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Abstract A non-energy intense route was used for the
synthesis of highly crystalline WO3 nanocubes. The mor-
phological studies confirmed the cuboidal shape of the
nanocrystals. Raman spectrum result for the synthesized
sample revealed that the vibrational modes correspond to
those ones assigned to single phase stoichiometric WO;.
The band gap Eg was derived based on UV-Vis diffuse
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reflectance result and found to be 2.58 eV, whereas the
photoluminescence (PL) result confirmed the blue emis-
sion for the synthesized sample. The structural and elec-
tronic properties of the orthorhombic WO were studied
within the spin-polarized density functional theory
(SDFT) using various functionals. Results indicated that
the orthorhombic WOs; is non-magnetic and has a direct
band gap in the range of 2.15-3.75 eV which depends on
the exchange-correlation functional used in the theory.
The electrochemical studies showed that the nanocubes
exhibited a peculiar electrochemical behaviour. In fact,
the charge transfer resistances relatively enhanced which
may results in decreasing the capacitance of the highly
crystalline WO; nanocubes.

Keywords WO; - Nanocubes - Hydrothermal synthesis -
Raman spectrum - Blue emission - Electrochemical
properties - Density functional theory

Introduction

Tungsten trioxide (WO3) is a multifunctional oxide
which has been used in a wide range of scientific appli-
cations such as electrochromism (Bucha et al. 2016), gas
sensor (Stankova et al. 2006), photo-catalysis (Li et al.
2010) and electrochemistry (Nwanya et al. 2014). Al-
though most of the transition metal oxides are common-
ly used in these applications, but the importance of WO;
arises from the fact its growth equally in all these fields
in addition to chromic properties. Hence, the synthesis
and analysis of WO; in nano-scale has become
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increasingly required because it can improve the perfor-
mance of this important functional metal oxide and
offers remarkable properties that do not exist in its bulk
form. In this nano-domain, increased surface-to-volume
ratio of WO; particles provides more surface area for
both chemical and physical interactions compared to
their bulk counterpart.

WO; is an important n-type semiconductor with a wide
band gap. The band gap of nano-scaled WOj; is around
2.6 eV at ambient conditions (Wang et al. 2019), which is
blue shifted. Such band gap facilitates the potential usage
of nano-scaled WOs; for various optical applications, espe-
cially in photocatalysis and chromism. On other hand,
nano-scale can enhance the electrochemical performance
of WOs3; this is due to the small distance over which the
lithium ions will diffuse as well as the ion insertion and
store are higher without causing degradation in the elec-
trode (Christou et al. 2015). Nanomaterials with low di-
mension morphologies, i.e., 1D and/or 2D, can provide
good physical and chemical properties. Since the proper-
ties of WO; are strongly dependent on structure, size and
shape, controllable synthesis is required. Hence, several
methods have been devoted for the synthesis of WO,
nanoparticles such as template-assisted growth (Sadakane
et al. 2008), anodization (Mozalev et al. 2008), thermal
evaporation (Cao et al. 2009), chemical vapour deposition
(Blackman and Parkin 2005), arc discharge (Ashkarran
et al. 2008) and pulsed laser deposition (Lethy et al.
2008). Among these methods, hydrothermal method
(Wang et al. 2019) has attracted great attention by scientists
due to its advantages such as simplicity, low-cost, accuracy
and low growth temperatures. However, using above
methods, WO; with particular morphologies has been
obtained including two-dimensional shapes such as
nanoplates (Yang et al. 2012), nanocubes (Wang et al.
2019) and nanosheet (Azam et al. 2018).

Recently, two-dimensional nanomaterials have
attracted a lot of attention due to their supreme advan-
tages such as high surface energies and large light
exposed surface area (Kumar et al. 2018). In this work,
based on the advantages of two-dimensional
nanomaterials, we have successfully synthesized WO,
nanocubes using a facile hydrothermal route. The struc-
ture, morphology, optical and electrochemical proper-
ties were analysed for the highly crystalline WO;3
nanocubes. In addition, first-principle calculations based
on density functional theory (DFT) (Kohn et al. 1996)
was applied to study the structural and electronic prop-
erties of orthorhombic phase of WOs. In this work, the
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lattice constants and the band gap were theoretically
obtained through the standard DFT/GGA calculations
using PBE (Perdew et al. 1996), PW91 (Perdew et al.
1992), and BLYP (Becke 1988; Lee et al. 1988) func-
tionals as well as two hybrid functionals including
B3LYP (Becke 1993; Stephens et al. 1994; Heyd et al.
2003; Giannozzi et al. 2009) and HSE (Zheng et al.
2011). Theoretical results were compared with experi-
mental data.

Experimental details: hydrothermal synthesis
of WOj3 nanocubes (NCs)

The chemical reagents used in the synthesis procedure of
the WO3; NCs were of high purity (99.99%) and used
without further purification. In all the synthesis steps and
washing of the synthesis product, distilled water was
used. Sodium tungstate dihydrate powder
(Na,W0,.2H,0) was used as a precursor for the synthe-
sis of WO3 NCs. In a typical synthesis process, 1 g of
(Na;WO4-2H,0) was dissolved into 20 ml of distilled
water in a glassy beaker and a HCI (8 mol/L) solution was
added drop wise until the pH of the mixture was adjusted
to be around 2. The mixture was kept under continuous
stirring for 40 min at room temperature and ambient
pressure to form a WO;-H,O (Wang et al. 2019). The
hydrothermal synthesis was performed by transferring
the mixture into a 40-mL Teflon-lined stainless steel
autoclave at 200 °C for 24 h. Then, the product was let
to cool down naturally at room temperature, and the
precipitates were filtered and washed with distilled water
and ethanol for several times before drying at 70 °C for
10 h. The hydrothermal synthesis of WO; could be
simply described by the two following equations:

Na, WOy + HCI + nH,O=H,WQO, - nH,O + 2NaCl (1)

HyWOy - nH,0 + 2NaCl > WO, NCs (2)

Based on the above chemical reactions described by
Eqgs. (1 and 2), one can realize that this synthesis method
can be considered as one-step synthesis as well as non-
extensive energy method. In addition, the accuracy in
the formation of highly crystalline WO; nanocubes in a
regular or uniform manner. All these advantages make
this hydrothermal method useful and effective for syn-
thesis nanoparticles compared to some other
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conventional methods which may require high growth
temperature.

Characterization techniques

To identify phase and crystallography of the sample,
XRD analysis was performed using a Bruker AXS D8
Advance with radiation (Acy = 1.5406 A). A T64000
micro-Raman spectrometer (HORIBA Scientific, Jobin
Yvon Technology) with a 532-nm laser wavelength and
spectral acquisition time of 120 s was used for Raman
spectrum measurement of the sample. UV-Vis reflec-
tance spectrum was recorded for the sample using Cary
5000 UV-Vis-NIR spectrophotometer with double
beam. The morphological characterization and elemen-
tal compositions of the sample were performed using
Zeiss crossbeam 540 FEG SEM and high resolution
transmission electron microscopy (Tecnai 720). Electro-
chemical studies were performed using an Autolab
potentiostat equipped with NOVA 2.0 software.

Computational methods

The ab initio calculations based on the density function-
al theory (DFT) carried out with the Quantum Espresso
(Kohn et al. 1996; Giannozzi et al. 2009) package using
the plane-wave basis sets and the Norm-Conserving
pseudopotentials. Different functionals including the
generalized gradient approximation (GGA) PBE,
PWO91 and BLYP as well as two hybrid functionals
including B3LYP (Becke 1993; Stephens et al. 1994)
and HSE (Heyd et al. 2003) were implemented to study
the structural and electronic properties of the orthorhom-
bic WO;. The percentage of exact Hartree-Fock (HF)
exchange in B3LYP and HSE was 25%. A cut-off
energy of 550 eV was used for the plane-wave basis
set. The convergence threshold for the electronic struc-
ture was considered 10 Ry. A Monkhorst-Pack k-
point sampling of 2 x2 x 2 with a smearing with a
Gaussian broadening of 0.01 was used for the structural
optimization. For the density of state calculations, a
more accurate k-mesh was used.

First, we fully optimized both the lattice parameters
(the volume and shape) and the atomic coordinates until
all the forces on each ion were less than 0.0005 eV/A.
Then, we calculated the band gap of the fully optimized
structure.

It is clear that the structure and the size of WO; have
an important effect on its properties, including the band
gap. Therefore, in order to compare with the experiment,
we adapted the lattice constants from the XRD analysis
and just optimized the position of atoms inside the unit-
cell using DFT with the PBE and BLYP functionals.
Then, the band gap was computed for the relaxed atoms.

Results and discussion
Crystal structure

As a preliminary step for characterizing our hydrother-
mally synthesized WO5; NCs, we had performed the X-
ray diffraction (XRD) measurement at room tempera-
ture (RT). It is evident from literature that nanostruc-
tured WO; has various crystal structures depending on
synthesis process and/or annealing temperature. These
crystal structures include monoclinic I (y-WOj3), mono-
clinic II (e-WO3), orthorhombic (3-WOs3), tetragonal
(x-WO3) and cubic WO; (Zheng et al. 2011). However,
itis clear from Fig. 1 that the XRD pattern of our sample
indicates the presence of orthorhombic phase of WOs;,
which is consistent with the (JCPDS file no. 71-2141).
Accordingly, we carried out Rietveld refinement on the
XRD data based on orthorhombic structure of WO;3
using TOPAS Academy software (Bashir et al. 2016).
The space group setting used for the Rietveld refinement
was Pnma (No.62). The solid red line in Fig. 1 repre-
sents the calculated data whereas the circular symbols
with the cyan colour represent the experimental data. It
can be seen from Rietveld refinement that the calculated
XRD profile matches well with the experimental data

2500

©  Experimental data
Calculated data
Difference

2000

1500

1000

Intensity [a.u]

500

0

500 WMMMWMW

20 30 40 50 60 70 80
20 [degree]

Fig. 1 XRD pattern of the synthesized WOz NCs
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Fig. 2 a FESEM images of the synthesized WO; NCs. b EDS spectrum

across the entire range of measured angles which con- WO; NCs calculated from the Rietveld method were
firm the pure orthorhombic structure of WO5; NCs. The found to have the values 7.53889 A, 7.69278 A and
crystal lattice constants a, b and c of the synthesized 7.30659 A, respectively. The inset of Fig. 1 displays the

@ Springer



JNanopart Res (2021) 23: 31

Page50f11 31

crystal structure with atomic position of WO;, showing
WOg octahedral and vacant sites. On the other hand, the
sharp diffraction peaks of the XRD pattern reflect the
good crystallizing of the synthesized sample. Moreover,
no impurities’ peaks have been observed in the XRD
pattern.

Morphological analysis

The morphology of synthesized WO3; NCs were studied
using field-emission scanning electron microscopy
(FESEM). Figure 2a displays the FESEM images of
the synthesized sample in low and high magnifications.
Both FESEM images show the nanocube structure of
our sample of large dimension. The length and thickness
of the nanocube were estimated using Image-J software
and were found to be 100-160 nm and 20-60 nm,
respectively. Also, electron dispersive X-rays spectros-
copy EDS was used in order to check the elemental
compositions of the synthesized sample and to confirm
the absence of contamination during the hydrothermal
synthesis. Figure 2b shows the EDS spectrum which
revealed that the synthesized sample is only formed by
W and O elements. The appearance of C element in the
spectrum is due to the carbon-coated grid used during
the measurement process.

Raman spectrum analysis

To further investigate the structure and vibrational
modes of the synthesized WO; NCs, Raman spectrum
was recorded. The measurement of the spectrum was
performed at ambient conditions using laser source of
532 nm for the excitation the sample. Figure 3 shows
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Fig. 3 Raman spectrum of the synthesized WOz NCs

Raman spectrum recorded for WO; NCs which revealed
five Raman peaks. It was evident from literature that
most of the vibrational modes of WO3 lattice are asso-
ciated with stretching (v), the bending (o), and the out-
of-plane wagging (y) modes (Garcia-Sanchez et al.
2013). However, the five Raman peaks of the synthe-
sized WO; NCs are located at 805 cm !, 717 cm ',
323 ¢cm !, 245 cm ™! and 187 ¢cm . The peaks located
at 805 cm ' and 323 cm ' correspond to the stretching
of O-W-0, while the peaks located at 717 cm ! and
245 cm ! are associated with the stretching of W—O, and
the bending of O—W-O (Pecquenard et al. 1998;
Habazaki et al. 2002), respectively. Finally, the peak
below 200 cm ™" which located at 187 cm ™! is attributed
to (W,0,), chains (Pecquenard et al. 1998). It should be
noted that the out-of-plane wagging (y)(O-W-0)
modes at 670 cm ™ is not presented in Raman spectrum
of the synthesized WO; NCs, which can be attributed to
high temperature (Garcia-Sanchez et al. 2013) that was
used in hydrothermal synthesis process.

Optical properties

The optical properties such as band edge absorption,
band gap and emission band peak of the synthesized
WO; NCs were determined using UV-vis and PL tech-
niques. Figure 4a exhibits the UV-vis diffuse reflectance
spectrum of the synthesized WOz NCs measured at RT
and in wavelengths range of 200-800 nm. It should be
noted that a linear increase of the reflectance spectrum
occurred in the wavelength between 450 and 500 nm
before it tends to saturation. This gives strong evidence
that the band edge absorption of WO; NCs is located
around 450 nm, which is at visible light region. The
band gap of the synthesized WO3; NCs could be calcu-
lated based on UV-vis diffuse reflectance result using
Tauc’s equation (Ijeha et al. 2019) that given by:

(ahv)" = A(hv—Eg) (3)

where hv is the photon energy, « is the optical absorp-
tion coefficient, A is a material-dependent constant and
Eg is the energy band gap and # is an exponent which
determines the type of the optical transition (Bashir et al.
2019), i.e. direct allowed, direct forbidden, indirect
allowed and indirect forbidden transitions. The optical
absorption coefficient of the materials is exponentially
dependent on the photon energy. This is basically due to
the electronic transitions occurring between localized
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Fig. 4 a UV-vis diffuse reflectance spectrum of WO3;NCs. b PL
spectrum

states which play an important role in determining the
value of the energy band gap (Babu and Madhuri 2017).
However, the exponent n takes the value of 1/2 of the
indirect optical transition for WO3; (Miyauchi 2008).
Inset of Fig. 4a shows the plot of (ahv)" against (hv),
which allows to calculate the energy gap by extrapola-
tion of the straight-line graph at (ahv)”"=0. The band

Table 2 The experimental data vs the calculated DFT results at
the level of GGA/PBE/plane wave of the theory

Functional a(A) b (A) c(A) Band gap (¢V)

Exp [this work] 7.53889 7.69278 7.30659 2.58
GGA/PBE 7.53889 7.69278 7.30659 2.52
GGA/BLYP 7.53889 7.69278 7.30659 2.77

gap of the synthesized WO3; NCs was found to be
2.57 eV which is plausible and in a good agreement
with the reported previous studies (Wang et al. 2019;
Miyauchi 2008).

PL spectrum exhibits only one peak centred at
490 nm which located at visible region and related to
the Blue emission. The Blue emission in such materials
often arises from the transitions between deep donor
levels and the valence band (Bashir et al. 2020).

Structural and electronic properties from DFT

We studied orthorhombic WO; crystal structures with
Pnma space group. The considered cell consists of 24 O
and 8 W atoms. First, we fully optimized the cell with
different functionals and the same norm-conserving
pseudopotential from the Quantum Espresso
pseudopotential library. The results of optimized lattice
parameters, equilibrium volume and the band gap are
listed in Table 1. Our results indicated that PW91 and
HSE overestimate the equilibrium volume by 0.34%
and 1.74%, respectively. While the PBE, BLYP, and
B3LYP underestimate the equilibrium volume by 2.7%,
0.468 and 7.311%, respectively. Therefore, PW91 and
BLYP predict the structural properties better.

The experimental band gap of WO; was reported in
literature in the range of 2.5 to 3.2 eV (Grangvist 2000;
Kharade et al. 2010; Gesheva et al. 2003; Gonzalez-
Borrero et al. 2010). In our study, the hybrid functionals

Table 1 Calculated lattice parameters, equilibrium volume and band gap of the bulk orthorhombic WO3 by various DFT methods

Functional a(A) b (A) c(A) Volume (A3/cell) Band gap (¢V)
Exp(Salje 1977) 7.24 7.57 7.75 53.9

GGA/PWI1 7.303 7.625 7.768 54.083 2.1547
GGA/PBE 7.142 7.602 7.719 52.393 2.6305
GGA/BLYP 7.162 7.681 7.800 53.647 2.8681
Hybrid/HSE 7.294 7.692 7.818 54.842 3.7591
Hybrid/B3LYP 7.025 7470 7.615 49.958 5.2254
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Fig. 5 a The electronic density of states (DOS) of the relaxed
structure using SDFT with PBE functional. The black, red and
blue curve shows the total, O, and W DOS. The upper and lower

with 25% of exact HF exchange overestimate the band
gap, while the GGA/PW91 underestimates the band
gap. The GGA/PBE and GGA/BLYP band gap is 2.63
and 2.86 eV, respectively which is in the range of
reported experiments.

R

panels indicate the spin up and the spin down DOS, respectively. b
The corresponding band structure

This work reported the synthesis of nano-scaled WO;
NCs with the lattice parameters reported in Table 2. In
order to compare the DFT calculations with the exper-
iment, we adapted the lattice constants from the XRD
analysis and just optimized the position of atoms inside

@ Springer
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the cell with the PBE and BLYP functionals which
worked best in predicting both the structure and the
band gap of bulk WO;. The results are listed in Table 2.
The band gap of PBE is 2.52 eV which is very close to
our experimental value.

Figure 5 a and b show the PBE density of states
(DOS) and the band structure, respectively. In this figure
the Fermi energy sets to zero. The total magnetization of
our spin polarized calculations of the WOj; is zero;
therefore, the density of states for spin up and down is
exactly the same which indicates that the WO;3 has no
magnetic moment. Also, one can see that the valence
band mainly consists of the O electrons, while the
valence electrons of W predominantly play a main role
for the conduction band. The corresponding band struc-
ture shows that the band gap is direct at gamma point.

Electrochemical study

The cyclic voltammograms (CV) of the hydrothermally
obtained WO; nanoparticles on glassy carbon electrode
and the bare glassy carbon is as shown in Fig. 6a. The CV
were obtained at 50 mV s ' in 3 M KOH in the potential

0.02
(a)
0.01
-
g 0.00 _
£ -0.01
E \ Bare GCE
© .0.02 W03
-0.03
0.04 \ \ \ \ \
0.6 0.4 0.2 0.0 0.2 0.4 0.6
Potential (V)
0.10
o |
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g 0.00
g —_— 20mVs!
H -0.05 -1
3 — 40mV S
— 60mv s1
0.10 — g0 mv 5!
100 mv s-1
.0.15 — " " L L
0.6 0.4 0.2 0.0 0.2 0.4 0.6

Potential (V)

Fig. 6 Cyclic voltammetry in 3 M KOH of a bare GCE and GCE/
WO; nanocomposites at 50 mV s ! and b GCE/WO5 nanocom-
posites at different scans rates (20100 mV sh
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range of —0.6 to 0.6 V/Ag/AgCL. It is obvious that the
glassy carbon electrode contributed little or nothing to the
redox process. Figure 6b shows the cyclic voltammogram
at various scan rate (20-100 mV s ') indicating an en-
hancement in the peak current as the scan rate increases.
The CV at the scan rate scan rate of 20 mV s~ ' showed a
boarder anodic peak centred at 0.24 V and a reverse
narrower cathodic peak at 0.07 V. The anodic peak
shifted a little bit to the positive potential at higher scan
rate while the cathodic peak remained almost at the same
position. This shift in the peak positions shows that the
redox processes is quasi-reversible (Nwanya et al. 2020).
The anodic scan leads to the de-insertion of the K* and
the oxidation of W>* to W* while the reverse cathodic
scan causes the reduction of W®" back to W>*. The
kinetics of the redox reactions were further studied using
Eq. 4 (Chen et al. 2018):

Ly = kv + kyu!/? (4)

where 1,, is the anodic peak current, while k; and k; are
respectively the capacitive and diffusion controlled con-
tribution to the capacity. Our analysis shows the charge
storage mechanism is dominated by diffusion-controlled
reactions and a ratio of capacitive to diffusion-controlled
capacity of 1:2 is obtained. The areal capacity was ob-
tained from the cyclic voltammogram by integrating the
absolute area under the curve using Eq. 5 (Nwanya et al.
2017):

v

Qa_ Av

(5)
where 7, V, v and A are respectively the current, potential
window, scan rate and the area of the WO;5 on the GCE.
Capacity value of 18.9 mC cm 2 (18.9 mF cm 2; the
potential window is 1 V) was obtained at a scan rate of
100 mV s '. Studies have shown that high crystalline
WO; gives low capacities (Chen et al. 2018). Hence, the
seemingly low capacity we obtained is most likely due to
the high crystalline nature of the WO; NCs. However, the
value of the areal capacitance obtained is a lot of im-
provement from 4 mF cm 2 obtained by Nwanya et al. at
a scan rate of 50 mV s~' (Nwanya et al. 2014). It is also
comparable to 25 mF cm * obtained by Zou et al. (Zou
et al. 2014) for a composite of WO; and polyaniline at a
scan rate of 5 mV s .

The frequency response to the mechanism of the
charge storage were further studied using electrochem-
ical impedance spectroscopy (EIS) within the frequency
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range of 0.01 Hz to100 kHz at a voltage amplitude of
10 mV. The Nyquist plot (Fig. 7a) shows a distorted
small semicircle (lower inset of Fig. 7a) at high frequen-
cy and terminates in a vertical line in the medium to low
frequency region. The high frequency region is kinetics
controlled and the distorted semicircle in this region
gives the charge transfer resistances (Rct; and Rct,)
due to the migration of ions and electrons at the GCE/
WOs/electrolyte interfaces. The vertical line in the low
frequency region is associated with the diffusion of ions
to the electrode. The equivalent circuit (upper inset of
Fig. 7a) and the values of the circuit elements (Table 3)
were fitted using the ZsimW in software. The resistance

Table 3 Fitted values of circuit elements

Circuit element Values

Rs (Q) 131.20+4.15

Q1 (S-s) 3.54x107°+£0.47x107°
Retl (M) 0.14+0.02

Q2 (S-s) 5.40%107°+£0.56x107°
Ret2 (k) 223.70+2.68

to the movement of ions in the electrolyte solution is
depicted as the electrolyte resistance (R;) while the in-
homogeneity which occurs at GCE/WOj3/electrolyte in-
terfaces is represented by the constant phase element
(CPE or Q). The very large values of the charge transfer
resistances may indicate low value of the capacitance of
the high crystalline WO3 NCs. The bode plot (Fig. 7b)
showed a phase angle of 75°, which gives an indication
that the charge storage mechanism is not governed by
electric double layer capacitance.

Conclusion

In summary, the highly crystalline WO; nanocubes
were synthesized via hydrothermal route at 200 °C.
All characterization techniques used have confirmed
the formation of WO3 nanocubes. The analysis of the
optical properties revealed that the band gap is blue
shifted. The ab initio calculation in the spin-polarized
DFT framework was performed to study the structural
and electronic properties of bulk orthorhombic WO;
using the plane wave QUANRUM-ESPRESSO pack-
age. Both standard DFT/GGA functionals and the hy-
brid functional were used in order to examine the best
method to describe the bulk properties. It was found that
the band gap of orthorhombic WO; in the GGA/PBE
level of theory is 2.52 eV which is very close to the
experimental value. In addition, all spin-polarized DFT
calculations indicated that the orthorhombic WO; is
non-magnetic with direct band gap. Electrochemical
result showed that the charge storage mechanism is not
governed by electric double layer capacitance.
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