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ABSTRACT 

This work describes the synthesis through precipitation, characterization and photocatalytic 
evaluation of nickel tungstate (NiWO4) under visible light irradiation for the production of H2 by the 
water splitting reaction. This photocatalyst was obtained at room temperature by a dissolution-
precipitation reaction between the corresponding Ni+2 and (WO4)-2 ions. The precipitation reaction 
was carried out with the addition of oleic acid (AO, 0.1 and 1%V) using two stirring methods: 
magnetic (AM) and shear stress (TU) stirring, each performed separately. Characterization was 
carried out by TGA, XRD, BET, SEM and UV-Vis spectroscopy. Photocatalytic evaluation under 
visible light irradiation was followed by GC analysis. The thermal behavior of the samples (TGA) 
revealed the physical and chemical absorption of the OA on the surface of NiWO4, reflected in the 
increase of the weight loss as a consequence of the increase in AO content. XRD patterns 
confirmed the crystalline phase of the wolframite structure, with a crystallite size around 22 nm for 
AM and 22-25 nm for UT for 0.1 and 1% AO. The BET surface area of the samples were 22.43, 
24.25 m2/g and 27 and 18 m2/g for AM and UT in both percentages of AO, respectively. UV-Vis 
diffuse reflectance characterization of the samples revealed that these materials present an 
indirect transition of Eg ~ 2 eV, which is favorable for their photoactivation under visible irradiation 
of the electromagnetic spectrum. The photocatalytic evaluation for sample 1% AO under UT 
resulted in a production of 6.5 μmol H2/g*h, resulting in a sevenfold increase compared to WO3. 
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1. Introduction 
 
The growing interest in the use of hydrogen (H2) as an energy carrier has been a consequence of 
today´s need of sustainable technologies. However, the routes to obtain this energy vector still 
have a dependence on traditional fuels, either electricity or fossil fuels [1], which does not 
contribute to reduce emissions of pollutants into the environment [2]. 
 
Solar energy has been taken as a reference in the use of an alternative and sustainable energy, 
because it is a renewable and accessible energy resource. The use of light or photons, has given 
rise to various investigations, which according to the thermodynamic reaction associated, can be 
divided into different areas such as photoelectrolysis, electrochemical photovoltaics and 
photocatalysis [3]. In general, the photocatalytic process material starts with the absorption of a 
photon over the surface of a semiconductor that induces the formation of an exciton, that is, an 
electron-hole pair (e-/h+), where the electrons of the valence band (BV) are promoted to the 
conduction band (BC), this energetic separation is called the band gap energy (Eg). In this 
photocatalysis process, with the use of semiconductor materials, reactions are carried out by the 
photons promoting oxidation and reduction reactions within the limits of interaction of the 
semiconductor and the water molecule, thus achieving its dissociation for the generation of H2. 
 
The interest in obtaining the optimal properties of a photocatalytic semiconductor consists mainly 
in the efficiently conversion of solar energy, that is why the search for materials that meet 
characteristics such as photoactivity under the visible light spectrum is a desirable property. Since, 
by the use of these materials some portion of solar radiation that reaches the earth can be the 
utilized, which accounts for around 44% [4]. 
 
Otherwise, transition metal tungstates are versatile materials that are used, for their chemical 
stability and optical properties [5], in many industrial applications such as humidity sensors, optical 
fibers, ceramic pigments, catalysis [6], photoluminescent devices, capacitors [7], dielectric 
materials and as photocatalytic materials for the degradation of organic compounds in aqueous 
phase [8]. Although there is a great interest in these materials as photocatalysts, there are few 
studies on their use towards the photocatalysis for the generation of hydrogen by water-splitting 
[9, 10]. 
 
These tungstate materials can be synthesized following different synthesis routes that include: 
electrochemical methods [11], hydrothermal processes [12, 13], mechanochemical synthesis [14], 
the molten salt technique and chemical methods in aqueous phase (co-precipitation, sol- gel and 
precipitation [15, 16]). However, many of these routes require sophisticated equipment and 
conditions that limit their synthesis on a larger scale. On the other hand, the precipitation route is 
a simple method that allows the incorporation of physical devices as a source of stirring, or even 
the use of surfactants in order to control the size and dispersion of the synthesized materials to 
obtain particles at the nanoscale [17]. 
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Under the precipitation route, the stirring process is crucial for obtaining powders by the 
appropriate mixing of reagents in aqueous phase. Different stirring devices are used in order to 
homogenize the dispersion and to avoid the agglomeration of particles to obtain fine particles [18]. 
The movement of the components in the mixture can be carried out by different basic mechanisms. 
In the laboratory, one of the conventional methods is to use a rotating field of magnetic force, 
which is used to induce a constant mechanical stirring [19], which is commonly known as magnetic 
agitation (AM). On the other hand, the mixture can also be homogenized by shear stress stirring 
[20]. In this type of stirring technique, a device employs the rotor/stator principle, where the mixture 
is driven axially through interstices at high speed, causing small turbulences within the mixture. 
This phenomenon allows an enhanced dispersion of the mixtures, as well as the incorporation of 
powders in liquids, as a consequence of the wet milling process that continuously occurs in the 
interstices of the rotor. 
 
In this paper a dissolution-precipitation route for the synthesis of nickel tungstate is proposed by 
the combined use of oleic acid as a surfactant and two different stirring techniques. These stirring 
methods consist in magnetic and shear stress, which were independently used during the 
precipitation process. Therefore, the aim of the present research is to synthesize, characterize 
and evaluate NiWO4 under a visible light radiation and to find appropriate synthesis conditions that 
allow obtaining a material that is suitable for the production of H2 by water-splitting. 
 
2. Materials and Methods 
 
Synthesis 
NiCl2∙6H2O, Na2WO4∙2H2O and oleic acid as surfactant were used, all of these analytical grade 
materials purchased from Sigma-Aldrich. NiWO4 was prepared via dissolution-precipitation 
directly in aqueous medium. The concentrations used were both 0.3 M, in a 1: 1 ratio for the Ni2+ 
and (WO4)2- ions, under two independent stirring sources: magnetic using a Thermolyne Cimarec 
2, Model SP46925 and by shear stress by a Ultra-Turrax equipment model T18, IKA brand. Each 
of these devices were used separately. When the mixing process took place, oleic acid (AO) was 
added at 0.1 and 1% by volume. Later, when the mixing process ended, the precipitate was left 
under stirring for five additional minutes. The formed precipitate was filtered and washed with 
hexane, deionized water and ethanol. Then, the materials were kept at 80 ° C for 24 hours in a 
drying oven, and finally were heat-treated at 400 °C, for four hours. 
 
Characterization 
The thermal and stability behavior of the materials were analyzed by TGA in a TA Instruments 
model SDT Q600 V20.9. The crystalline structure of the materials was examined by the X-ray 
diffraction technique (XRD) using a Philips Xpert diffractometer, and employing a Cu-Kα radiation 
(λ = 0.15406 nm). The diffraction data were recorded for 2θ values between 10 and 80°. The 
crystallite size was calculated from the data of the obtained XRD patterns by using the Scherrer´s 
equation. While, the morphological characterization was performed using a scanning electron 
microscope (SEM) (Philips brand model XL 30 ESEM). The surface area was studied by N2 
physisorption using the BET (Brunauer-Emmett-Teller) technique in a AUTOSORB-1C of 
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Quantachrome. For the band gap studies, a UV-Vis spectrophotometer equipped with an 
integration sphere (Perkin Elmer Lambda 25 brand) and the diffuse reflectance technique (DRS) 
were employed.  
 
Photocatalytic Evaluation 

Evaluation of the photocatalytic activity towards hydrogen production was performed using a 250 
W Phillips metal halide lamp and a 2% V solution of methanol as a sacrifice agent. 0.2 grams of 
the synthesized NiWO4 photocatalyst was suspended in distilled water and placed in a laboratory 
scale reactor. The monitoring of the reaction was carried out using a gas chromatograph (Perkin 
Elmer Clarus 580 brand) for a period of 8 hours, with sampling at 1 hour intervals. Figure 1, 
presents a general scheme of the photocatalytic evaluation system employed in this research. 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Photocatalytic evaluation system 
 
3. Results and Discussion 
 
Thermal Analysis 
The thermal stability of the precipitated materials was determined through thermogravimetric 
analysis (TGA) experiments. Figure 2 presents results of TGA experiments performed on 0.1% V 
OA using magnetic stirring (AM) and 1% OA employing shear stress stirring (UT) samples and 
named 0.1%-AM, 0.1%-UT and 1%-AM, 1%-UT, respectively. In this Figure it can be seen that   
the synthesized materials present common characteristics. Below 100 °C, they present a weight 
loss that can be attributed to the elimination of water adsorbed on the surface of the material, 
consecutively the continuous loss of weight is attributed to chemically bound water up to a 
temperature of 100-250 °C. Furthermore, materials with 0.1% of AO have a weight loss of 8.5% 
by weight that is associated with the loss of 1.5 molecules of H2O. For the samples with 1%, in the 
same interval, the loss was 7 and 7.5 H2O molecules for AM and UT, respectively. The subsequent 
weight loss of these samples is associated with the temperature at which the decomposition of 
the AO occurs, according to reports in the literature [21, 22]. This decomposition can occur in 
stages or even in a single step due to the type of OA adsorption on the surface of the material 
[23]. For samples with 0.1% AO, a weight loss of 3% occurs in two stages, suggesting that the AO 
is adsorbed on the surface in a physical and chemical manner, being this last in a lower extent 
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[22]. For the case of samples with 1% OA the weight loss is greater, therefore, the interaction 
between the material and the AO is expected to be stronger.  
 

 
Figure 2. Thermogravimetric analysis curves of precipitated samples 

 
 
 
X-Ray Diffraction  
The X-ray diffraction analysis of the thermally treated samples at 400 °C is presented in Figure 3. 
Based on these XRD patterns, it can be seen that identified signals present in the samples belong 
to a monoclinic phase of NiWO4 that matches with the standard of the Joint Committee for Powder 
Diffraction (JCPDS) with number 00-015-0755 [24-26]. Using the Scherrer´s equation, where half 
of the maximum width (FWHM) of the individual diffraction peak was taken as reference at ° 2θ = 
19, crystallite sizes of 22 and 19 nm were calculated for samples with 0.1%, for AM and UT, 
respectively. While, samples with AO at 1% the for AM and UT presented crystallite values of 22 
and 28 nm, respectively. 
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Fig. 3. Diffraction patterns of samples with 0.1 and 1% of AO using Am and UT stirring. 
 
Morphology 
Morphology of the samples was examined by SEM. Figure 4 show micrographs of thermally 
treated NiWO4 samples at different magnifications such as 20000 and 25000x. In this Figure, it is 
possible to notice that there are a series of lines corresponding to the sample holder and another 
region where a particle cluster is observed. The particles present a spherical type morphology with 
an average size of 75 and 65 nm for AM, with 0.1 and 1% AO, respectively. For samples stirred 
by UT the average size observed was 83 and 132 nm for UT with 0.1 and 1%, respectively. 
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Fig 4. SEM images of the heat-treated NiWO4 samples. 
 
 
BET surface area 
In order to determine the specific surface area and the pore size of the materials, BET tests were 
carried out. According to the results presented in Figure 5, the adsorption isotherms for the 
samples prepared by AM and UT (0.1 and 1% of AO) belong to a type IV with a H4 hysteresis 
curve, due to the range of P/Po (0.6-0.98) where the hysteresis occurs [27, 28], which is an 
indication that the material presents mesoporosity. Surface area of the AM samples were 22.4, 
and 27.7 m2/g, while for UT were 26.9 and 18.5 m2 g for 0.1 and 1% of AO, respectively. These 
values agree well with those reported in the literature for this material [29-32]. 
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Fig 5. N2 physisorption isotherms for NiWO4 

 
Optical Properties 
For the study of the optical properties of NiWO4, UV-Vis spectroscopy using the diffuse reflectance 
technique was used. The band gap energy (Eg) of the materials was calculated using the Kubelka-
Munk function (K-M or F (R)) that is presented in Eq. 1. 
 

𝐹(𝑅∞) =
(1−𝑅)𝑛

2𝑅
                (1) 

 
 
Figure 6 presents the values obtained from the F(R) function that were plotted versus hv and this 
representation is known as the Tauc method [33]. Furthermore, an Eg value is obtained by 
extrapolating a tangent line to the generated curve (with a positive slope) and the intersect value 
to the hv axis where F(R) is zero (see Fig. 6). The estimated values for the direct (n=½) and 

indirect (n=2) transitions were 2.27 and 3 eV for 0.1% OA and 2.2 ~ 2.4 and 3 eV for 1% OA, 
respectively for both AM and UT materials. According to the obtained Eg values from Figure 6, 
the values for the direct and indirect transitions fall within values reported in the literature (see 
Table 1). However, there are still no reports on a more accurate Eg for these materials. This is 
due to the fact that the material may contain structural defects that may change its optical 
properties, as Joy concluded [34]. In addition, considering the fact that the Eg value may vary 
according to an inverse relationship between the particle size and Eg, there is no significant 
difference in the Eg values obtained between agitation methods (AM and UT) and the amount of 
AO used. 
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Fig. 6. Tauc plots for NiWO4 
 
 

Table 1. Band gap values reported for NiWO4 using direct and indirect transition 
 

This Work  Reported in the literature 

(n= ½) eV (n=2) eV (n=1/2) eV (n=2) eV 
“n” non-
specified 

2.27 (0.1%-AM)  
2.27 (0.1%-UT)  
2.2 (1%-AM)  
2.4 (1%-UT)  

3.0 (0.1%-AM)  
3.0 (0.1%-UT)  
3.0 (1%-AM)  
3.0 (1%-UT)  

2.28 [35] 
2.25 [36] 
1.35 [36] 
2.95 [37] 

2.0   [35] 
3.2   [38] 
1.82 [37] 

2.23 [39] 
2.10 [40] 
2.2   [41] 

 
Photocatalytic evaluation 
The photocatalytic evaluation for the generation of hydrogen was carried out for 8 continuous 
hours with sampling intervals of one hour for each of the synthesized materials. The comparison 
of H2 production was made taking WO3 as reference material during the corresponding evaluation. 
 
Figure 7 presents the photocatalytic evaluation of the NiWO4 samples in comparison with WO3 as 
a reference material. In this figure, the amount of H2 produced per mas of catalyst (μmH2/g) is 
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plotted as a function of time for each photocatalyst evaluated. In this plot it can be seen that the 
AM samples with 0.1 and 1% OA show a similar behavior to WO3, exhibiting a production of 5 and 
10 μmol H2/g∙h. Despite the fact that these samples presented a larger BET area and a similar Eg 
compared to the 0.1%-UT and 1%-UT samples, the production of the latter were 30 and 50 μmol 
H2/g∙h, respectively. That is, the double and triple compared to AM and with respect to materials 
reported by López X. et al. [30]. The factors that are involved in the photocatalytic activity of each 
of these materials mainly consist of the recombination velocity of the excitons and on the position 
of the VB and CB valances according to Montini et. at [37]. It is important to note that the research 
reported in the literature for the generation of H2 by water splitting under the same conditions of 
these materials is scarce. 
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Fig. 7 Photocatalytic evaluation of the NiWO4 samples compared to WO3 as reference 
 
4. Conclusion 

 
The synthesis of NiWO4 powders using different stirring methods and the incorporation of AO as 
a surfactant was successfully carried out. The characterization of the materials indicates that with 
a thermal treatment at 400 °C the materials present crystalline phases corresponding to the 
wolframite structure. Results of the photocatalytic evaluation for the generation of H2 indicate that, 
it is possible to determine that the samples that were “shaken” under a UT stirring technique 
present a greater photocatalytic activity than those prepared by the conventional stirring method 
(AM. Furthermore, as part of the optical properties evaluated, in these materials no significant 
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differences were observed regarding the stirring method and the amount of surfactant (AO). 
However, from BET surface area results, it was possible to identify that an increase in the AO 
content in the samples did not contribute to a significant difference in the surface area values of 
the samples prepared by AM. On the other hand, the increase of 10% of AO in the UT sample is 
indicative of the limit values of the AO content that can be used for this material, if the purpose is 
to increase the sample surface area. 
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