Color Detector - Instant Color Detect 1.0.1
for Windows for this visual qualitative observation.

As noted in Table 5, we obtained the L*, a*, and b* values, and
calculated the energy difference (DE), Chroma (C), and the Hue
angle (H) utilizing of equations (12–14) below:

DE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DL�ð Þ2 þ Da�ð Þ2 þ Db�ð Þ2

q
ð12Þ
C ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a�ð Þ2 þ b�ð Þ2

q
ð13Þ
H ¼ tan�1ðb�
a�Þ ð14Þ

where DE is the energy difference between color media, DL is the
difference in brightness between two vivid surfaces, and Da* and
Db* are the differences in the color coordinates a* and b*, respec-
tively. C is related to the vividness or dullness of a color or how
close the color is to either gray or the pure hue. Finally, H is one
of the main properties (called color appearance parameters) of color
and describes how color is similar to or different from stimuli that
are described as red (R), green (G), blue (B), or yellow (Y).

As seen in Table 5, we found that the CoWO4 sub-microcrystals
and microcrystals prepared by the PP method exhibit higher L* and
a* values, while smaller b* values. The color results may be attrib-
uted to the Egap values, particle size, and shape. The difference in B
pigmentation of our oxides area desinenged as (d for CoWO4 crys-
tals prepared by CP method) and (j for CoWO4 crystals prepared
by PP method), as shown in (inset Fig. 10(a,b)), Fig. 9(a,b) and in
the RGB color values in Table 5. The changes in the CoWO4 blue
pigment were well correlated concerning all the color parameters
L*, a*, b*. Finally, we have noted that though there are a few studies
that have reported details of the colorimetric properties of CoWO4

crystals [21,72], these papers only briefly describe their colors:
blue, bluish purple to dark ones, respectively. However, in this
work, we have investigated in more detail their structure, mor-
phologies, optical band gap, color name, colorimetric coordinates
and in the final topic the supercapacitors properties.
3.7. Supercapacitor properties

The electrochemical investigations for supercapacitor (SC)
properties of nanocrystalline CoWO4 electrodes were investigated
using a three-electrode cell with 1.0 mol L�1 of Na2SO4 aqueous
solution as the electrolyte. Fig. 11(a,b) show the CV curves of two
CoWO4 electrodes at a scan rate of 20 mV s�1 over different poten-
tial window from 0.4, 0.6, 0.8, and 1.0 V vs Ag/AgCl.
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According to the recente literature [135], the better electro-
chemical performance of the active material is obtained by the lar-
ger area of CV curve. As shown in Fig. 11(a,b), the area of the
CoWO4 electrodes prepared by different synthesis CP and PP meth-
ods prepared was determined for a potential range, in which the
redox peaks were more clearly observed [53]. Furthermore, CV
was used to determine the potential range in which the asymmet-
ric supercapacitor can operate without significantly undergoing
oxidation/reduction reactions, i.e., oxygen and/or hydrogen evolu-
tion reaction, and also to calculate the specific capacitance.

The CV curves of two CoWO4 electrodes at a scan rate of
20 mV s�1 over the different potential windows from 0.4, 0.6,
0.8, and 1.0 V vs Ag/AgCl as displayed in Fig. 11(a,b). Moreover, a
pair of symmetric redox peaks related to two oxidation states of
CoIIWO4/CoIIIWO4 electrodes at (oxidative sweep: Co2+ ? 1e� +
Co3+) and (reductive sweep: Co2+  1e� + Co3+) were observed
on each CV curve, indicating that the capacitance characteristics
are mainly governed by the surface faradaic redox mechanism
[53]. Since then, it was carried out the potential window from
0.0 to 0.4 V for specific capacitance (Cs) analysis.

The supercapacitor behavior was integrally dependent on scan
rates in an inert electrolyte (pH � 7) performed in 1 mol L�1 Na2-
SO2 solution. In order to evaluate the electrochemical properties,
capacitance and CV measurements in CoWO4 electrode film pre-
pared by the CP and PP methods. Fig. 12(a,b) shows CV curves in
a potential window from 0 to 0.4 V at different scan rates from 5
to 100 mV s�1 and Fig. 12(c) shows the capacitance as a function
of the scan rate, which was calculated by the Equation (15) [74]:

Cs ¼ 1
mtðVc � VaÞ

Z Vc

Va

I Vð ÞdV ð15Þ

where Cs is the specific capacitance (F g�1), m mass of the active
material (g), t is the scan rate (mV s�1), Vc is the low potential (V)
and Va is the high potential (V), and I (A) is the instant current on
CV curves, respectively.

The supercapacitor behavior was integrally dependent on scan
rates in an inert electrolyte (pH � 7). Fig. 12(a,b) display the elec-
trodes reached a large magnitude current density of 4 mA and
�4 mA for CoWO4 electrode film prepared by the CP method and
1.5 mA and –2.5 mA for CoWO4 electrode film prepared by the
PP method by using potentials of 0.0 V and 0.4 V, respectively, at
high scan rates. Though, even in a high scan rate, the more rectan-
gular symmetrical shape of CoWO4 electrode film prepared by the
CP method was maintained, which indicating a good performance
for cycles of charging M discharging of this material oxide at ele-
vated voltages [136]. As shown in Fig. 12(c), the Cs for CoWO4 elec-
trode film prepared by the CP method are 160.5, 173.9, 188.4,



Fig. 10. CIELAB (1976) with L*, a*, b* chromaticity diagram in (a) 2D circle shape and (b) 3D sphere shape for CoWO4 crystals synthesized by the (a) CP and PP methods,
respectively.
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192.5, 111.8, 108.9 and 97.2 at the scan rates of 5, 10, 20, 40, 60, 80
and 100 mV/s, respectively; and those for the CoWO4 electrode
film prepared by the PP method are 249.1, 90.1, 66.5, 54.9, 49.9,
58.9 and 44.5 Fg�1 at the same corresponding scan rates. The
decrease in Cs with increasing scan rate is attributed to unable
the full accessibility of electrolyte ions to the interior surfaces of
the active materials for charge-storage due to the reduced diffusion
time at a high scan rate. In addition, the Cs for CoWO4 electrode
film prepared by the PP method are much higher than those for
CoWO4 electrode film prepared by the CP method, only at 5 mV s�1

and smaller at the others scan rate, implying that the CoWO4 struc-
ture, morphological, small size, active site and narrow particle size
distribution influence to the supercapacitive performances of the
CoWO4 electrode. The Cs for as-prepared CoWO4 electrode film
prepared by the CP method (160.5 Fg�1 at 5 mV/s) is also much
higher than those for Co-based metal tungstate, such as CoWO4

nanocrystalline (60.6 Fg�1 at 5 mV/s) [52] and CoWO4

nanosheets (156 Fg�1 at 5 mV/s) [52] and for as-prepared CoWO4

electrode by the other PP method also higher modified CoWO4,
such as graphene oxide/CoWO4 nanocomposites (159.9 Fg�1 at
5 mV/s) [52], and 0.2CoWO4–0.8NiWO4 nanocomposites
(196.7 Fg�1 at 20 mV/s) [43] and higher pure CoWO4 crystals, such
as CoWO4 nanocrystalline (231.1 Fg�1 at 50 mV/s) [51]. A compar-
ison with different methods previously reported in the literature
for the preparation of CoWO4 electrode films and their respective
Cs at different scan rates is presented in Table 6.

As can be presented in Table 6 above, we have noted some well
significant differences in Cs values for pure CoWO4 crystals and
modified CoWO4 crystals when compared with other previous
papers reported in the literature [26,39,40,43,51,52, 53,54,135,13
7–147] of the crystalline and amorphous state. These differences
at minor Cs values that have already been previously reported in
the literature [43,51,52,138,143,145,146,147] about our CoWO4

crystals can be possibly ascribed to the relatively slower redox
rates on the cobalt actives sites, cobalt deficiencies or oxygen
vacancies. Moreover, based on our previous experimental and the-
oretical analysis is noted the presence of the effect of order–disor-
der at the monoclinic lattice through Rietveld refinement data at
the long-range, non-homogeneous distribution of electronic
charges on surfaces mainly for CoWO4 nanocrystals prepared by
the CP method, Raman-active vibrational modes are not well-
sharp or defined at Raman spectra at short-range, distortions in
the between (O–W–O) and (O–Co–O) bonds found in FT-IR spectra.
Specific intermediary levels between the VB and CB with the indi-
rect electronic transition for this p-type semiconductor, in this
case, CoWO4 microcrystals prepared by the PP method, as be
employed more effectively as a supercapacitor.

Moreover, the CoWO4 crystals as electrodes is a p-type semi-
conductor with an anisotropic lattice monoclinic and exhibits
structural defects to long, short, and medium-dystranic as previ-
ously shown by means of Rietveld refinement data, micro-Raman
spectra, IR spectra and UV–Vis data spectroscopy. In the neutral
state its crystal lattice is formed by the interconnection of octahe-
dral WO6½ �xo– CoO6½ �xo ordered or organized clusters with and octahe-
dral WO6½ �xd M CoO6½ �xd disordered or very distorted clusters. If an
oxidation reaction occurs in CoWO4 crystals surface as electrode
it loses electrons (e-) and the band gap increases and in reduction
processes when it gains e- the bandgap decreases. The reduction
and oxidation processes at the surface of CoWO4 crystals as elec-
trodes crystals by means clusters notation follow the equations
(16–18) is oxidation processes, and (19–21) is reduction processes
below:

WO6½ �xo � CoO6½ �xo ! WO6½ �xo � CoO6½ �:o þ 1e� ð16Þ

WO6½ �xd � CoO6½ �xd ! WO6½ �xd � CoO6½ �:d þ 1e� ð17Þ



Fig. 11. Cyclic voltammetry (CV) curves (a) CoWO4 as electrode crystals prepared
by CP method and (b) CoWO4 as electrode crystals prepared by CP method PP
electrodes at different potential range, respectively. The inset shows the claw used
to hold the CoWO4 electrode film.
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WO6½ �xd � CoO5:V
x
O

� �
d ! WO6½ �xo � CoO5:V

:
O

� �
d þ 1e� ð18Þ

WO6½ �xo � CoO6½ �xo þ 1e� ! WO6½ �xo � CoO6½ �e�o ð19Þ

WO6½ �xd � CoO6½ �xd þ 1e� ! WO6½ �xd � CoO6½ �e�d ð20Þ

WO6½ �xd � CoO5:V
:
O

� �
d þ 1e� ! WO6½ �xo � CoO5:V

x
O

� �
d ð21Þ
Fig. 12. (a,b): Cyclic voltammograms for (a) CoWO4 as electrode crystals prepared
by CP method and (b) CoWO4 as electrode crystals prepared by CP method PPM
electrodes at different scan rates from 5 to 100 mV s�1 in 1 mol L�1 Na2SO4 solution
and (c) Specifc capacitance as a function of the scan rate, respectively. Inset shows
the CoWO4 electrode film during the oxidation M reduction process and the
electron storage process such as the CoWO4 cathode electrode for supercapacitors.

"
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where the octahedral WO6½ �xo ordered clusters and distorted octahe-
dral WO6½ �xd disordered clusters that form the lattice remain with
their oxidation state unchanged during the oxidation and reduction



Table 6
Electrochemical data of different CoWO4 crystals reported in the literature with those obtained in the present work, which can be employed as an alternative material for
supercapacitors.

Material Synthesis method Temp.
(�C)

t
(h)

Electrolyte
type

Scan Rate
(mV s�1)

Cs
(Fg�1)

Ref.

CoWO4/rGO/CoWO4 composites Jet nebulized spray pyrolysis method 450 2 Na2SO4 5 500 [26]
3D heterostructure CoWO4/Co3O4 nanowires Efficient microwave hydrothermal

method/calcination
400 2 KOH 5 1728 [39]

CoWO4 nanoparticles Efficient microwave hydrothermal method 110 0.5 KOH 5 496 [40]
3D heterostructure CoWO4/Co3O4 nanocone Efficient microwave hydrothermal

method/calcination
400 2 KOH 5 1728 [40]

CoWO4 nanoparticles Simple chemical coprecipitation method 70 12 KOH 20 74.8 [43]
0.2CoWO4–0.8NiWO4 nanocomposites Simple chemical coprecipitation method 70 12 KOH 20 196.7 [43]
CoWO4 nanocrystalline Hydrothermal method 180 8 KOH 50 231.1 [51]
CoWO4 nano-shuttles/Ni foam Hydrothermal method 180 8 KOH 50 764.4 [51]
CoWO4 nanocrystalline One-pot hydrothermal method 180 12 KOH 5 60.6 [52]
graphene oxide/CoWO4 nanocomposites One-pot Hydrothermal method 180 12 KOH 5 159.9 [52]
CoWO4-amorphous Wet-chemical method 60 12 KOH 5 403 [53]
CoWO4-crystalline Hydrothermal method 160 12 KOH 5 264 [53]
CoWO4 nanospheres Hydrothermal method 160 18 KOH 5 1446.5 [54]
Carbon nanotubes-CoWO4 nanocomposite Hydrothermal method 160 18 KOH 5 1486.5 [54]
3D hollow Flower-like CoWO4/Ni-foam Hydrothermal method/ Calcination 350 2 KOH 5 1395 [55]
CoWO4 nanoflakes Hybrid transition metal oxides method 300 5 KOH 5 885.6 [135]
CoWO4/CoMn2O4 nanoflakes composite Hybrid transition metal oxides method 300 5 KOH 5 2259.6 [135]
CoWO4 nanoparticles Chemical precipitation reaction method 75 2 H2SO4 2 378 [137]
CoWO4 nanopowders Simple microwave irradiation method 500 2 KOH 100 45 [138]
CoWO4 nanosheets Simple hydrothermal method 150 6 KOH 5 1127.6 [139]
Dandelion-Like Co3O4/ CoWO4 heterojunctions Hydrothermal method 180 5 KOH 5 331.6 [140]
CoWO4 nanosheets Two-step hydrothermal method 130 10 KOH 50 289.6 [141]
Hybrid Rod-Like Hollow CoWO4/Co-1xS Two-step hydrothermal method 130 10 KOH 10 1894.5 [141]
Hierarchical CuAl-layered double hydroxide/

CoWO4 nanocomposites
Solvothermal Method 110 12 KOH 5 675 [142]

CoWO4 nanosheets Hydrothermal method 150 10 KOH 5 156 [143]
CoWO4/NiCo2O4 nanostructures Hydrothermal method/Calcination 350 3 KOH 10 1923 [144]
CoWO4 nanoparticles Wet chemical method 80 2 KOH 10 128 [145]
CoWO4/Ni nanocomposite Wet chemical method 80 2 KOH 10 271 [145]
CoWO4 nanoparticles Hydrothermal method 180 12 KOH 50 56.6 [146]
CoWO4 nanoparticles /Co � B20wt%

nanoparticles
Hydrothermal method/wet-chemical precipitation
method/Reuction with BH4

180 12 KOH 50 177.4 [146]

S-doped CoWO4 nanospheres Simple and scalable one step hydrothermal method 140 10 KOH 2 177.25 [147]
CoWO4 nanocrystals Co-Precipitation method 800 4 Na2SO4 40 192.5 z
CoWO4 nanocrystals Polymeric precursor method 800 4 Na2SO4 5 249.1 z

Temp. = Temperature; t = time; Cs = Specific Capacitance; Ref. = References; and z= This Work.
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process. Therefore, the shape of CoWO4 crystals as electrodes and
degree of anisotropy plays a fundamental role in receiving or donat-
ing electrons into electrochemical properties, as each surface has
different bandgap energy, thus our CoWO4 sub-microcrystals and
microcrystals prepared by the CP and PP methods have different
efficiency as cathode material for asymmetric supercapacitors in
good agreement with the recent literature [148,149,150] and com-
pared with other oxides-related and hybrid materials [151–154].
4. Conclusions

In summary, we successfully obtained pure and monophasic
CoWO4 crystals prepared by the CP and PP methods, followed by
treated at 800 �C for 4 h. These crystals were structurally and mor-
phologically characterized by XRD patterns, Rietveld refinement
analysis, Micro-Raman/FT-IR spectroscopies, FE-SEM, TEM, and
HR-TEM images. XRD patterns and Rietveld refinement data con-
firmed the formation of pristine CoWO4 crystals with a
wolframite-type monoclinic structure with (P2/c) space group
and symmetry point group (C4

2h). The employed of different synthe-
sis methods promoted a change in bond lengths and/or distortions
in bond angles of octahedral [CoO6]/[WO6] clusters. Our electron
density maps showed a major inhomogeneous distribution of
charges between distorted octahedral [CoO6] clusters in the
(121) plane for CoWO4 crystals prepared by the PP method. FE-
SEM, TEM and HR-TEM images showed that CoWO4 crystals pre-
pared by the PP method exhibit a morphology driven by a growth
141
process that is more anisotropic than CoWO4 crystals prepared by
the CP method with a quasi-spherical shape. The effect of crystal
size on the structural distortions was observed clearly in the bond
angles of the clusters. The direct optical Egap values were estimated
by the modified Kubelka-Munk function as 2.84 and 2.89 eV, cor-
roborated by values found in the literature, which indicates the
capacity to absorb visible light. The changes in the Egap values
are likely due to the increase in octahedral distortion due to inter-
mediary electronic levels between the VB and CB. Moreover, a good
correlation and with only small differences in the L*, a*, and b* CIE-
LAB color coordinates between the CoWO4 crystals obtained by the
CP and PP methods, with slate gray solid and UCLA blue solid col-
ors, respectively. However, the colors observed by the color detec-
tor software are more similar to blue lapis lazuli and dark slate
blue. Based on our results, we believe that these oxides can be
applied as inorganic colored pigments. Finally, we demonstrated
an electrochemical behavior to CoWO4 electrodes, which exhibited
a specific capacitance of 192.5F g�1 at 40 mV s�1for CoWO4 crystals
prepared by the CP method, and 249.1F g�1 at 5 mV s�1for CoWO4

crystals prepared by the PP method. Therefore, our CoWO4 cathode
electrodes showed significant specific capacitance values, which
become promising materials for use in supercapacitors.
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