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Synthesis, characterization, and enhanced
photocatalytic properties of NiWO4 nanobricks

Saad M. AlShehri,* Jahangeer Ahmed,* Abdulaziz M. Alzahrani and Tansir Ahamad

Brick shaped nanoparticles of nickel tungstate (NiWO4) were synthesized magnificently using the molten

salts process at 500 1C. Powder X-ray diffraction (PXRD) and electron microscopy measurements were

carried out to investigate the phase purity, crystal structure, and morphology (size and shape) of the

NiWO4 nanobricks (diameters of B20 nm). The BET surface area of the NiWO4 nanobricks was found

to be B25 m2 g�1. The optical properties of the NiWO4 nanobricks demonstrate a direct band gap of

2.95 eV. Thereupon, the photocatalytic activities of the NiWO4 nanobricks have been investigated for

the degradation of methylene blue (MB) dye in neutral and basic media under solar light irradiation (SLI).

The NiWO4 nanobricks show significant enhancement in the photo-degradation of MB dye solution in

alkaline (B100% in 50 minutes) and neutral media (B80% in 330 minutes) as compared to bulk NiWO4

and previous reports of metal tungstate. ESI mass spectrometry was also carried out to confirm the

photocatalytic degradation of dye molecules.

1. Introduction

Semiconducting transition metal tungstate (MWO4; M = Ti, Co,
Ni, Cu, etc.) nanostructured materials have received significant
attention due to their immeasurably wide range of applications
including structural,1,2 optical,1–3 transport,3 electrical,4

magnetic,4 sensors,5,6 metal ion batteries,7 supercapacitors,8–11

electrocatalysis,12–14 antimicrobial,15 and photocatalysis15–19.
Titanium dioxides20–25 or their composites with carbon26–28 are
the most widely used semiconducting photocatalysts. However,
in the current decade, nanocrystalline MWO4 (e.g. M = Cu, Co,
Ni) particles have been introduced as highly active, efficient, and
economical catalysts in photoelectrochemical reactions.10–17

These metal tungstate nanoparticles exhibit a direct band gap
energy in the range from 2.41 eV to 2.95 eV.19 The low cost, low
corrosion, high stability, high activity, and appropriate band gap
energy (2.91 eV) of NiWO4 nanoparticles make them ideal
photocatalysts for waste water treatment through the degradation
of organic pollutants like methylene blue (MB), Rhodamine B,
and methyl orange dyes. Tungsten oxides (WO3) are also reported
as good catalysts in photo-oxidation reactions.29 The degradation
of methylene blue dye solution over the surface of NWO4 photo-
catalysts (N = Ni, Co, Cu, and Zn) was reported previously in the
range of degradation from 30–90% for a long irradiation time.19,30

Liang et al. have reported the pH dependent photocatalytic
properties of potassium niobate for hydrogen evolution from a
water–methanol system.31 The current work demonstrates the

high photocatalytic performance of NiWO4 nanobricks for the
degradation of organic pollutants in various aqueous media.

Photocatalysis is a simple, eco-friendly, cost effective, and
widely accepted process for the eradication of hazardous sub-
stances from water. Previously NiWO4 nanoparticles have been
used as the photocatalysts in removal of methylene blue (MB)
and methyl orange (MO) dyes from aqueous media,19,30 but the
current work emphasizes the significant enhancement of the
photocatalytic activities of NiWO4 nanoparticles in the degra-
dation of organic dyes (e.g. MB) in water at various pH values
under solar light irradiation (SLI). MB is a basic dye (aniline
dye: C16H18ClN3S), which causes several health problems like
disorders of the central nervous system (CNS), breast cancer,
and gastro-intestinal disturbances in human beings.32–34

NiWO4 nanoparticles were prepared from various routes
including hydrothermal,6,35,36 co-precipitation,16,18,19,37 polyol,38

and sonochemical39 methods. Previously, Zuwei Song et al. have
reported the preparation of NiWO4 nanoparticles using molten
salts (LiNO3 + NaNO3), with the precursor materials in the range
of molar ratios from 3 : 1 to 12 : 1 via a ball milling process.40

Earlier, Ahmed and Mao employed the molten salt process to
optimize the formation of 1D oxide nanostructured materials.41 It
is notable that the molten salts procedure is one of the most
favorable, simple, eco-friendly, and least expensive procedures
to synthesize nanostructured materials. Herein, we report the
synthesis of NiWO4 nanobricks (diameter of B20 nm) with a
relatively high surface area (B25 m2 g�1) using the modified
molten salts (NaNO3 + KNO3) process without ball milling. An
excess of molten salts works as a solvent like water and plays a
significant role in terms of transferring sufficient energy to the
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precursor materials to control the shape and size of the final
products on the nanometer scale. The single phase crystal structure
systems and morphological characterizations were investigated
using powder X-ray diffraction (PXRD) and electron microscopy
(FESEM and HRTEM) studies, respectively. The optical properties
of the NiWO4 nanobricks were studied using a UV-visible spectro-
photometer. The photocatalytic applications of the NiWO4 nano-
bricks for the degradation of MB dye in aqueous media (i.e. neutral
and alkaline media) were also examined in detail under SLI using a
UV-visible spectrophotometer and ESI MS spectrometer.

2. Materials and methods

Two moles of precursor salts of nickel [Ni(NO3)2; (BDH, 98%)] and
tungsten [Na2WO4�2H2O; (BDH, 96%)] with sixty moles of molten
salts of sodium nitrate (NaNO3; Alfa Aesar, 98%) and potassium
nitrate (KNO3; Alfa Aesar, 99%) were used in the preparation of
NiWO4 nanostructured materials. The precursor and molten salts
were ground together for 30 minutes in an agate mortar and pestle
and then transferred to a covered crucible. The temperature and
time of the reaction were 500 1C and 6 h, respectively. The reaction
temperature used was selected according to the reported phase
diagram of NaNO3 and KNO3.42 The yellow-green colored nano-
powders were collected, and this was followed by washing with de-
ionized water (four times) and then drying in an oven at 50 1C. The
yellowish-green colored powder sample was characterized using a
powder X-ray diffractometer (PXRD) containing Ni-filtered Cu-Ka
radiation (Rigaku MiniFlex) and FTIR (Bruker TENSOR 27 Spectro-
meter). FTIR data were recorded at wavenumbers ranging from
400 to 4000 cm�1. FESEM (Field emission scanning electron
microscope, JEOL JSM-7600F) and HRTEM (high resolution trans-
mission electron microscope, JEOL JSM-2100F) studies were carried
out at 10 and 200 kV, respectively, for morphological characteriza-
tion. The BET specific surface area of the NiWO4 nanobricks was
estimated with a V-Sorb 2800 Porosimetry machine (Gold APP
Instruments, China). The optical and photocatalytic properties of
the NiWO4 nanoparticles were studied on a UV-vis spectrophoto-
meter (SHIMADZU, UV-1650). The photocatalytic performances of
the NiWO4 NBs were examined using aqueous MB dye under solar
light irradiation (SLI). The photo-degradation studies of the MB
dye solutions were investigated at pH 7 (neutral medium) and
10 (alkaline medium) at room temperature at the lmax of 662.5 nm.
The sample solutions with the maximum transparency were taken
in a cuvette to examine the photocatalytic degradation of MB dye.
The reproducibility of the photocatalytic results was found to
be consistent. The rate constant of the photo-degradation (RCP)
of MB was calculated using the first-order reaction kinetics
[i.e. (ln(C/C0) = �kt)]. An agilent triple quadrupole electro-spray
ionization mass spectrometer (ESI MS) was used for the quan-
titative analysis of the photo-degradation of MB dye.

3. Results and discussions

PXRD studies of the NiWO4 nanobricks show the formation of well
crystalline single phase materials with zero impurities (Fig. 1a).

The diffraction peaks of the NiWO4 nanobricks are indexed to
the monoclinic unit cell of NiWO4 (JCPDS # 15-0755). Fig. 1b
shows the FTIR spectrum of the NiWO4 nanobricks. The IR
bands at wavenumbers of B1384 and B2360 cm�1 correspond
to the C–O and CQO groups of atmospheric carbon dioxide.
The FTIR bands at B1632 and B 3440 cm�1 correspond to the
presence of the O–H group of water. The strong bands at B824
and B635 cm�1 agree with the antisymmetric stretching vibra-
tion of W–O in [WO4]2� 43 and the Ni–O bonds, which also
confirms the establishment of NiWO4.

The FESEM study of NiWO4 shows the formation of particles on
the nanometer scale (Fig. 2a). TEM and HRTEM studies were used to
further investigate the precise particle size and shape of the nano-
materials. The TEM image of the NiWO4 nanoparticles shows that
the nanoparticles are brick shaped with a diameter of B20 nm
(Fig. 2b). The high magnification TEM image shows that the brick
shaped particles are made up of very small nanoparticles (Fig. 2c).
The mean size of these small nanoparticles was observed to be
B1 nm. The HRTEM micrograph of the NiWO4 nanobricks demon-
strates the formation of lattice fringes on an atomic scale (Fig. 2d).
The d-spacing of the lattice fringes of the NiWO4 nanobricks was
found to be B2.8 Å from HRTEM, which is in good agreement with
the plane h111i of the monoclinic crystal structure of NiWO4, as also
supported by the X-ray diffraction patterns.

Fig. 1 (a) PXRD and (b) FTIR patterns of the NiWO4 nanobricks.
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Elemental analysis of the nanoparticles was carried out
using energy dispersive spectroscopy (EDS) on a FESEM. Energy
dispersive studies of the NiWO4 nanobricks confirmed that the
elemental compositions of the nanoparticles was in accordance
with the initial loaded composition (Fig. 3a). Fig. 3b shows the
nitrogen adsorption–desorption isotherm of relative pressure
(P/P0) vs. adsorbed volume of nitrogen, to investigate the BET
specific surface area of the NiWO4 nanobricks. The specific
surface area of NiWO4 nanobricks was found to be B25 m2 g�1,
which is significantly greater than the previously reported BET
surface area of NiWO4 nanoparticles. Previously, the surface
area of NiWO4 nanoparticles was reported to be in the range
from 2 to 20 m2 g�1.16,18,44 The high surface area and quantum
size effect of the NiWO4 nanobricks could be significant for the
enhanced photocatalytic activity.

The optical properties of the NiWO4 nanobricks were inves-
tigated using UV-vis absorption spectroscopic studies at 25 1C.
The optical absorbance spectrum of the NiWO4 nanobricks was
collected and a peak was observed at B345 nm in the ultra-
violet A region (Fig. 4a). The optical band gap energy (i.e. direct
band gap) of the NiWO4 nanobricks has been estimated using
the UV-vis absorption data, following Tauc’s model.45 A plot of
photon energy (i.e. band gap energy) vs. (ahn)2 of the NiWO4

nanobricks is shown in Fig. 4b; where a, h and n are denoted as
the absorbance, Planck’s constant, and the frequency of the
incident beam, respectively. The direct band gap of the NiWO4

nanobricks was found to be B2.95 eV which closely matches
that found in the previous report.19 The band gap energy is the
energy difference between the valence and conduction bands of
the material. The NiWO4 nanobricks preserve an appropriate
band gap energy in a suitable region to be advantageous for a
variety of applications.

The photocatalytic activity of the NiWO4 nanobricks was
inspected for the degradation of MB dye under SLI in neutral
(pH = 7) and alkaline (pH = 10) media. The photo-degradation of
aqueous MB dye to inorganic constituents (i.e. H2O, CO2, etc.)

over the surface of the NiWO4 nanobricks can be described by
the generation of hydroxyl free radicals (OH�), as shown in
Fig. 5a. The photocatalytic performance of the NiWO4 nano-
bricks could happen due to the electron (e�)–hole (h+) pairs.

Fig. 3 (a) EDS analysis and (b) nitrogen adsorption–desorption isotherm
of the NiWO4 nanobricks.

Fig. 4 (a) UV-visible absorption spectrum and (b) band gap energy plot
[(ahn)2 vs. photon energy (eV)] of the NiWO4 nanobricks.

Fig. 2 (a) FESEM, (b) TEM, and (c and d) HRTEM micrographs of the
NiWO4 nanobricks.
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The e� and h+ pairs may produce a super-oxide radical anion
(i.e. O2

��) and hydroxyl radicals (i.e. OH�), respectively, in an
aqueous medium. The OH� attacks the MB dye molecules to
oxidize it into its inorganic constituents (e.g. H2O, CO2, NO3

�, etc.).
The photo-degradation of aqueous MB dye over the surface

of the NiWO4 nanobricks under SLI was investigated at pH 7
using the UV-vis absorption spectra at the maximum absor-
bance value of 663.5 nm for 330 minutes (Fig. 5b). The absorp-
tion band intensities of the MB dye solution were reduced with
time (t) under SLI, indicating the degradation of MB dye on the
surface of the NiWO4 nanobricks. Fig. 5c shows the percentage
photo-degradation of the MB dye solution with time (t). Photo-
catalytic degradation performances were calculated using
the following equation: (Ct/C0) � 100%, where, Ct and C0 are
the concentration after time ‘t’ and time ‘0’. The NiWO4

nanobricks degrade 480% of the MB dye when under SLI
for 330 minutes, while no degradation of the MB dye was observed
in the dark with catalysts present. Moreover, no photo-degradation
occurred in the presence of solar light without catalysts. The
photocatalytic degradation reactions of the MB dye using bulk
NiWO4 particles have also been investigated. We observed that the
photocatalytic activity of the NiWO4 NBs is found to be much
higher than that of the bulk NiWO4 particles at pH 7 (Fig. 5c).
The stability of the photocatalysts was also studied via recycling
processes. These photocatalysts have significant recycled

efficiencies, with good activity for the degradation of aqueous
MB dye under SLI. It is noteworthy that the NiWO4 photocata-
lysts retain up to B60% of their photocatalytic performances
for 330 minutes after five sequential cycles under SLI at pH 7.
Fig. 5d shows the linear plot of ln(C0/Ct) versus time for the
photo-degradation of MB dye with the NiWO4 photocatalysts,
in order to study the kinetics of the photochemical reactions.
The rate constant of the photochemical reactions was esti-
mated from the linear slope fitting curve. The photochemical
reactions follow first-order decay kinetics. The value of the rate
constant (k) and R2 were found to be 0.00496 minute�1 and
0.9955, respectively (Table 1).

Moreover, the photocatalytic degradation of MB dye was also
explored in a basic medium (i.e. pH = 10) using the NiWO4

photocatalysts under SLI. Fig. 6a shows the absorption spectra
of aqueous MB dye at 662.5 nm (maximum wavelength) with
photocatalysts. The photocatalytic degradation reaction of MB

Fig. 5 The (a) mechanism, (b) absorption spectra, (c) percentage degradation of MB with the NiWO4 nanobricks and bulk NiWO4, and (d) linear plots of
the photo-degradation of MB with the NiWO4 nanobricks under SLI at pH 7.

Table 1 Resulting kinetic parameters of the photocatalytic degradation of
MB dye obtained in neutral and alkaline media

Medium pH
Photo-degradation
of MB dye k (min�1) R2

Decay
kinetics

Neutral 7 80% within 330 minutes 0.00496 0.9955 First-order
Alkaline 10 100% within 50 minutes 0.0503 0.9289 First-order
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dye is faster in the basic medium than in the neutral medium.
The photo-degradation of MB dye was completed in only
50 minutes at a pH value of 10, which is found to be B7 times
faster than that for the neutral medium (pH = 7). Photocatalytic
activities of the NiWO4 nanobricks in the basic medium
(pH = 10) are shown in Fig. 6b. The photo-degradation reaction
of MB dye was B93% complete within 40 minutes and 100%
within 50 minutes under SLI. The rate of the photocatalytic
degradation of organic pollutants depends on the surface area
of the material and the nature of the medium. A larger number
of hydroxyl radicals (oxidizing agents) could be formed in an
alkaline medium compared to a neutral medium, and the rate
of photochemical reactions would be higher. The NiWO4 nano-
bricks show a significant enhancement in the photocatalytic
degradation of MB compared to that of bulk NiWO4 particles in
an alkaline medium, as is also shown in Fig. 6b. The photo-
degradation of MB dye over the surface of the NiWO4 photo-
catalysts was reported previously in the range of degradation from
30–90% for a longer irradiation period (400 minutes).30 Previously,
the photocatalytic degradation capacities of metal tungstate nano-
particles have also been evaluated for the de-colorization
of organic dyes under SLI. The photocatalytic degradation of

MB dye with CoWO4, CuWO4, and ZnWO4 photocatalysts was
reported to be 30%, 70%, and 90%, respectively, within
120 minutes, while MO dye was de-colorized only up to 20%

Fig. 6 The (a) absorption spectra, (b) percentage degradation of MB
with the NiWO4 nanobricks and bulk NiWO4, and (c) linear plot of photo-
catalytic degradation of MB dye under SLI at pH 10.

Fig. 7 Histogram showing the regeneration efficiency of the NiWO4

photocatalysts at pH values of 7 and 10.

Fig. 8 The (a) XRD pattern and (b) TEM image of the NiWO4 nanobricks
after photo-degradation of MB dye.
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in 120 minutes over the surface of MWO4 (M = Ni, Co, and
Cu).19 Barium tungstate (BaWO4) nanoparticles were reported
for the degradation of methyl orange and Rhodamine B dyes
with percentages of B70% after 70 minutes and B90% after
180 minutes under SLI.43,46 Recently, the photocatalytic degra-
dation of MB dye with WO3 nanoparticles was reported to be
B20% in 160 minutes.47 Therefore, the present work demon-
strates the enhanced photocatalytic activity of the NiWO4

nanobricks in the de-colorization of MB dye solution under
SLI. Fig. 6c shows the kinetic linear plot of ln(C0/Ct) vs. time ‘t’,
which follows the pseudo-first order kinetics. The rate con-
stants and R2 values were found to be 0.0503 min�1, and
B0.9289, respectively, as is also shown in Table 1.

The stability and regeneration efficiencies of the NiWO4

photocatalysts have been investigated over five consecutive
cycles at different pH values (7 and 10) under solar light
irradiation. The NiWO4 nanobricks are recyclable and efficient
photocatalytic materials for the degradation of MB dye.
We observed that the NiWO4 nanobricks retain photocatalytic
regeneration efficiencies of B60% and B80% for up to
five consecutive cycles under solar light irradiation at pH values
of 7 and 10, respectively (Fig. 7). Note that the photocatalysts
were washed appropriately using the deionized water and dried
properly at 60 1C prior to performing a new cycle of the
experiment. Moreover, we have checked the crystalline nature

and morphology of the NiWO4 nanobricks after photo-
degradation of MB using XRD and TEM studies (Fig. 8a and
b). We observed that the intensity of the lines decreases and the
background increases, but the nature of the material was still
crystalline. The TEM study of the materials (obtained after
the photo-degradation process) shows some changes in the
morphology, like agglomeration of the particles.

ESI mass spectrometric studies were also carried out in
neutral (pH = 7) and alkaline (pH = 10) media in order
to understand the fragmentation of the MB dye during the
photo-degradation process. Fig. 9a shows the ESI-MS data
of the MB dye after the photo-degradation at pH 7. The m/z
signals at B358 (C16H18N3O4S+), B279 (C13H15N2O3S+), B274
(C14H17N3OS+), B102 (C4H7NO2

+), and B91 (C6H6N+) corre-
spond to the fragmented intermediates of the MB dye solution
generated by the attack of free radicals. ESI mass spectral
studies showed the complete degradation of MB dye molecules
after 50 minutes under SLI and no peak was detected at m/z of
284, as shown in Fig. 9b. The signals at m/z = B279, B227,
B158, and B91 could be received on the basis of the fragmen-
ted intermediates that confirm the photo-degradation of the
dye molecule by the attack of free radicals. C–N and C–S are the
most active bonds of the MB dye that could be broken readily
by the attack of free radicals (i.e. hydroxyl and superoxide)
resulting in the oxidized organic molecules (i.e. intermediates).

Fig. 9 ESI mass spectrometric spectra of MB dye solution (a) after photocatalytic degradation at pH 7, (b) after photocatalytic degradation at pH 10, and
(c) without photocatalytic degradation i.e. pure MB dye.
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The fragmented intermediates further degrade into inorganic
constituents at a long irradiation time. Ammar et al. have
reported the degradation of MB dye molecules followed by
the mineralization of organic carbon into CO2, and hetero-
atoms (e.g. S and N etc.) into inorganic ions (e.g. sulfate, nitrate
and ammonium ions etc.) or other volatile compounds at a long
irradiation period (41000 minutes).48 Our results are in good
agreement with the previous work reporting on the oxidative
degradation of MB dye using metal oxide nanoparticles as the
catalysts.49–51 Fig. 9c shows that the molecular ion peak of MB
dye (before degradation) was obtained at an m/z value of 284 as
also reported previously.52

4. Conclusions

Single phase NiWO4 nanobricks have been synthesized using
the molten salts process at 500 1C. The optical properties of the
NiWO4 nanobricks revealed a direct band gap of B2.95 eV,
from the absorption spectroscopy studies. The NiWO4 photo-
catalysts significantly degrade a MB dye solution in neutral and
alkaline media, compared to bulk NiWO4 or previous reports on
metal tungstate. These photocatalysts showed good recyclable
efficiencies in both media. ESI-MS spectral studies were employed
to study the fragmented molecules obtained by the photo-
degradation of MB dye. The current work could be industrially
significant for waste water treatment on a large scale by the
removal of hazardous substances from water under SLI.
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