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a  b  s  t  r  a  c  t

Nanocrystalline  NiWO4 wolframite  structure  has  been  prepared  by  a simple  salt solution  addition
(NiW1SS), co-precipitation  (NiW4Cop) and  sol–gel  (NiW4SG) techniques  via  employing  polymeric  tem-
plates  particularly  polyethylene  glycol  (PEG)  and triblock  copolymer,  respectively.  The synthesis  method
as  well  as the  metal  molar  ratio (W/Ni)  influenced  the  phases,  morphology,  optical  and  surface  proper-
ties  of  synthesized  samples  as  configured  by  X-ray  diffraction,  transmission  electron  microscopy,  UV–vis
diffuse  reflectance  spectroscopy,  infrared  spectroscopy,  X-ray  photoelectron  spectroscopy  and  N2  sorp-
tiometry  techniques.  Accordingly,  the  NiW1SS material  that  exposed  only  NiWO4 of  nano-plate  shape
at  a  molar  ratio (W/Ni)  1 indicates  higher  surface  texturing  values  (SBET = 52.6  m2/g,  Vp =  0.2061  cm3/g
and  r =  15.7  nm)  exceeding  those  of NiW4Cop (SBET =  15.07  m2/g, Vp =  0.0491  cm3/g and  r =  13.0  nm)  of
anisotropic  shapes  (hexagonal  and  tetragonal);  synthesized  at a ratio  of 4 and  by the  same  template  (PEG).
The NiW1SS material  indicated  Eg value  of  2.23  eV  whereas  that  of  NiW4Cop revealed  a value of  2.92  eV.
On  the  other  hand,  NiW4SG that  exposed  well  crystallized  WO3 beside  NiWO4 of  nano-flakes  shape  and
an  average  diameter  of 25  nm  indicates  Eg value  of  2.56  eV  and  in addition  evokes  the  formation  of  nar-
row  pore  size  distribution  in  mesopores  range  (2–12  nm)  as  well  as  in macropores  (60  nm)  exploring  the

effect  of template  type  on the  pore  texturing.  Photodegradation  of methylene  blue  (MB)  dye  was  used
to  evaluate  the  photoactivity  of NiWO4 catalysts  under  UV  irradiations.  The  NiW4SG catalyst  exhibited
the  best  degradation  performance  (92.5%  for  MB  after  5 h).  The  results  showed  that  the  feasibility  of MB
degradation  was  not  only  due  to morphological  properties  but  also to the  NiWO4/WO3 heterojunction.
Significantly,  WO3 facilitates  effective  charge  separation  as  traced by  the  photoluminescence  emission
spectra.

© 2013 Elsevier B.V. All rights reserved.
. Introduction

Transition metal tungstates have many applications, such as in
as sensors, optical fibres, humidity sensors, pigments and cat-
lytic reactions [1–5]. Among these tungstates, nickel tungstate
NiWO4) has been extensively studied. Mixed nickel–tungsten
xide, denoted as NiWO4, may  have properties that are superior to
hose of the two components. NiWO4 has important electrochromic
roperties, besides a high long-lasting structural stability [6] and
ood catalytic properties [7]. The later tungstate crystallizes with

olframite structure that has monoclinic unit cell and space group

2/c characterized by alternating layers of nickel and tungsten
toms parallel to the (1 0 0) plane [8]. The coordination around

∗ Corresponding author.
E-mail address: mohmok2000@yahoo.com (M.M. Mohamed).

926-3373/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.apcatb.2013.12.001
tungsten and nickel atoms is six, giving ribbons of like-filled octahe-
dra sharing edges but unlike octahedra share corners [9]. In this
way W2O8 structural units are formed in NiWO4 similar to those of
the CdWO4 compound [10]. Usually single crystalline NiWO4 can
be prepared by solid state synthesis at high temperature [11,12]
by co-precipitation from aqueous solutions of soluble salts [13,7]
and by microwave assisted synthesis [14]. Several methods of
chemical synthesis, on the other hand, have gained popularity
for preparation of ceramic oxides including tungstates such as
sol–gel, hydrothermal, citrate gel, polymeric precursors and gel
combustion [15,16]. Chemical and physical properties of metal
oxides and in particular tungstates are generally dependent on
the synthesis route. Although transition metal tungstates have

sufficient chemical and thermal stability [17,18] very few reports
are available in the literature regarding their uses as photocat-
alysts for environmental remediation. Recently, the appreciable
activity of ZnWO4 for the degradation of Rhodamine B was

dx.doi.org/10.1016/j.apcatb.2013.12.001
http://www.sciencedirect.com/science/journal/09263373
http://www.elsevier.com/locate/apcatb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apcatb.2013.12.001&domain=pdf
mailto:mohmok2000@yahoo.com
dx.doi.org/10.1016/j.apcatb.2013.12.001
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eported [19–21]. Enhancement of the photocatalytic activity of
nWO4 doped with fluoride ions was also observed but never
xceeds 10% [22]. Accordingly, the main objective is to eluci-
ate the structural evolution of the phases that emerge when an
tomic ratio of W/Ni equals 4 via employing polymeric precur-
ors including triblock copolymer and polyethylene glycol. This
s intentionally performed to see to what extent the presence of

O3 will affect the structure, morphology as well as the pho-
ocatalytic performances of NiWO4. Sol–gel, co-precipitation and
acile salt solution addition techniques were successfully used
n the synthesis of nickel tungstate nanoparticles of controlled

orphologies. Hence, the present work is aimed at studying the
hases, morphology, optical, surface properties and structural
ransformations of the produced NiWO4 compound using X-
ay diffractometry (XRD), TEM, X-ray photoelectron spectroscopy
XPS), UV–vis diffuse reflectance spectroscopy, photolumines-
ence, and FTIR spectroscopy beside surface texturing properties
N2 adsorption). In addition, the photoactivity of as-synthesized
anoparticles will be tested for the degradation of methylene blue
MB) dye.

. Experimental

.1. Catalysts preparation

.1.1. Preparation of NiWO4 by an atomic ratio (W/Ni) of 1 using
imple addition method

Analytical-grade nickel nitrate and sodium tungstate were
sed as received from Merck Company. The NiWO4 was formed
y precipitating a stoichiometric mixture of sodium tungstate
nd nickel nitrate solutions according to the following pro-
edure. Na2WO4·2H2O (32.9 g) dissolved in 100 ml  of distilled
ater containing polyethylene glycol-2000 [(HO(CH2CH2O)nH)-

EG 2000-2 g/100 ml  water)] was poured on Ni(NO3)2·6H2O
issolved in PEG (29.0 g/100 ml  water PEG). Following addition, a
reen precipitation was formed while vigorous stirring. The pre-
ipitate was left for one day, filtered, and washed with distilled
ater for several times. Then, dried at 110 ◦C for 5 h and finally cal-

ined at 400 ◦C for 6 h to obtain NiWO4. This sample was denoted
s NiW1SS where 1 corresponds to a W/Ni atomic ratio of 1 where
S represents salt solution by which the catalyst was simply syn-
hesized.

.1.2. Preparation of NiWO4 by an atomic ratio (W/Ni) of 4 using
o-precipitation method

Ni was first dissolved in water containing PEG-2000 (100 ml)
nd same for Na2WO4. The later solution was poured onto the
ormer under vigorous stirring to produce a blue suspension.
mmonia solution (15%) was then added into the suspension in

 drop wise manner until complete precipitation followed by heat-
ng at 85 ◦C for 6 h. The blue suspension was changed into green
recipitate which filtered, washed with excess water and dried at
10 ◦C for 10 h. Calcinations at 400 ◦C for 6 h were accomplished.
his sample was denoted as NiW4Cop, where 4 accounts for the
tomic ratio of 4/1 (W/Ni) and Cop accounts for the used method
o-precipitation.

.1.3. Preparation of NiWO4 by an atomic ratio (W/Ni) of 4 using
ol–gel method

Appropriate amounts of Na2WO3 and Ni(NO3)2 were used
o as to obtain a 4:1 atomic ratio in the final product. Sodium
ungstate was first dissolved in triblock copolymer-pluronic 123

consisting of (ethylene oxide)20 (propylene oxide)70 (ethylene
xide)20] − solution (1 g/100 ml)] followed by pH adjustment to a
alue of 8.8 via drop-wise addition of ammonia solution (15%, v/v).
n the other hand, the solution of nickel nitrate dissolved also in
vironmental 150– 151 (2014) 63– 73

the triblock copolymer (1 g/100 ml)  was  added to that of the latter
and thus the reacting solutions were kept at 60 ◦C under vigorous
stirring until a gel was formed. After gelation for 24 h in Teflon
lined autoclave at the same temperature (60 ◦C), the gel was dried
at 110 ◦C over night then calcined at 400 ◦C for 6 h. This sample was
denoted as NiW4SG where SG is accounted for the sol–gel method
of preparation.

2.2. Catalyst characterization

2.2.1. X-ray diffraction analysis
X-ray diffraction analysis was  performed on X-ray diffractome-

ter (XRD) Model XRD 8030 from Jeol Co., Japan. Maximum power is
3 kW and the unit is equipped with rotating stage and thin layer
accessories. The patterns were run with co-filtered CoK� radia-
tion (� = 1.79 Å) energized at 45 kV, and 10 mA.  The samples were
measured at room temperature in the range of 2� = 10–80◦. The
XRD phases present in the samples were identified with the help
of ASTM Powder Data Files.

2.2.2. Transmission electron microscopy (TEM)
The nanostructured morphologies of the samples were exam-

ined using high resolution transmission electron microscopy
(HRTEM) obtained by Tecnai G2 supper twin USA, with an accelerat-
ing voltage of 200 kV. The elemental composition of the composite
material was investigated by energy-dispersive X-ray attached to
the TEM equipment. The average particle diameter (d) was cal-
culated by the following formula: d = �nidi/�ni, where ni is the
number of particle diameter di in a certain range, and �ni is more
than 200 NiWO4 particles on TEM images of the sample. Computer-
assisted counting of nanoparticle images and automated image
analysis based software package including KONTRON KS 400 (Zeiss-
Kontron) was used. To show how much variation from the average
the calculated standard deviation of all nanoparticle sizes is stated
in the text of this paper.

2.2.3. Fourier transform infrared spectra (FT-IR)
The infrared spectra of the samples were recorded in the range

of 400–1000 cm−1. The method includes mixing few milligram of a
fine powder of the sample with KBr powder in an agate mortar. The
mixture was then pressed by means of hydraulic press. The trans-
mission was  automatically registered against wavenumber (cm−1)
using a Perkin-Elmer instrument (Spectrum GX), made in USA.

2.2.4. Nitrogen adsorption measurements
Nitrogen adsorption measurements were performed at liquid

nitrogen temperature with a Micromeritics ASAP 2020 surface area
and porosity analyzer. Prior to the measurements, the samples were
degassed for half an hour at 363 K followed by 3 h at 473 K. Sur-
face area was  calculated using the BET (Brunauer–Emmett–Teller)
interpretation of the nitrogen adsorption isotherm.

2.2.5. UV–vis diffuse reflectance spectroscopy
Diffuse reflectance UV–vis spectroscopy (UV–vis DRS) of

powder samples was  carried out at room temperature using
a PerkinElmer Lamda-900 spectrophotometer in the range of
200–800 nm.  The UV–vis spectra were processed with Microsoft
Excel software, consisting of calculation of the Kubelka–Munk func-
tion, F(R∞), which was  extracted from the UV–vis DRS absorbance.

The edge energy (Eg) for allowed transitions was determined by
finding the intercept of the straight line in the low-energy rise of the
plot of [F(R∞)hV]2, for the direct allowed transition, vs. hV,  where
hV is the incident photon energy.
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Fig. 1. XRD patterns of NiW1SS, NiW4SG and NiW4Cop.
M.M. Mohamed et al. / Applied Catalysis

.2.6. Photoluminescence spectroscopy
The PL spectra were recorded by photoluminescence (PL) spec-

rometer (Spectro Fluorescence JASCO fp-6200) using 290 nm as
xcitation wavelength at room temperature via pulsed YAG:Nd
aser excitation.

.2.7. X-ray photoelectron spectroscopy (XPS)
X-ray photoelectron spectroscopy (XPS) measurements were

aken on the Thermo Scientific Escalab 250Xi spectrometer
quipped with an MCD-9 detector and XR6 monochromatic source.
his offers a user-selectable spot size from 200 to 900 �m.  Auto-
ated in-lens irises may  also be used to reduce the analysis area,

ffering a range of 300–20 �m.  Spectra treatment were performed
sing the CASA software. The dual ion/electron flood source charge
eutralization system, using very low energy electrons and ions,
as used for the analysis of insulating samples. Typically the hydro-

arbon C 1s line at 284.8 eV was used for energy referencing. All
ata processing (quantification, peak fitting, image generation, PCA,
verage spectrum generation, etc.) was performed within the Avan-
age data-system.

.3. Photocatalytic activity

The photocatalytic properties of the various samples were eval-
ated by monitoring the degradation of methylene blue (MB,
50 ml,  20 ppm) dye in the presence of 200 mg  of catalyst at
oom temperature. TiO2 (P25, 20% rutile and 80% anatase) pur-
hased from ACROS was tested as well for comparison purposes. All
hotodegradation experiments were performed in two  side arms
uartz photochemical reactor fitted with a cooling jacket. 125 W UV
igh pressure mercury lamp transmitted light in the wavelength
ange of 295–390 nm fitted with long Teflon tube was  inserted into
he reaction solution. Prior to irradiation, the catalyst and methy-
ene blue solution were allowed to stir in the dark for 30 min  prior to
llumination to allow for adsorption of the methylene blue onto the
urface of the catalyst. Aliquots of the solution were collected at dif-
erent time intervals for a total of 400 min. The centrifuged aliquots
ere directed to UV–vis spectrophotometer to check the degrada-

ion of methylene blue dye via its absorption peak at 665 nm.  This
bsorption data was used in the determination of degradation of
he dye through comparison with the absorbance at a certain time
s a percentage of the initial absorbance.

. Results and discussion

.1. XRD and TEM investigations

The XRD patterns of calcined samples are shown in Fig. 1. The
attern of NiW4Cop indicates the main diffraction peaks of mono-
linic NiWO4 phase at 2� = 65.9◦, 54.7◦, 52.4◦, 49◦, 41.8◦, 36.6◦, 31.0◦,
5.0◦, and 24.0◦ [JCPDS: 15-0755] which correspond to the (3 1 1),
2 0 2), (1 3 0), (0 0 2), (1 0 2), (2 0 0), (1 1 1), (1 1 0) and (0 1 1) crystal-
ographic planes, respectively. Very small lines at 2� = 16◦, 17◦, 28◦

nd 33.2◦ have also been included and ascribed to WO3 of low crys-
allinity [23]. The XRD pattern of NiW1SS reveals diffraction peaks
ypical to those of NiWO4 seen in NiW4Cop. Diffractions of the later
ndicate much lower crystallinity than that of the former suggesting

 decrease in crystallites size of NiWO4 in NiW4Cop comparatively.
n conformity, the particles size assessed using Scherrer equation
ased on using the (1 1 1) reflection at 31.0◦ were found to be 42 and
8 nm for NiW4Cop and NiW1SS, respectively (Table 1). This indeed

ndicates that the NiWO4 formed by the simple method at an atomic

atio of (W/Ni) 1 initiates nearly pure monoclinic NiWO4 phase
ith negligible amount of low crystalline WO3 phase [23] unlike

he case in NiW4Cop. The NiW4SG sample shows typical diffraction
eaks of monoclinic NiWO4 phase of lower intensities than that
in NiW1SS, and thus indicates particles size comprised of 35 nm.
Very strong peaks at 2� = 28.2◦, 32.8◦, 43.5◦ 57◦, 60◦, 64.8◦ and 78.7◦

were also depicted in this sample, characterizing highly crystalline
WO3 phase (JCPDS card 43-1035). This reflects the role played by
the polymer template in growing one phase while retarding the
other. An exhibited strong interaction between W ions and PEG
in NiW4Cop is attained; and hence low crystalline WO3 is emerged
together with the highly crystallized NiWO4 phase. On the contrary,
promotion of NiWO4 formation in NiW4SG with low crystallinity
together with well crystallized WO3 phase admits that a quite weak
interaction between W ions and the triblock copolymer template
is proposed. Accordingly, the tendency of the template to interact
with the excess of W ions in the nominal molar ratio of 4 (W/Ni)
affects the phases produced (NiWO4 and WO3) as well as their
percentages in NiW4Cop and NiW4SG.

The morphologies of NiWO4 samples were examined by TEM.
The TEM image of NiW1SS shown in Fig. 2a revealed a nanoplates-
like structure with an average size of 40 ± 3 nm.  The inset in the
figure illustrates the SAED pattern of NiWO4 nanocrystals that per-
fectly indexed to a monoclinic wolframite structure, via the existed
facets at (1 1 1), (2 0 0) and (3 1 1) [24]. This was in good agreement
with the XRD results. The pattern of NiW1SS shows rings, charac-
teristic of nanocrystalline materials, with some scattered ones. The
EDS spectrum, with elemental analysis, of this sample indicates
(not shown) 50% of C, 33.6% of O, 8.3% of Ni and 8.1% of W on the
surface. The ratio of W/Ni is stoichiometrically equal 1 as planned
during the synthesis process.

The TEM image of NiWO4Cop exhibits anisotropic shapes of
hexagonal and tetragonal nanoplates with an average diameter of
34 ± 2 nm and length of 25–55 nm.  The corresponding SAED pattern
of the sample, shown as inset in Fig. 2b, indicates diffraction rings
ascribed to (1 1 1), (2 0 0) and (3 1 1) of NiWO4 crystalline phase. The
corresponding EDS spectrum of the sample indicates (not shown)
36.5% of C, 20.1% of O, 4.6% of Ni, 19.9% of Cu and 18.8% of W.  The
content of Ni and W was  near to the nominal value of 1:4 as inten-
tionally suggested during the preparation. The presence of Cu was
due to the copper grid used in the TEM measurements. Although
the percentages of C is lower than that in NiW1SS we cannot neglect

the carbon impurities derived from the non-complete decomposi-
tion of the PEG template that has been ascertained using the TG
technique (not shown).
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Table 1
Surface texturing, particles size and phases of synthesized NiWO4 catalysts.

Sample name SBET (m2/g)a Vp (cm3/g)b r (nm)c Particle size (nm)d Composed phasese

NiW1SS 52.6 0.2061 15.7 48 mNiWO4 + nLcWO3

NiW4Cop 15.1 0.0491 13.2 42 mNiWO4 + LcWO3

NiW4SG 4.7 0.0164 13.9 35 mNiWO4 + HcWO3

a SBET, BET surface area.
b Vp, pore volume.
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c r, BJH adsorption average pore diameter.
d Crystallite sizes determined by the broadening of the NiWO4 (1 1 1) facet diffra
e Composed phases where m denoted for monoclinic, nLc for negligible amount o

The TEM image of NiW4SG shows irregular crystalline nano-
akes structure with average sizes of 25 ± 2 nm.  The HRTEM-inset

n this figure shows distances at 2.0 Å and 1.49 Å, which correspond
o (2 2 2) and (1 1 1) planes of WO3 and NiWO4 phases, respec-
ively. This signifies the close proximity of the two phases. This close
nterconnection between the two phases is supposed to favour the
hotoinduced electrons transfer between the phases that assume to
educe the recombination of the photoinduced electrons and holes,
nd improve the photocatalytic activity of the catalysts. The corre-
ponding EDS pattern of the sample indicates that the elemental
omposition of W/Ni ratio was lower than 4 proposing that W was
ot exposed on the surface. Decreasing the particle size of this sam-
le comparatively explains the role of triblock copolymer template
n slowing the nucleation rate via the sol–gel technique however
esulted in non-homogeneous nucleation so as to producing such
rregular flaky structure.

ig. 2. TEM image of (a) NiW1SS; (b) TEM image of NiW4Cop, the inset in (a) and (b) show
gure.
eak using the Scherrer formula.
 crystalline, Hc for high crystalline and Lc for low crystalline.

3.2. Surface texturing properties

Fig. 3 shows the N2 adsorption–desorption isotherms of the
mixed oxide composites calcined at 400 ◦C. They belong to type
II according to the IUPAC classification. The non-limiting adsorp-
tion at high P/P0 is characteristic of Type H3 loop. The BET analysis
revealed that the NiW1SS sample exhibits higher surface area of
52.6 m2/g exceeding 15.07 m2/g of NiW4Cop and 4.7 m2/g of NiW4SG
(Table 1). It has been reported that both pure NiO and WO3 exhibit
low surface area (4 and 9 m2/g, respectively) values [25,26]. Accord-
ingly, the enhancement in surface area particularly in NiW1SS is
likely due to the presence of the PEG template that hinder the
crystallization of NiO and WO3 preventing the formation of large

particles. The pore-size distribution obtained for NiW1SS acquired
from N2 adsorption indicates that it’s composed of mesoporous dis-
tribution centred at 250 Å. The pore size distribution obtained for

s the corresponding SAED patterns; (c) TEM image of NiW4SG with HRTEM inset
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Fig. 3. Adsorption–desorption isotherms and p

iW4SG indicates that it’s composed of mesopores with quite nar-
ow distributions centred at 20, 30 and 120 Å, as well as macropores
entred at 600 Å, seen as a broad band. Such macropores explain the
eason for the marked decrease in SBET of this particular sample. In
ddition, deposition of residual amounts of non-decomposed tri-
lock copolymer moieties in the pores of NiW4SG affects the pore
olume [0.0164 cm3/g for NiW4SG vs. 0.0491 cm3/g for NiW4Cop
nd 0.2061 cm3/g for NiW1SS (Table 1)] that by in turn affects the
urface area value. On the contrary, NiW4Cop showed a bimodal dis-
ribution centred at 25 Å; as a shoulder, together with a broad one
entred at 60 Å. The shape of the nitrogen adsorption–desorption
sotherm is strongly influenced by the W/Ni atomic ratio, e.g. in the
:1 ratio; as in NiW1SS, mesopores were only existed with larger
ysteresis loop than NiW4Cop synthesized using the same template
PEG) but with varied atomic ratio (W/Ni = 4). This let us presume
hat in the NiW1SS sample, PEG 2000 has been well assembled in

 facile way to form large ordered mesoporous NiWO4 whereas
his ordering is somehow narrowed when the atomic ratio raised
o 4 in NiW4Cop. This probably due to the absence of WO3 moi-

ties in the NiW1SS sample as depicted from XRD results unlike the
ase in the other samples. NiW4SG revealed a combination of both
eso- and macropores whereas NiW4Cop displayed only a lower
argin of mesopores. NiW4SG and NiW4Cop samples presented
e distribution of NiW1SS, NiW4SG and NiW4Cop.

similar adsorption–desorption isotherm except that the desorption
step in the former was at P/P0 = 0.85 where it was  at 0.55 for the
later reflecting that varying the polymeric template from triblock to
polyethylene glycol affects the ink-bottle type of pores (P/P0 > 0.5)
[27,28] produced for the shaped NiWO4. Narrowing parts of the
mesoporous channels and creating ink-bottle like sections can be
recognized in the NiW4SG sample and as a result a trimodal distri-
bution is revealed at 20, 30 and 120 Å upon employing the triblock
copolymer template. Deposition of WO3 and/or carbons in the pore
structure of the formed NiWO4 phase can produce such small dis-
tributions, as has been affirmed from HRTEM results of this sample
that showed the close contact between both phases (WO3/NiWO4).

3.3. Optical and vibrational properties

The optical properties of the samples are characterized by
UV–vis spectroscopy (Fig. 4). Four absorption bands at 329, 382,
455sh and 739 nm are observed in NiW1SS. It has been reported
that crystalline NiWO4 exhibits an adsorption band at 450 nm as

well as at 342 nm [28] whereas WO3 displays an absorption band
at 718 nm [29]. Accordingly, by matching, the absorption band
positioned at 382 nm constitutes with those depicted at 329 and
455sh nm the formation of NiWO4 since neither WO3 nor NiO has
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(Eg < 4.0 eV) [29]. Decreasing Eg values than 4 eV in our synthe-
sized materials invokes that they are mainly tungstate compounds
(NiWO4). The shift of the absorption edge in NiW1SS to Eg of 2.23 eV
Fig. 4. UV–vis DRS spectra of NiW1SS, NiW4SG and NiW4Cop.

bsorption bands around the wavelength at 382 nm.  Assigning the
and at 739 nm into WO3 matching that at 718 nm [30] was not in
greement with XRD data indicating that the formed WO3 phase
n NiW1SS was in amorphous state, rather than in crystalline one.
imilarly, the NiW4Cop sample indicates similar bands as shown for
iW1SS but at lower wavelengths (314, 450 and 736 nm)  together
ith vanishing that at 382 nm.  The NiW4SG sample indicates the

ame bands as in NiW1SS except that significant enhancement to
isible light bands was revealed. The bands at 329, 382 and 455 nm
scribed to NiWO4 in NiW1SS are shifted into 344, 395 and 467 nm,
espectively in NiW4SG. This shift to higher wavelengths is probably
elated to the dispersed particles and to the difference in parti-
les size of NiW4SG compared to NiW1SS, [31] as illustrated in XRD
nd TEM investigations. Meanwhile, UV–vis results revealed that
iWO4 nano-particles have good light absorption properties not
nly in the UV region but also in the visible light ones. Shifting the
O3 band at 739 nm in NiW1SS into 750 nm in NiW4SG was in con-

ormity with the conclusion obtained from XRD data stating that
iW4SG owns the highest crystallized WO3 phase between all sam-

les. This declares that UV–vis spectroscopy is rather sensitive in
etecting the existence of any crystalline WO3 phase.

Fig. 5. Energy gap (Eg) values of NiW1SS, NiW4SG and NiW4Cop.
vironmental 150– 151 (2014) 63– 73

In order to determine Eg, we  have analyzed the measured
absorption spectra of the studied tungstates, by calculating the
absorption edge as depicted in Fig. 5. The values of optical
transition obtained by extrapolating the straight line portion to
energy axis at zero absorption coefficients give the direct optical
band gaps. In particular, we  found that Eg decreases in the following
sequence NiW4Cop > NiW4SG > NiW1SS. For NiW4SG, the determined
Eg (2.53 eV) agreed well with the value reported in the literature
[32]. In case of NiW1SS, the measured Eg is 2.23 eV. This suggested
that the band-gap energy of NiWO4 synthesized by the simple addi-
tion via employing PEG-2000 was  much lower than the previously
accepted value (2.56 eV) [33] whereas that calculated for NiW4Cop
was 2.92 eV, indicating the capability of the former for capturing
visible light, comparatively. In wolframite-structured tungstates
the upper part of the valence band consists mainly of the O2− 2p
states, and the conduction band is dominated by the W6+ 5d states,
in a similar way  as it occurs in WO3 [34]. Including the transition
metal Ni in tungsten to form tungstate invokes the O2− 2p states
and the W6+ 5d to hybridize with d electrons of the Ni2+ cation. The
smaller band-gap of the samples could be caused by the larger con-
tribution of the metal states to the valence and conduction bands
[35]. The UV–vis spectra allow for discrimination between mildly
distorted isolated WO4/WO6 (Eg > 4.4 eV) and polymeric structures
Fig. 6. FTIR spectra of NiW1SS, NiW4SG and NiW4Cop.
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Fig. 7. X-ray photoelectron spectra of W4f, Ni2P, C1s a

ompared to 2.56 and 2.92 eV for NiW4SG and NiW4Cop respec-
ively, is correlated to the increase in particle size of the former
omparatively as depicted from XRD and TEM results, reflecting
hat narrowing the energy gap is due to quantum size effects. The
hift of the absorption edge in nano NiW4Cop to higher energies
ompared to NiW4SG is also devoted to the increase in particles
ize of the former (Table 1) comparatively. It is well known that,
s a consequence of quantum confinement of the photogenerated
lectron–hole pairs, the UV–vis absorption spectra of semicon-
uctor nanoparticles are size dependent [36]. Particularly, the
avelength at the maximum exciton absorption (�max) decreases

ecause of the decrease of the nanoparticles size [37]. This was  not
ffirmed for the NiW4Cop sample that expected to own the lowest
ptical band gap since it showed the lowest maximum absorption
etween all samples. This was due to the evolution of some other
hases beside NiWO4 such as low crystalline WO3 nanoparticles
hat causes widening of the energy gap. This points out that WO3
anoparticles; of decreased particle size, and in close proximity to
iWO4 in NiW4Cop could cause an increase in band gap energy due

o quantum confinement effect [38] unlike the case in NiW4SG in

hich well crystallized WO3 decreased the Eg of NiWO4.

The IR spectra of calcined samples are shown in Fig. 6. In the IR
pectrum of the NiW1SS sample, broad bands at 950, 850, 666 and
50 cm−1 are depicted to confirm the NiWO4 formation where the
s transitions of the NiW4SG material calcined at 400 ◦C.

band at 950 cm−1 is ascribed to the stretching modes of the W O
terminal bond present in each octahedron of WO3 [39]. Since XRD
results of the sample indicated the presence of negligible amounts
of low crystalline WO3 hence this band is likely due to the highly
dispersed WO3 species. This may  also indicate that the material has
a high long-range disorder with some short-range order. This was
in conformity with the assignment of the 739 nm band depicted for
the same sample when using UV–vis spectroscopy technique. The
absence of bands at 805 and 750 cm−1 due to stretching vibrations
of bridging W O W bonds [40] confirms the assignment con-
cerning the NiWO4 formation. Additionally, the observed band at
450 cm−1 confirms the stretching vibrations of the NiO6 polyhedra
building NiO [41,42], validating the formation of NiWO4 structure.
In the NiW4Cop sample, the band at 950 cm−1 is appeared, in confor-
mity with XRD results, together with broad bands at 828, 450 and
666sh cm−1. The vibrational spectrum of the NiW4SG sample pre-
sented typical bands as in NiW4Cop at 825, 680 and 450 cm−1 except
that at 666 cm−1 in the later is shifted to 680 cm−1 in the former
and became broader. The broadness of the 680 cm−1 band explains
that NiWO4 in NiWO4SG was  not completely pure probably due to

its association with the crystalline WO3 phase [43,44]. An evidence
of the formation of the WO3 phase in the NiWO4SG sample was also
depicted by the broad band at 950 cm−1, in conformity with XRD
and DRS investigations. It is interesting reporting that IR spectra
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ig. 8. Peak fitted Ni2p signals to NiO and Ni(OH)2 in NiW4SG sample calcined at
00 ◦C.

f our synthesized samples showed bands in the 1338–1775 cm−1

egion due to residual organics as a result of the incomplete decom-
osition of the templates (see supporting information) and this was

n conformity with TGA data.

.4. XPS analysis

Fig. 7 shows the spectra of Ni2p3/2 and W4f7/2 of the NiW4SG
atalyst annealed at 400 ◦C. The asymmetric Ni2p3/2 XPS main peak
een at 855.4 eV shows one additional structure at the high BE
ide, named satellite peak at 862 eV. This is suggestive of multi-
le oxidation states of Ni. The Ni2p spectrum is compared to two
eference spectra from NiO and Ni(OH)2 (Fig. 8). The NiO refer-
nce spectrum has a peak at about 854 eV, which is seen in the
iW4SG sample as a shoulder [45]. It has also a sharper satellite line
t about 860 eV, resemble that in the same spectrum, along with a
houlder at ∼866 eV. The Ni(OH)2 reference spectrum has a broad
eak at 855.5 eV, which is close to the maximum of the NiW4SG
ample. The broader satellite at 860 eV does not resemble that of
iW4SG in a firm way, so if Ni(OH)2 is present, it is not the dominant
omponent. Based on these reference data, the reasonable interpre-
ation of NiW4SG is most likely being predominantly NiO, with an
dditional state that could be Ni(OH)2, or something that causes

 similar shift in the Ni2p peak. This could account for a different
ocal environment of the Ni atoms in the bulk structure, influenc-
ng the Ni O interaction. The shift of Ni2p to higher BE compared

ith Ni rich samples [46] is very much related to the presence of
ungsten atoms in the structure of the Ni W O catalyst nearby the
urface of the material, as can be seen in NiW1SS (856.2 eV, Table 2).

xceeding the BE of the latter band in NiW1SS to higher values is
robably due to the presence of Ni3+ provoking its existence on the
ynthesis method used [47].
Fig. 9. Change in the relative dye concentration vs. time for the synthesized
NiWO4 photocatalysts (reaction conditions: 350 ml of 20 ppm MB,  200 mg catalyst,
750  rpm).

Indeed, IR and XRD results confirmed the presence of NiWO4. In
addition, the BE of the Ni2p3/2 XPS secondary peaks clearly change
with increasing tungsten content in the sample (Table 2). This could
account for a different local environment of the Ni atoms in the
bulk structure [48]. Fig. 7 also shows that the W4f  spectra in our
sample consist of well-resolved spin orbit split doublet peaks cor-
responding to W4f7/2 at 35.6 eV, and W4f5/2 at 37.5 eV, close to the
binding energy for W4f7/2 in NiWO4 [16,18], i.e. resembling that of
W6+. A shift to lower BE in the W4f7/2 main peak in the sequence
NiW1SS > NiW4SG > NiW4Cop, compared with that of bulk WO3 [32],
with increasing W content, is clearly observed (Table 2). This could
be related to the presence of Ni atoms in the local environment of
W6+ species [23]. XPS data seen in Table 2 confirmed the presence of
non-reacted amounts of NiO in NiW4SG and NiW4Cop samples syn-
thesized at a nominal molar ratio of 4 (W/Ni). The ratio between Ni,
W,  and O in NiW4SG and NiW4Cop samples is not close to the stoi-
chiometric of 4 for W/Ni, unlike that depicted from EDX elemental
compositions, proposing the non-homogeneity of the sample.

The C 1s spectrum has been fitted with three components; as
shown in Fig. 7, to show chemical states due to hydrocarbon (C C)
and alcohol, ester or carboxylate (C O, O C O). This is not consis-
tent with typical adventitious contamination used to be because of
their high amounts, thus it probably came from the non-complete
decomposition of the triblock copolymer template as evidenced
by the TG technique (not shown). The O 1s peak seen at 530.4 eV
indicated the presence of nanosized NiWO4. It is expected that
a local structure relaxation in nano-NiWO4 will slightly decrease
the O 1s binding energy compared to that of crystalline NiWO4.
Moreover the phases with larger O 1s binding energies, such as
Ni(OH)2 could contribute to the larger shift towards lower bind-
ing energies [49]. This can be related to the appearance of a nickel
oxide phase in which oxygen atoms have lower binding energy
[50].

3.5. Photocatalytic degradation

After equilibration of the dye–photocatalyst suspension in the
dark, the photo-degradation of the methylene blue (MB) dye was
found to depend on the nature of the synthesized NiWO4 cata-
The decolourization behaviour of MB  on NiWO4 photocatalysts
is shown in Fig. 9. It is important to notify that the contact time
prior to irradiation was 30 min  for all samples and it was 400 min
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Table 2
XPS results including surface composition (at %) for synthesized NiW1SS, NiW4Cop and NiW4SG catalysts.

Sample Ni2p3/2 main peak
(eV)

Ni2p3/2 secondary
peak (eV)

W4f7/2 main peak
(eV)

W4f7/2 secondary
peak (eV)

Ni% from Ni2p W%  from W4f  O% from O1s

NiW1SS 856.2 861 35.56 37.43 8 9 35
NiW4SG 855.4 862.2 35.33 37.5 8 19 36
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from WO3 to the NiWO4, because of the close contact and large
interface area between them that has been attained via coupling of
the WO3 semiconductor with NiWO4.
NiW4Cop 855.3 863 35.21

uring the MB  photo-oxidation reaction. This is very important
o reveal the effect of surface area and particle size of the sam-
les while performing the reaction. It is observed that NiW4SG is
he most active while NiW1SS is the least active photocatalyst for
he degradation of MB  even when compared with P25 TiO2 that
resented activity composed of 46%. From the plot (not shown)
f the decolourization rate vs. the irradiation time, straight lines
an be fitted in the first part of the plots, estimating apparent first
rder kinetic constants of 0.017, 0.012 and 0.003 min−1 for NiW4SG,
iWO4Cop and NiW1SS, respectively. It can be seen that the sur-

ace area of the materials has an opposite trend with respect to
hat revealed by the amount of MB degraded on the photocata-
ysts since NiW4SG that exhibited the lowest surface area value
resented the highest activity. Accordingly, calculated turn over
requency expressed per unit total area of catalysts was 0.18 × 10−3,
.57 × 10−4 and 0.17 × 10−4 mmol  m−2 min−1 for NiW4SG, NiW4Cop
nd NiW1SS, respectively. The low activity of NiW1SS (having band
ap of 2.23 eV) towards the degradation of MB  may  be related to
he inaccessibility of the catalysts to the photons of the wavelength
eeded to generate oxidizing species since MB  in solution acts
s a shield for absorbing incoming photons, hindering the direct
nteraction of photons with the photocatalyst. On the contrary,
iW4Cop and NiW4SG those showed higher band gaps encompassing

he range from 2.56 to 2.92 eV exhibit lower adsorption compar-
tively and thus allowed the energy transfer by the excited dye
olecules. It is well established [51] that the adsorption in the dark

f a substrate on the surface of the semiconductor acts a vital role
n its degradation under irradiation. In fact, the amount of the dye
dsorbed in the dark provides a rough estimation of the nature and
umber of available adsorption sites present at the surface of the
atalyst. This parameter is not easily evaluated under irradiation
ince additional adsorption sites may  be generated with the pos-
ible formation of surface defects [52]. A rather high adsorption of
he substrates must be guaranteed in order to efficiently promote
heir degradation, while the complete surface coverage is often
etrimental, as was observed in the case of NiWO4 in the work of
ornasiero et al. [53]. In this case, the dye acts as a shield, hindering
he direct photon absorption leading to an inactive catalyst. In the
ater work [53], the catalytic activity of NiWO4 was not evaluated,
ince the catalyst surface was fully covered by adsorbed MB  reach-
ng great values as high as 92% where it gives activity comprised
f 10% degradation in case of methyl orange dye. Accordingly, the
ifferences in the photocatalytic activity in our tungstates can be
scribed to exceeding the adsorption on NiW1SS (19.7%) than on
iW4SG and NiW4Cop (10.9–11.5%). Thus, we believe that the reac-

ivity on the later catalysts is mainly due to electronic properties
ather than adsorption ones. Increasing the adsorption on NiW1SS
omparatively could be due to the presence of appreciable amounts
f the amorphous WO3 in conformity with the work of Luo et al.
54]. This let us presume that sever adsorption will inhibit the pro-
uction of oxidizing species, through water oxidation, irrespective
f lowering the Eg of the NiW1SS catalyst; comparatively, and thus

rohibits reaching the photons into the surface. In consistence, the
omparison of the performance of the Degussa P25 TiO2 photocat-
lyst with NiW4SG was significant. This former reference material
howed a lower activity (k = 0.0041 min−1) with respect to the
37.35 6 17 41

latter, probably due to a higher percentage of MB  adsorption on
its surface (24.8%).

However, as mentioned in the results obtained, the synthesized
NiW4SG catalyst exhibits an obvious difference in particle morphol-
ogy. This decisive difference in morphology that correlated with the
decrease in particles size (25 nm)  together with the noticed close
contact between WO3 and NiWO4 moieties probably influenced
the photocatalytic activity, i.e. the exposed crystal faces and/or the
ratios among exposed crystal faces (Table 1) are undeniably have
decisive influences in inhibiting the recombination between elec-
trons and holes. Accordingly, the finer particles size of NiW4SG, the
shape as well as the crystalline WO3 species influenced the activity
towards MB  degradation. The low recombination rate of electrons
and holes is also an indispensable reason for exceeding the photo-
catalytic activity of NiW4Cop than that on NiW1SS since the former
shows some crystalline WO3 species [55], which have exceptional
chemical and photoelectrochemical stability in aqueous media over
a very wide pH range. Accordingly, the enhancement of the photo-
catalytic activity of NiW4SG and NiW4Cop is due to effective charge
separation caused by trapping the photogenerated electrons.

A mechanism for the increase in photocatalysis by NiW4SG is
shown schematically in Fig. 10. Under UV illumination, electrons
(e−) are excited from the valence band (VB) to the conduction band
(CB) of NiWO4, creating a hole (h+) in the VB. Only a small number
of electrons and holes usually participate in photocatalytic reac-
tions resulting in a low reactivity, while the rest are lost due to
recombination. WO3 mainly absorbs in the near ultraviolet and blue
regions of the solar spectrum because of its band gap (Eg = 2.6 eV to
approximately 2.8 eV) [56]. As a basic function, WO3 has a suitable
conduction band potential to allow the transfer of photogenerated
electrons to NiWO4 facilitating effective charge separation as well
as hindering recombination. It is easy for electrons to transport
Fig. 10. Scheme for electron–hole separation and transport at UV-light driven
NiWO4(WO3) photocatalyst interface.
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ig. 11. PL spectra (excitation wavelength of 290 nm) for NiWO4 nanoparticles syn-
hesized by different methods.

This is rather surprising results given that previous reports sug-
est that NiWO4 in its own is either inactive or slightly active in the
hotocatalytic removal of organics [57,58]. Perceiving such high
ctivity let us presume that residual carbons can act as hole scav-
nger; as well, to contribute to the apparent activity together with
he mentioned parameters discussed above including morphol-
gy and the close contact between WO3 and NiWO4 species. In
oncordance, the TGA diagram of NiW4SG (not shown) evidences
he presence of residual organic template following annealing at
00 ◦C. However, the absence of carbons in XRD results confirms
hat it is likely to be in an amorphous state. This doping by the non-

etallic carbon has shown to result in visible-light sensitization of
iO2 [59,60]. It has been extensively approved that carbon doping
ould introduce a mid  band-gap state close to the TiO2 VB and

xtends light absorption to longer wavelength region [61]. There-
ore, the synthesized carbon-doped NiW4SG hybrid (Fig. 10) with

O3 shows a higher UV light photocatalytic activity towards MB
egradation.

In conformity, photoluminescence emissions spectra arise from
he recombination of free carriers are carried out for all synthesized
atalysts, as shown in Fig. 11. The emissions for all synthesized
iWO4 nano-particles were at wavelength range of 300–500 nm.
he observed patterns were similar to other wolframite com-
ounds; Originated from the WO6

6− anion along with some defects
n the crystal structure [62]. The emission bands at 350 and 365 nm
ome from the band gap transition, where the small doublet peaks
ppear at 400 and 410 are due to either the quantum size [63]
nd/or to the interference between the luminescence band of the
O6 groups and the absorption band of the NiO6 groups [64].

he obvious emission peaks of 440, 465 and 480 nm are related to
he intensive transition from the ground state 3A2g to the excited
tate 3T1 of Ni2+ (3d8) ions [64] in distorted octahedral coor-
ination [65] or due to recombination of e–h pairs localized at
xygen-atom-deficient tungstate ions [66]. The PL emission spectra
f the synthesized wolframite NiWO4 nanoparticles show similar
eak positions with varied PL intensities. The PL intensity of the
iW1SS sample was significantly higher than those of NiW4Cop and
iW4SG. The reason lies in the fact that the PL emission mainly

esults from the recombination of photo-excited electrons and
oles, and then a lower PL intensity might indicate a lower recom-

ination rate of those electrons and holes under light irradiation
67]. Accordingly, the deposition of WO3 on NiWO4 forming hybrid
tructure in both NiW4cop and NiW4SG nanoparticles reduces PL
mission intensity significantly, and thus favours the enhancement

[
[
[
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of their photodegradation properties comparatively based on
avoiding electron–holes recombination in the WO3/NiWO4 hetero-
junction.

4. Conclusion

It has been shown that the synthesis techniques including sim-
ple salt addition, co-precipitation and sol–gel as well as the molar
ratio of W/Ni together with the template type including PEG and
triblock copolymer affected greatly the characteristics of the pro-
duced NiWO4 materials. Of particular interest the existence of WO3
phase, at a molar ratio (W/Ni) of 4, either in amorphous or in well
crystalline state beside NiWO4, affects greatly the surface, elec-
tronic and morphological properties of the produced catalysts. The
NiW1SS material, synthesized at molar ratio of 1 and only exposes
NiWO4, indicated monomodal mesoporous distribution as well as
the lowest Eg (2.23 eV) between all synthesized tungstates. This
elaborates the effect of the PEG template in synthesizing meso-
porous structure of nanoplate shape, of average size of 34 nm, and
high surface area value. At a nominal molar ratio (W/Ni) of 4, the
NiW4Cop and NiW4SG samples those synthesized, respectively using
PEG and triblock copolymer templates presented different proper-
ties. In particular, the latter material presented macropores and
mesopores of nanoflake shape, average sizes of 25 nm, and well
crystallized WO3 in close contact with NiWO4, and thus exhib-
ited Eg value of 2.56 eV. The former indicated amorphous WO3
that widen the Eg of NiWO4 to 2.92 eV. Despite its large band gap
comparatively, NiW4SG presented the highest photocatalytic activ-
ity (92.5%); ever reached for the first time, among all synthesized
nickel tungstates studied so far in the degradation of MB.  The higher
activity of NiW4SG for the degradation of MB  was  correlated to the
increase in the lifetime of the electron–hole pair facilitated by the
presence of WO3 crystallites; as confirmed by PL spectroscopy, due
to the strong heterojunction with NiWO4 and to decreasing the
crystallites size. This study proved that they are a new class of
inspired photocatalysts that are worthy to be further studied and
can be a valuable addition in photocatalyst collection in future.

Appendix A. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/j.apcatb.
2013.12.001.
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