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GRAPHICAL ABSTRACT

ARTICLE INFO ABSTRACT

Keywords: In this communications, we report the synthesis of nickel tungstate (NiWO,) nanocrystals by controlled co-
NiWO, nanocrystals precipitation at 95 °C for 2h, followed by heat treatment at 600 °C for 2h. The structure of the NiWO,4 nano-
Growth mechanism crystals was characterized using X-ray diffraction (XRD) and Rietveld refinement analysis. Field emission-
Optical band gap scanning electron microscopy (FE-SEM) was employed to observe the shape, average size and propose a growth
l:s:s;z:g:;;ysis mechanism for the synthesized NiWO, nanocrystals. The optical behavior was investigated by ultraviolet-visible
(UV-Vis) spectroscopy and first-principles quantum mechanical calculations based on the density functional
theory at the B3LYP level to obtain their electronic band structure and density of states. We investigated the
sonophotocatalytic (SPC) properties of NiWO, nanocrystals for degradation of remazol brilliant violet 5R
(RBV5R) anionic dye using a violet light emitting diode of power 10 W. The XRD patterns indicate that the
NiWO, nanocrystals heat-treated at 600 °C for 2h have a wolframite-type monoclinic structure. The FE-SEM
images showed the presence of irregular sphere-like crystals formed by self-assembly of several NiWO,4 nano-
crystals. The experimental optical band gap energy (Egap(exp)) Was found to be 2.77 eV using UV-Vis spectroscopy
and theoretical calculations indicate an indirect band gap with Eg,, 3.91eV, which the (O 2p orbitals) are
predominant in the valence band and the (W 5d orbitals) in the conduction band and inhomogeneous electronic
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distribution into the lattice with the electron density map. We demonstrate for the first time that SPC activity can
be enhanced after 120 min by approximately 32% for the degradation of the RBV5R anionic dye by using a

NiWO, nanocatalyst.

1. Introduction

Metal tungstates exhibit the general formula AWO,, where A is a
divalent cation (A%2* = Mn, Fe, Co, Ni, or Cd; transition metals-d)
network lattice. The wolframite-type metal tungstates are monoclinic
with the space group (P2/c), symmetry point group (Co;*), and two
molecular formula units per unit cell (Z = 2) [1,2]. The chemical co-
ordination for the lattice former (W®*) and modifier (A2™) in metal
tungstates are identical; the lattice former and modifier are composed
of distorted octahedral [WOg] and [AOg] clusters, respectively [3].

In relation to the thermodynamic properties of NiWO,, the litera-
ture [4-6] has shown that crystals exhibit high melting temperatures of
1400 °C [4-6]. In general, the preparation of this phase at room tem-
perature using precursor salts and/or solvents it's not simple. By virtue
of the high crystallization temperature under hydrothermal (180 °C for
12h) [7] or ambient conditions (25°C, 1atm), the typical product
precipitated is amorphous NiWO,, which requires a thermal post-
treatment =500 °C for 1 h [8]. Nevertheless, based on the literature, it
is acknowledged that NiWO, possesses desirable physicochemical
properties with possible applications in areas such as magnetism [9],
photocatalytic (PC) degradation of dyes [10], supercapacitor type-hy-
brid electrodes [11], active electrocatalysts for hydrogen evolution re-
actions [12], selective detection of sub-ppm-level p-xylene [13], gas/
humidity sensors [14], photoelectrochemical water oxidation [15], and
photoluminescence (PL) [16]. In addition, other oxides may exhibit gas
sensing property (ethanol gas) [17-19]. In particular, the PC properties
of pure NiWO, nanocrystals at room temperature present interesting
applications in environmental decontamination such as the photo-
degradation of methanol, 4-chlorophenol, methylene blue, methyl or-
ange, 4-nitrophenol, rhodamine b, and alizarin red [20-24]. However,
few theoretical-experimental works for NiWO, crystals have been re-
ported in the literature so far [25,26].

Therefore, in this communications, we report on NiWO, synthesis
by the controlled co-precipitation at 95°C for 2h followed by heat
treatment at 600 °C for 2h. The calcinated NiWO,4 nanocrystals were
characterized by X-ray diffraction (XRD) and UV-Vis spectroscopy. The
morphology and average crystal sized was observed and obtained by
means of scanning electron microscopy (FE-SEM) images. In addition,
we have presented the first-principles quantum mechanical calculations
based on the density functional theory (DFT) to find a correlation be-
tween experimental results of the optical band gap and electronic le-
vels. Finally, we show for the first time the enhanced sonophotocata-
lytic (SPC) properties of the NiWO,4 nanocrystals that were employed
for the degradation of remazol brilliant violet 5R (RBV5R) anionic dye
illuminated using a violet light-emitting diode (LED) with 10 W of
power.

2. Experimental details

The synthesis of NiWO, nanocrystals is described as follows:
2.5 x 10”3 mol of sodium tungstate (VI) dihydrate (NayWO42H,0;
99.0% purity, Sigma-Aldrich) and 2.5 x 103 mol of nickel (II) nitrate
hydrate [Ni(NO3)>6H,0; 99.999% purity, Sigma-Aldrich] were sepa-
rately placed in two plastic tubes (Falcon, capacity of 50 mL) and dis-
solved in 50 mL of deionized water (DI-H>0). A 50 mL solution con-
taining the Nigq>* and NOs(,q)~ ions was prepared by dissolving Ni
(NO3)2'6H,0 in DI-H,0. Another 50 mL solution containing Na(aqfr and
WO.q)®~ ions was prepared in an volumetric flask by dissolving
Na,;WO0,4.2H,0 in DI-H,O, which was transferred to a 250 mL beaker
(see Supplementary data for more details about synthesis,
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characterization, and SPC measurements). The theoretical calculation
of the total-energy to study the optical properties of NiWO, structure
was performed with the CRYSTAL14 software package [27] and in a
similar way the literature has employed the DFT calculations to un-
derstand optical properties of others oxides [28] (see Supplementary
data for more details about theoretical calculations and Brillouin zone
in Fig. SD1).

3. Results and discussion

XRD patterns of the NiWO,4 nanocrystals synthesized by controlled
co-precipitation and heat treated at 600 °C for 2 h are given in Fig. 1(a),
and the corresponding FE-SEM images at different magnifications are
given in Fig. 1(b-d).

The degree of structural order/disorder or periodicity of a crystal-
line lattice in oxide materials can be analyzed using XRD [29]. As
shown in Fig. 1(a), the calcined NiWO, nanocrystals exhibits XRD
patterns ascribed to the wolframite-type monoclinic structure, as de-
termined by the Inorganic Crystal Structure Database (ICSD) card No.
15852 [30]. In order to confirm this monoclinic structure, we per-
formed Rietveld structural refinement [31], which is based on the
construction of diffraction patterns from a structural model [32]. The
XRD Rietveld refinement plot is given in Supplementary data (Fig. SD2).
The results of Rietveld refinement of the NiWO, crystals heat-treated at
600 °C for 2h are shown in Supplementary data in Fig. SD2 and Table
SD1. Moreover, the lattice parameters and atomic positions obtained
from Rietveld refinement analysis (experimental data) were employed
to starting the optimization of the calculated structure (theoretical
model) and their optimized parameters are listed in Table SD2.

FE-SEM was used to monitor the nanocrystal shape evolution and
growth process. As shown in the FE-SEM image at low magnification
(10,000 x) in Fig. 1(b), the NiWO, crystals presents the shape of irre-
gular spheres with an average size of 34.5 nm. We also observe larger
sphere-like NiWO, crystals with an average size of 307.2 nm (Supple-
mentary data Figs. SD3(a, b)). Upon inspection of the FE-SEM image at
higher magnification (80,000 %) shown in Fig. 1(d), it is evident that
the sphere-like NiWO, crystals grew as a result of the self-assembly of
smaller NiWO, nanocrystals during both controlled co-precipitation
and thermal treatment at 600 °C for 2 h.

Fig. 2(a—i) shows a schematic representation of the proposed self-
assembly mechanism of the formation and growth of the NiWO, na-
nocrystals.

In the initial stage, both aqueous solutions are maintained at 95 °C
for 15 min. The Na,WO,42H,0 solution dissociated and the water (H,0O)
molecules rapidly solvated the Na* ions and freed the WO,>~ complex
ions. In the second solution, the Ni®* jons (d®) are separated from the
NO3 ™ ions to be coordinated by six H,O molecules, which act as weak
field binders and form [Ni(H,0)s]?" positive ion complexes [33] that
can then bind with the WO,®>~ negative complex counter ions via
Coulomb interactions (Fig. 2(a—c)), promoting the nucleation of Ni-
WO 4amorphous) s€eds (Fig. 2(d)) [34]. These stable nuclei form and ac-
cumulate [35] when super-saturation is sufficiently high to overcome
the nucleation energy barrier, and ultimately develop into crystal pre-
cipitates. At elevated temperature (600 °C for 2h), the coalescence of
several NiWOg(crystalliney Nanocrystals occurs leading to the posterior
stage, as is shown in Fig. 2(e, f), which then self-assemble to form large
irregular sphere-like NiWO, crystals (Fig. 2(g, h)). The process is a
random and spontaneous aggregation of NiWO, nanocrystals to form
larger sphere-like NiWO, crystals and its thermodynamically driven
because larger crystals are more energetically favored than smaller
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Fig. 1. (a) XRD patterns of NiWO, nanocrystals synthesized by the controlled co-precipitation method at 95 °C for 2 h and heat-treated at 600 °C for 2 h. The vertical
lines in red color indicate the position and relative intensity of XRD patterns for NiWO, phase reported in ICSD file no. 15852. FE-SEM images of several NiWO,4
nanocrystals at (b) low magnification, (c) medium magnification, and (d) high magnification, respectively. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

crystals. Hence, we conclude that the morphology of the synthesized
NiWO, is similar between the experimentally observed crystals (from
FE-SEM images of Figs. 1(c, d)) and 2(i)). The possible growth me-
chanism of the sphere-like self-assembled NiWO, nanocrystals is illu-
strated in Fig. 2(a—i).

The optical band gap energy (Eg.;,) of the NiWO, nanocrystals was
estimated by a modified Kubelka-Munk Eq. (1) [36]:

[F(Roc)hv] =C (v - Egap)n (@D)]

where, F(R.,) is the Kubelka-Munk function, R., is the reflectance
(Re = Rsample/Rstandard; Rstandard refers to magnesium oxide [MgO]), hv
is the photon energy, C, is a proportionality constant, Eg,, is the optical
band gap, and n is a constant associated with different types of elec-
tronic transitions (n = 0.5 for directly allowed, n = 2 for indirectly
allowed, n = 1.5 for directly forbidden, and n = 3 for indirectly for-
bidden) [37]. For NiWO,4 nanocrystals, our theoretical calculations in-
dicate an optical diffuse reflectance spectrum governed by indirect
electronic transitions. In this phenomenon, after the electronic ab-
sorption process, electrons located in minimum energy states in the
conduction band (CB) are able to relax to the maximum energy states of
the valence band (VB) between different k-points in the Brillouin zone
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[38]. Based on this information, Eg,;, values of the NiWO, nanocrystals
were calculated using n = 2 in Eq. (1). We plotted values of [F(R..)
hv]%3 against hu, and, using Eq. (1), Egap(exp) Values were estimated by
extrapolating the linear portion of UV-Vis curve to the y-axis intercept.

In Fig. 3(a), we show the UV-Vis diffuse reflectance spectrum of
NiWO, nanocrystals it the optical band gap (Ej.;,) value indicated, and
Fig. 3(b, c) illustrate the optimized electronic band structure (EBS) of
NiWO, crystals and density of states (DOS) projected over all atoms
involved in the electronic structure NiWO, crystals, Fig. 3(d) shows the
electron density model in the (3) (342) plane modeled from Rietveld
refinement data and Fig. 3(e) displays the electronic density map on the
(342) plane modeled from to DFT calculations, respectively.

As observed in Fig. 3(a), the profiles of the UV-Vis spectrum of the
NiWO, nanocrystals indicate an optical behavior typical of structurally
ordered crystalline materials in that an indirect optical band gap
(Egap(exp) = 2.77 €V) is observed. According to data experimental re-
ported in the literature [39-41], NiWO, crystals present different op-
tical band gap values ranging from 2.95eV to 3.20 eV, which are all
ascribed to a direct optical band gap. Therefore, our results do not agree
with most of the experimental band gap values reported in the litera-
ture [39-41], since all explain that NiWO, crystals have direct
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electronic transitions between VB and CB. A small shoulder between 2.5
and 2.9 eV is observed, which is possibly due to the presence of mid-gap
states (Fig. 3(a)). In transition-metal tungstates MWO, (M = Co, Ni, Cu,
Fe), the 2p orbitals (O atoms) are predominantly in the VB maximum,
while the CB minimum is predominantly composed of the 3d orbitals
(Ni atoms) and 5d orbitals (W atoms) [42]. The analysis of the band
structure, it was noticed that the NiWO, crystal is characterized by
indirect electronic transitions between the different (A<=I") k-points of
the VB and CB in the Brillouin zone, respectively, as shown in Fig. 3(b).
This value is higher (Egap(theoy = 3.91 €V) that experimental value be-
cause in the theoretical calculations the system is in the ideal structure
without local defects such as distortions in the octahedral [NiOg]/
[WOg] clusters. Additionally, these local defects resulted in the reduc-
tion of the band gap value due to the transformation of the energy le-
vels between the VB and CB. The study of the energy levels can be
better evaluated by the analysis of the density of states (DOS) as shown
in Fig. 3(c). From the analysis of the DOS, it is possible to known which
orbitals are involved in each band, VB and CB, in the electronic tran-
sitions. The Fig. 3(c) shows that the projected DOS on the O atoms is
principally determined in the VB with the 2p orbitals and a minor
contribution from 3d orbitals from Ni atoms while the CB is mainly
determined by the 5d orbitals from W atoms with minor contributions
of 2p and 3d orbitals from O and Ni, respectively. Focusing on the
electronic density near the band edges, the VB is predominantly com-
posed of the O 2p, and 2p, orbitals, whereas the bottom of the NiWO,
crystal is formed by 3d,? and 3d,, orbitals from Ni atoms and 5d,2, 5d,,
and 5d,%7 orbitals from W atoms. Finally, in Fig. 3(d) we have the
electron density model calculated using the Fourier transform for
structure factors from the structure parameters and atomic scattering
factors of free atoms obtained from the Rietveld refinement for the
NiWO, crystal. The data were used in the VESTA software version 3.4.4
[43] to model the electron density map. These figures display color
scales for each plane, which indicates zones with high and low elec-
tronic densities. The blue regions are related to the absence of elec-
tronic charge, while the red areas exhibit a high electronic density in
the (342) plane with distance from origin of 1.48 A. Moreover, it is
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possible to verify the presence of distributions non-homogeneous near
the Ni—O bonds related to an atomic displacement, suggesting the ex-
istence of large distortions between Ni and O atoms or distortions in the
octahedral [NiOg] clusters and Fig. 3(e) depicts the electronic density
map in the (342) plane which have the isolines on the atoms represent
the charge density and this map then represents the difference of
charges between atoms. Therefore, our experimental and theoretical
results are in good agreement.

Fig. 4(a) illustrates the photolysis of the RBV5R dye solution, in
Fig. 4(b) is display the SPC degradation of the RBV5R dye solutions
with NiWO, acting as a catalyst, which was monitored by the temporal
changes in the UV-Vis absorbance of the dye. The degradation curves
(C,/Cq vs. time) of the RBV5R dye aqueous solutions both with and
without the NiWO,4 nanocatalyst are shown in Fig. 4(c); the rate con-
stants (k) obtained from the curves are shown in Fig. 4(d).

As shown in Fig. 4(a) the UV-Vis spectral intensity of the RBV5R
dye solution does not significantly change upon 120 min of photolysis
exposure, and its within 2% in the case of maximum absorption, in-
dicating a large resistance of the RBV5R dye to violet-LED illumination.
Conversely, a significant reduction in UV-Vis absorption is observed
after 120 min of exposure to violet-LED assisted ultrasound, or sono-
photocatalysis, indicating a significant reduction in RBV5R concentra-
tion. In traditional photocatalysis, the active sites on the catalyst oxide
would be reduced due to the aggregation of catalyst particles. On the
other hand, in sonophotocatalysis ultrasound waves promote absorp-
tion-desorption events that significantly decrease the aggregation of
catalyst nanocrystals in the RBV5R dye solution, leading to a better
catalytic performance of the NiWO, crystals in solution [42]. As shown
in Fig. 4(b), about 32% reduction in the maximum absorption
(Amax = 560 nm) of the RBV5R dye aqueous solution has been noticed
up until 120 min of photolysis, which demonstrates the utility of both
the NiWO, nanocrystals as well as the SPC process for enhanced cata-
lysis and degradation. A synergistic effect of ultrasound and UV light
irradiation is observed, which enabled the formation of more hydroxyl
radicals (HO*) in the VB and superoxide radical anions (0,) in the CB
that are highly oxidizing and necessary for the degradation process.
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Fig. 3. (a) UV-Vis spectrum of NiWO, nanocrystals synthesized by the controlled co-precipitation method at 95 °C for 2h and heat-treated at 600 °C for 2h, (b)
optimized EBS, (c) total DOS projected on the atoms of NiWO, crystals in the antiferromagnetic spin configuration, (d) electron density maps in the (342) plane, and

on the (e) (342) plane respectively.

To quantitatively understand the RBV5R dye degradation reaction
kinetics using the NiWO, nanocatalyst (Fig. 4(c)), we applied the
pseudo-first-order model expressed in Eq. (2) to obtain the rate con-
stants (k):

- ln(&) = kt
Co 2

where, Cy is the initial concentration (t = O min) of the aqueous dye
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solution, C, is the concentration of the aqueous dye solution at different
times (n = 10 min, 20 min, etc.) of illumination with violet-LED, t is the
time, and k is the pseudo-first order rate constant. Eq. (2) has generally
been used for photocatalytic degradation processes if the initial pollu-
tant concentration is low (1 x 10~ ° mol/L). According to eq. (2), a plot
of [—1n(C,/Co)] as a function of t gives a straight line with slope k. As
shown in Fig. 4(d), the rate constant without the catalyst for the de-

gradation of RBV5R dye is quite small (Kwe-RBBR
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Fig. 4. (a) Evolution of UV-vis absorption spectra after 120 min of violet-LED illumination for photolysis of RBBR dyes, (b) evolution of UV-vis absorption spectra
up-to 120 min of violet-LED illumination for the sonophotodegradation of RBBR dye by the NiWO, catalysts nanocrystals, (c) kinetic of weight-based photolysis of
RBBR dye and sonophotocatalytic degradation of RBBR dye by the NiWO, nanocatalysts and (d) first-order kinetic without and with NiWO, nanocatalysts, re-
spectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

dye = 1.724 x 10 *min~"), indicating minimal degradation upto
120 min of violet-LED exposure. On the other hand, as displayed in
Fig. 4(d), the rate constant when including the catalytic NiWO, nano-
crystals is ~18.5 times higher (knijwos-catalysy = 3.179 X 10 3min™Y),
demonstrating the enhanced degradation efficiency of NiWO, and the
SPC process. The obtained results for the correlation coefficient and
standard deviation showed good statistical values for our NiWO, na-
nocrystals.

4. Conclusions

In summary, sphere-like self-assembled NiWO, nanocrystals were
successfully synthesized via controlled co-precipitation at 95 °C for 2 h,
followed by heat-treatment at 600 °C for 2h. The XRD patterns and
Rietveld refinement data confirm that the NiWO,4 nanocrystals have a
long-range order with wolframite-type monoclinic structure. FE-SEM
images showed the presence of NiWO, nanocrystals with an average
particle size of 34.5nm. A proposed nucleation and growth process of
the self-assembled NiWO, nanocrystals was discussed. The optical band
gap of NiWO, nanocrystals was found to be Egpexpy = 2.77 eV with the
possible existence of intermediary energy states within the band gap.
The theoretical calculation indicated that the EBS of NiWQ, crystals in
the antiferromagnetic spin configuration are characterized by indirect
electronic transitions. According to the DOS analyses, the energy states
in the VB is constituted mainly from (O 2p) orbitals, while in the CB has
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a major contribution related to (W 5d) orbitals. Our electron density
maps showed an inhomogeneous distribution of charges between dis-
torted octahedral [NiOg] clusters. We demonstrated a SPC process that
exhibits higher degradation efficiency compared to simple photolysis
due to the synergistic effect of ultrasound and violet-LED irradiation,
which promotes the formation of active oxidizing species that are ne-
cessary for the degradation of the RBV5R dye.
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