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ABSTRACT 

 

LIMA, Naiara Arantes. Synthesis and characterization of Cu, Ni and Zn tungstates for 

mulfunctional applications: catalysis, photocatalysis and pigment. Thesis (Doctor in 

Science) - Escola de Engenharia de São Carlos, Universidade de São Paulo, São Carlos, 2020. 

 

In this research, copper (CuWO4), nickel (NiWO4) and zinc (ZnWO4) tugstates were applied in 

three different themes: catalysis, photocatalysis and pigments. In the catalysis application, Cu, 

Ni and Zn tungstates were synthesized by the polymeric precursor method (PPM, and their 

catalytic activity was evaluated as a function of the conversion of thioanisole to methyl phenyl 

sulfoxide and methyl phenyl sulfone, according to the catalyst nature, reaction time, 

temperature and H2O2 concentration. CuWO4 was the most effective catalyst mainly due to the 

greater number of vacancies / oxygen mobility proportional to the increased catalytic activity. 

In the photocatalysis application, copper tunsgtate was synthesized by the coprecipitation (CM), 

microwave-assisted hydrothermal (HM) and polymeric precursor (PPM) methods, and its 

photocatalytic activity was evaluated for the degradation of the Rhodamine B dye. The study 

was carried out in order to understand the influence of the synthesis method on the material 

properties, and consequently on the photocatalytic response. The influence of the oxidizing 

agent H2O2 and the sodium oxalate and silver nitrate scavengers were evaluated in the reaction. 

With the addition of Ag+ ions, the recombination rate was minimized and the reaction occurred 

more efficiently for CuWO4 (PPM) (20 min = 100% of degradation). The most relevant 

properties that may have influenced catalytic efficiency were surface charge (-38.5 for PPM < 

-29.7 for CM < -16.2 for HM) and the number of oxygen vacancies (PPM > HM > CM). In the 

pigment application, NiWO4 was synthesized by the polymeric precursor method for the 

manufacture of a yellow pigment. The material was evaluated for its stability, color pattern, 

luminescence and reproducibility. The results showed that NiWO4, whose yellow color was due 

to the electronic transitions of Ni2+, proved to be stable for calcination temperatures above 700 

°C. Additionally, when illuminated this material presented light emission in the blue-green 

region, indicating luminescent properties. 

Keywords: Tungstates. Catalysis. Photocatalysis. Pigments. Mulfunctional applications. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

RESUMO 

 

LIMA, Naiara Arantes. Síntese e caracterização de tungstatos de Cu, Ni e Zn para 

aplicações mulfuncionais: catálise, fotocatálise e pigmento. Tese (Doutorado em Ciências) - 

Escola de Engenharia de São Carlos, Universidade de São Paulo, São Carlos, 2020. 

 

Nesta tese os tugstatos de cobre (CuWO4), níquel (NiWO4) e zinco (ZnWO4) foram aplicados 

em três temas distintos: catálise, fotocatálise e pigmentos. Na aplicação em Catálise, os 

tungstatos de Cu, Ni e Zn foram sintetizados pelo método dos precursores poliméricos (PPM) 

e sua atividade catalítica foi avaliada em função da conversão de tioanisol em metil fenil 

sulfóxiodo e metil fenil sulfona. A atividade catalítica foi avaliada em função da natureza do 

catalisador, tempo de reação, temperatura e concentração de H2O2. O CuWO4 foi o catalisador 

mais eficaz devido principalmente ao maior número de vacâncias/mobilidade de oxigênio que 

são proporcionais à maior atividade catalítica. Na aplicação em Fotocatálise, o tunsgtato de 

cobre foi sintetizado pelos métodos de Coprecipitação (CM), Hidrotermal assistido por micro-

ondas (HM) e Precursores poliméricos PPM e sua atividade fotocatalítica foi avaliada para a 

degradação do corante rodamina B. O estudo foi feito em busca de compreender a influência 

do método de síntese nas propriedades do material e consequentemente na resposta 

fotocatalítica. A influência do agente oxidante H2O2 e os sequestradores oxalato de sódio e 

nitrato de prata foram avaliados na reação. Com a adição de íons Ag+ a taxa de recombinação 

foi minimizada e a reação ocorreu mais eficientemente para CuWO4 (PPM) (20 min = 100% 

degradação). As propriedades mais relevantes e que podem ter influenciado na eficiência 

catalítica foi a carga superficial (-38.5 for PPM < -29.7 for CM < -16.2 for HM) e a quantidade 

de vacâncias de oxigênio (PPM > HM > CM). Na aplicação em Pigmento, o NiWO4 foi 

sintetizado pelo método dos precursores poliméricos para a fabricação de um pigmento de 

coloração amarela. O material foi avaliado quanto a sua estabilidade, padrão de cor e  



luminescência e reprodutibilidade. O NiWO4 apresentou-se estável para temperaturas de 

calcinação acima de 700 °C, a coloração amarela se deve às transições eletrônicas do Ni2+. 

Houve emissão de luz na região azul-verde quando iluminado, indicando propriedades 

luminescentes.                                          

Palavras-chave: Tungstatos. Catálise. Fotocatálise. Pigmento. Aplicações multifuncionais. 
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1. INTRODUCTION 

 

Multifunctional materials are of broad economic and technological interest as they have 

as their main characteristic the physical properties that allow more than one application. 1; 2 This 

type of material can be used in various sectors with the advantage of saving time and money 

since it uses already known and well-established properties of a certain material, also saving 

investments in new primary research. 3 

Among the materials with multiple applications, we can highlight oxides with 

semiconducting properties, which have been widely studied due to their good optical properties 

and the possibility of having their morphology manipulated. Materials such as Ag2WO4, 

CuWO4, NiWO4, ZnWO4, ZnO and TiO2 are typical examples of multifunctional oxides. In 

addition to presenting excellent bactericidal properties, 4 Ag2WO4 has potential for 

photocatalytic applications and can be activated with visible light. 5; 6; 7 CuWO4 is often used to 

oxidize water 8; 9 and has the potential for degradation of organic molecules, such as dyes, 

pesticides and drugs. 10 NiWO4 is used for hydrodesulfurization 11 and also as electrode for 

high-performance electrochemical capacitors. 12; 13 ZnWO4 is applied in photocatalysis 14 and 

scintillators. 15 ZnO is used in dielectric ceramics 16 and also for photocatalytic applications. 17; 

18 Finally, TiO2 has exceptional photocatalytic activity in ultraviolet light 19 and is also applied 

for the production of hydrogen. 20 

In this research, CuWO4, 
21 NiWO4, 

21 and ZnWO4 
21 were chosen because of their 

potential for multiple applications, simplicity of synthesis, low cost of production when 

compared to other semiconductors and high reproducibility. Such characteristics make these 

oxides economically viable for future applications on an industrial scale. 
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1.1. CATALYSIS 

 

Catalysis consists of a process capable of accelerating a given reaction by alternative 

means. The increase in the reaction speed occurs as a result of the lower activation energy of 

the reaction caused by the presence of a catalyst material. 

Catalysis is present in several sectors, for example, in the chemical industry for the 

obtention of nitric acid (HNO3) and sulfuric acid (H2SO4), in the petrochemical industry for the 

production of polymers, and in the automotive industry for the production of exhausts capable 

of converting harmful molecules to the environment from fuels used during burning into 

ecologically clean by-products. 22 

There are several catalytic reactions. The most common are those caused by metals 

(dehydrogenation, hydrogenation and hydrogenolysis), 23 basic acids (oligomerization, 

cyclization, cracking and isomerization) 24 and oxides (selective oxidation). 24 

In general, catalytic reactions are divided into two types: homogeneous and 

heterogeneous. 

 

1.1.1 Homogeneous catalysis 

 

Homogeneous catalysis is basically described as a reaction in which the catalyst is in 

the same phase as the reaction medium. As an example we can cite the production of sulfur 

trioxide (SO3) from the oxidation of SO2. This reaction is accelerated by the nitrogen oxide 

(NO) catalyst, as shown in Equations 1 and 2. 22 

 

O2 (g) + 2NO (g)  2NO2 (g)             (1) 

 

In turn, NO2 reacts with sulfur dioxide (SO2), generating sulfur trioxide (SO3): 

 

NO2 (g) + SO2 (g)  NO (g) + SO3 (g)                                (2) 



25 
 

The generation of sulfur trioxide by alternative means such as catalysis is useful, 

because when in contact with water molecules they easily form sulfuric acid, which is used in 

the petrochemical industry for oil refining, fertilizer and paper production, and water treatment. 

On the other hand, homogeneous catalysis may be less advantageous than 

heterogeneous catalysis as the catalyst consumed in the reaction cannot be reused. 22 

 

1.1.2 Heterogeneous Catalysis 

 

Heterogeneous catalysis is described by a system in which the catalyst is in a different 

phase from the reaction medium and is not consumed during the reaction. 

In this case, the reaction is accelerated when the reagent is adsorbed on the catalyst 

surface, interacting with its active sites, consequently allowing the chemical reactions capable 

of accelerating the conversion of initial molecules into other by-products. 22 This process 

basically consists of 5 steps: 

 

(1) the reagent is diffused through the catalyst surface and pores; 

(2) the reagent is adsorbed on the catalyst active sites; 

(3) the chemical reaction occurs; 

(4) the desorption of formed products occurs; 

(5) finally, the formed products are disseminated. 

 

In general, in heterogeneous catalysis there is chemical adsorption (chemisorption) at 

the active sites present on the catalyst surface. Active sites are related to defects on the surface. 

22 
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1.1.2.1 Catalyst 

 

An important concept regarding the catalyst surface refers to the active sites available 

for the occurrence of the catalytic reaction, and particle size is known to be a property directly 

related to the reaction. The restructuring of the catalyst surface is favored by the presence of 

small particles since the smaller the network of atoms in the material, the more easily the atoms 

can move in the network, making catalysts advantageous on the nanoscale. In addition to the 

size, the shape and distribution of the catalyst particles also influence the reaction speed. 24 

It is also known that the mobility of surface oxygen and oxygen vacancies favor the 

oxidative process. 25 

 

1.1.2.2. Conversion from sulfide to sulfoxide and sulfone  

 

There are studies reporting the oxidation of sulfides to sulfoxides and sulfones through 

thioanisole via heterogeneous catalysis. As an alternative catalyst, oxide materials based on 

transition metals have been gaining prominence in this type of reaction. 26 

Thioanisole (methylsulfanylbenzene) is an organic compound that has sulfur in its 

molecular structure (C7H8S) and a molar mass of 124.2 g mol-1. It is a colorless liquid material 

soluble in organic solvents. Its melting and boiling points are -15 ° C and +188 ° C, respectively, 

and it can be the base compound for the study regarding conversion of sulfides to sulfoxides 

and sulfones. The conversion of the thioanisole molecule can form methyl phenyl sulfoxide 

(C7H8OS) and methyl phenyl sulfone (C7H8O2S), according to Figure 1. 

 

Figure 1- Thioanisole molecule generating sulfoxide and sulfone 

 

Source: Author 
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1.1.2.3. Hydrogen peroxide (H2O2)  

 

Hydrogen peroxide (H2O2) is a non-toxic liquid that can be diluted in water. It is a well-

known and widely used oxidizing agent since it has water and oxygen molecules–which are 

ecologically-clean molecules–as by-products of the reaction. More specifically, when heated to 

temperatures above 80 ° C it decomposes into water and oxygen. 27 25 

In 1912, it was discovered that in addition to water and oxygen, more reactive 

intermediate products can be formed from the decomposition of H2O2: hydroxyl (OH•) and 

peroxyl (HO2•) radicals. 28 The H2O2 decomposition reactions are described in Equations (3 - 

5). 

 

H2O2  2OH•                     (3) 

OH• + H2O2  HO2• + H2O                     (4) 

OH• + HO2•  H2O + O2                      (5) 

 

      The oxidation reactions of organic compounds involve two essential phenomena: 

mass and surface oxygen mobilities. The greater mobility of oxygen tends to cause the 

migration of active oxygen species through the catalyst structure, leading to greater oxidation 

activity. 29 Moreover, the H2O2 adsorption intensity can be increased by oxygen vacancies on 

the catalyst surface, which in turn facilitate the generation of active oxygen species, leading to 

an increased catalytic activity. 29 
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1.2. PHOTOCATALYSIS 

 

Photocatalysis is an advanced oxidative process (AOP) described as a degradation 

reaction accelerated by the action of a catalyst material that can be photoactivated with 

electromagnetic radiation. 30 

The reaction occurs when electromagnetic radiation, usually ultraviolet light or visible 

light, reaches the catalyst, generating (h+) and (e-) charge carriers and / or radicals with high 

oxidation / reduction power. The radicals generated, the hole (h+) of the valence band (VB) and 

the electron (e-) of the conduction band (CB) are highly reactive, little selective and with a high 

potential for degradation of organic compounds. 30 

Specifically, the hydroxyl radical (OH•) has a relatively high oxidation potential when 

compared to other known species. For this reason, it is one of the main responsible for the 

degradation of organic molecules. 31 The values of standard reduction potential of some reactive 

species are shown in Table 1. 

 

Table 1- Standard reduction potentials of some reactive species 31 

Species E° (Volts) 

Hydroxyl radical (HO•) + 2.80 

Ozone (O3) +  2.07 

Hydrogen peroxide (H2O2) +  1.77 

Hypochlorite (ClO-) + 1.43 

Perhydroxyl radical (HO2•) + 1.42 

Chlorine (Cl2) + 1.36 

Oxygen (O2) + 1.23 

Source: Author 

 

Photocatalysis can be divided into two types: homogeneous and heterogeneous 

photocatalysis. 
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1.2.1. Homogeneous photocatalysis 

 

The homogeneous photocatalysis occurs when the catalyst is in the same phase as the 

reaction medium. The reactions with hydrogen peroxide (H2O2 / UV or Vis), ozone (O3 / UV or 

Vis) and photo-Fenton are examples of homogeneous photocatalysis based on the generation 

of hydroxyl radicals (OH•). 32 

The photocatalysis with H2O2 happens through direct oxidation of the hydrogen 

peroxide molecule when the system is irradiated with UV or visible light, forming two hydroxyl 

radicals, which in turn are capable of oxidizing organic molecules (OM) and generating mostly 

water (H2O) and carbon dioxide (CO2), as shown in Equations 6 and 7. 32 

 

H2O2 + hν  2OH•                  (6) 

OH• + OM  H2O + CO2                               (7) 

 

When in contact with organic molecules (OM), the photocatalytic reactions using ozone 

and in the presence of radiation (O3/UV or Vis) occur as follows (Equations 8 to 12), 31; 32 

mainly resulting in water and carbon dioxide. 

 

O3 + H2O + hν  O2 + H2O2                                     (8) 

H2O2 + hν  2HO•                             (9) 

O3 + OH- O2
- + HO2•                (10) 

O3 + HO2•  2O2 + OH•                  (11) 

OH• + OM  H2O + CO2                          (12) 

 

The homogeneous photo-Fenton photocatalytic reactions (H2O2 / Fe2+ / UV or Vis) occur 

as shown by Equations 13 and 14. 31 

Fe3+ + H2O2 + hν  Fe2+ + H+ + OH•                (13) 
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OH• + OM  H2O + CO2                         (14) 

 

1.2.2. Heterogeneous photocatalysis 

 

The heterogeneous photocatalysis is based on the activation of a solid-state catalyst 

dispersed in an aqueous solution (distinct phases). The catalyst is used to accelerate the kinetics 

of a reaction to convert complex organic molecules into other by-products less harmful to the 

environment. In this case, different from the homogeneous photocatalysis the catalyst is not 

consumed during the reaction, being possible its reuse. 33 Thus, in heterogeneous 

photocatalysis, the degradation can be triggered by the presence of three essential agents: a 

solid catalyst, electromagnetic radiation and water molecules. 34 

 

1.2.2.1. Catalyst 

 

The catalyst must have semiconducting properties since this type of material has the 

necessary electronic configuration to excite electrons of the valence band (VB) and promote 

them to the conduction band (CB) when they receive energy E = hν equal to or greater than its 

band gap energy value (BG). 35 

It is known that the BG of the semiconductor materials has an intermediate energy value, 

being more easily excited than insulator materials and less easily excited than conductor 

materials, according to Figure 2. Thus, the semiconductors fall in the BG range corresponding 

to the ultraviolet and / or visible radiation energy. The advantage of working with materials that 

can be excited by these types of radiation is that they are more accessible and relatively 

inexpensive energy sources as they compose most of the solar radiation. 34 
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Figure 2- Structure of band gap energies for insulator, semiconductor and conductor materials 36

 

Source: Author 

 

When the catalyst receives energy (E = hν) greater than or equal to its band gap (BG) 

value, the electrons from the VB are promoted to the CB, leading to the formation of the so-

called electron-hole (h+ + e-) pair, which is the primary phase for the occurrence of the 

photocatalytic process, as shown in Equation 15. The hole (h+) formed in the VB is able to 

oxidize water molecules adsorbed on the catalyst surface, generating OH• radicals, while the 

electron (e-) present in the CB is able to reduce oxygen molecules (O2) adsorbed on the 

semiconductor surface, forming superoxide radicals (O2•
-), according to Equations 16 and 17. 

37 Both radicals have the potential to degrade a wide range of organic molecules. 33 The basic 

mechanism of heterogeneous photocatalysis is displayed in Figure 3. 

 

hν ≥ EBG   h+ + e-                                                 (15) 

h+ + H2O ads  HO• + H+                                               (16) 

e- + O2 ads  O2•
-                                                     (17) 
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Figure 3 - Basic mechanism of heterogeneous photocatalysis. In the semiconductor, electrons are 

promoted from the VB to the CB through energy radiation, hν. The hole (h+) and electron (e-) interact 

with water and O2 molecules adsorbed on the catalyst surface, forming the HO• and O2•-  radicals 

 

 

Source: Author 

 

Although not fully understood yet, there is evidence that the holes (h+) of the VB can 

degrade organic molecules (OM) through: (1) direct degradation (Equation 18); 38; 39 

 

 h+ + OM  CO2 + H2O                                       (18) 

 

or (2) generation of hydroxyl radicals (OH•), which are highly oxidizing. Hydroxyl radicals are 

generated when the hole (h+) interacts with water molecules (H2O) adsorbed on the catalyst 

surface, forming OH• and H+, 39 as seen in Equation 19. In turn, the OH• radical is capable of 

degrading OM (Equation 20). The product of both processes is degradation, which mostly 

results in water (H2O) and carbon dioxide (CO2). 
38; 39 

 

h+ + H2O ads  OH• + H+                (19) 

 OH• + OM  H2O + CO2                     (20) 

 

 The possible mechanisms of degradation of organic molecules (OM) via holes (h+) of 

the valence band are displayed in Figure 4. 
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Figure 4- Degradation mechanism via holes (h+) of the VB through direct and indirect oxidations 

 

Source: Author 

 

In addition to the OH• radical, the HO2• and O2•
- radicals also have the potential to 

degrade organic molecules. It is important to mention that these radicals can be generated from 

the free electrons available in the conduction band. 

Electrons (e-) from the CB are able to reduce oxygen molecules (O2) to superoxide 

radical (O2•
-), as observed in Equation 21. 39 

 

e- + O2  O2•
-             (21) 

 

There are three ways of degrading organic molecules via electrons in the conduction 

band: (1) when the superoxide radical (O2•
-) interacts directly with the organic pollutant 

(Equation 22); (2) when the superoxide radical bonds to the H+ obtained in the oxidation process 

in the VB, forming the HO2• radical (Equation 23) 39 and (3) when two HO2• radicals bond to 

form H2O2 (Equation 24), which in turn breaks to form the oxidizing radical (OH•) (Equation 

25). 

 

O2•
- + OM  CO2 + H2O                      (22) 

 O2•
- + H+  HO2•                 (23) 

HO2• + HO2•  H2O2 + O2                     (24) 

H2O2  2 OH•                                (25) 
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From H2O2 (Equation 26 – 28): 

 

                       H2O2 + hν  2HO•          (26) 

H2O2 + O2•
-  HO• + OH- + O2                                  (27) 

                                             H2O2 + e-  HO• + OH-    (28) 

 

The three possible mechanisms involved in the conduction band are displayed in detail 

in Figure 5. 

 

Figure 5- Degradation mechanisms via electrons (e-) of the CB  
 

 
Source: Author 

 

1.2.2.2.Scavengers 

 

For the photocatalysis mechanism to be efficient, the VB holes and CB electrons must 

remain available in order to make the reaction happen. It is known that the promotion of 

electrons from the VB to the CB triggers a natural process of electron recombination that occurs 

in the semiconductors. In other words, the CB electrons rapidly decrease to their lowest energy 

state, which is in the VB, eliminating oxidizing and reducing sites (Figure 6a). Therefore, for 

the degradation to occur effectively, the recombination must be minimized as much as possible. 

The use of so-called scavengers can appear as an alternative to this process. Scavengers 

are materials capable of either capturing electrons from the CB or bonding to the holes in the 

VB, preventing their recombination and return to the VB, thus making oxidizing or reducing 
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sites available for the reaction to occur. Figure 6b exemplifies a system in which silver ions are 

used to capture CB electrons, making the VB holes available so as to allow the oxidation 

reactions necessary for the degradation of organic molecules. 

 

Figure 6- (a) Electron-hole pair recombination process and (b) use of Ag+ as electron scavenger 

 

Source: Author 

 

In the literature, it is possible to find some studies reporting the degradation of organic 

molecules by heterogeneous photocatalysis using photoactive catalysts in the ultraviolet region, 

such as P25, a commercial TiO2-based material. 40; 41; 42 However, only a minor percentage of 

solar radiation is composed of UV, causing the system to be energetically and economically 

disadvantageous and less ecological when compared to systems that use only visible radiation. 

43 Therefore, it is feasible to use semiconductor catalysts with low band gap values, allowing 

the system to work effectively by means of visible radiation. 

Due to its low band gap (approximately 2.3 eV), 44 CuWO4 is a semiconductor material 

that shows potential for photocatalytic applications using only visible radiation since its band 

gap value is within the range of the visible radiation spectrum, as observed in Figure 7. 

Therefore, a photoactive catalyst in the visible region of the electromagnetic spectrum may be 

able to effectively and relatively cheaply degrade unwanted molecules. 45 
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Figure 7- Visible radiation spectrum wavelength and energy and CuWO4 band gap 

 

Source: Author. 

 

To make photocatalysis viable for future applications on an industrial scale, it is 

necessary that the photocatalytic system be efficient and low-cost. In order to meet these two 

requirements, it is reasonable to use a catalyst with a band gap value between 1.59 and 3.26 eV 

as it is the energy range corresponding to the visible light spectrum. 

The use of a material that is photoactive under visible radiation is of great technological 

interest since the sun mainly emits this type of radiation, causing the degradation of organic 

pollutants to occur anywhere that receives the sunlight incidence, thus discarding the use of 

expensive and complex systems that are necessary to radiate ultraviolet light. 
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1.3. PIGMENTS 

 

Pigments are solid materials that are insoluble in the medium into which they will be 

incorporated. They are able to absorb part of the visible light wavelength emitted over it and 

reflect another wavelength that corresponds to a specific color 46 and can be seen with the naked 

eyes (Figure 8).  

 

Figure 8- The visible radiation emitted by the sun reaches the pigment. The pigment absorbs blue and 

yellow radiations and reflects red radiation. The eyes capture the red color 

 

Source: Author 

 

The colored aspect observed in the materials is described mainly by the way the color 

reacts to the absorption and scattering of the light they receive. The observed color intensity is 

governed by the absorption coefficient K, which is inversely proportional to the scattering 

coefficient S, as described by Equation 29. The values are related to the reflectance data (r). 47 

 

𝐾

𝑆
=  

(1−𝑟)2

2𝑟
                         (29) 

 

Materials with high ability to reflect light (little absorption) are generally white and 

light-colored materials with a very small K value. Conversely, very dark-colored and even black 

materials reflect little light (high absorption) and have a very small S value. 
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Pigments can be classified as natural or synthetic. Natural pigments generally come 

from plants and minerals and are not much used on an industrial scale mainly due to their color 

variation and low durability. 46 On the other hand, synthetic pigments are characterized by their 

ability to standardize color and increase their own resistance, which can be beneficial for 

industrial applications. 

In crystalline pigments, color can be perceived because of the electronic transitions 

involving unsaturated molecules or when there are carbon molecules bonded to oxygen or sulfur 

atoms. 48 The presence of any transition metal in their crystalline structure can cause a color 

change. Thus, the color that the eyes can capture is a result of electronic transitions that occur 

within the atom. There are two possible situations that can arise. One of them is when the “d” 

orbital is partially filled. 49 In such a case, the radiation corresponding to the visible light has 

enough energy to promote the excitation of electrons from a lower to a higher energy level. 

When the electrons undergo relaxation, they emit photons with energy corresponding to a 

specific color. The other situation is when the “d” orbital is completely filled (d10). In this 

configuration, so that the electrons can be promoted from a lower to a higher energy level it is 

necessary to provide them with greater energy (radiation with a shorter wavelength), that is, 

these electrons will not be excited with light visible. For this reason, some materials having 

transition metals in their structure are seen as white, 50 as is the case of TiO2. 

In general, the industry consumes inorganic pigments. They are mainly used to color 

paints, cosmetics, ceramics, plastics, enamels and varnishes. 51 For these purposes, the 

properties of the pigments must be controlled since they can influence gloss, covering power 

and durability. 49 

In the industry, a pigment is considered of quality if it has thermal and chemical stability. 

In other words, its color and gloss must be durable and resist exposure to sunlight and heat. In 

addition, it must be chemically inert and resist contact with air and moisture. 49 

Currently, in a search of better properties for pigments, particle size has been a property 

of great relevance since studies have shown that materials on the nanoscale are gaining 

prominence due to their capability to generate a product of superior quality in comparison with 

those previously found on the market. 52 
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1.3.1. Particle size 

 

Given the direct influence of particle size on the characteristics of a pigment, in recent 

years the manufacture of synthetic pigments with controlled properties has been extensively 

studied. 52 

The size of a particle is directly related to its optical properties, such as opacity, gloss 

and resistance to bad weather. 53  

Using Weber's formula (Equation 30), it is possible to predict the ideal particle size 

capable of causing maximum light scattering for each system (maximum opacity). In the 

formula, “D” corresponds to the ideal particle size for a pigment with high refractive index, “λ” 

is the wavelength of the light incidence on it, and “n1” and “n2” are relative to the refractive 

index of the pigment and the environment with which it is associated. 53 

 

𝐷 =
2𝜆

𝜋(𝑛1−𝑛2)
          (30) 

 

As an example, considering a pigment that has been extensively explored, such as TiO2 

in rutile phase, it is possible to estimate its ideal particle size. As it can be seen in Table 2, the 

“n1” value corresponding to the refractive index of TiO2 (rutile) is 2.70. The refractive index 

of the medium in which it is dispersed, “n2”, when considering water as the dispersion medium 

has a value of 1.33. 

 

Table 2- Refractive index of pigments 

Material Refractive index (n) 

SnO2 2.04 53 

ZrO2 2.40 53 

ZrSiO4 1.85 53 

TiO2 (anatase) 2.50 53 

TiO2 (rutile) 2.70 53 

Water 1.33 54 

Source: Author 
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By applying Weber's equation and taking into account the entire wavelength 

corresponding to visible light (from 380 nm to 740 nm), an ideal particle size range between 

169 and 329 nm can be obtained, as shown in Figure 9. 

 

Figure 9- Ideal size for the rutile TiO2 pigment particle dispersed in water according to Weber’s equation 

 

Source: Author 

 

Opacity is an important parameter for pigments and can be described as the covering 

power of a given surface. The opacity is said to be bad when the pigment cannot cover the entire 

substrate on which it was applied. In contrast, it is considered good when the pigment film 

covers the entire substrate. 

It is worth mentioning that opacity is influenced by the particle size of the powder that 

will be used to give color. Figure 10 shows the ideal particle size range to increase its ability to 

completely hide the substrate on which the pigment is being applied. So that the degree of 

opacity is high and light cannot reach the substrate, the refractive index of the pigment must be 

considerably higher than that of the medium in which it was dispersed. 55 

When the particles are approximately half the size of the radiation wavelength that they 

will receive, they can spread light more efficiently, and consequently maximize the pigment 

opacity. Therefore, very small (below 169 nm) or very large particles (greater than 329 nm) 

will absorb more and more and spread less and less radiation, resulting in less opacity, as shown 

in Figure 10. 
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Figure 10- Relationship between particle size, scattering, opacity and absorption in relation to visible 

radiation

Source: Adapted 53 

 

Therefore, it is economically viable to optimize the particle size for pigment production. 

In this way, the pigment concentration used to cover a substrate will be much lower than when 

using particles with random sizes since too large or too small particles, or clusters of particles, 

need a higher concentration of pigment to achieve the same covering. 53 This scheme is 

illustrated in Figure 11.  

 

Figure 11- Curve showing the relationship between particle size and opacity, gloss and durability 

 

Source: Adapted from 53 

 

Gloss and durability properties are also associated with particle size and how these 

particles are dispersed in the film. Films containing a narrow particle size gradient have a more 

uniform finish, which in turn makes them more resistant. Moreover, when the particles are 

small, they are able to spread more light, resulting in a glossy aspect. 53 
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The use of large and/or non-uniform particles and / or clusters of small particles can 

decrease the covering power, making the film less resistant. These characteristics can displace 

pieces of the covering more easily, thus making the surface also less glossy. 56 

The agglomeration of particles occurs as a result of the adhesion force (related to the 

high surface area) that predominates among the too small-sized particles. As a consequence, 

there is less opacity, gloss and durability. 56 Figure 12 shows the relationship between the force 

that induces particle adhesion and the particle size. 

 

Figure 12- Relationship between particle size and particle adhesion force 

 

Source: Adapted from 53 

 

It can be concluded that there are several variables involved in the manufacturing 

process of a pigment that directly influences its characteristics. Therefore, for industrial 

applications it is necessary to standardize such variables so that they can later be replicated. To 

this end, there is a specific system that accurately measures the color of the pigments. 

 

 

 



43 
 

1.3.2. Color standardization 

 

Color perception can be influenced by a number of factors. Depending on the sensitivity 

of the retina, the perception may be altered by the presence of different colors around the 

observed object. Thus, it is difficult to describe a color accurately with the naked eye and 

replicate it. 

In this way, to meet the demand for pigments in the industrial sector it is necessary to 

use a measurable technique to establish a well-defined color standard, such as those using 

spectra acquisition. The spectrophotometer, for example, is based on the emission of white 

monochromatic light on the object of study, which in turn reflects the light that was not 

absorbed, reaching the galvanometer, a photosensitive sensor capable of measuring the 

reflected light. 

To measure the color portion of each object, the Commission Internationale d’Eclairage 

(International Commission on Illumination) established a technique using three color 

coordinates based on L, a and b. 57 The parameter L ranges from 0 to 100 and represents the 

gradient from black (L = 0) to white (L = 100). The parameter a goes from green (- a) to red (+ 

a). Finally, the coordinate b ranges from blue (- b) to yellow (+ b), 57 as shown in the diagram 

of Figure 13. 

 

Figure 13- Color system described by the standard from Hunter Associates Laboratory, Inc 

 

Source: Author 
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Using the calculation standard DIN6170, ASTM D2244, the color value (∆E) can be 

determined by Equation 31. ∆L, ∆a and ∆b represent the variation of the parameters L, a and b, 

respectively, in relation to a pre-established standard. 

 

∆E =  √∆𝐿2 +  ∆𝑎2 +  ∆𝑏2                                     (31) 

 

1.3.3. Yellow pigments  

 

Among the dyes most used in the ceramic industry, we can highlight the yellow dyes. 

The most common yellow pigments are cadmium sulfide (CdS), which is mainly used in 

jewelry and to color plastics and ceramics, 58 and lead chromate (PbCrO4), which is used in 

traffic lanes and is considered one of the responsible dyes for the environmental pollution by 

heavy metals. 59 These pigments have toxic metals in their composition, in addition to being 

unstable and possibly losing color due to external stimuli. Such pigments have been used on a 

large scale, however, in view of the constant concern regarding health and environment those 

considered toxic and possibly carcinogenic have been losing space in the market. 57 Thus, there 

is a need to seek alternative pigments that are efficient, economically viable and ecologically 

appropriate to replace the yellow ones. 

In this way, nickel tungstate appears as an alternative to yellow pigments harmful to 

health and environment. Besides being yellow, it withstands high temperatures, 60 is relatively 

simple to manufacture, has low production costs 61 and is less toxic than pigments composed of 

heavy metals. Additionally, it may have one more advantage: luminescent properties. 62 

 

1.3.4. Luminescent pigments  

 

 Pigments with luminescent properties are used mainly in traffic signs 63 and artistic 

paintings 51 as well as to mark paper such as money so as to prevent counterfeiting. 64 

Luminescent materials are capable of emitting light without the need of heating.  
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2. OBJECTIVES 

 

2.1.GENERAL OBJETIVES 

 

Synthesis and characterization of Cu, Ni and Zn tungstates for mulfunctional 

applications: catalysis, photocatalysis and pigment. 

 

2.2.SPECIFIC OBJECTIVES 

 

The propose of the study reported in paper 1 was to investigate the “heterogeneous 

catalysis for thioanisole oxidation using hydrogen peroxide and copper, nickel and zinc 

tungstates obtained by the polymeric precursor method”. The system composed of three types 

of semiconductors (CuWO4, NiWO4 and ZnWO4) was studied due to their catalytic responses 

for the conversion of sulfides, of less economic and environmental interest, into sulfoxides and 

sulfones, which are by-products used in the agricultural and pharmaceutical industry. 

The propose of the study reported in paper 2 was the "Influence of the synthesis method 

on CuWO4 nanoparticles for photocatalytic application".  The properties obtained due to the 

different methods of synthesis of CuWO4 were studied in function of its photocatalytic response 

for degradation of the organic molecule of rhodamine-B dye. Due to its band gap of 

approximately 2.4 eV, photoexcitation can occur with radiation in the visible range of the 

electromagnetic spectrum, which makes the system energetically favorable.  

The propose of the study in paper 3 was the “NiWO4 powders prepared via polymeric 

precursor method for application as ceramic luminescente pigments”. The system was also 

studied for applications in the area of luminescent pigments due to its promising 

photoluminescent properties. 
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Figure 14- Graphical abstract of paper 1 

 

Source: Author 

 

ABSTRACT 

 

The catalytic potential of copper, nickel and zinc tungstate powders was investigated in the 

thioanisole oxidation with H2O2 toward its sulfoxide and sulfone. Copper tungstate was the 

most efficient in the process, since it showed higher oxygen vacancy, ability to increase surface 

oxygen mobility and enhancement of H2O2 intensity adsorption on the surface, which in turn 

increased the conversion and selectivity of the process. The addition of 0.1 mL of hydrogen 

peroxide enhanced the conversion and increased the amount of sulfone produced. The ideal 

reaction time was found to be 12 hours, and the optimum temperature was 75 °C.  

Keywords: Sulfide. Sulfone. sulfoxides, H2O2, H2-TPR.  
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3.1. INTRODUCTION   

 

 The oxidation of sulfides to sulfoxides and sulfones is considered to be an important 

reaction that has been used to synthesize several valuable sulfur-containing chemical 

intermediates and products. These compounds are used in industry to produce pharmaceuticals, 

agrochemicals and polymeric materials, among others. 65 The catalytic oxidative 

desulfurization process (sulfoxidation reaction) is typically carried out to remove sulfur-based 

impurities from crude oil. 66 The selective detoxification of organosulfide-containing chemical 

nerve agents to less toxic sulfoxide compounds also has important applications. 67 Efforts have 

been made towards the development of catalytic methods using homogeneous catalysts to 

enable the oxidation of sulfides to sulfoxides and/or sulfones. 68; 69; 70; 71; 72; 73; 74 The more 

environmentally-friendly protocols based on heterogeneous catalysts in conjunction with 

hydrogen peroxide as oxidant have been considered attractive alternatives. The oxidation of 

thioanisole using H2O2 and heterogeneous catalysts has been described in the scientific 

literature. Examples include: titanium-containing mesoporous silica nanoparticles, 75 

isotetramolybdate-supported metal carbonyl material, 76 [Cu(terpy)]2+ complexes encapsulated 

into Na-Y zeolite, 77  copper nanoparticles immobilized on nanocellulose, 78 

polyoxomolybdates, 79 Mo(VI) Schiff base complex anchored on Fe3O4 nanoparticles, 74 

polyoxometalate-based frameworks, 80 vanadium incorporated into disordered mesoporous 

nanocrystalline titania, 70 and VOx/SiO2 and VOx/Al2O3 catalysts. 73; 74; 81; 82 Rare but 

noteworthy studies report examples describing the use of molecular oxygen such as sole oxidant 

with BaRuO3, 
83 immobilized metalloporphyrins 84 or molybdenum-doped α-MnO2 

85 as 

heterogeneous catalysts. Some of tungsten-based catalytic systems have proved to effectively 

promote sulfide oxidation in a homogeneous medium. 86; 87 However, the heterogeneous 

catalytic protocols are more desirable given their potential to be recovered and reused in further 

cycles.  

Metal tungstates–whose general formula is MWO4, where M symbolizes a bivalent 

cation–have been applied to catalysis due to their peculiar physical and chemical properties. 88 

In this work, we report the synthesis of CuWO4, NiWO4 and ZnWO4 powders by the polymeric 

precursor method, considered a low-cost processing procedure with high reproducibility 

compared to other chemical methods, which has been successfully used in the synthesis of 

nanoparticles of different oxides. This method consists of the chelation of cations by a 

hydrocarboxylic acid (typically citric acid), followed by a polyesterification reaction using a 



49 
 

glycol (typically ethylene glycol), 89 resulting in precursor resins containing cations randomly 

distributed all over the polymer. 90 Additionally, we present herein some promising results on 

the application of MWO4 (M = Cu, Ni and Zn, respectively) to catalyze thioanisole oxidation 

with aqueous H2O2.  

 

3.2. METHODS 

 

3.2.1. Synthesis of tungstates 

 

In a typical procedure, H2WO4 was dissolved in distilled water with pH of 8-11 at a 

temperature of 70 oC. Then, an aqueous solution of citric acid was added, resulting in a solution 

containing tungsten citrate. The addition of Cu(NO3)2.3H2O or Ni(NO3)2.6H2O or 

Zn(NO3)2.6H2O precursor to the solution under constant stirring enabled the synthesis of the 

polymeric resin at a temperature of 100 oC. The polyesterification reaction was promoted after 

the addition of ethylene glycol, resulting in a citric acid:metal molar ratio of 3:1 and citric 

acid:ethylene glycol ratio of 3:2 (mass ratio). In the final step, the as-prepared polymeric 

precursor solution underwent a heat treatment at 400 ºC for 4 h at a heating rate of 10 oC min−1. 

The obtained powder was grounded in an agate mortar for its deagglomeration. The resulting 

compound, denoted as precursor powder, was heat-treated at 700 °C. 

 

3.2.2. Characterization of samples 

 

The thermal decomposition and crystallization of the as-obtained powders were studied 

by thermal analysis techniques, such as TG (thermogravimetric analysis) (Netzsch STA 409C) 

and DSC (differential scanning calorimetry), under oxygen atmosphere and at a heating rate of 

10 °C min–1. The material chosen to be used as reference during the thermal analyses was Al2O3. 

In order to get a significant insight into its phase development, the precursor powder was heat-

treated at a temperature of 700 oC for 2 h in an electric furnace under air atmosphere and at a 

heating rate of 10 oC min−1
. Aiming to obtain information about the crystalline phase of the 

studied samples, X-ray Diffraction (XRD) measurements were performed at room temperature 

in the range of 2 = 20 to 60 o, with a step of 0.02 o and at a scanning speed of 2 o min−1. The 
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diffraction patterns were determined by a Rigaku diffractometer (model ULTIMA IV) using 

Cu Kα radiation. Nitrogen adsorption-desorption measurements of the as-obtained samples 

were carried out at 77 K using a Micromeritics ASAP 2020 adsorption apparatus. The Langmuir 

model was used to determine the surface areas. The optical properties of the samples were also 

studied by UV-VIS characterization using a Shimadzu-UV-1601 PC spectrophotometer in the 

range of 220 to 800 nm. A field-emission gun scanning electron microscope (FEG-SEM Supra 

35, Zeiss, Germany) operating at 3 kV was employed for the microstructural characterization. 

A Thermal Jarrel-Ash Monospec monochromator and a Hamamatsu R955 photomultiplier were 

used to collect the photoluminescence (PL) spectra. A krypton ion laser (Coherent Innova 200) 

operating at an exciting wavelength of 350.7 nm was employed in the measurements, and its 

output was maintained at 500 mW, with a reaching effectiveness of ~14 mW. Hydrogen 

temperature-programmed reduction (H2-TPR) measurements were obtained on a 

Quantachrome ChemBET-TPR/TPD instrument at a temperature range of 50 to 1100 °C and 

heating rate of 10 °C min-1, using a 5% H2/N2 mixture (25 mL min-1 of flow rate) as reducing 

gas and 50 mg of sample. The analysis of the resulting curves was performed using Origin 9.0.0 

software, having the observed peaks adjusted according to the Gaussian model. 

 

3.2.3. Catalytic measures 

 

In order to study the liquid phase oxidation reactions of thioanisole (Sigma-Aldrich), 

we used a single-neck round-bottom flask equipped with a magnetic stir bar placed on a hot 

plate stirrer with an oil bath at 25, 50 and 75 °C. This flask received 10 mg of catalyst, 5 mL of 

acetonitrile (Synth PA-ACS) used as solvent, 0.10 mL of thioanisole, and finally amounts of 

H2O2 (Synth PA, 29% v/v) in the volume range of 0.025-0.1 mL. The reaction was then stirred 

at the desired temperature for a specific time (2-12 h). After the completion, the reaction 

medium was centrifuged (Fanem centrifuge 206 BL) for 5 min at 3000 rpm to separate the solid 

catalyst from the liquid phase. Subsequently, an aliquot of the reaction medium was diluted in 

chloroform and transferred to the gas chromatograph (Varian GC-FID CP-3380) for the 

analysis. An external calibration curve was obtained by the injection of authentic samples of 

known concentrations, and used to quantify the reactant conversion and product formation. The 

thioanisole conversion was calculated by Equation 32: 
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                 Conversion (%) = 
moles of reactant reacted

initial moles of reactant used
×100                               (32) 

 

whereas the selectivity of products was calculated according to the following expression 

(Equation 33): 

 

         Selectivity (%) = 
total moles of product formed

the sum of total moles of all oxidation products formed
×100         (33) 

 

3.3. RESULTS AND DISCUSSION 

 

The thermal analysis of the CuWO4, NiWO4 and ZnWO4 samples are presented in 

Figure 15. From the TG curves, a series of decomposition reactions related to mass loss can be 

noted, which can be attributed to different exothermic events, as indicated by the DSC curves. 

The thermal events, weight loss and corresponding temperature ranges inferred from the TG 

and DSC data are described in Table 3.   
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Figure 15- TG and DSC curves of (a) CuWO4, (b) NiWO4 and (c) ZnWO4 precursor powders 

 

Source: author 

 

Table 3- Thermal analysis results of CuWO4, NiWO4 and ZnWO4 samples 

Source: author 

 

Sample 

Temperature 

range according to 

TG data  

(°C) 

Weight loss 

(%) 

according to 

TG data 

Thermal event details 

CuWO4 

NiWO4 

ZnWO4 

43 – 112 

50 – 169 

56 – 115 

5.0 

2.0 

2.0 

H2O and adsorbed gas 

elimination 

    

CuWO4 

NiWO4 

ZnWO4 

112 – 394 

169 – 562 

115 – 549 

7.0 

10 

5.1 

polymeric degradation 

(-CH2- groups) 

    

CuWO4 

NiWO4 

ZnWO4 

439 – 664 

562 – 672 

549 –737 

51.0 

25.0 

45.0 

polymeric degradation 

(-CO- and -COO- groups) 
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XRD patterns of the CuWO4, NiWO4 and ZnWO4 samples after annealing at 700 oC for 

2 h are shown in Figure 16, where it can be seen that all diffraction peaks are indexed in the 

monoclinic wolframite structure (P21/c space group for NiWO4 and ZnWO4 and P1̅ space 

group for CuWO4). The values obtained are congruent with those reported in the Inorganic 

Crystal Structure Database (ICDS) - cards numbers 73-1823, 15-0755 and 73-0554, 

respectively, indicating an absence of a second phase. From the Rietveld refinement results in 

Table 2, we can observe a good agreement between the experimental and calculated patterns. 

Unlike the cell lattice parameters reported in ICSD cards, we could not identify any significant 

changes in all samples. The Rietveld refinement analysis was also used to determine the 

occupancy factor for all powders. The occupancy factor value is related to defect density, which 

is attributed to O vacancies. Table 4 shows a lower occupancy factor, and consequently a higher 

number of oxygen vacancies for CuWO4, followed by NiWO4 and ZnWO4. 

 

Figure 16- XRD patterns of (a) CuWO4, (b) NiWO4 and (c) ZnWO4 powders after annealing at 700 °C 

for 2 h 

 

Source: author 
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Table 4- Lattice parameters (a, b, c), occupancy factor (Ooccup), weighted profile R-factors (Rwp), 

goodness-of-fit factors (χ2) for CuWO4, NiWO4 and ZnWO4 samples 

Sample Lattice Parameters (Å) Ooccup Quality parameters 

a b c Rwp χ2 

CuWO4 4.7083(1) 5.8434(1) 4.8823(1) 0.975(12) 0.0966 1.137 

ZnWO4 4.6924(1) 5.7208(1) 4.9278(1) 0.956(11) 0.1294 1.106 

NiWO4 4.6012(1) 5.6678(1) 4.9137(1) 0.986(13) 0.1358 1.317 

Source: author 

 

The surface areas of 1.0, 2.3 and 7.2 m2 g-1 were measured for Cu, Zn and Ni tungstates, 

respectively, after annealing at 700 oC for 2 h. It is possible to see the existence of type IV 

isotherms with H1 hysteresis loops, typical of mesoporous materials with a narrow pore size 

distribution. 91  

The SEM-FEG images of the CuWO4, NiWO4 and ZnWO4 powders after annealing at 

700 oC for 2 h are displayed in Figure 17. A strong particle coalescence forming agglomerates 

can be observed in all samples. It can be noticed that the particle size (CuWO4 > ZnWO4 > 

NiWO4) is consistent with the surface area values (CuWO4 < ZnWO4 < NiWO4). 

 

Figure 17- SEM-FEG images of (a) CuWO4, (b) NiWO4 and (c) ZnWO4 powders after annealing at 700 

°C for 2h 

 

Source: author 

 

In order to check the optical properties and band gap of the studied samples, UV-Visible 

absorption spectra were acquired. Figure 18a shows that the CuWO4 and NiWO4 powders are 

responsive in the visible region, while ZnWO4 absorbs only in the ultraviolet region. The band 

gaps were obtained according to the following equation 34: 
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 hhg
n                                                  (34) 

 

where  is the absorption coefficient of the material, h is the Plank’s constant, is the radiation 

frequency, B is a constant, Eg is the band gap energy, and n is a coefficient dependent on the 

type of transition considered (n = ½ for allowed direct transitions and n = 2 for allowed indirect 

transitions). 92 In Figure 18b, (αh2 or (αh)1/2 was plotted against h to determine the direct 

and indirect band gaps, respectively. To obtain the band gap values, the linear part of the plot 

corresponding to the onset of strong absorption of the material was extrapolated. CuWO4 

crystals have an optical absorption governed by indirect transitions, 93 while the absorption of 

NiWO4 and ZnWO4 powders occur by direct electronic transitions. 94; 95 The results obtained 

for the CuWO4, NiWO4 and ZnWO4 powders were 2.2, 2.5 and 3.2 eV, respectively, somewhat 

different from those found in the literature, which were 2.4 eV, 93 2.2 eV 96 and 2.1 eV; 97 

approximately 3.0 eV; 95; 98 and 3.9 to 4.4 eV, 94; 99 respectively. 

 

Figure 18- (a) Reflectance and (b) optical band gap energy (Eg) calculated by the method proposed by 

Kubelka–Munk for any wavelength of CuWO4, NiWO4 and ZnWO4 powders after annealing at 700 °C 

for 2h. On the axis (αhν)m (eVm), m = 2 and m = 1/2 for direct and indirect band gaps, respectively 

 

Source: author 

 

In Figure 19, the PL spectra of CuWO4, NiWO4 and ZnWO4 in the excited wavelength 

of 350.7 nm show the presence of a broad emission range typical of systems whose relaxation 

involves the participation of numerous states. 98 While the blue and green regions of the CuWO4 

samples indicate spectra with two maximum emission peaks centered at 445 nm and 532 nm, 
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respectively, the NiWO4 PL spectrum is blue-green with spectral range peaking at 447 nm and 

515 nm. The PL emissions are attributed to WO4
-2 groups as a result of the recombination of 

electrons in the 3T1u state and holes in the 1A1g ground state. 100; 101 The ZnWO4 PL emission 

centered at 637 nm (red region) is also blue-green, according to the literature, 102 however, the 

oxygen vacancies induce red-shift emission given the deep defects in the lattice. 99; 103
  

 

Figure 19- PL spectra of (a) CuWO4, (b) NiWO4 and (c) ZnWO4 powders after annealing at 700 °C for 

2 h (λEXC = 350.7 nm) 

 

Source: author 

 

From the H2-TPR profiles obtained for the produced MWO4 materials in Figure 20, it is 

possible to note the presence of more than one peak during the reduction processes to obtain 

tungstates, thus indicating multiple stages of reduction. For the CuWO4 powder, the reduction 

begins at a lower temperature (~350 °C) than that for NiWO4 (~500 °C) and ZnWO4 (~700 °C), 

which concurs with the reduction potentials of the metals (M2+ 2e- M), with E°red = +0.34, -

0.25 and -0,76 V for M = Cu, Ni and Zn, respectively. The TPR profile for CuWO4 shows a 
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first intense signal at 400-550 °C, a higher temperature than that for the typical CuO peak (200-

350 °C). 104; 105 This is in accordance with the XRD results, suggesting that copper is present in 

the tungstate structure, and not in a secondary copper oxide phase. Similar results were observed 

for NiWO4 and ZnWO4. 
106; 107; 108; 109 

 

Figure 20- (a) H2-TPR profiles obtained for (b) CuWO4, (c) NiWO4 and (d) ZnWO4 samples  

 

Source: author 

 

Table 5 exhibits the adjusted peaks and hydrogen consumption for the three MWO4 

samples. The signals observed at temperatures higher than 700 °C for all catalysts can be 

associated with the reduction of WO3 or MWO4-x phases formed after the initial reduction of 

copper or nickel catalyst. For ZnWO4, it is evident the absence of a signal bellow 700 °C since 

Zn2+ is reduced above this temperature. The CuWO4 sample proved to have higher hydrogen 

consumption (and oxygen removal) than the NiWO4 and ZnWO4 powders (Table 5). This fact 

can be directly linked to the high reducibility of copper in comparison with nickel and zinc, 

suggesting that CuWO4 would probably be more active in the oxidation reaction than the others 

(especially in comparison with ZnWO4) due to its higher oxygen mobility. 
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Table 5- Results of H2-TPR for CuWO4, NiWO4 and ZnWO4 samples 

Sample Peak Temperature 

(°C) 

Relative Area 

(%) 

H2 Consumption  

(x 10-3 mol g-1) 

 

 

CuWO4 

1 469.3 17 2.70  

 

15.5 
2 693.5 14 2.12 

3 737.6 1 0.13 

4 981.0 57 8.77 

5 1055.5 11 1.78 

      

 

NiWO4 

1 717.8 58 7.08  

12.2 2 879.2 21 2.56 

3 964.6 21 2.57 

      

 

ZnWO4 

1 960.6 71 5.87  

8.30 2 1047.3 19 1.57 

3 1065.0 10 0.85 
Source: author 

 

The prepared MWO4 materials were used to promote the liquid phase oxidation of 

thioanisole in order to understand the effect of their textural properties on the sulfoxidation 

reaction. The catalytic thioanisole oxidation generates methyl phenyl sulfoxide and methyl 

phenyl sulfone as its oxidation products. For control, the homogeneous oxidation of thioanisole 

was performed using hydrogen peroxide and no catalyst. From this experiment, we could 

observe very low consumption (up to 12.1%) of thioanisole and the presence of methyl phenyl 

sulfoxide as the only product detected, demonstrating the importance of a catalyst in the 

reaction (Figure 21a). The MWO4 powders were active catalysts, and the thioanisole conversion 

was affected by the nature of the catalyst (Figure 21b). CuWO4 was the most active catalyst, 

accounting for 93.2% of conversion, followed by NiWO4 (80.0%) and ZnWO4 (68.9%), being 

the latter considered the least efficient. 

The product selectivity was not significantly influenced by the nature of the catalysts 

(Figure 21b). Methyl phenyl sulfoxide was the major product formed after 12 h of reaction, 

with selectivity greater than 70.0% (Figure 21c). Comparing the BET results, it could be 

concluded that specific surface areas did not influence the catalytic activities in this work. The 

superior performance of CuWO4 was associated with its higher reducibility and oxygen 

mobility (higher hydrogen consumption, according to H2-TPR measurements). 29 The hydrogen 

consumption (Table 5) of CuWO4 is almost twice as high as that of ZnWO4 (the least active 

catalyst). Besides, the higher amount of oxygen vacancies observed in the CuWO4 sample 

(Table 4) resulted in enhanced oxygen mobility.  
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The oxidation reactions of organic compounds involve two essential phenomena: bulk 

and surface oxygen mobilities. Higher oxygen mobility tends to cause the migration of active 

oxygen species through the catalyst structure, leading to an enhanced oxidation activity. 110 In 

addition, the intensity of H2O2 adsorption can be enhanced by oxygen vacancies on the catalyst 

surface, which can facilitate the generation of active oxygen species leading to an increase in 

catalytic activity. 111; 112 Because of the higher activity presented by the CuWO4 catalyst, some 

tests were performed in order to understand the influence of some chosen reaction parameters 

(temperature, time and H2O2 volume) on the thioanisole conversion and product selectivity 

values. The results revealed an increase in the thioanisole conversion and in the selectivity 

towards the sulfone as a function of reaction time (Figure 21c). The thioaniole conversion 

increased dramatically as the reaction temperature increased (Figure 21d), which in turn is also 

responsible for altering the ratio of methyl phenyl sulfoxide to the methyl phenyl sulfone, 

highlighting the oxidation sequence of sulfide to sulfoxide, and then to sulfone. 70 Finally, the 

H2O2 volume was another factor that caused an enhancement in the thioanisole conversion 

efficiency, which reached 93.2% after 12 hours upon the addition of 1.0 mL of oxidant. When 

the H2O2 volume was increased up to 1.0 mL, the selectivity towards methyl phenyl sulfoxide 

dropped from 100% to 78.1%, with concomitant increase in the methyl phenyl sulfoxide 

formation (21.9%). Greater availability of the oxidant resulted in over-oxidation to the 

corresponding sulfone. 113 
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Figure 21- Thioanisole conversion and selectivity of sulfoxide and sulfone (with and without catalyst) 

as a function of (a) H2O2 concentration (T = 50 °C, t = 12h); (b) different catalysts (0.1 mL of H2O2, T 

= 50 °C, t = 12h); (c) different times (0.1 mL of H2O2, T = 50 °C); and (d) different temperatures (0.1 

mL of H2O2, t = 12h)

 

Source: author 
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3.4.CONCLUSIONS 

 

In conclusion, we successfully and efficiently synthesized pure metal tungstates by the 

polymeric precursor method, which in comparison with other conventional methods is 

considered to be more efficient to save time and energy. The characterization results confirmed 

that a monoclinic wolframite structure can be obtained. The catalytic tests revealed that 

thioanisole could be oxidized by H2O2 to sulfoxides and sulfones at ambient conditions in the 

presence of the described metal tungstates. The product conversion and distribution changed 

according to the experimental parameters used, especially oxidant volume and catalyst nature. 

Analyses of the material indicated that a higher surface oxygen content and enhanced surface 

oxygen mobility were responsible for improving the reaction activity and selectivity.  
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ABSTRACT 

 

The textile industry is responsible for most of the consumption and inappropriate disposal of 

organic and highly toxic pollutants, such as dyes. Therefore, it is necessary to remediate 
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polluting molecules before returning the water to the environment. Photocatalysis is a 

promising method for dye molecule degradation as it can provide complete mineralization 

through an efficient photocatalytic process. CuWO4 exhibits a band gap of 2.40 eV and can be 

excited with visible light, making it economically advantageous for industrial-scale 

applications. In this work, CuWO4 was synthesized by coprecipitation (CM), microwave-

assisted hydrothermal (HM) and polymeric precursor (PPM) methods to evaluate the 

photocatalytic behavior in response to the different characteristics obtained from the synthesis 

routes. In photocatalytic measurements for OH• radical generation, the sacrificial agent H2O2 

was used, and in order to delay the recombination process sodium oxalate and silver nitrate 

scavengers were applied under visible light. CuWO4 synthesized by PPM was more efficient in 

the dye degradation when the Ag+ scavenger was used, indicating that the predominant reaction 

mechanism was by direct oxidation or hydroxyl radicals. The surface charge (-38.5 (PPM), -

29.7 (CM), and -16.2 mV (HM)) influence was more relevant than the specific surface area (1 

(PPM), 22 (CM), and 21 m2 g-1 (HM)) of the samples in the photocatalytic process. The 

complete degradation occurred in 80 min for the samples obtained by CM and HM and only 20 

minutes were necessary for the sample synthesized by PPM. 

Keywords: Organic pollutants. Rhodamine B. Photocatalysis. Visible light. CuWO4. 

Scavengers. Degradation. 

 

4.1. INTRODUCTION 

 

Currently, one of the biggest concerns in the world is the water quality of rivers, 

effluents, and the sea. In general, industries are believed to be mostly responsible for 

environmental pollution. Among them, the textile, paper, tannery, and food industries are a 

major threat to the water system, as their by-product is a large amount of water contaminated 

with numerous types of pollutants, including a segment of dyes called AZO, which is highly 

toxic and carcinogenic. 114; 115; 116 It is estimated that 70% of the industrial dyes are AZO-type 

(Tarkwa et al., 2019). Such dyes are widely used because of their high thermal and chemical 

stabilities, making them important dyeing products due to their capability of maintaining color 

for a long period. On the other hand, it is estimated that to produce 1 kg of dyed clothing, 

approximately 80 to 150 liters of dye-contaminated water are generated, being discarded in the 

wild without proper treatment. 117 
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Among the most used AZO dyes by the industries is Rhodamine B, a reddish dye. Some 

dye removal techniques, such as adsorption, 118; 119 coagulation, 120 reverse osmosis, 121 and 

ultrafiltration, 122  have been used to treat effluents contaminated with this type of dye. 

However, these methods only separate the dye molecule from the water, making them 

unfeasible. In order to accelerate the process of degradation of the dye molecule, some free 

radicals with high oxidizing power must be generated. This process can occur through advanced 

oxidative processes (AOPs), for instance, H2O2, UV, UV / H2O2,   Fe2 + / H2O2, UV/Fe2+/ H2O2. 

123 

AOPs are based on the generation of highly oxidizing radicals, such as hydroxyl radical 

(OH•) and superoxide (O2-), which have a potential standard of reduction of E ° = 2.38 and -

0.28 V, 124 being able to degrade organic molecules like AZO dyes. 118; 119; 120; 121 An effective 

method for generating free OH• and O2
- radicals is heterogeneous photocatalysis, which occurs 

through a catalyst and adequate radiation. Semiconductors are considered the most common 

catalysts as they have a band gap with sufficiently low energy, being able to promote electrons 

from the valence band (VB) to the conduction band (CB) in the presence of ultraviolet or visible 

radiation. 123 If the photons have enough energy to promote electrons from VB to CB, the so-

called electron-hole pair is generated. These gaps have positive potentials (between + 2.5 and 

+ 3.5 eV) capable of forming the two necessary free radicals. The OH radical is generated when 

the VB hole interacts with water molecules adsorbed on the catalyst surface, and the O2
- radical 

arises when the CB electron interacts with dissolved oxygen. 125 

The CuWO4 semiconductor is considered to be a promising catalyst as it presents a band 

gap with energies around 2.25 eV, being possible to be excited with radiation in the visible 

range of the electromagnetic spectrum. 41 The advantage of using visible radiation is that solar 

energy comprises more than 40% of this kind of radiation and only less than 5% of ultraviolet 

rays, making CuWO4 an economically viable catalyst for application in several areas. 126  

For the photocatalysis to occur effectively, it is important that the recombination process 

is delayed as much as possible, allowing CB electrons and VB holes to be free in order to form 

radicals responsible for the degradation of organic molecules. One strategy to avoid 

recombination is the use of scavengers, such as Ag+ and sodium oxalate, 127 since they are 

responsible for capturing electrons from the CB or donating electrons to the VB.  

In the literature, it is possible to find studies using CuWO4 as a catalyst for the 

degradation of organic dyes, such as methylene blue (MB), amido black (AB), orange G (OG) 
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14 and Rhodamine B. 128 However, there are no studies comparing the efficiency of CuWO4 

using different methods of synthesis. Therefore, in search of a better understanding of its 

properties and in order to optimize the catalytic system, in this work we seek to evaluate the 

subtle differences obtained by three different methods of synthesis of CuWO4 (coprecipitation 

(CM), microwave-assisted hydrothermal (HM) and polymeric precursor (PPM)). The objective 

is to study its structural properties to elucidate the mechanisms involved in the photocatalytic 

process for the total degradation Rhodamine B when using scavengers. 

 

4.2.  Experimental 

 

4.2.1. Chemicals 

 

All the chemicals used were of reagent-grade, and they were used without any further 

purification. Three different methods were used to prepare the CuWO4: Coprecipitation (CM), 

Microwave-assisted Hydrothermal (HM), and Polymeric Precursors methods (PPM). 41; 129; 130 

The materials used for the synthesis of CuWO4 were copper(II) chloride dihydrate (Carlo Erba, 

95%), sodium tungstate dihydrate (Sigma Aldrich, 99%), citric acid (Synth, 99,5%), ethylene 

glycol (Synth, 99%).  The reagents used for the catalytic tests were rhodamine B (Sigma 

Aldrich, 95%), silver nitrate (Sigma Aldrich, 98%), hydrogen peroxide (Synth, 30%), sodium 

oxalate (Sigma Aldrich, 99%). All solutions were prepared using water purified by a Milli-Q 

system.  

 

4.2.2. Coprecipitation method (CM) 

 

This typical route was performed in two different steps. Firstly, equal molar amounts of 

copper (II) chloride dihydrate and sodium tungstate dihydrate (40 mmol) were dissolved in two 

different recipients with 250 mL of water each. The solutions were kept under stirring at room 

temperature until complete discoloration, and then mixed under the same conditions for 1 h. 

The final products were centrifuged, washed in water three times, and dried at 80 °C for 24 h 

in air. The powder was then grounded in an agate mortar and heat-treated in a conventional 

oven at 500 °C for 2 h at a heating rate of 10 °C min-1. 129 
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4.2.3. Microwave-assisted hydrothermal method (HM) 

 

Similar to the route described above, the first step for obtaining the powder was the 

dissolution, in 80 mL of water, of equal molar amounts of copper(II) chloride dihydrate and 

sodium tungstate dihydrate (40 mmol) in two different recipients. After discoloration and 

mixing, 40 mL of sodium citrate (1.0 mmol) was added to the solution. The mixture was then 

kept under stirring at room temperature for 1 h. The resulting solution was microwaved at 160 

°C for 1 h at a heating rate of 30 °C min-1. The final products were centrifuged, washed with 

water three times, and then dried at 80 °C for 24 h in air. Afterwards, the powder was grounded 

in an agate mortar and heat-treated at 500 °C for 2 h at a heating rate of 10 °C min-1. 41  

 

4.2.4. Polymeric precursor method (PPM) 

 

The CuWO4 nanoparticle synthesis procedure consisted of the dissolution of citric acid, 

tungstic acid and copper nitrate in water in three different containers, keeping a volume ratio of 

3:1 of citric acid-metal precursors. After 1 h of stirring, the solutions were mixed, and a single 

solution was obtained. The pH of the solution was adjusted to 8 with sodium hydroxide heated 

to 120 °C, followed by the addition of ethylene glycol in a 2:3 molar ratio (citric acid: ethylene 

glycol). The resulting resin was pre-heated at 300 °C for 3 h at a heating rate of 10 °C min-1 to 

obtain the precursor, from now on called puff. Finally, the heat treatment was performed at 500 

°C for 2 h. 130 

 

4.2.5. Characterization 

 

The structural characterization was made by X-ray diffraction (XDR) in the range of 20 

to 50° and step of 0.02°, and scanned at 2° per minute using Cu kα radiation (λ = 1.5418 Å) on 

a Rigaku ULTIMA IV. For confirmation of the crystalline phase, the Raman spectroscopy 
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technique was performed using a Witec (Ulm, Germany) microscope equipped with a highly 

linear stage and objective lens from Nikon (100xNA=0.9). Raman signals of our samples were 

excited with an ion-Ar laser (514 nm; 10 mW) Melles Griot, and the Raman light was detected 

by high-sensitivity, back-illuminated Peltier-cooled CCD behind a 600 grooves/mm grating. 

The data were recorded in the wavenumber range from 130 to 1000 cm-1. The morphology and 

particle size were determined by a scanning electron microscope (SEM-FEG) (Supra 35, Zeiss, 

Germany) operating at 3 kV. Image analysis was carried out with Image-J software. Specific 

surface area (SSA) analysis was made through the multimolecular adsorption theory (BET) 

using the Langmuir model. Nitrogen adsorption-desorption measurements were obtained by 

ASAP 2020 (Micrometrics, Brazil). Optical properties and photocatalytic activities were 

performed on a Cary 60 device by UV-Vis spectroscopy. X-ray photoelectron spectroscopy 

(XPS) measurements were carried out in a Scientia Omicron ESCA spectrometer with 

monochromatic Al Kα X-ray source (1486.7 eV, with power of 280 W and a constant pass 

energy mode of 50 eV). The XPS peaks were fitted using a Voigt function after subtracting a 

Shirley background and considering C-sp2 binding energy of 248.8 eV. The zeta potential was 

analyzed in a Zetasizer (Malvern, Brazil) model Nano ZS. 

 

4.2.6. Photocatalytic tests 

 

The photocatalytic performance of the samples towards discoloration of Rhodamine B 

(RhB) in aqueous solution was evaluated in a quartz reactor and irradiated with a 150 W Hg 

lamp with maximum visible region wavelength emission. The photocatalytic experiments were 

carried out using 22 mg of the as-synthesized sample in a 40 mL solution with 1 mg L-1 of RhB. 

The RhB discoloration was monitored by its absorption maximum at 554 nm at regular periods 

using a UV-Vis spectrophotometer in the absorbance mode. Before irradiation, the suspension 

was stirred for 24 h in the dark to establish an adsorption-desorption equilibrium. 

 

4.2.7. Sacrificial agent and scavengers 

 

0.1 mL of hydrogen peroxide (H2O2) was used as sacrificial agent, and 22 mg of sodium 

oxalate (Na2SO4) and 68 mg of silver nitrate (AgNO3) were chosen as scavengers.  
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4.3. RESULTS AND DISCUSSION 

 

The crystallographic pattern of the as-prepared CuWO4 is shown in Figure 23. The peaks 

found were compared to the ICSD database. All samples exhibited a wolframite-type triclinic 

phase with P-1 spatial group and equal lattice parameters: a = 4.7026; b = 5.8389; c = 4.8784; 

A = 0.8054; C = 0.8355; α = 92.677; β = 92.469; and γ = 82.80. 131 The density of the material 

was 7.791 g cm-3, which is in accordance with the crystallographic pattern No. 73-1823. 132 

From the analyzed standards, the crystallographic profiles of CuWO4 samples indicated that all 

synthesis methods (CM, HM, and PPM) used were efficient to obtain pure oxide phases without 

impurities.  

 

Figure 23- XRD patterns of CuWO4 powders synthesized by CM, HM and PPM after annealing at 500 

°C for 2 h 

 

Source: author 

 

Figure 24 shows the vibrational modes observed for CuWO4 synthesized by CM, HM, 

and PPM. Theoretical studies indicated the existence of 36 vibrational modes for triclinic 

structures of the (P1) group and (Ci) group symmetry, which are divided into 18 vibrational 

modes corresponding to active Raman modes and another 18 corresponding to the infrared 

vibrational modes. 96  The Raman modes are attributed to the internal vibrational modes of WO6 

octahedron and external vibrational modes caused by the movement of the distorted 
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octahedrons of CuO6 clusters. These Raman scattering data confirmed the displayed XRD 

results for all synthesized CuWO4 samples, which revealed  samples containing only the 

wolframite phase, regardless of the synthesis method used. 131 

 

Figure 24- Raman vibrational spectra of CuWO4 powders synthesized by CM, HM and PPM after 

annealing at 500 °C for 2 h 

 

Source: author 

 

Figures 25a-c shows the morphology and histograms of CuWO4 samples synthesized 

by CM, HM, and PPM. The CuWO4 synthesized by CM and HM showed spherical shape for 

both methods and similar nanoparticle size. On the other hand, the sample synthesized by PPM 

exhibited large and irregular-shaped particles. The narrower half-height width shown in the 

PPM diffractogram of Figure 23 is directly related to larger particle sizes, confirmed by the 

histogram of the particle size distribution in Figure 25c, 133 where it is possible to observe the 

difference between the particle size distributions according to the synthesis method. For 

instance, the mean values estimated for CM, HM and PPM methods were 42, 43 and 321 nm, 

respectively. The small particle size obtained by CM and HM can be attributed to the slow 

nucleation rate, while the particles obtained via PPM had faster nucleation and growth, which 

are inherent to the method itself. 
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Figure 25- Morphology and mean particle size of CuWO4 powders synthesized by (a) CM, (b) HM and 

(c) PPM after annealing at 500 °C for 2 h 

 

Source: author 

 

The adsorption-desorption curves of nitrogen were found to be type III for the CuWO4 

obtained by all methods (CM, HM and PPM). From the BET results in Table 6, it is possible to 

observe that the samples synthesized by CM and HM exhibited similar surface areas (22 and 

21 m2 g-1) and pore sizes (9.8 and 9.5 nm), and equal pore volumes (0.0013 cm³ g-1), while the 

catalyst obtained by PPM presented an area approximately 20 times smaller, half the volume 

of pores and smaller pores than the other samples. 
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Table 6- Langmuir surface area, pore volume and pore size results of CuWO4 

Method Langmuir Surface Area 

(m² g-1) 

Pore Volume 

(cm³ g-1) 

Pore Size 

(nm) 

CM 22 0.0013 9.8 

HM 21 0.0013 9.5 

PPM 1 0.0007 6.9 

Source: author 

 

The band gap value of the CuWO4 samples (CM, HM and PPM) were determined by 

UV-V spectroscopy shown in Figure 26. The extrapolated line intercedes the X-axis at 0 of the 

X axis and shows band gap values between 2.26 and 2.40 eV, indicating that all materials 

synthesized in this study can be activated under visible light, promoting low energy charge 

separation (< 3.0 eV). 129 

 

Figure 26- Band gap energy of CuWO4 samples synthesized by HM, CM and PPM 

 

Source: author 

 

X-ray photoelectron spectroscopy analysis was carried out to further characterize the 

chemical surface state of the resulting materials prepared by different methods. Figure 27a 
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presents the XPS survey spectra, where it is possible to observe peaks related to Cu, W, O and 

adventitious C, which are in agreement with the single-phase samples observed in the XRD 

results (Figure 23). In Figure 27b, the edge of the valence band was estimated at 1.9 eV by 

linearly extrapolating it to zero baselines. These values demonstrate the n-type nature of 

CuWO4 and suggest that the Fermi level is located approximately at 0.4 eV below the 

conduction band, considering the optical band gap of 2.26 to 2.40 eV seen in Figure 26 for the 

samples synthesized by HM, CM and PPM. Figure 27c shows the O 1s high-resolution spectra 

of CuWO4 prepared by the mentioned methods. The O 1s peak was deconvoluted into three 

components located at 530.5 eV, which can be attributed to structural oxygen ions (O2-) bonded 

to Cu2+ or W6+, and at 531.9 eV, which can be associated with oxygen species such as peroxide 

(O-) or hydroxide ions (OH-) adsorbed on the material surface or oxygen vacancies in the crystal 

structure. 134 If we consider that the central component is a measure of point defects in the 

structure, it is possible to observe that the CuWO4 prepared by CM exhibits the lowest number 

of defects, while the CuWO4 obtained by PPM shows the highest number. The component at 

higher energies (533.3 eV) can be attributed to other species weakly adsorbed on the surface. 

Figure 27d presents a comparison between the W 4f high-resolution spectra of the samples 

prepared by the different methods. In Figure 27d, three peaks related to W 4f 7/2 (35.3 eV), W 

4f 5/2 (37.5 eV) and to W 5p 3/2 (41.2 eV) can be noted. 135; 136 The core level of Cu 2p is 

shown in Figure 27e. The peaks in the vicinity of 934.3 eV and 954.1 eV are attributed to Cu 

2p 3/2 and Cu 2p ½, respectively, whereas the peaks observed near 945 eV and 963 eV are 

satellite peaks commonly observed in Cu2+ compounds. 137; 138 
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Figure 27- High-resolution XPS spectra of CuWO4 samples synthesized by HM, CM and PPM: (a) 

survey, (b) valence band, (c) O 1s, (d) W 4f and (e) Cu 2p regions 

 

Source: author 

 

DLS and zeta potential measurements were performed in triplicate at pure deionized 

water pH. The obtained values and standard deviation are displayed in Figures 28a-d. The 

nanoparticles exhibited different average hydrodynamic diameters and stability behavior in 
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suspension under this pH range condition (5.9-6.5), indicating a decrease of dispersibility for 

MPP, MC and MH syntheses. CuWO4 particles obtained by CM with a medium particle 

diameter of 42 nm (Figure 25) showed a mean particle size distribution of 163 nm (Figure 28a). 

Comparing this sample (Figure 28b) to that synthetized by the HM method, it is possible to note 

that the latter exhibited particles with medium diameter of 43 nm (Figure 28b), cluster average 

size of 305 nm, wide distribution range and great heterogeneity. For the catalyst obtained by 

the PPM method, the medium DLS diameter was approximately 750 nm (Figure 28c) as a result 

of the largest particle size (321 nm) obtained by this route. However, such sample presented the 

narrowest distribution range when compared to the other synthesis methods. This difference in 

the size distribution of nanoparticle agglomerates is due to the surface charge difference of 

CuWO4 obtained by the CM, HM and PPM methods, which was -29.7, -16.2 and 38.5 mV 

(Figure 28d), respectively. The highest modulus value of the zeta potential and best particle 

dispersion were found for CM and PPM. The different values found for the zeta value of the 

particles may be attributed to the different synthesis conditions, the choice and concentration 

of precursors and mineralizers, and the presence of actives, such as sodium citrate (HM), citric 

acid and ethylene glycol (PPM), required in the synthesis steps to obtain CuWO4 in each 

synthetic route. Some studies have reported negative values between -10 and - 40 mV of other 

tungstate-based materials, such as CoWO4, 
139 ZnWO4 

140 and SnWO4, 
141 which represents a 

similar behavior to that reported in this paper. Dutta et al. 128 synthesized CuWO4 nanoparticles 

sized 36.6 ± 12.2 nm by the sonification method. In the zeta potential analysis, a surface load 

of -15.47 mV and -15.67 mV was observed at pH 5 and 7, respectively. Thus, the three synthesis 

routes used in the present work proved to be efficient to obtain negatively charged CuWO4 

nanoparticles and expected stability for tungsten-based materials. More specifically, the 

coprecipitation method enabled the synthesis of particles with nanoparticle dimensions similar 

to those found in the literature and higher stability in medium suspension under the same pH 

conditions. 
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Figure 28- Histogram of the DLS results for CuWO4 nanoparticles obtained by (a) coprecipitation, (b) 

hydrothermal and (c) polymeric precursor methods, and (d) potential zeta and pH values 

 

Source: author 

 

The RhB dye was used as probing molecules to explore the discoloration property of 

the as-prepared samples. The synthesized semiconductors promoted the discoloration in two 

effects, as it can be seen in Figures 29a-d. The first effect was induced by adsorption, which 

was evident after a few hours of contact between the synthesized materials and the dye due to 

the physical interaction between them. After the equilibrium period (24 h), it was observed that 

all analyzed samples reached a similar percentage of discoloration (around 25%), indicating 

that both the specific surface areas and the surface charges directly influenced this process. The 

combination of these two properties can be observed in the PPM sample. Despite the low 

specific surface area (1 m2 g-1) of this sample, such property was compensated by the surface 

load (-39 mV), which may have favored the interaction with the positive charges for RhB. The 

second effect associated with the discoloration of Rhodamine B was attributed to the 

photoactivation of the synthesized materials, as also seen in Figures 29a-d.  
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This effect is due to the semiconductor activation by energy equal to or greater than its 

band gap value. When this occurs, the valence band electrons are promoted to the conduction 

band, thereby forming oxidizing and reducing species in the valence and conduction bands, 

respectively (Equations 35-38). However, although the prepared samples exhibited a band gap 

that allowed them to be activated under visible radiation, their photocatalytic activity was 

relatively low, degrading only 20, 7 and 1% after 80 min for CM, HM and PPM samples, 

respectively (Figure 29a). 

This higher photocatalytic activity exhibited by the sample obtained by CM can be 

attributed to its smaller particle size, higher specific surface area, and opposing charge surface. 

In contrast, even with low performance, this combination allowed a more significant interaction 

between the dye and the catalyst compared to the other methods. 

The photocatalytic performance of copper tungstate has been extensively investigated 

in recent years as it is a potential candidate for the degradation of organic pollutants in reactions 

driven by visible radiation. 14; 142 However, its low activity is still a challenge. Among the 

alternatives found, the use of sacrificial agents can be considered promising. As it can be seen 

in Figure 29a, the synthesized samples showed low photocatalytic activity after 80 min of 

exposure to visible radiation. The addition of sodium oxalate, a hole scavenger, induced 

quenching of the photocatalytic performance for all synthesized samples during the 

photocatalytic tests, demonstrating that direct process oxidation (Equations 35 and 36) 

represents one of the main pathways for the RhB discoloration using CuWO4 synthesized by 

different methods. Additionally, the photogenerated hole in the semiconductor valence band 

oxidized oxalate, generating carbon dioxide and neglecting dye degradation, as shown in 

Equations 39 and 40. On the other hand, with the addition of silver nitrate or peroxide hydrogen 

it is possible to observe a sharp increase in RhB discoloration promoted by the synthesized 

catalysts, since both sacrificial agents favored the formation/performance of radical species 

with high oxidative capacity, such as valence band holes (h+) and hydroxyl radicals (OH•). The 

addition of silver nitrate during the tests for RhB photodegradation conducted by the 

synthesized catalysts promoted significant dye discoloration in a few minutes of experiment. 

After 20 min of exposure to visible light, the catalysts obtained by CM and HM induced 

approximately 80% of RhB discoloration. However, after the same exposure period, the PPM 

sample degraded 100% of the organic molecule. This process may be associated with the 

negative charges present in large quantities on the surface of this sample compared to the other 

synthesis methods. Besides, there may have been a more significant interaction between the 
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silver present in the solution and this catalyst since silver is responsible for inducing an increase 

in the lifetime of the photogenerated e-/h+ pairs in the semiconductor sequestering the electrons 

generated in the conduction band of the semiconductor. This way, the photogenerated hole, one 

of the main oxidizing agents of synthesis materials, is available for interaction with water for a 

longer period, generating more hydroxyl radicals and the direct oxidation of the organic 

molecule (Equation 37). When evaluating the RhB photodegradation experiments using 

catalysts synthesized with the addition of hydrogen peroxide, a considerable increase in the 

photocatalytic activity of the oxide could also be observed. This can be explained by the fact 

that, when irradiated with sufficient energy to promote the formation of e-/h+ charge pairs, the 

hole directly oxidizes hydrogen peroxide, generating hydroxyl radicals (Equations 41 and 42), 

or the hole oxidizes water, generating hydroxyl radicals that react with peroxide, doubling its 

presence in the solution and leading to a complete dye discoloration after 80 min for all samples. 

 

Figure 29- Adsorption and photocatalytic effect of CuWO4 catalysts synthesized by CM, HM and PPM 

on the degradation of Rhodamine B 

 

Source: author 
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CuWO4 + h𝜈 →  ℎVB
+ +  𝑒CB

−                         (35) 

ℎVB
+ + RhB(ads)  →  CO2 +  H2O                                   (36) 

(direct oxidation) 

 

ℎVB
+ +  H2O(ads) →  OH• + H+                      (37) 

𝑂𝐻• + RhB(ads) → CO2 + H2O                                 (38) 

(indirect oxidation) 

 

C2O4
2−  + ℎCB

+  → C2O4(ads)
−                              (39) 

 

OH(ads)
•  +  C2O4

−  → HCO3(ads)
− +  𝐶𝑂2(𝑎𝑑𝑠)                 (40) 

 

ℎCB
+ +  H2O2  →  2OH•                                   (41) 

 

OH•  +  H2O2  → H2O + 2𝑂𝐻•                              (42) 

 

 

 

4.4. CONCLUSION 

 

We observed that of all possible variables involved in the RhB photodegradation 

process, the most important was surface load (-38.5 for PPM, -29.7 for CM, and -16.2 for HM). 

From the XPS results, we could note that the only difference was in the oxygen amount, which 

indicates that the different synthesis procedures yield materials with different density of defects 

in the crystal structure, such as oxygen vacancies (CM  HM  PPM). Furthermore, the surface 

area was relevant only when the catalyst was used in the dark and induced by adsorption, which 

was evident after a few hours of contact between the synthesized materials and the dye due to 
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the physical interaction between them After the equilibrium period (24 h), we observed that all 

analyzed samples reached a similar percentage of discoloration (around 25%). (CM = HM ≠ 

PPM). Finally, the scavenger Ag+ captured electrons from the conduction band, preventing the 

recombination of the electron-hole pair and optimizing the degradation process of Rhodamine 

B, thus favoring direct and indirect oxidation. 
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ABSTRACT 

 

NiWO4 was prepared using the polymeric precursor method and studied in terms of physical 

and chemical properties to verify its stability for industrial applications as pigments. The 

characterization was accomplished using thermal analyses, X-ray diffraction (XRD), scanning 

electronic microscopy (SEM), photoluminescence (PL) and UV–Vis spectroscopies, 

colorimetric coordinates, and Raman spectra. Increasing temperature, successive exothermic 

reactions were observed and they are related with thermal decomposition of the organic 

compound. The stability was reached at ~700 ℃. The material is verified to become completely 

free of second phase at ~800 ℃. The end NiWO4 powder showed an intense charge transfer-

related tail centered in the ultraviolet region, resulting in a yellow product. In addition, this 

powder exhibited broad excitation band and broad deep blue–green emission band, which were 

enhanced with increasing powder's crystallinity. 
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Keywords: Nickel tungstate. Yellow pigment. Colorimetric coordinate. Optical property. 

Structural characterization. 

 

5.1. INTRODUCTION 

 

Organic and inorganic materials have been largely used as yellow pigments, such as 

gamboge which is a pigment derived from a tree, the Fe2O3·H2O, which is found in clays, lead 

antimonate, zinc chromate, CdS, PbCrO4, NiOSb2O5·20TiO2 and As2S3. However, these 

pigments have some characteristics that make them not ideal for use, such as toxicity, chemical, 

and thermal instability.  

Due to the superior acid–alkaline, chemical and thermal stability, and coverage power 

of these materials, 143 inorganic pigments are known to present several applications in the 

manufacture of porcelains, ceramic tiles, enamels, paints, rubber, imitation leather, varnishes, 

building materials, glass, glazes, and floor covering. However, many inorganic pigments with 

brilliant color and good functionality are contaminating products to be avoided because of their 

negative effect on environment and human health. With regard to yellow inorganic pigments, 

chromates of alkaline-earth metal ions (e.g., calcium, strontium, and barium), Naples yellow 

(lead antimonite), litharge (lead oxide) and yellow cadmium (cadmium sulfide) were for long 

time of particular importance due to their specific coloration, which was the reason of their 

wide use in ceramic tiles. 143 However, the use of these pigments is restricted in terms of 

commercial applications because of the toxicity of Cr, Cd, Sb and Pb atoms. 144; 145; 146; 147 

Consequently, development of sustainable and environmentally friendly inorganic pigments 

and/or reducing the toxicity of existing inorganic pigments are two approaches strongly 

required.  

Tungstates of formula AWO4 (A = Ni2+, Ca2+, Sr2+, Ba2+) belong to an important family 

of functional inorganic materials 148; 149 that have attracted great attention in the industry 

because of their interesting physical and chemical properties, 150; 151 mainly because they are 

not toxic. The divalent cations are called network modifiers and the tungsten atoms are called 

network formers. They can form two distinct structures depending on the ionic radius or cations. 

When the radius is greater than or equal to 0.99 angstroms, it allows the formation of the 

Scheelite structure (Ca2+, Sr2+, Ba2+) and for radius smaller than 0.77 angstroms, the Wolframite 

structure is formed, which is the case of NiWO4 12]. 152; 153; 154 From a technological viewpoint, 

the versatility of these materials in terms of possible applications includes: light emitting diodes 
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(LEDs), 150 electrodes, 154 cathode material for supercapacitors, 155 photoluminescent materials, 

64 and photocatalyst. 156; 157 In particular, nickel tungstate, the material targeted in this work, is 

one of the potential candidates to be used as yellow inorganic luminescent pigment. 158 

Luminescent materials have the characteristic of emitting light when stimulated by 

chemicals and ionizing radiation. The luminescent pigments have several applications, among 

them, they are used in plates and transit lanes, markings on money notes to make it difficult to 

fade, in fabrics and wall paintings for decoration. 64 It should be pointed out that scientific and 

technological interest on these materials also arises because of dealing with low-cost and no 

polluting materials, that can be included in the group of sustainable products.  

The chemical and physical properties of metal oxides, including tungsten oxides, depend 

on the synthetic route employed. There are two ways of synthesizing ceramic pigments: by 

chemical method such as co-precipitation, 101; 129; 159 hydrothermal, 160; 161; 162 and polymeric 

precursor method 163 or by solid state reaction method. Among them, chemical methods, 

particularly the polymeric precursor method, show several advantages, such as homogeneous 

mixture of the reactants, purity, low cost, simple synthesis, temperatures below 800 ℃, and 

short time processing. 164 

Therefore, the present work involved the synthesis of NiWO4 nanoparticles achieved by 

applying the polymeric precursor method, which is a low-cost processing procedure, when 

compared to other chemical methods, besides ensuring high material reproducibility. The 

method has been successfully used in the synthesis of nanoparticles of different oxides, 165 and 

is based on the chelation of cations by a hydrocarboxylic acid (normally citric acid), followed 

by polyesterification using a glycol (normally ethylene glycol). 166 The formed precursor resins 

contain cations randomly distributed throughout the polymer. 167; 168; 169 The synthesized nickel 

tungstate powder was subsequently characterized by thermal analyses: thermogravimetric 

(TG), differential scanning calorimetry (DSC), X-ray diffraction (XRD), diffuse reflectance, 

colorimetric coordinate, scanning electron microscope (SEM), Raman and photoluminescence 

(PL) spectroscopies.  

 

5.2. EXPERIMENTAL  

 

The processing of materials involved the dissolution of nickel nitrate in milli-Q water 

and the dissolution of tungstic acid in milli-Q water at 90 ℃ with a pH of 11. For the pH of 

tungstic acid solution reaches the value of 11, it is necessary to add ammonium hydroxide. On 

the other hand, citric acid was dissolved in milli-Q water. Both intermediary products were 
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mixed so as to produce a tungsten citrate solution. The polymeric resin was synthesized by 

adding nickel nitrate to this solution, under constant stirring, and at a temperature of 120 ℃. 

Addition of ethylene glycol promoted the polyesterification reaction. The citric acid:metal 

molar ratio was 3:1, while the citric acid:ethylene glycol mass ratio was 2:3. 

The polymeric precursor solution was heat-treated at 400 ℃ for 4 h at a heating rate of 

10 ℃·min−1. The obtained powder was grounded in an agate mortar in order to deagglomerate 

the powder, hereafter called the precursor powder which was treated at temperatures of 500–

800 ℃ for 2 h, with a heating rate of 10 ℃·min−1.  

The material was characterized by thermal decomposition, XRD, UV–Vis spectroscopy, 

colorimetric coordinates, SEM, and Raman and PL spectroscopies. The thermal decomposition 

and crystallization of this powder were studied by TG (Netzsch STA 409C) and DSC techniques 

under oxygen atmosphere at a heating rate of 10 ℃·min−1. Al2O3 was used as reference material 

during the thermal analyses. Based on the results from the thermal analyses, as later presented, 

we considered heat-treating the precursor powder at 500–800 ℃ for 2 h to get a close insight 

into phase development. These heat treatments were performed in an electric furnace under air 

atmosphere, at a heating rate of 10 ℃·min−1. 

In the following, the samples were characterized by XRD at room temperature, towards 

the 2θ ranged from 20 o to 80o, with a step of 0.020o, a scanning speed of 2 (o)· min−1, and using 

Cu Kα radiation (Rigaku, ULTIMA IV).  

The samples were also subjected to UV–VIS characterization (Shimadzu-UV-1601 PC 

spectrophotometer), and the spectra were measured in the range of 220–900 nm. 

Colorimetric coordinates of the pigments were measured in the range of 300–700 nm, 

using a spectrophotometer (Minolta, CM2600d) equipped with a standard type D65 (day light) 

light source, and following the CIE-L*a*b* colorimetric method recommended by the 

Commission Internationale de l’Eclairage (CIE). 170 In this method, L* is the lightness axis 

[black (0) → white (100)], b* is the blue (-) → yellow (+) axis, and a* is the green (-) → red 

(+) axis, while ∆E is defined as the total color difference (∆E2 = L*2 + a*2 + b*2). 

Microstructural characterization of the powders was carried out using a high resolution 

SEM (FEG-SEM Supra 35, Zeiss, Germany) operating at 3 kV. 

Raman spectra were measured with a MonoVista CRS Raman spectrometer from 

Spectroscopy and Imaging GmbH. The samples were irradiated with a laser beam focused with 

an Olympus microscope. For the excitation in backscattering geometry, the 633 nm line of a 

He-Ne laser with 35 mW was used. Photoluminescence spectra were collected with a Thermal 

Jarrel-Ash Monospec monochromator and a Hamamatsu R955 photomultiplier. The 350.7 nm 
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exciting wavelength of a krypton ion laser (Coherent Innova 200) was used; the output of the 

laser was maintained at 500 mW, with ~14 mW. 

 

5.3. RESULTS AND DISCUSSION 

 

5.3.1. Thermal analysis 

 

Figure 30 presents the TG, Derivative Thermogravimetry (DTG), and DSC curves of 

the NiWO4 amorphous precursor powder. The TG curves reveal a series of mass loss-related 

decomposition reactions, connected to different exothermic events as indicating the DSC curve. 

 

Figure 30- TG, DTG, and DSC curves of the NiWO4 precursor powder 

 

Source: author 

 

Development of these decomposition processes should be described considering the 

complexation of nickel with citric acid leads to the following reaction, noting formation of nitric 

acid, and water as products (Equation 43). 

 

 

Ni(NO3)2· 6H2O+2C6H8O7  →  Ni(C6H7O7)2+2HNO3+6H2O                   (43) 
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Meanwhile, the tungsten complexation reactions occur as follows, forming ammonium 

hydroxide (Equations 44-46). 

 

                                                                                                          90 ℃ 

H2WO4(aq.)   →   WO3+H2O                                                 (44) 

WO3 + H2O + 2 NH4OH → W2+ + 2NH4
+ + 2OH- +  O2(g)                      (45) 

W2+ + 2NH4
+ + 2OH- + 2 C6H8O7 → W(C6H7O7)2 + 2H+ + 2NH4

+ + 2OH-       (46) 

 

Mixing these metallic complexes (metallic citrates) above 70 ℃ triggers the onset of 

the esterification reaction between metal citrate and ethylene glycol, as follows (Equation 47): 

 

 

Mn+ [OCOCH2C(OH)(COOH)CH2COOH]x +3HOCH2CH2OH→      

 M n+[OCOCH2C(OH)(COOH)CH2COOCH2CH2OH]x+ xH2O                     (47) 

 

 

For the NiWO4 compound studied here, the polyesterification reaction occurs 

continuously until the polymer network is formed. This network is expected to consist of the 

following basic units (Equation 48): 

 

{W4+[OCOCH2C(OCH2-…)(COOCH2-…)CH2COOCH2-…]4} 

{Ni2+[OCOCH2C(OCH2-…)(COOCH2-…)CH2COOCH2-…]2}                  (48) 

 

Accordingly, the main organic compounds contained in the resin are water, ammonium 

hydroxide, nitric acid, and polyester. During heat treatment of the NiWO4 precursor powder, 

total elimination of these compounds traduces into a mass loss of about 33% accomplished 

when approaching 700 ℃, as reveals the TG curve in Figure 30. In terms of details, three 

thermal superposed events are visible in the TG curve. The first region occurs in the temperature 

range of 50 to 169 ℃ and accounts for a mass loss of around 2.6%, attributed to the elimination 

of adsorbed H2O. The second region involves a mass loss of 5.3% from 169 to 562 ℃, and this 

is related to dehydration of the resin, which becomes anhydrous due to the break of weakly 

bonded CH2 groups. Finally, the third region goes from 562 to 672 ℃, and it involves a mass 
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loss of 24.4%, attributed to the elimination of C–O groups as well as strongly bonded carbon 

atoms from the M–O–C groups, forming CO/CO2.  

Regarding the DSC curve, the elimination of water and decomposition of the organic 

compounds were also detected, all manifesting as exothermic events, followed by 

crystallization immediately taking place with a further increase of temperature. The highest 

crystallization peak occurs at ~639 ℃. Table 7 summarizes the thermal events and 

corresponding temperature ranges, as inferred from the TG and DSC data. 

 

Table 7- Results of thermal analyses for the NiWO4 sample 

Source: author 

 

5.3.2. Structural analysis 

 

Crystallization and phase development were accompanied by XRD technique. The data 

are shown in Figure 31. 

 

 

 

 

 

 

 

 

 

 

 

Temperature range from TG 

(℃) 

Weight loss (%) from 

TG 

Thermal event details 

50–169 2.6 H2O and adsorbed gases 

elimination 

   

169–562 5.3 Polymeric degradation     

(-CH2- groups) 

   

562–672 24.4 Polymeric degradation 

(-CO- and -COO- groups) 
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Figure 31- XRD patterns of NiWO4 powders after annealing at 500, 600, 700, and 800 ℃ for 2 h 

 

Source: author 

 

It is observed that, after heat treatment at 500 ℃/2 h, the NiWO4 precursor powder still 

reveals amorphous, while heat treatment at 600 ℃/2 h shows that formation of the crystalline 

phase already occurred, but with traces of WO3, as also reported by Quintana-Melgoza et al.. 

171 Annealing the powder at 700 and 800 ℃/2 h allows synthesizing NiWO4 powder without 

spurious phases, in good agreement with observation of a huge DSC peak at ~639 ℃ (Figure 

30) from the thermal analyses measurements conducted in dynamic mode (10 ℃·min-1). This 

peak is asymmetric towards lower temperatures, suggesting to involve an overlap with a low-

intensity one, most likely related to synthesis of the above-mentioned WO3 phase when 

approaching 600 ℃ (Figure 31). In particular, the NiWO4 was indexed in the wolframite 

monoclinic structure (space group: P2/c, with Z = 2), characterized by alternating layers of 

transition-metal and tungsten atoms parallel to the (100) plane. This is a structure where the 

oxygen atoms are hexagonally closely packed, and the metal ions occupy a quarter of all the 

octahedral sites. 172 The crystallite size in the NiWO4 powder was estimated from the XRD 

data by using the Scherrer equation (49): 

 

𝐷𝑐 =
𝐾𝜆

𝛽cos𝜃
       (49)  
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where β is the breadth of the observed diffraction line at its half intensity maximum, K is a 

shape factor and usually is ~0.9, λ is the wavelength of X-ray source that used in XRD 

measurements, and θ is the corresponding angle. The results are 43 and 47 nm after heat 

treatments at 700 and 800 ℃, respectively. 

 

5.3.3.  UV–Vis spectra 

 

The Figure 32 shows the UV–Vis spectra performed in the diffuse reflectance mode of 

the NiWO4 powders annealed at 500 up to 800 ℃/2 h. The pictures of each sample are also 

presented. As can be seen in Figure 32 and XRD results, NiWO4 sample annealed at 500 ℃ is 

a black powder in which the material is amorphous, explaining the spectra observed. As the 

temperature increases, the NiWO4 powder crystallizes and becomes yellow. The reflectance 

spectra of the samples annealed at 600, 700, and 800 ℃ show broad peak centered in the yellow 

and a low peak in blue region of the spectra.  

 

Figure 32- Reflectance spectra of NiWO4 samples calcined at 500–800 ℃/2 h 

 

Source: author 
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Qualitative and quantitative information about the color of the samples are shown in 

Table 8 which presents the colorimetric coordinates (L*, a*, and b*) of the NiWO4 stable 

samples calcined at 700 and 800 ℃/2 h.  

 

Table 8- Colorimetric coordinates (L*, a*, and b*) of NiWO4 samples calcined at 700 and 800 ℃/2 h, 

using light source type D65-10o (day light), following the CIE-L*a*b* standard colorimetric method 

Samples L* a* b* 

Standard (A) 99.45 -0.09 -0.04 

 Ni700 (D) 85.31  3.07 38.32 

Ni800 (E) 85.36  4.93 42.95 

Source: author 

 

The data were collected using light source type D65-10o (day light) and analyzed 

following the CIE-L*a*b* standard colorimetric method. Figure 33 shows the CIELab graphics 

of such NiWO4 samples.   

 

Figure 33- (a) CIELab graphics of the NiWO4 samples calcined at 700 and 800 ℃/2 h. Pictures of 

samples calcined at (b) 700 and (c) 800 ℃/2 h 

 

 

Source: author 

 

The color of Ni2+-based compounds is directly influenced by the symmetry of its site. 

173 The degeneracy of the 3T1g, 
3T2g, and 3Eg states of Ni2+ in octahedral geometry are lifted, and 

multiple-absorption bands occur when Ni2+ is situated in a coordination environment of low 

symmetry. Bands split by low symmetry will show peak wavelengths, which are polarization 
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dependent. 173 Bright yellow color results when Ni2+ is in a deltahedric-coordinated site 

significantly distorted from the octahedral symmetry. Increased absorption intensity occurs 

when the metal ion d–d bands are in proximity to an ultraviolet charge transfer band. 

Calculated from reflectance, the absorbance spectra of these powders were also 

processed, the behavior of which revealed qualitatively similar from sample to sample. The 

results allowed to estimate band gaps according to hhgn 152 where  is the 

absorption coefficient of the material (calculated from the absorption spectra), h is the Plank’s 

constant,  is the frequency of the radiation, B is a constant (dependent on the nature of the 

material), and Eg is the energy of the band gap. n is a coefficient dependent on the type of 

transition considered: n = 1/2 for allowed direct transitions, while n = 2 for allowed indirect 

transitions.  

Figure 34 depicts the absorbance spectra for NiWO4 annealed at 700 and 800 ℃. In 

summary, absorbance bands at 1.55, 1.72, 2.85, and 3.95 eV applied for the sample heat treated 

at 600 ℃, resulting slightly shifted to 1.48, 1.68, 2.73, and 3.84 eV for the samples heat treated 

at 700 and 800 ℃. All these values are very close to those found by de Oliveira et al.. 174 We 

note that the first two bands of low intensity are localized in the blue region, while the third and 

fourth ones with higher intensity lie in the ultraviolet region. As indicated in Figure 34, these 

bands have been proposed to arise from presence of Ni2+ and charge transfer (CT) between 

clusters. 174 In particular, the bands at 1.68 and 2.73 eV would originate from the forbidden 

electronic transitions from 3A2g to 1Eg and 1T2g, respectively, while the last band at 3.84 eV 

would involve charge transfer transitions. In addition, Cimino et al. 175 reported that Ni2+O4 

presents a  3T1 → 1T2 transition at 1.56–1.60 eV. Based on this information, we believe that 

the band at 1.48 eV should be assigned to the presence of Ni2+O4, indicating that Frenkel defects 

are present in NiWO4 with the dislocation of Ni2+ from octahedral to tetrahedral sites. 174 
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Figure 34- Absorbance spectra of the NiWO4 annealing at 700 and 800 ℃/2 h 

 
 
Source: author 

 

5.3.4. Field emitting gun–scanning electron microscopy (FEG–SEM) analysis 

 

Figure 35 shows representative FEG–SEM micrograph from the powder heat treated at 

700 ℃/2 h. This reveals to be here dealing with spherical-like packed particles, each with an 

average size of ~90 nm. This value is about twice the crystallite size estimated by XRD. For 

application as ceramic pigments, it is known that using nanoparticles is advantageous in order 

to produce more uniform and intense colors because of the huge surface area when compared 

to micrometer-sized particles. 176 

 

Figure 35- SEM morphology of the NiWO4 powder calcined at 700 ℃/2 h 

 

Source: author 
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3.3.5. Raman analysis 

 

According to group theory calculations, tungstates with triclinic or monoclinic 

structures exhibit 36 different Raman vibrational modes, 18 of which are expected to be active 

modes (8Ag +10Bg). Figure 36 is an example of the Raman data collected for the NiWO4 

powder heat treated at 700 and 800 ℃/2 h and Table 9 shows a comparison of the vibrational 

modes and the results found from Ref. 150. Actually, 18 active Raman modes were observed, in 

total agreement with the results reported by Ross-Medgaarden and Wachs. 177 In general, 

according to Ref., 178 vibrational modes observed in the Raman spectra of tungstates may be 

classified into two groups, namely, external (< 600 cm-1) and internal (> 600 cm-1) modes. 177 

The vibrational external modes are related to a lattice phonon, which involves the motion of 

distorted octahedral [NiO6] clusters with symmetry and rigid cell units. Meanwhile, vibrational 

internal modes are related to the vibration of the distorted octahedral [WO6] clusters in the 

lattice, assuming that the center of mass is in a stationary state. Still according to Ross-

Medgaarden and Wachs, 177 the position of the most intense band, located at 891 cm-1 in Figure 

36, is associated with the WO6 symmetric stretching vibration.  

Therefore the characteristic vibrational modes which are shown in the Raman spectrum 

confirm the presence of a single phase, in agreement with the results of the XRD measurement. 

 

Figure 36- Raman spectra of the NiWO4 powder calcined at 700 and 800 ℃ for 2 h 

 

Source: author 
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Table 9- NiWO4 vibration modes 

ν (cm -1) 150 Phonon symmetry 700 ℃ 800 ℃ 

97 Bg 102 — 

149 Ag 151 152 

174 Bg 178 177 

197 Bg 199 201 

210 Bg 213 214 

223 Ag 225 225 

287 Ag 288 288 

307 Ag 308 309 

326 Bg 327 328 

363 Ag 365 365 

380 Bg 378 379 

418 Ag 419 419 

512 Bg 512 513 

549 Ag 548 549 

675 Bg 673 673 

697 Ag 696 696 

775 Bg 776 774 

893 Ag 891 890 

Source: author 
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5.3.6. Photoluminescence studies 

 

Figure 37 illustrates the photoluminescence spectra for the NiWO4 samples annealed at 

500–800 ℃/2 h, collected towards the 350–850 nm wavelength range, using 290 nm as 

excitation wavelength. Photoluminescence spectra are a fingerprint of electronic transitions 

associated with the intrinsic emission occurring, here, within the wolframite structure. The 

NiWO4 powders showed a broad deep blue–green emission band, which was enhanced with 

increasing crystallinity of the powders. These patterns are similar to those observed in other 

wolframite compounds, 179 in which the emission bands were argued to arise from the 

WO6
6− complex, along with defects in the crystal structure. Previous studies 180; 181  proposed 

that blue and green emissions may be due to the intrinsic WO6
6− complex with a double 

emission from one and the same center (3T1u–
1A1g), while the yellow emission results from 

recombination of electron-hole pairs localized at oxygen atom-deficient tungstate ions. There 

is an additional suggestion from refs. 179; 182, according to which self-trapped excision in 

tungstate crystals with strong electron–phonon coupling may account for the blue band, and the 

transitions of T2u–T2g and T1g–T2g in the WO6
6− complex could be responsible for the 

observation of green and yellow bands.  

  

Figure 37- PL emission spectra at room temperature from the NiWO4 powder calcined at 500–800 ℃ 

for 2 hours 

 

Source: author 
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As can be seen in Figure 37 that the NiWO4 emission in the visible range between 350 

and 700 nm, which means that it can absorb all light from the visible spectrum, which makes it 

a good material for luminescent applications as in banners and road signs, for example, using 

white light that contains all the colors of the visible spectrum. Another observation is that for 

samples calcined at 600, 700, and 800 ℃, they have a higher intensity of light emission and are 

more visible when they are illuminated. 

 

5.4.  CONCLUSIONS 

 

NiWO4 nanopowders were successfully obtained by the polymeric precursor method 

after annealing at 700 ℃/2 h. The NiWO4 was indexed in the wolframite monoclinic structure 

(space group: P2/c, with Z = 2), noting that increasing the calcination temperature also led to 

an increase in structural ordering. Bright yellow nickel compounds occur as a consequence of 

nickel entering in deltaedric-coordinated sites, representing a significant distortion of the 

octahedral geometry. The color is a result of electronic transitions related with Ni2+. In addition, 

18 active Raman modes were identified for NiWO4 powders heat treated at 700 and 800 ℃. 

The NiWO4 powders showed a broad deep blue–green emission band, and calcined samples of 

600 to 800 ℃ are the most capable of emitting light when illuminated by white light. Overall, 

the results show that NiWO4 may be a promising material for industrial application as 

luminescent pigments. Advantages of this material include the fact that it is a non-toxic 

inorganic material with good chemical stability and reproducibility, as compared to organic 

compounds. 
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6. GENERAL CONCLUSION 

 

In this thesis, copper (CuWO4), nickel (NiWO4) and zinc (ZnWO4) tugstates were recorded 

in three distinct themes: catalysis, photocatalysis and pigments. In the application in catalysis, 

the Cu, Ni and Zn tungstates were synthesized by the polymeric precursor method (PPM) and 

their catalytic activity was evaluated as a function of the conversion of thioanisole to methyl 

phenyl sulfoxide and methyl phenyl sulfone. The catalytic activity was evaluated according to 

the nature of the catalyst, reaction rate, temperature and H2O2 concentration. We concluded that 

the ideal temperature is 75 ° C, time of 12 hours and 0.1 mL was the concentration of H2O2. 

CuWO4 was the most effective catalyst mainly due to the greater number of vacancies / oxygen 

mobility that are proportional to the greater catalytic activity. In the application in 

photocatalysis, copper tunsgtate was synthesized by the methods of Coprecipitation (CM), 

Microwave assisted hydrothermal (HM) and Polymeric precursors (PPM) and its photocatalytic 

activity was evaluated for the degradation of the rhodamine B dye in search of understanding 

the response of the synthesis method in the material properties and consequently in the 

photocatalytic response. The influence of the oxidizing agent H2O2 and the sodium oxalate and 

silver nitrate scavengers were obtained in the reaction. We conclude that CuWO4 can be 

photoactive with visible radiation and that it has the potential to degrade organic molecules. 

The recombination process can be delayed by the use of scavengers and that in the presence of 

Ag+, the degradation reaction of the rhodamine B molecule was favored, degrading 100% in 

just 20 minutes of exposure in visible light. The most relevant properties that may have 

influenced the catalytic efficiency for surface loading (-38.5 mV for PPM <-29.7 mV for CM 

<-16.2 mV for HM) and the amount of oxygen vacancies (PPM> HM> CM ). In the Pigment 

application, NiWO4 was synthesized by the polymeric precursors method for the manufacture 

of a yellow pigment. The material was evaluated for its stability, color pattern and luminescence 

and reproducibility. NiWO4 was stable for calcination temperatures above 700 ° C, the yellow 

color is due to the electronic transitions of Ni2+. We obtained particles of uniform size and 

nanometer scale. There was light emission in the blue-green region when illuminated, 

luminescent properties. 
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