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Abstract 

Sillenite materials have been the subject of intense investigation for recent years due to 

their unique characteristics.  They possess a distinct structure with space group I23, allowing 

them to exhibit distinctive features, such as an electronic structure ideal for certain applications 

such as photocatalysis. The present research delves into the structure, synthesis, and properties 

of sillenites, highlighting their suitability for photocatalysis. It explores also advanced 

engineering strategies for designing sillenite-based photocatalysts, including heterojunction 

formation, morphology modification, doping, and hybrid processes. Each strategy offers 

advantages and limitations that are critically discussed. The review then lists and discusses the 

photocatalytic performance of various sillenite-based systems recently developed for common 

applications, such as removing hazardous organic and inorganic contaminants, and even 

infrequent applications, such as microbial inactivation, H2 generation, CO2 reduction and N2 

fixation. Finally, valuable insights and suggestions are put forward for future research 

directions in the field of sillenite-based photocatalysis. This comprehensive overview would 

provide a valuable resource for the development of efficient photocatalytic systems to address 

environmental and energy challenges. 

 

Keywords: Sillenite, Photocatalysis, Synthesis, Properties, Photocatalyst design, Enhanced 

photocatalytic applications. 
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1. Introduction 

Water treatment and energy production are two critical concerns in ensuring a healthy 

and sustainable environment, and their demand has soared in recent years [1,2]. The United 

Nations estimates that a quarter of the worldwide people are suffering from a water shortage 

due to economic reasons, and by 2030, the water demand will have significantly increased [3,4]. 

Wastewater reuse and recycling are proposed as possible means of ensuring a reliable supply 

of fresh water; however, traditional wastewater treatment systems face substantial limitations 

due to their high energy consumption and operational costs [5,6]. It has been demonstrated that 

the energy consumed for the treatment process amounts to approximately 3% of the world's 

energy consumption and is expected to almost double in the coming years [7,8]. This makes 

energy supply another worldwide issue, along with the problem of water scarcity. The increase 

of carbon dioxide levels in the atmosphere, along with the depletion of fossil fuel supplies, 

generate also severe worries about the consequences for the global climate and future energy 

supply [9]. Finding alternative fuels with high energy density and carbon-free emissions such 

as hydrogen (H2) and ammonia (NH3) would be a potential solution. To meet those issues, 

nexus thinking is necessary [10,11]. This is an approach to natural resource management that 

emphasizes interconnection instead of an isolated system [12,13]. The water-energy nexus is 

always being applied from two perspectives: energy consumption by water systems and water 

usage by energy systems [14]. Numerous recent studies have demonstrated the viability of 

sustaining the water-energy nexus, in which certain water treatment procedures can generate 

different energy types that can be leveraged to reduce treatment expenses and the damage of 

fossil fuels [15]. Moreover, effective treatment can result in lower energy consumption and 

higher energy production, particularly when renewable energy sources are employed [13,16]. 

              There has been an increase in interest in advanced treatment systems that allow 

simultaneous wastewater cleaning and the production of energy, especially when that energy 

is ecologically benign and sustainable [17]. It is critical to invest in renewable energy sources 

as well as treatment techniques that safeguard the environment and decrease the danger of 

pollution [18]. Water treatment techniques that use solar energy and fuel are appealing forms 

of sustainable treatment and energy production owing to their efficacy and long durability [19]. 

Photocatalysis one of the advanced processes has acquired a lot of attention as an 

environmentally friendly and green approach for water treatment and energy production [20]. 

That is because it uses solar energy and that has a significant impact by reducing energy 

consumption and concurrently reducing the effects of anthropogenic pollutants [21,22]. 
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Photocatalysis has been extensively investigated in diverse fields and areas, including water 

splitting [23], solar energy conversion [24], water/air purification [25], CO2 reduction [26], N2 

fixation [27] and H2 production [28]. Photocatalysis using heterogeneous catalysts based on 

semiconductors has received a lot of interest in recent years, notably in water and energy 

applications because it is effective, simple to conduct, and used as a powder (suspension) that 

is simpler to separate from water [29,30]. Semiconductor materials qualified for heterogeneous 

photocatalysis should have essential qualities such as optical absorption, electronic structure, 

and the ability to create charge carriers when powered by a light source by converting light 

energy into chemical reactions [31–33]. Despite the development of highly various metal oxide 

semiconductors such as TiO2 and ZnO, their practical applicability is limited by their low 

irradiation sensitivity, high photo-electron pair recombination rate, and large band gap [34–37]. 

To solve these challenges, novel, efficient, and multifunctional semiconductors are required. 

              One of the most crucial factors in the development of efficient photocatalysts is the 

core metal ion of the semiconductors [38]. It has been proved in previous works, that the metal 

ions of bismuth (Bi), titanium (Ti), tin (Sn), and zinc (Zn) have been classified as the best ions 

to generate efficient catalysts for numerous photocatalytic applications [39,40]. Bismuth ions 

have recently drawn a lot of researchers as the metal core of catalysts, due to a variety of unique 

characteristics, most notably their remarkably high chemical stability, high light absorption, 

low rate of pair recombination, and narrow band gap [41]. Bismuth sillenites with the chemical 

formula Bix[A]Oy are current materials with high photocatalytic potential, in which Bi12[A]O20 

has been most widely investigated [42]. Sillenites have lately intrigued researchers owing to 

their nonlinear optical characteristics and photocatalytic capabilities [41,43]. They are regarded 

as attractive materials for a variety of potentially promising applications, including 

photocatalysis and other photonic domains, due to their combination of strong nonlinear 

characteristics, the relative simplicity of manufacture, and inexpensive production cost [44,45]. 

It is true that bismuth ions are harmful and dangerous in their ionic form, particularly in the 

nitrate form; nevertheless, by using their ions to produce chemically stable catalysts, their risk 

can be reduced, as a previous paper demonstrated that synthesizing sillenites using bismuth ion 

reduces their risk [40]. This provides additional benefit to sillenite by improving waste 

management by lowering harmful ions while also providing valuable and useful components 

that may be used in a variety of practical applications. 

                Although bismuth sillenites have been synthesized and studied in many recent papers, 

the majority of those investigations focused exclusively on the characterizations and efficacy 

of those materials in photocatalytic applications, without a detailed discussion of their 
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interesting properties in comparison to other catalysts, which left a lack of understanding of 

this material class. The different properties or synthesis techniques of those intriguing materials 

have not been yet the subject of a systematic review. Additionally, there has only been a cursory 

investigation of the use of sillenite photocatalysts for water filtration, water splitting, CO2 

abatement, and N2 fixation. Furthermore, there has never been a thorough analysis of the 

numerous approaches to enhancing sillenite-type photocatalysts. Only a short critical review 

has dealt with sillenite-type materials for some photocatalytic applications, and it has 

concentrated on the stoichiometry "Bi12MO20" [33]. For this purpose, this research paper aims 

to comprehensively and thoroughly review sillenite crystals as an interesting material type. 

Various procedures for the synthesis of sillenites, their advantages and conditions have been 

described. The structure, electronic properties as well as optical characteristics of sillenites 

have also been studied, along with a detailed discussion of the potential of those sillenite 

catalysts for photocatalytic applications. Furthermore, current advances in designing sillenite-

based materials to enhance the efficiency of those materials based on the literature have been 

summarized and analyzed, to elucidate the advantages of various methods in the improvement 

of the proprieties and efficiency of those materials. In the end, this study has concluded with 

perspectives, in which general opinions have been proposed. 

 

2. Fundamental of photocatalytic applications 

Before demonstrating the intriguing properties of the sillenite-type materials as 

photocatalysts, it is important to describe their mechanism of action in photocatalysis 

applications. It is crucial to explain the reason for selecting the photocatalysis approach as well. 

Numerous approaches and technologies have been used to remove pollutants from drinking 

water and municipal wastewater treatment plans, but most of these approaches have 

disadvantages and limitations in terms of applications, time, design, by-products, scale, 

efficacy, and economics [46–49]. For example, membranes and adsorption can only 

concentrate the pollutants or move them from one phase to another without completely 

removing them [50]. For biological treatment, refractory and high-concentration contaminants 

have an effect on the activity of aquatic microorganisms and are time-consuming [51]. The 

chemical method and UV radiation do not adhere to the regulations for sewage disposal, and 

the classic treatment techniques create toxic degradation by-products that are harmful to human 

health and the environment [49,52]. This indicates that the most common treatment methods 

are not able to preserve up with the rising demand for clean water on a worldwide scale 

[48,49,53]. Advanced Oxidation processes (AOPs) are the most innovative and economical 
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water and wastewater treatment techniques for the removal of recalcitrant chemicals, as they 

can inexpensively eliminate a variety of contaminants at room temperature and atmospheric 

pressure [54,55]. The photocatalysis process among AOPs has acquired a lot of attention as an 

environmentally friendly, green, cost-effective and efficient method for treating and producing 

water and energy [56]. This interest was sparked not only because photocatalysis may be used 

to treat and purify water in a non-hazardous approach, but also because photocatalysis can be 

utilized to create energy by producing hydrogen or other fuels [57].  

Indeed, photocatalysis has become a versatile and promising technology with extensive 

uses in a range of sectors [58,59]. Photocatalysts enable chemical reactions that can break down 

toxic pollutants and transform them into less harmful or useful chemicals, providing an eco-

friendly method for ensuring the sustainability of the environment [58,59]. Due to its promise 

in multiple practical uses, photocatalysis has recently been applied and explored in a wide range 

of areas and domains. Photocatalysts have been studied in the area of water splitting for their 

potential to split water into hydrogen and oxygen, producing a clean and sustainable source of 

fuel [60]. The potential of photocatalysis to capture solar energy and transform it into useful 

power or chemical fuels has also attracted interest, advancing the development of renewable 

energy systems [61,62]. Photocatalysts may decompose organic pollutants, purify water, and 

enhance indoor air quality [20]. Photocatalysis has also shown to be successful in water and air 

treatment operations. Another use of photocatalysis that has promise is the desalination of 

seawater, which might help to address the problem of water shortage and give a long-term 

method of acquiring freshwater [63]. In addition, photocatalysis has been investigated for 

nitrogen fixation, which aims to transform atmospheric nitrogen into forms that are more useful 

to plants [64]. This process is important in agriculture and the manufacture of fertilizers [64]. 

A crucial strategy in the battle against climate change is the conversion of carbon dioxide into 

useful goods using photocatalysts [65]. This can help to capture and employ this greenhouse 

gas. In addition, photocatalytic hydrogen synthesis offers a sustainable substitute for 

conventional techniques and a possible source of clean energy [66]. 

 

2.1. General photocatalytic mechanism 

             To understand the utility of the photocatalytic process in diverse fields and areas, it is 

important to explain the mechanism of this process for every field. Basically, the principle of 

photocatalysis is the same for each field; however, the mechanism of the reaction is different 

from one application to another. This general photocatalytic process typically consists of three 

basic steps: 
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1) Formation of electron-hole pairs (e-/h+) upon absorption of photons with energy greater than 

the bandgap of catalysts. Electrons are excited from the valance band (VB) to the conduction 

band (CB) while leaving holes in the VB [40,67,68]. The following equation summarizes the 

first step: 

Catalyst + hυ →  Catalyst ∗ + e− + h+      (1) 

2) Separation and transportation of charge carriers to the active sites on the surface of a 

photocatalyst [69].  

3) Surface chemical reactions at the surface of the photocatalyst, where the electron/hole pairs 

or active species generated from them react with the target, depending on the field of 

photocatalytic application [70,71]. As there are different reaction mechanisms for different 

applications, the photocatalytic reaction mechanism for major fields will be discussed. 

2.2. Photocatalytic mechanism for water treatment 

            In wastewater, there are various types of pollutants, such as inorganic and organic 

pollutants as well as microorganisms and their removal mechanism using photocatalysis is 

changed from one pollutant to another.  

              For organic compounds degradation, AOPs function by employing a physicochemical 

process to active reaction species including hydroxyl radicals (•OH), oxygen radicals (O2
•-), 

singlet oxygen (O), ozone (O3), hydrogen peroxide (H2O2), and others at ambient pressure and 

temperature, which subsequently decomposes organic pollutants into carbon dioxide and water 

[5,72–75]. Table 1 elucidates the relative oxidation potential of the main oxidizing species 

used in water treatment techniques [54]. 

 

Table 1. Relative oxidation potential of the main oxidizing species used in water treatment 

techniques.  

Oxidizing species Relative oxidation power compared to OH radicals 

•OH radicals 1 

Ozone 0.74 

Hydrogen peroxide 0.63 

Perhydroxyl radical 0.61 

Permanganate 0.61 

Chlorine dioxide 0.56 

Chlorine 0.49 

Oxygen radicals 0.43 

According to the table, •OH radicals have the greatest oxidation capability than other 

oxidants, which are frequently generated with H2O2 and O2
•- in photocatalysis. The mechanism 

of organic pollutant degradation in photocatalysis is directly linked to reaction pathways that 
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are controlled by the reactive oxygen species (ROS) •OH, H2O2 and O2
•- [20,54]. In 

photocatalysis, O2
•- is produced through the reduction of O2 by e- while the oxidation of H2O 

by h+ generates •OH [76–78]. H2O2 is formed by the reaction between oxygen radicals O2
•- and 

protons H+. Those reactions are summarized in the following equations: 

O2 + e− →  O2
•−

                                                     (2) 

H2O + h+  →   •OH + H+                                 (3) 

e−+ 2H+ + O2
•− → H2O2                                 (4) 

H2O2 + e− → OH− +  •OH                                            (5) 

                 Due to the high reactivity, ROS can rapidly oxidize organic pollutants, resulting in 

their degradation to CO2, H2O, and less hazardous small particles (by-products) [79]. Various 

research has demonstrated the effectiveness of photocatalysis for water disinfection by 

inactivating a variety of microorganisms, including bacteria, viruses, fungus, and protozoa [80]. 

The mechanism of inactivation of photocatalytic microorganisms is similar to that of organic 

photodegradation with the involvement of ROS, because almost all pathogenic microbes 

include organic molecules, such as proteins, carbohydrates, lipids, sugars, amino acids, and 

DNA [81]. However, photoinactivation involves a little more complicated mechanisms. Alike 

photodegradation, the photo-generated electron-hole pairs in the photocatalyst surface undergo 

redox reactions with molecules, such as H2O and O2, to produce ROS [5,72–75]. The ROS 

could apply different inactivation actions for the microorganisms, such as oxidative stress, an 

imbalance in membrane permeability, protein inhibition, changes in cell structure, metabolic 

alterations, and DNA/RNA damage, which result in cell death and lysis [82–86].  

             For the reduction of inorganic ions by photocatalysis, it is directly linked to reaction 

pathways that are controlled by photoelectrons (e-) [32,87]. The photoelectrons are produced 

by the electric field that results in the leveling of Fermi levels when the catalyst is being 

activated by light energy greater than its band gap [88–90]. These photoelectrons move to the 

semiconductor active sites, where they participate in reduction reactions with adsorbed 

inorganic ions [91]. The reduction of the adsorbed inorganic ions occurs if the inorganic ions' 

reduction potential is a higher positive charge than of the catalyst's conduction band [92]. The 

mechanism of three photocatalytic processes over photocatalysts can be summarized in Figure 

1.  
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Figure 1. Photocatalytic mechanisms of organic pollutant degradation, inorganic pollutant 

reduction, and microorganism inactivation. 

 

2.3. Photocatalytic mechanism for water splitting, CO2 reduction and nitrogen fixation 

              The mechanisms of water splitting, CO2 reduction, and nitrogen fixation share a 

common characteristic, they heavily depend on the potential energy of reactions. These 

reactions require a certain amount of energy input to overcome the energy barrier and undergo 

a chemical transformation, where the potential energy of the reactants is converted into the 

energy required for the reaction to occur. Therefore, explaining the potential energy of 

reactions is crucial for understanding the photocatalytic mechanisms for those applications. 

              Water splitting, to generate both H2 and O2, is an upward chemical reaction with an 

increase in Gibbs free energy [93]. The water-splitting mechanism is divided into two reactions 

which are the hydrogen evolution reaction (HER) and the oxygen evolution reaction (OER) 

[94]. In HER, electrons reduce protons to generate H2, while in OER, holes oxidize water to 

produce O2 [93]. The following equations list these reactions as well as the accompanying 

reduction potentials (versus normal hydrogen electrode (NHE) at pH 7.0). 

2 H2O + 4 h+  →  O2 + 4 H+                   E0= +0.82 V (6) 

2 H+ +  2 e− → H2       E0= +0.059 V (7) 

               HER occurs within two stages on the catalyst's active surface. The first stage is the 

Volmer reaction, in which an electron transfer to the catalyst surface area is paired with proton 

adsorption on an empty active site of the catalyst to produce a hydrogen atom, where the water 

molecule is the source of the protons [93,94]. The second stage is the creation of H2 and it can 
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occur via two distinct chemical paths, the Heyrovsky and Tafel mechanisms [94]. In the 

Heyrovsky mechanism, a second electron is transferred to the adsorbed hydrogen atom with 

another proton transferred from the water to evolve H2. In the Tafel mechanism, two adsorbed 

hydrogen atoms formed in the first stage combine to form H2. Generally, water splitting occurs 

when the CB minimum edge of the catalyst is located at a potential that is more negative than 

the H+/H2 reduction potential, and the VB maximum edge is located at a potential that is more 

positive than the H2O/O2 oxidation potential [95–98]. 

CO2 reduction is more complicated than water splitting because CO2 has a high C=O 

double-bond energy, making it very stable. As a result, its reduction is extremely difficult; 

nonetheless, several studies have demonstrated the efficacy of the photocatalysis method in 

CO2 reduction [99]. CO2 reduction happens primarily on the surface of the catalyst with the 

participation of photo-generated electrons and protons with an appropriate reduction potential 

level [9,65]. Those react electrons and protons with CO2 reduction within different pathways, 

which are formaldehyde, carbene and glyoxal pathways [9,100]. Different reduction products 

and intermediates are formed during the CO2 reduction based on the potential of the reaction, 

equations 8 to 13 list the theoretical reactions related to CRR in the presence of photocatalyst, 

as well as the accompanying reduction potentials (versus normal hydrogen electrode (NHE) at 

pH 7.0) [9,100–102]. 

CO2 + e− →  CO2
•−

                                           E0= -1.9 V (8) 

CO2 + 2H+ + 2e− →  HCOOH     E0= -0.61 V (9) 

CO2 + 2H+ + 2e− →  CO +  H2O                   E0= -0.53 V (10) 

CO2 + 4H+ + 4e− →  HCHO + H2O     E0= -0.48 V (11) 

CO2 + 6H+ + 6e− →  CH3OH + H2O               E0= -0.38 V (12) 

CO2 + 8H+ + 8e− →  CH4 + 2H2O     E0= -0.24 V (13) 

                The most crucial reaction in the CO2 reduction process that scientists and researchers 

prefer is the direct single-electron step in equation 8, which includes the formation of the anion 

radical CO2. However, due to the closed-shell electronic arrangement of CO2 and the 

substantially negative redox potential of up to -1.9 V, this reduction process is exceedingly 

challenging [99]. To our knowledge, up to today, almost no photocatalyst has demonstrated 

adequate capability to drive such a single-electron CO2 reduction reaction. On the other hand, 

the multi-electron/proton reduction reactions in equations 9 to 13 are alternate options because 

of the substantially lower reduction potential required for CO2 reduction [101]. There is 

relatively little support for the multiple-electron reduction of CO2, even though most research 
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advocated single-electron reduction [100]. The single electron reduction of CO2 in equation 8 

can be enabled by the energy barrier which might be lowered by the stable configuration of 

CO2 molecules being altered by chemisorption on the photocatalyst surface [101,103]. Water 

presence also provides various challenges that compete with CO2 reduction. Firstly, water 

oxidation can produce highly oxidizing hydroxyl radicals •OH, as already seen in previous 

mechanisms, which can oxidize various stages of CO2 reduction, disrupting the process [100]. 

For this, the oxidation of water in the VB is better has to be selective to the reaction shown in 

equation 6, as it generates protons that participate in the CO2 conversion. CO2 reduction is also 

highly contested because the potential of HER for H2 generation in CB (as elucidated in 

equation 7) is greater than that of CCR and needs only fewer photo-generated electrons 

[99,101]. To overcome the challenges of direct single-electron reactions, it is critical to develop 

a high-efficiency photocatalyst for CO2 reduction, where considering a variety of parameters 

and factors such as easily generated and migrated electrons and protons, more negative photo-

generated electron potentials, easy adsorption of reactants on the active sites of a catalyst, and 

depleted photo-induced holes on the VB of the catalyst [101,103]. 

Photocatalytic nitrogen fixation or ammonia generation is the conversion of inert 

nitrogen (N2) into ammonia (NH3) in the presence of a photocatalyst [104]. Living organisms 

in water can then convert NH3 into amino acids, amines, and urea, making nitrogen less 

dangerous [105]. The photocatalytic process of nitrogen fixation which can be called N2 

reduction reaction (NNR) can occur within two main pathways, which are distal and alternating 

mechanisms. The distal pathway proposes that (e-/H+) couples sequentially connect to one 

nitrogen atom of N2 to produce nitride intermediates, freeing the initial NH3 and leaving a 

single nitrogen that eventually changes into another NH3 [104,106]. The alternating pathway, 

on the other hand, proposes that (e-/H+) couples occur alternately on the two nitrogen atoms to 

form N2 [104,106]. Photocatalytic nitrogen fixation, like CO2 reduction, is heavily reliant on 

the relative positions of the reactant's reduction potential, with the CB position of the 

photocatalyst must be more negative than the reduction potential of the N2 redox reaction, and 

the VB level must be more positive than the oxidation potential of water [66]. Photocatalytic 

nitrogen fixation also largely depends on the chemisorption ability of photocatalysts towards 

N2 molecules, because N2 molecules are even more persistent and inert than CO2 molecules, 

which makes them difficult to adsorb [66]. Equations 14 to 19 list the theoretical reactions 

related to N2 photoreduction by a semiconductor, as well as the accompanying reduction 

potentials (NHE at pH 0.0) [66,104–108]. 

N2 + e− →  N2
−                                           E0= -4.16 V (14) 
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N2 + H+ + e− →  N2H                  E0= -3.20 V (15) 

N2 + 2H+ + 2e− →  N2H2                             E0= -1.10 V (16) 

N2 + 4H+ + 4e− →  N2H4                  E0= -0.36 V (17) 

N2 + 6H+ + 6e− →  2 NH3                             E0= +0.55 V (18) 

N2 + 8H+ + 6e− →  2 NH4
+

                  E0= +0.27 V (19) 

As can be seen from those reactions, nitrogen fixation appears to be a difficult process because 

of the great stability of N2 molecules. Especially for direct N2 reduction (equation 14), which 

requires a redox potential of -4.16 V, which is unattainable for most photocatalysts [104,105]. 

The presence of H+, on the other hand, greatly decreases the reduction potential, allowing 

photocatalysis to convert N2 into its derivatives. This suggests an alternate strategy for N2 

fixation. Some effective strategies, such as selecting a suitable defect-rich photocatalyst with a 

high number of anion vacancies, supporting cocatalysts, and ion doping, must be developed to 

improve N2 adsorption and activation at reactive sites for promoting nitrogen fixation and 

suppressing hydrogen generation (HER), as they are competitive in the valance band [104,105]. 

Figure 2 summarizes the mechanism of water splitting (HER and OER), carbon dioxide 

reduction (CRR), and nitrogen fixation (NRR), as well as the potential reduction products with 

their redox potential energy. 

 

Figure 2. Photocatalytic mechanisms of water splitting, CO2 reduction and N2 fixation. 

3. Sillenite-type materials 

Sillenite is a form of crystal that belongs to a class of complex oxides with a distinct 

crystal structure made up of bismuth, oxygen, and other metals [109,110]. The first discovery 

of sillenite-type oxides was announced in 1937 by Swedish scientist Lars Gunnar Sillén, after 
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whom sillenite is called [111]. Sillén was primarily exploring bismuth and oxygen compounds, 

and by accident developed a body-centered cubic phase by burning Bi2O3 with Al2O3 for 5 

minutes at 900 °C, which is a sillenite phase [111]. Schumb and Rittner developed a similar 

phase in 1943 by firing Bi2O3 and SiO2 for 20 minutes at 875 °C [112,113]. After that, in 1945, 

Aurivillius et al. published the synthesis of several compounds that are isomorphic to Bi12SiO20 

but include other cations [114]. Subsequently, several more compositions containing over 60 

sillenite-type crystals have been studied and reported [115,116]. 

               Sillenite crystals were characterized by the standard formula Bi12MO20, where M is 

the tetravalent ion of an element from the Periodic Table's II-VIII groups [117,118]. 

Nevertheless, other stoichiometries and altered sillenites are also discovered, such as Bi25GaO39, 

Bi25InO39, Bi25FeO39, Bi25TlO39, Bi24B2O39, Bi38CoO58, Bi38ZnO58, and Bi25AlO39 [119,120]. 

For this, a research paper has been conducted based on crystallographic facts and the 

mechanisms of isomorphic substitution to construct the following standard formula for 

stoichiometric sillenites [121]. 

Bi12(Bi4

5
−nx

Mn+5x)O19.2+nx        (20) 

This standard formula elucidates the potential range of homogeneity and how it relates to the 

charge of the tetrahedral Mn+ ions, where the stoichiometric n can be any one of 2, 3, 4, or 5 

and x is the upper limit for the Mn+ incorporation which depends in the n value [121]. Where x 

is 1/15 for n=2, 1/10 for n=3, 1/5 for n=4, and 4/5 for n=5. Another study has simplified and 

generalized the formula for sillenite as follows [122]. 

BixMyOz          (21) 

Where M is one or more of the elements from the Periodic Table's II-VIII groups; x,y and z are 

the stoichiometric models. The stoichiometric models of sillenite crystals vary on the precise 

chemical composition of the crystal, with x ranging from 0.3 to 70, y from 0.05 to 8, and z 

from 1 to 100 [122]. 

             The meta-stable form of bismuth oxide, γ-Bi2O3, is the parent structure of Sillenites. 

their structure is the body-centered cubic structure having the space group I23 and this structure 

is shared with many other synthetic materials, notably bismuth germanate and bismuth titanate 

[123–125]. The majority of sillenite materials are tiny and prismatic, and they feature a special 

crystal structure that is distinguished by an incredibly high number of symmetry planes. 

Although sillenite crystals are usually yellow, gray, or brown in appearance, their color did not 

have a significant effect on the penetration of light within the solution and the opacity will not 

decrease a lot. The transition-metal ion Bi3+ ions in the sillenite structure have several 
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advantages such as easy separation of photo-generated electron-hole pairs due to the presence 

of d10 configuration [30,43], creation of an internal polar electric field because of the 6s2 

orbital pair of electrons [38,126], and the capacity to decrease the band-gap due to O 2p and Bi 

6s orbital hybridization [38,43]. Other than the advantages of the Bi3+ ions in the sillenite 

structure, sillenite-type crystals are the most intriguing class due to their distinctive structures, 

pronounced photo-refractive effect, photochromic, piezo-electric, dielectric, and electro-optic 

capabilities, high birefringence, rapid response, lengthy optical storage duration in the dark, 

recyclable nature, high surface area and narrow band gap [41,127–133]. Sillenite crystals can 

also exhibit other properties, such as magneto-optical characteristics, by modifying their 

compositions [134]. 

            Although having drawbacks like expensive costs and limited availability, sillenite 

crystal is extremely promising in a wide range of applications due to its advantageous features 

and unique properties [41,129]. The sillenite crystals have recently demonstrated great 

potential for a variety of applications where their properties can be taken advantage of, 

including electrooptics, electro-optic modulators, acoustics, piezotechnics, photovoltaic cells, 

fiber optic sensors, optical switches and waveguides, real-time and multi-wavelength 

holography, optical information processing and storage and some issues in metrological [135–

139]. Moreover, they are utilized as dielectrics in the field of electronics and are thought to be 

promising materials for laser technology [121,140]. They also have an efficient energy 

transmission owing to the crystal structure's abundance of oxygen [140]. Ongoing research into 

their properties and applications is expected to lead to new and exciting discoveries in other 

fields. Sillenite crystals are very resistant to corrosion and radiation and have robust chemical 

inertness, crystal structure, and optical characteristics, making them perfect for photocatalytic 

applications that call for a stable and effective material [137]. During an irradiation test in 1994, 

the potential for sillenite to function as a photocatalyst was unintentionally uncovered [43,141]. 

Since then, numerous theoretical and experimental studies have been started in the mid-2000s 

to ascertain the ideal conditions for those materials [119,137,142], and they are now being used 

in extensive research studies of the photocatalytic applications to investigate the photocatalytic 

properties of sillenites [40,67,143,144], as they elucidated very promising efficiency in various 

environmental applications, including the production of hydrogen fuel and the removal of 

heavy metals and organic pollutants in water [33].  

Numerous studies have shown that sillenites are effective at degrading organic 

pollutants such as dyes, pesticides, and pharmaceuticals in both aqueous and gaseous 

environments [144]. For example, Wu et al. discovered that the bismuth silicate Bi12SiO20 was 
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a highly efficient photocatalyst for the aqueous degradation of rhodamine B when exposed to 

visible light [145]. Previous research has studied the photocatalytic properties of sillenite-type 

crystals, finding that these types of materials have a wide range of potential applications due 

to their high photocatalytic activity, high surface area, and ability to absorb light. Additionally, 

coating with metals as co-catalysts or coupling with other materials can substantially improve 

their performance and thermal stability [33]. Oliveira et al. conducted a study on the challenges 

of sillenite crystals for photocatalysis. The authors noted that the synthesis of these crystals is 

still a difficult process, which can limit the ability to produce them in large quantities. These 

challenges must be addressed in order to effectively utilize sillenite crystals for photocatalysis 

and other applications [127]. If this material were to be developed further, it might open the 

door for new developments in the photocatalysis field. 

3.1. Synthesis of sillenite materials 

The synthesis of sillenite crystals has long been a concern in the field of material 

research, as it is a complicated process that requires the precise mixing of a variety of 

procedures and materials [146]. There are several synthesis techniques for synthesizing 

sillenite crystals, and each process might result in crystals with varied physical and chemical 

characteristics [147]. Physical and chemical procedures are the two basic types of synthesis 

methods for sillenite crystals [148,149]. Physical methods rely on mechanical or physical 

processes to synthesize catalysts, which generally involve high temperatures, pressures, or 

energy inputs. However, they may introduce impurities from the mechanical processes 

involved and result in less control over these properties. In contrast, chemical methods involve 

chemical reactions between metal precursors and supporting materials, which involve lower 

temperatures and pressures, resulting in purer catalysts with fewer impurities, and offering 

better constrained control over these properties [150]. To summarize, sillenite synthesis 

methods vary in terms of precursor materials, purity, mechanisms, control over characteristics, 

synthesis and reaction conditions, the temperature used to produce the crystals during the 

synthesis process, and particle size and shape. They do, however, have similar characteristics 

in their broad application, nanoparticle production, optimization, energy efficiency, precursor 

mixing, crystallization, catalytic activity, and synthesis condition optimization [151]. The 

synthesis of sillenite materials has been studied extensively in recent years, as this material 

type has shown interesting characteristics for a variety of applications, such as photocatalysis 

[33]. Several techniques for synthesizing sillenite materials have been reported in the literature; 

Figure 3 depicts the different sillenite material forms and their available synthesis methods. 
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Figure 3. Different forms of sillenite materials and their synthesis methods. 

Sillenite crystals can be synthesized using several methods, including the czochralski 

method, hydrothermal method, co-precipitation, sol-gel method, molten salt method, solid-

state method and other methods, with each approach effectively producing sillenite crystals 

with a wide range of properties and uses [123]. These synthesis techniques can be tweaked to 

regulate the sillenite catalyst's size, shape, and surface characteristics, which can have a major 

influence on activities. The synthesis technique used is determined by the specific needs and 

desired qualities of the sillenite catalyst, the type of reactants, and the specific purpose of its 

application [151]. Although there are several techniques for synthesizing sillenite catalysts, 

there are obstacles and concerns connected with the approaches, such as the high cost of the 

energy necessary to produce high temperatures and pressures, and the complicated crystal 

formation mechanism. In this regard, different techniques for synthesizing sillenite crystals 

have been addressed in the following section, along with their advantages and disadvantages, 

using successful sillenite crystal synthesis experiments and findings as examples. 

3.1.1. Czochralski method 

The Czochralski method, which has been used widely to produce sillenite crystals, is a 

commonly used approach for the synthesis and crystal growth of single-crystal materials [152]. 

The process is based on the solidification from the melt principle, in which a seed crystal is 

dipped into a high-purity mixture of the component materials inside a cylindrical container or 

crucible composed of a molten mixture-resistant material such as platinum [153,154]. The 

crucible containing the melt is then turned, where the temperature of the melting is between 
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600 and 900 °C [155]. After that, the crystal is extracted from the revolving melt using a pulling 

mechanism, which is used to slowly generate the crystal from the melt while rotating the 

crucible and the seed crystal in opposite directions [156]. The melt gradually forms the boule 

around the seed crystal; once the crystal has grown to the required size, it is taken from the 

crucible and cleaned [157]. Then, the obtained crystal is sliced and cut into wafers of the desired 

thickness using a diamond paste and polishing pad [153,154]. The process of Czochralski 

synthesis was summarized and illustrated in Figure S1 in the supporting information. The 

temperature, pulling speed, oxygen partial pressure, and rotation speed of the crucible and seed 

crystal are significant parameters during the crystal formation process [158,159]. Temperature 

is very critical in this process because it affects both the solvent-crystal contact and the growth 

rate [159]. The pulling rate influences the oxygen concentration and the defect structure of the 

crystal, whereas the oxygen partial pressure influences the size and form of the crystal [158]. 

The atmosphere of synthesis has also to be controlled to prevent contaminants from 

contaminating the crystal [160]. There have been several investigations of effective sillenites 

crystal synthesis using the Czochralski method. 

           Isik and Gasanly's team recently published a series of research papers on sillenite 

crystals synthesized by the Czochralski method, providing a comprehensive understanding of 

the process parameters involved in sillenite crystal synthesis using such a method [129,161]. 

They performed a case study in which they employed the Czochralski technique to produce 

several sillenite crystals, such as Bi12GeO20, Bi12TiO20, and Bi12SiO20 [162–164]. According to 

their findings, the Czochralski process proved successful in generating sillenite crystals with 

high optical and electrical characteristics [165,166]. They also discovered that crystals created 

using the Czochralski process were highly crystalline [167]. Additionally, they concluded that 

the Czochralski procedure was both cost-effective and efficient in the production of sillenite 

crystals, making it a viable option for synthesizing these crystals [168,169]. Many more studies 

have demonstrated the effectiveness of the Czochralski process in synthesizing sillenites such 

as Bi12SiO20[155,158], Bi12GeO20[159,160], Bi24B2O39 [157] and Nd0.06Bi11.94SiO20[156]. 

The Czochralski method is a highly precise and efficient approach for synthesizing 

sillenite crystals of various sizes and shapes with excellent crystal quality and purity; however, 

the significant propensity of the solidification front to facet produced by kinetic phenomena 

related to development in distinct lattice orientations has a significant impact on the optical 

quality of such material [164,167]. Moreover, the developing crystal in the Czochralski method 

is not restricted by a crucible and can acquire a polyhedral exterior morphology generated by 

the intersection of thin facets in contact with the melt's free surface [160]. The Czochralski 
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approach has also the drawback of being difficult to monitor and control to ensure uniform 

crystal development since parameters must be carefully checked and modified during the 

synthesis process to ensure the appropriate sillenite crystal is formed [155]. For that, the 

application of Czochralski-synthesized sillenite crystals is limited to practical applications such 

as LED displays, electronic and optoelectronic devices, and sensor devices [166]. 

3.1.2. Hydrothermal method 

The hydrothermal synthesis process has been widely investigated for its ability to 

produce sillenite crystals [123]. This approach involves producing crystals by using high 

pressure and low temperatures over 100°C with aqueous solutions in a closed system such as 

Teflon-lined stainless steel [170,171]. Figure S2 in the supporting information illustrates the 

general hydrothermal synthesis method. Because of the cleaner environment and lower 

temperature, sillenite crystals formed via the hydrothermal process exhibit various distinct and 

favorable properties when compared to other synthesis methods [123]. Crystals with uniform 

crystal patterns and homogenous compositions can be generated by applying high pressure and 

little heat to the source materials [140]; It is also possible to generate crystals with high degrees 

of stability and constant physical characteristics, such as electrical conductivity and optical 

clarity [170]. This method can also be used to adjust the size and crystal shape of the catalysts 

[172]. In comparison to the previous technique Czochralski, the hydrothermal approach does 

not require high temperatures, whereas the Czochralski method requires a sintering process at 

high temperatures ranging from 600 to 900 °C, which consumes energy [173]. Apart from low 

process temperature and energy saving, additional advantages of hydrothermal synthesis 

method include excellent dispersion, small particle size, etc [140,174]. 

Sillenite crystals synthesized using the hydrothermal approach are becoming 

increasingly popular in the fields of optics, electronics, and photocatalysis applications because 

of their appealing properties and their synthesis simplicity [123,175]. Wang et al. investigated 

the hydrothermal synthesis of different sillenite crystals having the formula Bi12(BixMy)O20, 

where M is one of the elements Cd, B, Si, P, V, Mn, Fe, Ga, Ge. The authors demonstrated in 

this study that the hydrothermal approach may create bulk crystals with the greatest size of 5 

mm and desirable forms [123]. Such forms are more practical and easier to utilize than the prior 

shape of sillenite synthesized using the Czochralsk process, especially in photocatalytic 

applications. The authors investigated also how initial composition, temperature, and alkalinity 

affect the crystal phase, size, and morphology of sillenites in hydrothermal conditions. It was 

discovered that alkalinity was critical in the crystal formation processes, and that particular 

sillenites required different pH levels [123]. 
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Zhang et al. investigated the synthesis of sillenite crystals using the hydrothermal 

method and discovered that it was effective in creating high-quality crystals with high yields 

[176]. The authors discovered that maintaining the system's temperature and pressure was 

crucial and that contaminants in the aqueous solution might negatively affect crystal 

development. According to the literature, this process may be a cost-effective way to produce 

massive quantities of high-quality sillenite crystals [174]. Vavilapalli et al. used a hydrothermal 

approach to successfully synthesize sillenite Bi12FeO20 crystals, which were reddish brown 

crystals with an average size of 1 mm [177]. Y Sun et al. explored the possible uses of sillenite 

crystals synthesized using hydrothermal synthesis. The crystals were discovered to have a high 

degree of crystallinity, outstanding electrical characteristics, high thermal stability, strong 

chemical stability, a high dielectric constant, and high capacitors and other electronic devices. 

This research shows that these crystals have a wide variety of uses [173]. Shi et al. successfully 

synthesized a series of sillenite-type Bi12PbO20 materials using the hydrothermal method, and 

they discovered that this sillenite is efficient in the electrochemical degradation of antibiotics 

and pesticides, implying its potential environmental application capabilities [178]. 

There is also a similar synthesis process to the solvothermal approach, which uses a 

liquid solvent such as alcohol or glycol instead of aqueous solutions [179]. However, this 

approach has only been reported for synthesizing the sillenite Bi36Fe2O57 to date [180]. The 

hydrothermal synthesis has also been aided by microwave making one of the potential 

strategies is the microwave hydrothermal method, which allows for extremely rapid heating to 

the crystallization temperature, and faster crystallization kinetics by one to two orders of 

magnitude compared to the regular hydrothermal process, short response time, and energy 

savings [181,182]. Zhang et al. used this process to synthesize Bi12SiO20 in order to improve 

the properties of this sillenite [182]. Zhu et al. also reported the effective microwave 

hydrothermal synthesis of sillenite-type bismuth ferric nano-crystals in another investigation, 

and they found the same characteristics as previous research [181]. 

3.1.3. Sol-gel method 

The sol-gel combustion synthesis process is a flexible and frequently used method for 

preparing a wide range of minerals, including crystalline oxide compounds such as sillenites 

[183]. This method involves hydrolysis and condensation of metal alkoxides in a solution to 

produce a gel with the help of a gelling agent, which is then heat-treated and ignited to generate 

the final product by forming metal-oxygen bonds, which grow to form the crystalline sillenite 

oxide substance [184]. The process of sol-gel synthesis was succinctly summarized and 

visually depicted in Figure S3 in the supporting information. According to certain research, 
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the sol-gel approach is closely associated with the combustion process [185]. There are certain 

distinctions to be discussed; the sol-gel process involves drying a reactive aqueous solution at 

a temperature lower than the solvent's boiling point, leading to water evaporation and the 

creation of a gel-like substance; the combination of the gel in the same temperature which then 

forms the solid [43]. Whereas, in the combustion method, the reactive solution is heated to 

roughly between 300 and 500 °C, resulting in the production and breakdown of the gel, 

combustion, and formation of the solid product all occurring in a single step [186]. The sol-gel 

process provides for fine control of the final material composition, shape, and pore structure, 

which may be adjusted to attain a large surface area. Both techniques' success is determined by 

synthesis parameters such as material type, compound concentrations, pH, calcination 

temperature, and others [186]. 

Several papers have studied the synthesis of different sillenites using the sol-gel method, 

such as Bi12TiO20 [143,187], Bi12SiO20 [188], Bi12ZnO20 [67], Bi12MnO20 [43], Bi12CoO20 [40], 

(Bi13Co11)Co2O40–Co3O4 [186], Bi12NiO19 [144] and Bi24Fe2O39[189]. These papers 

demonstrate the successful use of the sol-gel in forming sillenites that can be used in various 

applications, such as photocatalysis, where in their method they used different solvents such as 

acetic acid and different gelling agents such as Polyvinylpyrrolidone (PVP). A research paper 

was conducted on the synthesis of the sillenite Bi0.9Dy0.1FeO3 to compare the prior 

hydrothermal method with the sol-gel approach. This study demonstrated that there is a 

difference in the calcination temperatures of those methods [184]. 

The Pechini, or liquid mix, procedure is another approach linked to the sol-gel method. 

Pechini's approach involves complexing cations in an aqueous-organic media with low-cost 

precursors, resulting in a molecularly homogenous ion distribution. The pechini method has 

also demonstrated the potential to generate catalysts with high performance, especially in 

photocatalysis applications [190]. Wu et al. investigated the Pechini technique for preparing 

pure Bi12SiO20 and assessed its strong photocatalytic activity [145], and Qiao et al. examined 

the structural properties and photocatalytic properties of Bi25VO40 sillenite nanoparticles [38]. 

3.1.4. Solid State method 

The solid-state method is too facile compared to other methods, where the sillenite 

catalyst is created directly by pulverizing bismuth oxide and metal oxide precursors together, 

grinding, and heating them to high temperatures in the air or under an oxygen atmosphere 

[116,191]. The illustration of the process of synthesis can be found in Figure S4 in the 

supporting information. Since ceramics and crystals of various shapes may be manufactured at 

a reasonable cost, solid-state reaction synthesis is one of the most widely used commercial 
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techniques among the numerous synthesis methods [192,193]. This method has been used to 

generate various sillenite crystals such as Bi12SiO20 [29], Bi12GeO20 [29], Bi12TiO20 [29], 

Bi25FeO40 [191], Bi25GaO39 [138], Bi12(B0.5P0.5)O20 [194]. However, certain investigations 

have detected the appearance of secondary phases during the synthesis of specific catalysts, 

such as in the case of the sillenite phase Bi12TiO20, where they discovered the intermediate 

compounds Bi4Ti3O12 and Bi2Ti2O7 [192]. As a result, as compared to sol-gel and hydrothermal 

methods, the solid-state approach is less effective for synthesizing pure sillenite crystals. 

A research paper has reported a unique form of solid-state reaction technique, high-

energy ball milling, which is a relatively recent method for producing technologically valuable 

materials at high temperatures [195]. In that study, the process of ball milling in stainless steel 

jars in a planetary mill was effectively employed to synthesize the sillenites Bi12SiO20, 

Bi12GeO20 and Bi12TiO20 [195]. The authors have also justified in this study that high-impact 

energy imparted to minuscule quantities of powder briefly caught between two colliding balls 

causes a local transient of high temperature and pressure, which drives the reaction at the 

trapped particles' surface forming the sillenite phase [195]. However, even with this method, 

the issue of intermediate chemicals persists. 

3.1.5. Chemical solution and vapor deposition 

Chemical solution deposition (CSD) is a process that uses a chemical precursor solution 

to build a film, and it is a general term for several techniques such as sol-gel, metallo-organic 

breakdown, and chemical bath deposition [196]. CSD is based on layer synthesis from liquid-

phase precursors that are converted into the final functional film material [196]. Figure S5 in 

the supporting information provides an illustration of the CSD process of synthesis. The CSD 

approach can provide cost-effective access to big-area coatings, which are necessary to manage 

enormous quantities of energy in novel applications, such as photocatalysis [197]. Numerous 

works have discussed the use of the CSD method to create sillenite films, such as for Bi12TiO20 

[132,197], Bi12GeO20 [198] and Bi24AlO39 [126]. These investigations demonstrated that 

sillenite films generated by the CSD approach exhibited a strong photocatalytic activity. 

Furthermore, those films had strong anti-inactivation stability and cling effectively to the 

silicate substrate after repeated application. Yao et al. investigated the synthesis of sillenite 

catalysts with the general formula Bi12MO20 where (M is Al, Ti, Pb, Fe and Ni), and 

demonstrated that such sillenite compounds were effective for the decomposition of methyl 

orange [141]. The main advantage of this approach is that it produces films; nevertheless, it 

has several disadvantages, such as a low surface area, since the particles inside the sillenite 

films cover each other, reducing the active surface area.  
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Chemical vapor deposition (CVD) is a similar approach to the CSD method, in which 

a gaseous precursor is passed over a substrate at high temperatures, resulting in the deposition 

of a solid coating on the substrate [199]. This approach has been used only in one study to 

create Bi12SiO20 films; however, it has not been employed since that time, owing to the 

difficulties in this procedure, a lack of benefits, and the availability of more relevant techniques 

[200]. Moreover, this method can create intermediary products such as in this study where it 

was found the sillenite phase Bi24Fe2O39 as an intermediate in the synthesis of BiFeO3 [199]. 

3.1.6. Co-precipitation method 

In the co-precipitation process, two or more metal precursors are mixed in a solution, 

and then a precipitating agent is added to cause the metals to co-precipitate. The resultant solid 

is then washed several times and calcined to create the sillenite [68]. The co-precipitation 

process of synthesis is depicted in Figure S6 in the supporting information. The Co-

precipitation method has been utilized to synthesize a wide range of materials for various 

applications; However, in the case of sillenite, there is a lack of research that covers the 

synthesis of those crystals using this approach. Bi12ZnO20 [68], Bi12TiO20 [201], Bi12MnO20 

[202] and Bi25FeO40 [203] have been synthesized and used for photocatalysis applications, and 

they have elucidated promising results. As a result, more research into the utilization of co-

precipitation for sillenites synthesis is needed to see the benefits of this method rather than its 

ease of usage.  

3.1.7. Other methods 

While previous synthesis methods such as hydrothermal, sol-gel, solid-state synthesis, 

and chemical solution deposition have been extensively studied and employed, there exists a 

wide range of other methods for synthesizing sillenites; however, those methods are not widely 

used. 

The molten salt technique is one of the less frequently used methods for synthesizing 

sillenite crystals, in which the reactants are melted in an eutectic salt mixture at high 

temperatures, often above 700°C [204,205]. The process of synthesis is explained in Figure 

S7 in the supporting information. The molten salt acts as a reaction medium and creates a high-

temperature environment that allows sillenite crystals to form. This approach has been used in 

previous studies to prepare the sillenite crystals Bi12SiO20 and Bi25FeO40 [204,205]. This 

technique allows for the synthesis of sillenites at lower temperatures and with faster diffusion 

speeds of reacting constituents due to the incorporation of salt media such as KCl-K2CO3 or 

KCl-KBr [204,206]. Although this method successfully synthesized these two sillenites, it 

remains a critical drawback. The presence of the salt medium can generate impurities rather 
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than the target phase. Moreover, because of their high temperatures and corrosiveness, the 

usage of molten salts can be hazardous. Therefore, it is not recommended for synthesizing 

sillenite materials, which are hard materials that require special conditions. 

The Stepanov method is similar to the Czochralski technique, it is used to generate 

single crystals of multi-component oxide compounds with various structures from the melt by 

application of the capillary shaper method [207]. Heating platinum crucibles in the air are used 

in the technique and profiled multi-component single crystals are formed by optimizing the 

crystallographic directions of pulling from various-profile dies [208]. This method has been 

used to synthesize the sillenites only in one study, that deals with the synthesis of Bi12SiO20 

and Bi12GeO20 [207]. This approach has not been employed to synthesize more sillenites after 

this work due to the availability of a simpler and more effective method, as well as the fact that 

it lacks advantages and has several physical issues in crystal formation [208]. 

The oxidant peroxide method (OPM) has been applied to make highly reactive ceramic 

materials with a wide range of particle sizes, morphologies, and compositions; however, for 

sillenites, this process has only been used to synthesize the sillenite Bi12TiO20 [128,209]. The 

OPM technique begins with the creation of a metal solution, which is then followed by the 

addition of a reducing agent such as hydrazine or ammonia, and then by the addition of a 

peroxide complex solution containing hydrogen peroxide as an oxidizing agent [128]. The 

reaction mixture is then cooled down in an ice-water bath to promote the creation of 

nanoparticles by precipitation, which is then rinsed with deionized water and ethanol before 

being dried, filtered, and calcinated [128]. The OPM synthesis process is visually presented in 

Figure S8. Although the OPM provides several advantages, such as a homogeneous 

distribution of elements, simplicity, inexpensive cost, and low-temperature processing, it also 

has numerous disadvantages [209]. They include low nanoparticle yield, difficulty reproducing 

consistently, environmental concerns due to the use of harsh chemicals such as hydrogen 

peroxide, limited control over particle size and shape, and high energy consumption, which can 

limit its practical applications. Alternative methods that offer better control over particle 

properties and are more environmentally friendly are already available, such as sol-gel and 

hydrothermal. 

There is also a study by Hou et al. that discussed the synthesis of sillenite nanofibers 

Bi12TiO20, Bi12SiO20 and Bi12GeO20 with a facile electro-spinning method [30]. The electro-

spinning method procedure involves the preparation of precursor solutions, the precursor 

solutions are then put into a plastic syringe to measure the feeding rate, and this syringe is 

outfitted with a stainless steel needle and an aluminum foil collector as the grounded counter 
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electrode [210]. A high voltage is applied to the metallic needle clamped by an electrode [30]. 

The composite nanofibers are formed during electro-spinning [30]. Then the as-collected 

electro-spun fibers are dried. Subsequently, the composite fibers are calcined [210]. Figure S9 

in the supporting information displays the electro-spinning synthesis method. This study 

provided the electro-spinning method as a facile, versatile strategy to prepare sillenite 

nanofibers; however, further studies are required to elucidate the advantages and drawbacks of 

this method. 

Two recent research papers by Tingting Xue et al. reported a simple synthesis method 

based on in situ electrochemical-ion exchange approach, which generated effective sillenite 

films that can be used for various applications [211,212]. This method needs a plate as a 

substrate such as a Bi plate, and with an electrolyte solution with the agents NaBr, Na2SiO3, 

deionized water and ethylene glycolate, a precursor film is created by electrochemical 

technique in a pH of 10 adjusted by HNO3. In this electrochemical step, the substrate was used 

as the anode and the Ti sheet as a cathode both after surface treatment. Then the sillenite was 

deposited by ion-exchange method on the precursor film by placing the substrate that contains 

the precursor form in a water bath with a specific temperature containing the sillenite, NaOH 

and Na2SiO3. After the sillenite was deposited in the substrate, the plate was washed with 

deionized water and ethanol to remove all other impurities and then dried. A Schematic 

representation of the in-situ electrochemical-ion-exchange method is illustrated in Figure S10. 

3.2. Structure and properties of sillenite-type materials 

As indicated in previous sections, sillenite crystals have specific structural, optical, 

electronic, and electrochemical properties that make them appropriate for a wide range of 

applications. The crystal structure of these materials provides unique features, such as huge 

surface area, unusual optical properties, and high photocatalytic efficiency. Moreover, the 

crystal structure of these materials produces a specific electronic structure, which assists charge 

separation and reduces electron-hole recombination, resulting in better photocatalytic 

performance. As a result, it is important to investigate each of the characteristics and attributes 

of sillenite materials, as well as their possible uses in different sectors. Consequently, this 

section will provide a complete understanding of the characteristics and behavior of sillenite-

type materials as photocatalysts. 

3.2.1. Crystal structure 

Sillenites have a three-dimensional framework of corner-sharing BiO6 octahedral with 

metal atoms occupying tetrahedral or octahedral that are stacked along the c-axis of the crystal 

lattice [120,213,214]. Sillenites, in general, have a pseudo-body-centered cubic unit cell, and 
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the average structure belongs to the non-centrosymmetric space group I23 (no. 197), which is 

isomorphic and structural to the γ-Bi2O3 polymorph of Bi2O3 [116,213]. In comparison to other 

crystal forms, the unit cell of sillenite is quite large [133,215]. No compounds with the sillenite 

structure have yet been discovered without bismuth oxide [123]. 

As previously stated in earlier sections, sillenites BixMyOz (where M are the elements 

of Periodic System groups I-VIII) can form numerous phases with sillenite-type structures. 

These phases can be either stable or metastable depending on the ionic charge of an M atom 

[121]. To understand the structure of sillenite materials, it is necessary to describe the cases for 

each ionic charge of the added metal M in the sillenite structure: 

- M2+ sillenites with the chemical formula Bi38(M
2+)O58 as elucidated in Figure 4 (a): In the 

unit cells of these compounds, which include cations with oxidation degree +2, two-thirds of 

normal [MO4]-tetrahedra are substituted by [BiO3]-groups, resulting in the development of an 

O(3) vacancy [178], where O(3) is tetrahedra's oxygen atoms [133]. The presence of vacancies 

in the structure of materials plays a major role in various applications that depend on the 

potential energy of reactions. Rotation of Bi3+ ions in tetrahedral orientations is possible, as is 

the placement of extra oxygen atoms in the unit cell in the Bi38(M
2+)O58 structure [181]. 

- M3+ sillenites with the chemical formula Bi25(M
3+)O39 as shown in Figure 4 (b): The unit 

cells of sillenites with various cations are distinguished by variable Bi-O distances in the 

[BiO5]-polyhedra, which correlate to varied M-O distances in the [MO4]-tetrahedron [213]. In 

this structure, [BiO5]-groups replace one-half of the usual [MO4]-tetrahedra, resulting in the 

formation of an O(3) vacancy [178]. This structural model is free of defects, and the electrical 

neutrality of the unit cell is preserved owing to the oxidation of bismuth atoms in the 2a location 

to the state Bi5+ [215]. Rotation of Bi3+ ions in tetrahedral orientations is also conceivable in 

this structure, as is the introduction of additional oxygen atoms into the unit cell [216]. 

- M4+ sillenites with the chemical formula Bi12(M
4+)O20 as elucidated in Figure 4 (c): Such 

sillenites are known as ideal sillenites and are the most well-known members of the sillenite 

family [123,133]. M4+ cations form dimers in the unit cell of ideal compounds with the sillenite 

structure because they are positioned in two tetrahedral voids of the framework consisting of 

edge-sharing [BiO5]-polyhedra [217]. The M4+ cations are positioned in position 2a and have 

a 1.00 occupancy [177,218]. This structure can be defined by a bismuth atom accompanied by 

eight oxygen atoms whose exchange corners with other polyhedra BiO8 and tetravalent ions 

that form tetrahedra MO4 that are found both in the cube core and on the cube's corners [219–

221]. Oxygen vacancies are also present within this sillenite structure type, which was formed 
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by their oxygen termination characteristic and the strain variations between interlayers and 

inner layers [66]. 

- M5+ sillenites with the chemical formula Bi12(Bi, M5+)O20 as shown in Figure 4 (d): In the 

unit cells of these compounds, Bi and O atoms are mutually displaced, the location of the 

bismuth lone pair is changed, and new coordination [BiOx] polyhedra are formed in the 

distorted anion sub-lattice as a result of the compensatory addition of an additional O anion 

located in large voids of the framework in position 8c or 6b to balance the excessive charge of 

the tetrahedral M5+ cation [116]. 

 

Figure 4. Crystal structure sillenites with different M ionic charges viewed along the (001) 

plane for (a) M2+, (b) M3+, (c) M4+ and (d) M5+. 

3.2.2. Optical properties 

Sillenite materials have intriguing optical features due to the existence of a variety of 

energy levels in the crystal lattice. Light in the visible and UV ranges may excite these energy 

levels, resulting in several intriguing phenomena, such as photocatalysis and photoconductivity. 
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Previous research on the UV-Vis diffuse reflectance spectrums of sillenite crystals containing 

main group elements and transition metals (B, Co, Ni, Zn, Si, Ti, Ga, Ge, P, V, Mn, Fe, Cd) 

found that almost all sillenites spectra have steep absorption edges between 400-600 nm, 

corresponding to an indirect band gap energy of 1.66-2.9 eV [29,40,67,141,143,144]. This 

indicates that sillenites have significant absorptions from the visible region[123]. The change 

in optical absorption, band gap, and emission characteristics of such sillenites is connected to 

differences in crystal size, structure, and combination (M atom), as seen in the crystal structure 

section [123]. 

In order to demonstrate the correlations between optical properties, crystal structures, 

and element components, Burkov et al. conducted a rigorous investigation on the densities of 

states in sillenites [119]. They discovered that the electron transitions of the "building units" 

[BiO5]-polyhedra and [MO4]-complexes affect the optical characteristics of sillenites. 

Additionally, the contribution of electron transitions accompanied by charge transfer of 

optically active [MO4]-complexes (with point symmetry T) to total optical rotation is opposed 

to the contribution of Bi3+ 6s2-sp transitions in [BiO5]-polyhedra (with the point symmetry C1). 

This research also elucidated that sillenite crystals are gyrotropic due to the symmetry of their 

unit cells. The optical rotation changes due to compositional differences in the sillenite crystal 

to the location of [MO4]-complexes on the energy scale, which is accompanied by charge 

transfer and is reliant on an atom's electronegativity. The authors found that electronic 

transitions localized at [BiO5] structural fragments contribute to optical rotation. It was 

hypothesized that the electronic transition of [MO4] compounds also contributes to optical spin 

scattering.  

Chromophores, the components of molecules responsible for their color, also play an 

important role in the sillenites' optical properties [222]. Bismuth sillenites are composed of two 

chromophores that follow the previously stated symmetries [223]. The first chromophore is an 

asymmetric [BiO5]-polyhedron with the symmetry C1 [119]. Because its electronic states are 

nondegenerate, the C1 symmetry permits any electronic transition in electric, magnetic-dipole, 

and electric-quadrupole approximations, as well as higher-order multipole approximations 

[119]. The situation is considerably different for the second one, which is viewed as an isolated 

molecule of the [MO4]- complexes with symmetry T [223]. The wave functions of such a 

molecule's states are converted by either one-dimensional irreducible representations of A or 

three-dimensional irreducible representations of T [224]. In the sillenite unit cell, these two 

types of chromophores interact weakly with one another, where the concrete electron 

transitions of the chromophores and can be arbitrary [119]. 
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3.2.3. Electronic properties 

The electronic structure of sillenite materials could well be characterized in terms of 

energy bands in solid-state physics, with VB and CB being two major energy bands [43]. The 

highest energy band is the conduction band, which is separated from CB by an energy gap 

known as the band gap [177]. For an electron in VB to cross a band gap and pass into CB to 

become a mobile charge carrier, it must first absorb enough energy as photons more than its 

band gap [30]. The thickness of the band gap, as stated in the optical properties, is a critical 

feature in determining a material's electrical behavior because it affects how quickly electrons 

may move from VB into the conduction band and contribute to electrical conductivity [127]. 

In the case of sillenites, a narrow band gap has already been demonstrated. It is also significant 

in the electronic structure to demonstrate the contributions of element orbitals in the material 

to the conduction and valence bands [30]. 

Noh et al. investigated the electronic structure of sillenite materials and discovered that 

VB (below the Fermi level) in sillenites is mostly formed of O 2p and Bi 6s orbitals, whereas 

CB (above the Fermi level) is primarily composed of Bi 6p orbitals [29]. They discovered, 

however, that transition-metal ions M contribute to electronic structures where they may also 

participate in both conduction and valance bands, resulting in a variation in electronic 

structures between sillenite crystals when the transition-metal ions M are changed. M ions can 

contribute to both CB and VB depending on which element is present in the structure, where 

they can contribute slightly to VB via their 3p and 4p orbitals or substantially to CB via their 

3d orbitals [29]. The band within the gap in all sillenite crystals is mostly composed of Bi-M 

6s orbitals hybridized with the 2p orbitals of its O neighbors [225]. Charge transfers across the 

band gap edge are mostly contributions from the O-2p to Bi 6p orbitals [127]. Figure 5 

summarises and depicts the general electrical structure of sillenite crystals. The CB and VB 

positions can be obtained from experimental techniques such as Mott–Schottky measurements 

by determining the flat band potential level [40]. As in a previous study on the sillenite 

Bi12CoO20, the CB of this sillenite was located at − 1.84 V, while its VB edge was positioned 

at 0.72 V [40]. Those band positions are suitable for various types of photocatalysis 

applications as demonstrated by this work. 
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Figure 5. The basic electronic band structure of the sillenite crystals. 

3.2.4. Other properties 

Apart from the aforementioned properties, sillenites also possess intriguing additional 

properties, including photo-refractive, electrochemical, magnetic, and dielectric properties, 

making them suitable for a variety of applications, such as energy storage, photovoltaic, and 

electrochromic. 

Certain sillenite-type crystals when exposed to light, including Bi12TiO20, Bi12GeO20, 

and Bi12SiO20, display photo-refractivity, which is the capacity to modify its refractive index 

[226]. This property has been exploited in a range of optical and photonic devices, such as 

holographic storage, optical signal processing, and interferometric applications [137]. Photo-

refractive sillenite materials are also useful in the case of photocatalytic applications [143]. The 

propagation and diffraction of both transmitted and diffracted beams in sillenite crystals are 

affected by the concurrent appearance of the electro-optic effect, the secondary electro-optic 

effect, which is a combination of inverse piezoelectric and photoelastic effects, and the natural 

optical activity [227]. According to a study by Tian et al., intrinsic or extrinsic crystal defects 

also have a major role in influencing size and velocity and photo-refractive stability in crystals 

[228]. Understanding the diffraction phenomena in sillenite crystals is difficult because of the 

theoretical complexity of light diffraction phenomena in optically active photo-refractive 
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crystals of the sillenite class, where the diffraction is affected by the crystal configuration and 

state of polarisation, which includes the orientation of the intrinsic or extrinsic faces of the 

crystal, the crystal cut, the grating vector orientation, and other factors [229]. 

Certain sillenite-type crystals, such as Bi12CoO20 and Bi12FeO20 have shown 

temperature dependence of magnetic susceptibility, indicating the presence of paramagnetic 

compounds in these sillenites [115]. The magnetic susceptibility of sillenites crystals may be 

greatly increased by replacing the Bi content with magnetic cations M such as Co and Fe, where 

the disorder of such cations through M–O–M linkages positively affects the magnetic 

characteristics of the material [115]. It has been established that paramagnetic defects in 

sillenites have a direct correlation with optical transitions, resulting in magneto-optical 

characteristics [215]. 

Sillenites, as semiconductors, have been demonstrated to have a variety of fascinating 

electrochemical characteristics, including strong ionic conductivity, mixed conductivity, and 

electro-catalytic activity, attracting special research attention to their use in electrochemical 

cells [40,116]. The distinct crystal structure and electrical characteristics of sillenites, as 

discussed in earlier sections, allow for efficient charge separation and transport, making them 

intriguing materials for electrochemical applications such as energy conversion and storage 

[40,116]. 

Sillenite materials are also known for their low dielectric loss and temperature-stable 

permittivity [186]. These properties make them useful as catalysts for reactions that involve 

the transfer of electrons and also suitable dielectric materials in low-temperature co-fired 

ceramic technology [116]. Valant et al. investigated the dielectric characteristics of sillenite 

crystals Bi12MO20-δ (M = Ti, Si, Pb, Ge, Mn) in a research paper. They demonstrated reduced 

dielectric losses in the sillenites Bi12GeO20, Bi12SiO20, Bi12TiO20, and Bi12PbO19. Nevertheless, 

they discovered that sillenite Bi12MnO20-δ with an unstable valence state is not suitable for low-

loss dielectric applications because partial oxidation of Mn4+ causes enhanced conductivity, 

which has a negative impact on dielectric loss [214]. 

3.3. Potentials of sillenite-type materials as photocatalyst 

Based on earlier sections on the mechanism of photocatalysis, sillenite-type materials, 

their synthesis, and their properties, it is now possible to provide a comprehensive overview of 

the potential of sillenite crystals in the field of photocatalysis. As discussed in the previous 

sections, sillenite-type oxides have gained significant attention due to their unique crystal 

structure and remarkable properties and those materials have emerged as promising candidates 

for various applications. One of the most exciting application fields is photocatalysis, where 
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these materials can be used for water treatment, hydrogen production and energy generation, 

as already detailed in section 2. Therefore, it is important to delve into the potential of sillenite-

type materials as photocatalysts based on their properties. Sillenites are useful for 

photocatalytic applications due to a variety of their characteristics. The key properties that are 

crucial for photocatalytic properties are explained below. 

Starting with crystal structure and morphology, these properties are responsible for 

determining the surface area of the catalyst, which is essential for photocatalytic applications, 

as it determines the number of reactive sites available for catalysis. According to the literature, 

sillenites as nanoparticles have a high surface area based on the synthesis method used for their 

preparation, as indicated in the synthesis section. The surface area of sillenites can range from 

a few square meters per gram to several hundred square meters per gram, with specific values 

depending on the specific materials, conditions and method of synthesis. 

The layered structures of bismuth sillenite, according to the structure part, can enhance 

an internal electric field that effectively separates photogenerated electrons and holes and direct 

their movement from the cluster to the surface for catalytic reactions. At the same time, bismuth 

sillenites possess oxygen vacancies in their structure, which play an important and major role 

in enhancing photocatalytic efficiency, particularly for nitrogen activation, by providing Lewis 

base and unsaturated sites. 

Optical characteristics, such as band gap, are also essential to assessing sillenites' 

efficacy as photocatalysts. For photocatalytic applications, this feature is essential because it 

identifies the light energy absorbed by the material and converts it into chemical energy, which 

powers the photocatalytic reaction. It is already demonstrated in the optical properties section 

that sillenites may absorb light over the visible spectrum and even into the ultraviolet and that 

is due to their band gap, which was found to be between 1.66 eV and 2.9 eV. A narrow bandgap 

enhances light absorption efficiency and range, increasing the possibility of sunlight harvesting. 

The narrow band gap also provides another important feature in photocatalysis, which is high 

charge separation efficiency by promoting the relaxation of excited electrons. Sillenites have a 

specific electronic structure that allows for effective charge separation, which means that the 

electrons and holes formed during the photocatalytic process may be readily separated, limiting 

the possibility of recombination. 

The high thermal and chemical stability, as well as the durability of sillenite crystals, 

are also essential for photocatalytic applications, where those properties make the crystals 

resistant to decomposing under harsh reaction conditions. As previously mentioned, sillenites 

have other properties, such as magnetic, dielectric, and photo-refractive properties. The 
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magnetic properties of the catalyst can give an advantage in separating it from the solutions 

using a magnet when used as a suspension, and the external magnetic field generated by this 

feature can also enhance the photocatalytic reaction. The dielectric and photo-refractive 

characteristics of sillenite crystals might improve photocatalytic activity in particular 

applications. 

As demonstrated in the section on photocatalysis mechanisms, the electronic structure 

has a significant role in every photocatalytic application. The locations of the conduction and 

valance bands can decide whether this catalyst is acceptable for a photocatalytic application. 

Generally, for photocatalytic water treatment, the CB must be higher than the reduction 

potential of water (O2/O2
•-, -0.33 V versus NHE), while the VB potential lower than the water 

oxidation potential (H2O/•OH, +1.0 V versus NHE) [230,231]. For water splitting and hydrogen 

regeneration, CB must be higher than the reduction potential of water (H+/H2, 0 to +0.059  V 

versus NHE), while VB is lower than the water oxidation potential (H2O/O2, +1.23 V versus 

NHE) [95–98]. CO2 reduction has multiple potentials for the CB due to the existence of various 

reduction pathways. However, the VB in CO2 reduction shares the same conditions as water 

splitting, as elaborated in the CO2 reduction mechanism [9,100–102]. The available literature 

supports the potential of sillenite crystals for photocatalytic applications due to their suitable 

and favorable electronic structure, and several studies have demonstrated that through 

theoretical studies using density functional theory (DFT) [29,127] or experimental studies 

using Mott-Schottky electrochemical technique [40]. 

Sillenite crystals are also tunable materials, which may have their physical, chemical, 

or electrical characteristics altered by applying an external stimulus [146]. Because of the 

unique structure of sillenites, it is possible to readily inject dual metals or dope foreign metals, 

which are impurities purposefully introduced to the material to change their characteristics. 

Doping may drastically alter the host material's characteristics and generate new electronic 

states that can be exploited to adjust the material's properties. The structure of sillenites allows 

also to modify through modifying the composition of this type of material by introducing 

different transition materials such as in the sillenite Bi12(B
3+

1/2P
5+

1/2)O20 [116]. This can play a 

role in controlling the shape and size, electronic characteristics, and optical performance of the 

material. This opens the door to the next section, which discusses current advances in designing 

sillenite-based materials. 

 

4. Current advances in designing sillenite-based materials for photocatalytic 

applications 
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Although sillenites have shown great properties as well as high efficiency in various 

photocatalytic applications, such as reducing or oxidizing a variety of inorganic pollutants, and 

degrading several organic contaminants in wastewater, they may encounter difficulties when 

used in a variety of real-life conditions and industrial applications, such as real wastewater, 

which can include considerable quantities of pollutants, making removal using them in 

photocatalysis alone extremely challenging [57,61]. In fact, some sillenites have several 

limitations and issues, including low removal efficiency, limited utility of visible light, rapid 

charge recombination, and poor mobility of charge carriers [33]. To overcome these 

weaknesses and drawbacks, various recent studies attempted to enhance the efficiency and 

performance of those sillenite catalysts by using various methods such as hybrid/composite 

systems, ion doping, hetero-junction and morphology modification [33,232]. The following 

section discusses the recent advances in the design of sillenite-based materials for 

photocatalytic applications. These advances have offered significant potential for increasing 

the efficiency and efficacy of sillenite catalysts, notably in hydrogen generation, water splitting 

and water treatment. 

4.1. Modification of transitional metal M in sillenite crystals 

As previously discussed in the crystal and electronic structure of sillenites, the transition 

metal M present in sillenite materials has an important influence in defining the majority of 

their characteristics, which are critical to photocatalytic applications. The electronic structure 

and band gap of sillenites are heavily influenced by the transition metal used, which also 

determines their stability as well as their capacity to absorb and utilize light for photocatalytic 

activities. Hu et al. in a study on structure-composition-property connections of stoichiometric 

and non-stoichiometric "Bi12MO20" sillenites, found that various transition metal substitutions 

in sillenites have a significant impact on their photocatalytic activity by affecting their optical 

and electrical properties [116]. They discovered in this study that the higher the M-site ion, the 

larger the unit cell, where the unit cell size of a catalyst plays an important role in defining its 

efficacy in photocatalysis applications because it affects the properties of the catalyst, such as 

its surface area, crystal structure, and electronic properties. They hypothesized that the unit cell 

parameters in terms of ionic radius for sillenites with different transition metals could be 

separated into two linear trends, indicating two different phase generation methods, as 

elucidated in Figure 6 [116]. The first is for sillenites with Mn+ ions with n values ranging from 

2 to 4, while the second is for sillenites with M+5 ions, which have the same slope but a higher 

intercept on the Y axis. Other sillenites were found to be between these two linear lines, which 
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they ascribed to sillenites with mixed valent M ions, such as M3+/M5+ as the sillenite 

Bi12(B
3+

1/2P
5+

1/2)O20 [116]. 

 

Figure 6. Unit cell parameter (a) in terms of ionic radius (r) for sillenites with several transition 

metals M. Reproduced under terms of the CC-BY license [116]. Copyright 2016, Yu Hu et al, 

published by White Rose eTheses Online. 

Current research has concentrated on altering the metals in these structures to improve 

their photocatalytic characteristics. For example, researchers investigated the possibility of 

modifying bismuth sillenite Bi12MO20 with metals such as Ge, Si, and Ti to increase stability 

and performance [29,30,127]. These investigations elucidated that metal modification had a 

major effect on the photocatalytic efficiency and performance of sillenite-type materials. 

Nevertheless, depending on the specific application and conditions, the best metal choice and 

modification procedure may differ [29,30,127]. Therefore, carefully selecting transition metals 

in sillenite photocatalysts is crucial for enhancing photocatalytic activity and stability. 

4.2. Morphological engineering 

Morphology engineering, which includes changing the surface of a material to change 

its characteristics, has also had a significant influence on the performance of sillenite-based 

materials. Morphological engineering's purpose is to design and fabricate materials with 

specified characteristics and functionalities that are customized to certain photocatalytic 

applications. As previously demonstrated in the section on sillenite synthesis, the shape of the 

catalyst can alter its surface area, pore size distribution, and active sites, all of which are 
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important parameters in determining its performance. The shape of these crystals varies 

between methods and is also affected by the synthesis conditions [233]. 

Numerous sillenite crystals generated by hydrothermal techniques have been reported 

in various forms and sizes. The most common shape is a perfectly uniform 

tetrahedron/pyramidal with sharp edges and smooth surfaces; each plane in a single tetrahedron 

is recognized as an equilateral triangle [234,235], as illustrated in SEM photos in Figure 7. (a). 

This method yielded particles with great crystallinity and purity, as well as thermal stability up 

to 1000 °C [235]. The particles synthesized by this method also showed an efficient 

photocatalytic activity from the reduction of Cr (VI) and the degradation of ampicillin-

cloxacillin, which is attributable to the properties achieved by this method, such as the wide 

surface area due to the fine nature of the powder [234]. 

Sillenites synthesized by this approach can also take on nanowire shapes with uniform 

diameters as elucidated in Figure 7. (b) or spherical shapes with low crystallinity and 

dispersion, as seen in Figure 7 (c). Sillenite nanowires synthesized by the hydrothermal method 

exhibited high photocatalytic properties for the removal of methyl orange, owing to a 

significantly greater specific surface area (25 m2g-1), which provides more active sites for the 

photocatalytic process while also increasing the efficiency of electron-hole separation due to 

high crystallinity [236]. Sillenite with spherical shapes synthesized by hydrothermal method 

exhibited an extended adsorption range of up to 1000 nm, and an excellent photothermal 

degradation for phenol, despite their low crystallinity, low surface area (0.190  m2g-1) and 

dispersion [237]. 

The differences in morphology are often attributable to alkaline concentration or pH 

value controls, hydrothermal temperature, reaction duration in synthesis methods, as well as 

the starting synthesis materials and their molar ratio [238]. Under certain conditions, unique 

morphologies can be generated using hydrothermal synthesis. In the presence of a high KOH 

concentration, sillenites, for example, might take on a spearhead-like shape, as seen in Figure 

7 (d) [177]. Spearhead-like sillenite displayed an interesting microstructure and morphology 

with high photoactivity for Methylene blue degradation under natural sunlight [177]. Moreover, 

sillenite synthesized by the hydrothermal method may form cube-like columnar formations 

after 2 hours of calcination at 500 °C in a nitrogen environment, as illustrated in Figure 7 (e) 

[239]. The cube-like crystalline demonstrates tight size, dimensional control and a high 

photocurrent density which are effective in both photovoltaic and photocatalytic applications 

[239]. Wang et al. revealed an intriguing morphology for a sillenite crystal that is camellia-like, 

as illustrated in Figure 7 (f); this unique morphology was generated in the presence of sodium 
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sulfosalicylate during the synthesis [240]. The rare camellia-like sillenite demonstrated high 

specific surface areas (98.37 m2g-1) and good photodegradation and water photolysis to produce 

H2 [240]. 

Unlike the hydrothermal method by which different morphologies can be obtained, 

other methods have shown only one shape for each method. The particle obtained by the sol-

gel process is mostly semi-spherical in form, as elucidated in Figure 7 (g). According to one 

study, the amount of oxygen vacancies in sillenite produced by the sol-gel process is lower 

than that produced by the hydrothermal approach. Despite this, the photoactivity of materials 

produced by both approaches for rhodamine B and ciprofloxacin degradation were found to be 

almost similar [184]. Sillenite crystals prepared by solid-state reaction processes, almost have 

uneven shapes with big particles mixed in with smaller pieces, as seen in Figure 7 (h). This 

morphology is not recommended for various types of applications, as the agglomeration in the 

big particles decreases the surface area of the crystals as catalysts. A study was conducted to 

compare the morphology of the sillenite Bi24Ga2O39 synthesized by two different techniques, 

including hydrothermal and solid-state reaction methods [241]. It was found that the 

hydrothermal method exhibited uniformly distributed tetrahedral/pyramid-shaped 

microcrystals, the same as in Figure 7 (a), whereas the solid-state reaction approach produced 

particles that vary in shape and are not evenly distributed. This also emphasizes the benefit of 

the hydrothermal procedure over the solid-state approach. For the co-precipitation method, 

obtained particles are bigger and randomly shaped, as shown in Figure 7 (i). This method also 

requires higher calcination temperatures to achieve complete crystallinity, which results in a 

reduction in the BET surface area. Despite these disadvantages, this method still produces 

sillenites that can be used for photocatalysis applications, as already demonstrated in previous 

work about the removal of the organic pollutants Cefuroxime [68]. 

It can be generally concluded from Figure 7 that diverse shapes and sizes of sillenite 

nanocrystals can be generated by different synthesis methods. Rather than the synthesis method, 

the synthesis conditions and materials utilized also have an impact on the shape of the catalyst. 

The shape of the synthesized materials was impacted by the alkaline concentration or pH value 

controls, hydrothermal temperature, reaction, and calcination time, and starting synthesis 

materials and their molar ratio. Consequently, morphological engineering techniques can be 

utilized to modify the shape, size, and surface area of the catalyst to improve its properties, 

giving a potent tool for enhancing sillenite performance. 
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Figure 7. SEM images for different sillenites: (a-f) synthesized by the hydrothermal method: 

(a) Bi25FeO39 [235], (b) Bi12TiO20 [236], (c) Bi12CoO20 [237], (d) Bi12FeO20 [177], (e) 

Bi12TiO20 [239], (f) camellia-like Bi12ZnO20 [240], (j) Bi12TiO20 synthesized by sol-gel [143], 

(h) Bi12(B0.5P0.5)O20 synthesized by solid-state [194], (i) Bi12ZnO20 synthesized by co-

precipitation [68]. Reproduced with permission. 

4.3. Doping 

Doping is the technique of adding trace amounts of impurities, such as metals, into a 

material to change its characteristics and increase its activity. In sillenite-based materials, 

doping with metals has been widely investigated. For example, in recent research, Kowalczyk 

et al.[154] and Gao et al.[242] examined doping sillenite Bi12SiO20 with Eu3+ and doping 

sillenite Bi25FeO40 with heavy Co3+ and Fe3+, respectively. Doping sillenite with Eu3+, Co3+, 

and Fe3+ has been proven to improve its transparency, luminescence, thermal stability, crystal 

magnetism, and magneto-optical characteristics [154,242]. A research paper indicated that 
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doping the sillenite Bi12ZnO20 with an ion, like Ag, can boost photosensitization or electronic 

life, resulting in a smaller recombination rate for the photo-generation of electron-hole pairs 

[67]. Another study looked at the optical characteristics of Bi12TiO20 doped with Cr and 

Bi12SiO20 doped with Fe, and it was discovered that it improved its magnetic and optical 

properties [243]. In fact, doping sillenites with metals is not a new subject; several studies have 

been conducted in this area due to the numerous benefits. Among these are Fe- and Cr-doped 

Bi12SiO20 [244], vanadium-doped Bi12TiO20 [245], Bi12TiO20 doped with CeO2 and PbO [246], 

Bi12SiO20 and Bi12TiO20 doped with Cr, Fe, Mn, Cu, Al, P, Ag, Co and Al [247–249].  

As demonstrated in these works, doping sillenites can lead to significant improvements 

in their optical, photoelectric, photo-refractive, and photochromic performance. By changing 

the number of charge carriers in a sillenite, doping can increase its electrical conductivity, 

making it more efficient at conducting electricity [250,251]. Additionally, doping can improve 

the mobility of charge carriers, allowing them to move more quickly and swiftly through the 

sillenite. Furthermore, doping can modify the optical properties of the sillenite, allowing it to 

absorb or emit light more efficiently and within a large range [245]. Moreover, doping can 

produce new energy levels within the sillenite, allowing for the creation of a conduction band 

and valence band for specific photocatalytic properties, as previously demonstrated that 

photocatalytic applications heavily depend on the electronic structure of the catalyst. Doping 

sillenites are impacted by essential features of the contributing metals such as their capacity to 

take various valences, symmetry of the occupied site, concentration, solubility, and magnitude 

and spectrum dependence of their absorption cross-section [250,252]. 

4.4. Hetero-junctions engineering 

Hetero-junctions are interfaces between two different semiconductors, or between a 

semiconductor and a metal with different electronic properties sharing electrons/holes between 

each other [253,254]. One of the promising strategies for increasing the effectiveness of the 

sillenite photocatalytic system is hetero-junction, which involves combining sillenite with 

narrow-band-gap semiconductors or cocatalysts [234,255,256]. This strategy has been shown 

to be effective in controlling the light absorption range to lower the band gap energy and further 

improve the photocatalytic process's efficiency [257,258]. Three key factors of matching band 

placements, intimate and close interfacial contacts, are typically necessary to build an effective 

hetero-junction [259]. The interfacial contacts between the sillenite and the additional co-

catalyst in hetero-junction are crucial and especially significant, as they can have a great impact 

on the migration and separation of photo-generated charges as well as further influence the 

material's activity [260]. 
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A variety of hetero-junctions, including p-n hetero-junction [261,262], type I hetero-junction 

[234,255], type II hetero-junction [131,259,263–267], Z-type hetero-junction [255,260], S-

type hetero-junction [268], and Schottky junction [269], have been employed in recent research 

to study sillenites-based hetero-junction photocatalyst. In every single one of those experiments, 

hetero-junction was shown to have a much higher photocatalytic activity than the matching 

solo sillenites. Figure 8 elucidates a schematic explanation of the differences between different 

types of hetero-junctions based on the literature [265–270]. 

 

Figure 8. Schematic representation of the band structure and possible charge migration path in 

several sillenite-based hetero-junction types.  

The p-n hetero-junction is created when a p-type semiconductor and an n-type 

semiconductor are combined, where the p-type material has an excess of holes which means 

positive charge carriers and the n-type material has an excess of electrons which means 

negative charge carriers [262,263]. Because of the different Fermi levels, the different charge 

carriers cause a potential difference across the contact surface of the materials, causing charges 

to redistribute at the interface [261]. This results in an internal electric field that is directed 

from the n-type to the p-type as a result of electron migration to balance Fermi levels [261]. 

The spatial separation of photo-induced carriers may be accelerated by the internal electric 

field, and that improves the photocatalytic activity [260,262]. p-n hetero-junctions can be 

employed in sillenites-based photocatalysts to increase charge separation and thus 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

photocatalytic activity, as in the following combinations Bi12GeO20/Bi2S3 [271], 

Bi4Ti3O12/Bi2O3/Bi12TiO20 [260] and n-Bi12TiO20/p-BiOI [262].  

In type I hetero-junctions, the VB and CB of the two materials align leading to a 

common electron/hole concentration at their interface, where the greater band gap 

semiconductor shares both electron/hole with the smaller band gap semiconductor [272]. This 

kind of hetero-junction often exhibits strong photocatalytic activity due to the effective charge 

separation. Sillenite-based photocatalysts frequently display type I hetero-junction behavior 

due to the alignment of their band structures with the additional semiconductor, as seen in the 

following combinations: Bi24Ga2O39/TiO2 [234] and Ag2O/Bi12GeO20 [255]. 

Type II hetero-junction is the most commonly used type of hetero-junction in materials 

based on sillenite. This sort of hetero-junction occurs when the CBM and VBM of the two 

materials are not aligned, resulting in a potential energy difference at the interface where the 

higher conduction band shares an electron with the lower and the lower valance band shares a 

hole with the higher [265–267]. This kind of hetero-junction also has the potential to improve 

the separation of electron-hole pairs, leading to more effective photocatalysis [131,263,264]. 

Sillenite-based photocatalysts can display type II hetero-junction activity when combined with 

the right substances, the same as in the following combinations Bi25Fe2O39/SrTiO3 [265], 

Bi12SiO20/Bi2SiO5 [267], Bi12ZnO20/Bi2WO6 [266], Bi25FeO40/Bi2WO6 [259], Ag-

Bi12GeO20/Bi2WO6 [263], Bi12TiO20/Bi2WO6 [131] and BiVO4/Bi25VO40 [264].   

The Z-scheme hetero-junction happens when two materials with differing band gap 

energies come together, but where one material's conduction band is higher than the other 

material's valance band [255]. As an electron migrates from the conduction band of the first 

material to the lower valance band of the second material, this results in a step-like potential 

energy (direct) that can aid in charge separation [260,261]. In sillenites-based photocatalysts, 

a Z-scheme hetero-junction has been found in the following combinations Ag2O/Bi12GeO20 

[255], Bi4Ti3O12/Bi2O3/Bi12TiO20 [260], Bi12SiO20/Bi2S3 [261], and CdS/Bi20TiO32/Bi4Ti3O12 

[273]. 

The S-scheme hetero-junction is such a novel hetero-junction type, and it was put out 

in 2019 and is based on previous type-II and Z-scheme hetero-junctions [268]. This kind of 

hetero-junction is typically made up of two semiconductors with crossed band structures, where 

one semiconductor has a more negative conduction band position and the other has a more 

positive valance band position [268]. This causes an attraction between holes and electrons at 

the interface to create an internal electric field that is directed from CB of one semiconductor 

to VB of the other. The main distinction between S-scheme and Z-scheme hetero-junction 
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relates to the electron transport across semiconductors with different Fermi energies [268,270]. 

In S-scheme, the electron transport results in the creation of an internal electric field that 

enforces charge separations. According to studies on hetero-junction types, S-scheme hetero-

junctions have a greater photocatalytic efficiency than conventional Z-scheme hetero-junction 

[270]. Unfortunately, just one work about Bi12TiO20-TiO2 studied this form of hetero-junction 

in sillenites-based photocatalysts [268]. 

The Schottky junction type is established between a metal and a semiconductor, 

creating electron flow between them [269]. The usage of this kind of junction can aid in charge 

separation and hence support photocatalytic activity [269]. Unfortunately, Schottky junctions 

in sillenites-based photocatalysts have only been examined in one research. In this study, the 

metal Bi was added to the sillenite Bi12TiO20, and this addition effect not only increased the 

generation of more active species by generating electrons but also increased the separation of 

electrons, resulting in enhanced photocatalytic activity [269]. 

Not only can metal-based catalysts create hetero-junction or hetero-structure with 

sillenite-based materials, but even materials such as graphene [274] and graphitic carbon nitride 

(g-C3N4) [275] can create it. Graphene is an advantageous candidate for inclusion in 

heterojunctions sillenite-based materials because of its high surface area, chemical stability, 

high electron mobility, outstanding electrical conductivity, and non-toxicity [276]. Coupling 

graphene with sillenites in photocatalysis applications can provide several benefits, including 

increased photocatalytic activity by increasing surface area, improved electron conduction and 

transmission capability to limit recombination of photo-generated electrons and holes, and 

increased selectivity where graphene-based catalysts exhibit high selectivity in the production 

of hydrogen from water [277,278]. Only a few papers have addressed combining the graphene 

and sillenite type materials, such as graphene oxide/Bi25FeO40 [277–279], graphene oxide/ 

Bi12ZnO20 [280], and graphene oxide/Bi12MnO20 [276]. 

Graphitic carbon nitride has received a lot of attention in recent years as a popular and 

promising photocatalyst material because this material exhibits several promising properties 

and characteristics including strong photoconductivity, high discharge and charge current rates, 

good chemical stability, high absorption coefficient, low band gap of about 2.7 eV, and non-

toxicity [281]. g-C3N4 has hybridization of carbon and nitrogen atoms in the sp2 arrangement 

as bonding, which creates π–conjugated graphitic planes and thus facilitates the charge 

separation in the system [282]. g-C3N4 has been recognized as a promising candidate for 

creating heterojunctions with semiconductors due to its previous characteristics as well as its 

abundance of active reaction sites and two-dimensional planar structure with the π–conjugated 
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system [283]. The stability of g-C3N4 can improve the overall stability of the hetero-system, 

which is especially important for long-term use. When combining g-C3N4 with sillenites, the 

band gap in g-C3N4 offers another significant benefit. The difference in energy levels between 

the two materials creates a hetero-junction between them, which significantly encourages 

charge transfer as well as the migration and separation of the carriers, improving photocatalytic 

performance. The literature generally states that the hetero-junction formed between sillenites 

and g-C3N4 is a sort of Z-scheme hetero-junction. Due to the advantages of g-C3N4 in hetero-

junction, there are a large number of studies reported its combination with sillenite-type 

semiconductors, including g-C3N4/Bi25FeO40 [284,285], g-C3N4/Bi12GeO20 [281], g-

C3N4/Bi12TiO20 [283,286–288] and g-C3N4/Bi12SiO20 [289]. 

4.5. Hybrid and modified sillenite-based photocatalytic systems 

Previous research works have elucidated in the literature that combining processes by 

combining different types of materials reduces their drawbacks and enhances the performance 

of the combined system when compared to the performance of the separate processes [53,72]. 

It also provides fuel savings and energy recuperation [290,291]. Hybrid systems may also 

handle various issues with various methods and pathways, hence enhancing performance 

[292,293]. Moreover, combining the effects of several processes and systems can cause 

synergistic effects between them. These combinations increase efficiency by reducing the cost 

of using sillenites alone or by accelerating the reaction times of the materials [2,294]. The 

characteristics of sillenites can be improved and can provide even more benefits by mixing 

them with other types of materials [295,296].  

When a sillenite photocatalytic system is combined with processes such as biological 

treatment, membrane, or absorption, the photocatalytic mechanism of the sillenite system does 

not change, but the total process efficiency improves. Taking an example, combining the 

adsorption process by adding a suitable adsorbent, such as and polymers with sillenite-based 

photocatalytic systems can create a hybrid process more efficient than both separately [295]. 

Polymers offer several characteristics that set them apart from sillenite materials, including 

high adsorption capacity, stability, affordability, biodegradability, and non-toxicity [297–299]. 

Accordingly, adding them to sillenite catalysts in photocatalysis applications can offer several 

benefits, including stability [295,300]. That is because polymers can act as stabilizing agents, 

protect from oxidation and corrosion, and increase surface area because polymers can enhance 

the catalyst's dispersion [188,300]. This has been proven in recent studies that combined 

sillenite-type minerals with polymers, such as polyaniline/Bi12TiO20 [295], polyethylene glycol 

4000/Bi25FeO40 [300], Polyimide/Bi12SiO20 [188]. Some polymers have a highest occupied 
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molecular orbital (HOMO) as well as a lowest unoccupied molecular orbital (LUMO) making 

them have different energy band levels, which creates a gap in the materials [301]. Therefore, 

these types of polymers can form a hetero-junction with the sillenite by exchanging 

electrons/holes through π–π• transitions from the VB and CB of the sillenite with HOMO and 

the LUMO of the polymer [20]. Figure 9 illustrates the mechanism of a hybrid process 

(combining sillenite Bi12TiO20 and the polymer polyaniline) for the removal of an organic 

pollutant which is Cefixime. 

 

Figure 9. Mechanism of the hybrid system Bi12TiO20/PANI for the removal of Cefixime. 

Reproduced under terms of the CC-BY license [295]. Copyright 2023, Baaloudj et al, published 

by MDPI. 

When a sillenite photocatalytic system is coupled with techniques such as ultrasonic 

radiation, microwaves, thermal treatment, or electrochemical treatment, the combination alters 

the photocatalytic mechanisms and thereby enhances the photocatalytic process's performance. 

Starting with ultrasound-assisted sillenite-based photocatalytic systems, a study by Wang et al. 

investigated the reduction of Cr(VI) using Bi25VO40 assisted by ultrasound, they discovered 

that this combination improved the separation of photo-generated holes and electrons while 

facilitating photocatalyst renewal [302], and this through enhancing uniform particle size 

distribution, increased surface area, enhanced crystallinity, and reduction of aggregation [303]. 

Thermal-assisted photocatalytic systems have also been demonstrated to be efficient novel 
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treatment systems, Wang et al. demonstrated that thermal treatment during the process affects 

the sillenite photocatalytic system by increasing the lattice dipole and promoting charge 

separation, adjusting the band structure, increasing the oxidation potential of photo-generated 

holes, and creating a synergetic effect with photocatalysis that increases the internal electric 

field and produces effective degradation [237]. The photoelectrochemical process, in which an 

externally supplied voltage is employed as an additional energy input to assist photocatalysis, 

has also been proven to be an effective photocatalytic-assisted system for various types of 

applications [304]. A research paper by Ropero-Vega et al. found that sillenite semiconductors 

are suitable for photoelectrochemical applications [305]. However, there has been still no work 

reported in practical applications.  

Many techniques can be employed, besides coupling procedures, to enhance the 

photocatalytic activity, such as adding strong oxidants and reactive species such as hydrogen 

peroxide (H2O2) and sulfate radical (•SO4
-), where their presence in water can induce the 

formation of more radicals [306]. Naghmash et al. elucidated that the chemical decomposition 

of H2O2 in the presence of Bi12SiO20 as the catalyst enabled the generation of reactive species 

such as •OH, which were subsequently employed as ROS in photocatalysis applications, such 

as water treatment. As a result, adding H2O2 to the Bi12SiO20 catalyst can improve its 

performance in photocatalysis applications [307]. Bu et al. added H2O2 to improve the 

efficiency of Bi25FeO40 sillenite crystals for the degradation of methyl orange [308]. The 

efficiency was enhanced from 27% for 3h to 87%, which revealed the advantage of adding 

H2O2 as an oxidized agent [308]. The sulfate radical (•SO4
-) is also another active species that 

can improve the photocatalytic performance of sillenites, where •SO4
- and •OH were found as 

the principal reactive species involved in the degradation of pollutants in water [309]. •SO4
- is 

formed when peroxydisulfate (PDS) or peroxymonosulfate (PMS) is activated, which may be 

accomplished by energy transfer such as UV and heat, hence PDS and PMS can be utilized as 

oxidants to efficiently boost the photocatalytic activity of catalysts. PDS and PMS can also 

generate the less reactive peroxydisulfate radical, which is •S2O8
- [309]. 

The enhancement of sillenite catalyst by adding sulfate radical was reported in two 

previous papers [310,311], where those works focused on and investigated the photocatalytic 

efficiency of the sillenites Bi25FeO40 and Co/Bi25FeO40 in the presence of peroxymonosulfate. 

These studies elucidated that the presence of the sulfate radical can boost the photocatalytic 

activity of these sillenite materials because the sulfate radical can react with organic 

compounds, such as dyes and pesticides [312]. Because of its high oxidative potential, the 

sulfate radical is particularly powerful in degrading these pollutants, allowing it to break down 
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the chemical bonds in the pollutants and transform them into smaller, less hazardous molecules 

[310,311]. Moreover, the sulfate radical can improve the charge separation and transfer 

processes that occur during photocatalysis, resulting in increased catalyst efficiency. This is 

due to the sulfate radical's ability to behave as an electron acceptor, assisting in the passage of 

electrons from the sillenite material to the contaminants being targeted [310,311]. 

Despite the literature containing studies that tried to enhance the activity of sillenite-

based systems, there is still a lack of exploration of other strategies, leaving a gap in the 

knowledge of these interesting materials. For example, combining sillenite systems with 

fluorine-doped tin oxide (FTO) glass by electrodeposition for photoelectrocatalysis could be a 

potential and great approach for creating hybrid systems with sillenites, as it will not only give 

sillenite materials more efficiency and conductivity but will also give them the advantage of 

acting as a fixed catalyst in the photocatalytic field. As a result, additional research is needed 

to investigate new combinations to produce unique and efficient processes with improved 

qualities and activities. 

 

5. State of the art on the photocatalytic applications of sillenite-based systems 

As seen in the preceding sections, sillenite-based materials have piqued the interest of 

researchers in recent years due to their unusual electrical and optical characteristics, and they 

have been studied in various research in various photocatalytic applications. Furthermore, 

various enhancement techniques have been established to improve the efficiency of these 

sillenite-based materials, and the theory behind them has been explained in previous parts as 

well. It is critical to discuss and show recent advancements in this field and the potential of 

these enhanced sillenite-based to demonstrate the efficiency of sillenite-based materials as well 

as different enhancement techniques used to improve photocatalytic activity. Through a 

comprehensive literature review and summarizing results from recent studies, this section will 

demonstrate the efficiency of sillenite-based materials and highlight the importance of 

enhancement techniques for their successful application in various photocatalytic processes, 

and their efficiency will be compared. 

5.1. Degradation of organic pollutants 

Most of the works in the literature have tested the sillenite-based photocatalysts for 

organic pollutants degradation, especially for Rhodamine B and Tetracycline. Almost all works 

showed high efficiency for different sillenite-based systems in the degradation of organic 

compounds. Table 2 lists linked and recent works that used efficient sillenite-based systems to 

remove organic pollutants. 
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Table 2. Sillenite-based systems for organic pollutants degradation. 

Sillenites-

based systems 
Pollutants 

Pollutant 

concentration 
Light Source Reaction parameters 

Degradation 

efficiency 
Ref. 

Bi12SiO20 Rhodamine B 10 mg L-1 

Xenon lamp, 

300 W, 

λ ≥ 420 nm 

Catalyst dose:  

0.03 g/ 30 mL 

Irradiation time:  

150 min 

80% [145] 

Bi12SiO20 

/Bi2SiO5 
Rhodamine B 10 mg L-1 

Xenon lamp, 

300 W, 

λ ≥ 420 nm 

Catalyst dose:  

0.03 g/ 30 mL 

Molar ratios of Bi/Si: 4 

Irradiation time:  

150 min 

86.0% [182] 

Ag-Bi12SiO20 

/Bi2SiO5 
Rhodamine B 10 mg L-1 

Xenon lamp, 

300 W, 

λ ≥ 420 nm 

Catalyst dose:  

0.03 g/ 30 mL 

Irradiation time:  

150 min 

90% [256] 

Bi12SiO20 

/g-C3N4 
Rhodamine B 10 mg L-1 

Xe arc lamp, 

150 W, 

31.2 W/m2  

Catalyst dose:  

0.1 g L-1 

gCN weight ratios: 5% 

Irradiation time: 74 h 

99.5% [289] 

Bi12TiO20 Cefixime 10 mg L-1 

UVA lamp, 

24 W,  

20 mW cm-2 

Catalyst dose:          

1.5 g L-1 

pH of the solution: 6 

Irradiation time: 4 h 

94.93% [143] 

Polyaniline/ 

Bi12TiO20 
Cefixime 30 mg L-1 

UVA lamp, 

24 W,  

20 mW cm-2 

Catalyst dose: 2 g L-1 

(25% PANI/75% BTO) 

pH of the solution: 6 

Irradiation time: 2 h 

100% [295] 

Bi12TiO20 

/g-C3N4 
Rhodamine B 5 mg L-1 

Xe lamp, 

500 W,  

0.15 mW cm-

2, 

λ ≥ 420 nm 

Catalyst dose:  

0.015 g/10 mL 

BTO/gCN weight 

ratios: 0.5 

Irradiation time: 2 h 

90% [288] 

Bi12TiO20 

/g-C3N4 
Rhodamine B 10 mg L-1 

Xenon lamp, 

500 W 

0.15 mW cm-

2, 

λ ≥ 420 nm  

Catalyst dose:  

0.03 g/30 mL 

g-CN weight: 60 wt% 

Irradiation time: 5 h 

96.9% [286] 

Bi12TiO20 

/g-C3N4 

Rhodamine B 10 mg L-1 

Xenon lamp, 

500 W 

0.15 mW cm-

2, 

λ ≥ 420 nm 

Catalyst dose:  

0.2 g/80 mL 

BTO/g-C3N4 MS mass 

ratios: 20 

pH of the solution: 7 

Irradiation time:        

50 min 

97% [287] 

Bi12TiO20 

/Bi4Ti3O12 
Rhodamine B 10 mg L-1 

Xe lamp, 

350 W  

Catalyst dose:  

1 g L-1   
100% [313] 
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Molar ratio of Bi/Ti: 

12/6 

Irradiation time:  

130 min 

Bi12TiO20 

/Bi4Ti3O12 

/Bi2O3 

17β-estradiol 3 mg L-1 
Xenon lamp, 

500 W 

Catalyst dose:  

0.3  g L-1,   

Molar ratio of Bi/Ti: 6/1 

pH of the solution: 5.8 

Irradiation time:  

100 min 

100% [260] 

Bi deposited 

Bi12TiO20 
Tetracycline 10 mg L-1 

Iodine–

Tungsten 

lamp, 

300 W 

Catalyst dose:  

10 mg/100 mL 

Molar ratio of 

deposited Bi: 0.3 

Irradiation time: 90 

min 

64% [269] 

Bi25VO40 Methylene blue 10 mg L-1 

Xe lamp, 

500 W, 

λ ≥ 420 nm 

Catalyst dose:  

0.05 g/300 mL 

pH of the solution: 7 

Irradiation time: 4 h 

90% [38] 

Bi25VO40 Tetracycline 30 mg L-1 

Xenon lamp, 

300 W, 

λ ≥ 420 nm 

Catalyst dose:  

0.1 g/100 mL 

Irradiation time: 2 h 

60.4% [264] 

Bi25VO40 

/BiVO4 
Tetracycline 30 mg L-1 

Xenon lamp, 

300 W, 

λ ≥ 420 nm 

Catalyst dose:  

0.1 g/100 mL 

Irradiation time: 1 h 

76.1% [264] 

Bi12ZnO20 Cefixime 10 mg L-1 

UVA lamp, 

24 W,  

20 mW cm-2 

Catalyst dose: 1 g L-1 

pH of the solution: 6 

Irradiation time: 4 h 

94.34% [67] 

Bi12ZnO20 Cefuroxime 15 mg L-1 

UVA lamp, 

24 W,  

20 mW cm-2 

Catalyst dose: 1 g L-1 

pH of the solution: 6 

Irradiation time: 4 h 

80% [68] 

Bi12ZnO20 

/ graphene 

Methylene blue 

and Methyl 

orange 

10 mg L-1 

Xenon lamp, 

300 W, 

λ ≥ 400 nm 

Catalyst dose:  

0.1 g/100 ml 

Go weight ratios: 3% 

Irradiation time: 2 h 

96.04 and 

94.52% 
[280] 

Bi24Ge2O39 

Methylene blue, 

Norfloxacin and 

Bisphenol 

5, 10 and 5 mg 

L-1 
Sunlight 

Irradiation time: 100, 

100 and 210 min 

92%, 82% and 

84% 
[241] 

Bi12GeO20 

/Ag2O 
Tetracycline 10 mg L-1 

Xenon lamp, 

250 W, 

λ ≥ 420 nm 

Catalyst dose:  

50 mg/100 mL 

Irradiation time:  

120 min 

65% [255] 

Bi12FeO20 Methylene blue 3.5 mg L-1 
Natural 

sunlight 

Catalyst dose:                

0.25 g L-1 

Irradiation time:   

3h and 30 min 

74.23% [177] 

Bi24Fe2O39 Methyl orange 10 mg L-1 

Xe lamp, 

500 W, 

λ ≥ 420 nm 

Catalyst dose:  

0.05 g/ 50 mL 

Irradiation time: 1 h 

91% [189] 
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Bi25Fe2O39 

/SrTiO3 
Bisphenol A 10 mg L-1 

Natural 

sunlight, 

500 W/m2 

Catalyst dose:  

30 mg/50 ml 

BFO/STO weight 

ratios: 1.5 

Irradiation time: 2 h 

95 % [265] 

Ag3PO4/ 

Bi25FeO40 

/GO 

Rhodamine B 10 mg L-1 

Xenon lamp, 

35 W, 

67 mW cm-2 

Catalyst dose:  

0.1 g/50 mL 

Irradiation time: 75 

min 

96.9% [277] 

Bi25FeO40 

/ peroxy- 

monosulfate 

Levofloxacin 5 mg L-1 Visible light 

Catalyst dose: 1 g L-1 

[PMS/PS/H2O2] = 

0.6750 mM 

pH of the solution: 9 

Irradiation time: 60 

min 

86.5% [310] 

Bi25FeO40 

/g-C3N4 

/biochar 

Tetracycline 20 mg L-1 
Xenon lamp, 

300 W 

Catalyst dose: 1 g L-1 

pH of the solution: 3 

Irradiation time: 60 

min 

92.2% [284] 

Gd and Cr 

Co-doping 

Bi25FeO40 

Rhodamine B 12 mg L-1 

Hg Xe lamp, 

500 W, 

100 mW cm-

2 

Catalyst dose:  

40 mg/50 mL 

pH of the solution: 3 

Irradiation time:  

120 min 

99% [170] 

Bi25FeO40 

/gC3N4 

/carbon 

nanotubes 

Tetracycline 5 mg L-1 

Xenon lamp, 

500 W 

 λ > 420 nm 

50 mW cm-2 

Catalyst dose:  

10 mg/50 ml 

CN/BFO weight ratio: 

1 

Weight of CNT: 0.05 g 

pH of the solution: 5.5 

Irradiation time:        

120 min 

87.9% [285] 

As indicated in Table 2, several sillenite catalysts without any enhancement techniques 

displayed effective removal of a wide variety of pollutants, including basic red 46, basic blue 

41, methylene blue, norfloxacin, cefuroxime, bisphenol A, tetracycline, levofloxacin, and 

ciprofloxacin. Taking an example, Bi12TiO20 showed the ability to eliminate a concentration of 

10 mg L-1 of the cefixime antibiotic in 4h with an efficiency of 94.93%. However, in another 

study, combining the same sillenite with polyaniline was found to be more efficient, where this 

combination totally removed a high concentration of 30 mg L-1 of cefixime within 2 h, showing 

the benefits of combining sillenite with other material types. Numerous research papers 

revealed that there are additional coupled systems with the sillenite Bi12TiO20 besides 

polyaniline, such as Bi12TiO20/g-C3N4, Bi12TiO20/Bi4Ti3O12/Bi2O3 and Bi deposited Bi12TiO20, 

and those catalysts exhibited an efficient removal for rhodamine B, 17β-estradiol and 

Tetracycline, respectively. Bi12SiO20 has also been employed extensively in the literature for 
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the removal of Rhodamine B individually, in heterojunction with Bi2SiO5, and doped with Ag 

in heterojunction with Bi2SiO5 with removing efficiencies of 80%, 86.0% and 90%, 

respectively. Creating a heterojunction interface between Bi12SiO20 and Bi2SiO5, in which 

Bi12SiO20 is excited to form photo-carriers, which then migrate from VB of Bi12SiO20 to CB of 

Bi12SiO20 and onward to CB of Bi2SiO5, effectively avoids photo-carriers recombination, 

considerably improving carrier lifetime and photocatalytic performance. Loading Ag on the 

surface of the heterojunction Bi12SiO20/Bi2SiO5 enhances the capacity to absorb visible light, 

as seen in the UV-visible spectra in Figure 10 (a), where the band gap is reduced from 2.57 

eV to 2.48 eV, which is advantageous for visible light photocatalysis applications. Further 

benefits of loading Ag include its ability to operate as an electron trap, which accelerates the 

migration of photo-generated carriers by preventing photo-generated electron recombination 

[256]. The loading of Ag also influences the separation efficiency of electron-hole pairs. 

Moreover, Ag particles may produce excited electrons under the influence of surface plasmon 

resonance, and the electrons transfer to the adsorbed O2, which can produce radicals with strong 

oxidizing ability [256]. The overall mechanism of this complex system is elucidated in Figure 

10 (b). 

 

Figure 10. (a) UV–visible absorption spectra of Bi12SiO20/Bi2SiO5 and Ag–Bi12SiO20/Bi2SiO5 

(b) mechanism of the photocatalytic system Ag–Bi12SiO20/Bi2SiO5. Reproduced with 

permission [256]. Copyright 2021, American Chemical Society. 

There is also another combination for the sillenite Bi12SiO20 with g-C3N4, which had a 

99.5% efficiency, but the reaction was slow approximately 74 hours. Several other sillenite 

combinations with increased photocatalytic activity have been reported, including Bi25VO40 

and heterojunction Bi25VO40/BiVO4, which revealed that the time of reaction for tetracycline 

degradation using the heterojunction was decreased to half than the sillenite alone. The strength 
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of these heterogeneous systems compared to sillenite alone is due to the greater efficiency of 

light absorption and electron-hole separation, as we showed earlier in the previous part. 

5.2. Reduction of inorganic ions 

For inorganic compounds, most of the work done with sillenite has been on the 

reduction of hexavalent chromium ions (Cr (VI)), available works in the literature are 

summarized in Table 3. In these applications, the hazardous hexavalent chromium ions Cr (VI) 

have been reduced to Cr (III), in order to reduce their danger, as these ions are less hazardous 

than Cr (VI), the mechanism is shown in the section on photocatalytic fundamentals. 

Table 3. Sillenite-based systems for inorganic pollutants reduction. 

Sillenites-based 

systems 
Pollutant 

Potassium dichromate 

Initial concentration 

Light 

source 

Reaction 

parameters 

Reduction 

efficiency 
Ref. 

Bi12CoO20 
Hexavalent 

chromium 
15 mg L-1 

Tungsten 

lamp, 

200 W,  

8.25 mW 

cm-2, 

λ ≥ 630 nm 

Catalyst dose: 1 g 

L-1 

pH of the solution: 

6 

Irradiation time: 3 h 

67% [40] 

Bi12ZnO20 
Hexavalent 

chromium 
30 mg L-1 

UVA lamp, 

24 W,  

λ ≥ 20 mW 

cm-2 

Catalyst dose: 1 g 

L-1 

pH of the solution: 

6 

Irradiation time: 3 h 

77.19% [67] 

Bi12MnO20 
Hexavalent 

chromium 
10 mg L-1 

UV lamp 

20 W, 

0.75 mW 

cm-2, 

λ ≥ 254 nm 

Catalyst dose: 2 g 

L-1 

pH of the solution: 

3 

Irradiation time: 2 h 

80% [43] 

Bi24Ga2O39 
Hexavalent 

chromium 
10 mg L-1 

Dy lamp,  

300 W, 

λ ≥ 400 nm 

Catalyst dose:          

0.5 g/100 mL 

pH: 2.5 

Irradiation time: 

120 min  

100% [125] 

Bi12TiO20 
Hexavalent 

chromium 
50 µmol L-1 

Xenon 

lamp; 

λ ≥ 400 nm 

Catalyst dose:          

0.15 g/100 mL 

pH of the solution: 

3 

Irradiation time: 3h 

64.1% [314] 

Bi25VO40 
Hexavalent 

chromium 
10 mg L-1 

Dy lamp,  

300 W, 

λ ≥ 400 nm 

Catalyst dose:           

0.2 g/100 mL 

pH of the solution: 

2.5 

Irradiation time: 3h 

91.7% [302] 

Bi12TiO20/rGO 
Hexavalent 

chromium 
10 mg L-1 Sunlight 

Catalyst dose: 0.15 

g/100 mL 
82.7% [314] 
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pH of the solution: 

3 

Irradiation time : 3h 

Bi24Ga2O39 /TiO2 
Hexavalent 

chromium 
10 mg L-1 Sunlight 

Catalyst dose:           

10 mg/10 mL 

TiO2  weight: 10% 

pH: 2.5 

Irradiation time: 3h 

95% [234] 

Bi12GeO20 

/g-C3N4 

Hexavalent 

chromium 
10 mg L-1 

Dy lamp, 

300 W, 

λ ≥ 400 nm 

Catalyst dose: 0.3 

g/100 mL 

g-C3N4 weight: 8% 

pH: 2.5 

Irradiation time: 3h 

100% [281] 

Various sillenites such as Bi12CoO20, Bi12ZnO20, Bi12MnO20 and Bi12TiO20 have shown 

the potential to reduce hexavalent chromium, but a study about combining Bi12TiO20 with 

reduced graphene oxide rGO showed that the efficiency of those sillenites can be enhanced, 

where the efficiency of Cr (VI) reduction of Bi12TiO20 was enhanced by adding rGO from 

64.1% to 82.7%. Other combinations, such as Bi24Ga2O39/TiO2 and Bi12GeO20/g-C3N4, have 

also exhibited very high efficiency for reducing Cr (IV), almost complete removal. In the 

Bi24Ga2O39/TiO2 hetero-system, TiO2 was added to create a heterojunction type I to enhance 

the photocatalytic efficiency of the sillenite Bi24Ga2O39 where the efficiency has been improved 

more than double and was faster, as it is demonstrated in Figure 11 (a). The type I 

heterojunction has improved the overall efficiency by accelerating electron transport and 

inducing the photoreduction of surface molecular oxygen to superoxide radical anion (O2 to 

O2
•−). A special addition has been added in this application is the presence of ethanol as a 

scavenger and electron donor to prevent the formation of •OH radicals, as they have the 

potential to re-oxidize Cr-(III) to Cr-(VI) again. The mechanism of this application has been 

illustrated in Figure 11 (b). 

 

Figure 11. (a) the photoreduction efficiency of Cr (VI) using Bi24Ga2O39, TiO2, 

Bi24Ga2O39/TiO2, and without a photocatalyst, (b) proposed mechanism and band structure of 
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the system Bi24Ga2O39/TiO2 for Cr (VI) photoreduction. Reproduced with permission [234]. 

Copyright 2023, Elsevier.  

5.3. Other applications 

The use of Sillenite-based materials, unfortunately, in the inactivation of 

microorganisms was too limited, where only two studies have dealt with this type of material 

for the inactivation of the bacteria Escherichia coli (E. coli). The first work used 

Bi12TiO20/Bi4Ti3O12 thin films, which inactivated E. coli from the concentration of 1.21×108 

CFU mL-1 to less than 1×105 CFU mL-1, under the following conditions temperature of 37 °C, 

UV-A Irradiation and Irradiation time of 48 h [315]. Other work has dealt with the use of Co-

doped sillenite Bi25FeO40 with the presence of peroxydisulfate, however, exposure to 

microwaves without light irradiation [316]. This work reported a very high inactivation 

efficiency where 1-107 CFU mL-1 of E. coli cell density was totally inactivated in the presence 

of 1.0 g L-1 of the catalyst within only 5 min. As can be seen in Figure 12 (a) which shows a 

comparison of different inactivation systems, doping of this sillenite with cobalt and adding 

peroxydisulfate (PDS) and assisting with Microwave (MV) have significantly improved the 

overall efficiency of the system by generating a synergy effect between processes in this hybrid 

process. Figure 12 (b) provides TEM images of E. coli before and after treatment by the hybrid 

system Bi25FeO40/MW/PDS to show the morphological changes. As can be seen, before the 

reaction, E. coli had a complete morphology and a surface resembling a smooth rod. Following 

a minute, bacteria adsorbed on catalyst particle surfaces, creating physical and oxidative 

pressure. Due to the decreased lipopolysaccharide molecules in the cell membrane, membrane 

permeability decreased. The integrity of the cell membrane was destroyed when the response 

time reached 5 minutes, badly harming then inactivating the bacterial cells [316]. Bacterial 

death using the hybrid Bi25FeO40/MW/PDS system was achieved by inactivation, where the 

sterilization effect was found too negligible [316]. Adding a light source in this application can 

effectively increase the efficiency of this process, as sillenites have been already proven to be 

an efficient photocatalyst rather than their role in this microwave-assisted application. This 

proves the efficiency of sillenite material type in inactivating microorganisms. Further efforts 

should be made to this type of material to understand more about their bacterial inactivation 

performance. 
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Figure 12. (a) Inactivation of bacteria in different reaction systems, (c) TEM images of E. 

coli before and after treatment by the hybrid system Bi25FeO40/MW/PDS. Reproduced with 

permission [316]. Copyright 2022, Elsevier.  

There are also limited works on developing sillenite-based photocatalysts for H2 

generation and CO2 reduction. M.A. Basith et al. investigated the H2 production on the sillenite 

hybrid system Bi25FeO40/rGO, and this catalyst exhibited high H2 generation with H2 amount 

reaching 35 ml/g (ml H2/g catalyst) under 4h visible light irradiation with a catalyst dose of 20 

mg/30 mL [278]. As already discussed in the previous sections, H2 production depends on the 

potential energy of CB, where it must be higher than the potential of H2 formation (0 V vs. 

NHE). Because Bi25FeO40 has a potential CB less than 0 V vs. NHE, authors in this work 

combined Bi25FeO40 with rGO, in which a band-shift occurred to the overall system because 

the Fermi energy of pristine graphene is higher than that of Bi25FeO40, making the CB as well 

as VB of the resulting system more suitable for water splitting and H2 production. The energy 

diagram in Figure 13 summarizes the bands of the system Bi25FeO40/rGO compared to other 

systems as well as its relation to water splitting and H2 production. Another work has exposed 

a more efficient sillenite hybrid system with higher efficiency which is Bi/Bi25FeO40-C [317], 

where this study has found that this catalyst can generate a high hydrogen amount of around 

190 ml/g in 5h of visible light irradiation and with a catalyst dose 5 mg/10 mL.  
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Figure 13. Energy band diagram of the system Bi25FeO40/rGO compared to other systems and 

the relation to water splitting. Reproduced under terms of the CC-BY license [278]. Copyright 

2018, M. A. Basith et al, published by Springer Nature. 

For CO2 photoreduction, only a few sillenite-based systems have been used as films, 

which are Bi12SiO20 films [211], Bi12SiO20/BiOBr films [212] and Pd-Supported Bi12TiO20 

films [318]. Bi12SiO20 films showed efficient CO2 reduction, which was demonstrated by 

measuring the quantity of CO after irradiation, with the amount of CO determined to be 50.64 

mol/m2 after 4 hours of sunlight simulator irradiation. A special synthesis method was 

presented in this work to generate Bi12SiO20 films, where a Bi plate's surface was used to create 

the precursor film, which was subsequently used to create the Bi12SiO20 film using an ion-

exchange technique. Figure 14 (a) provides a schematic representation of the synthesis process. 

The films produced by this process have a special morphology, consisting of 12 nm thick 2D 

nano-sheets resembling hydrangea finch coral, as shown in Figure 14 (b). Besides the special 

morphology and synthesis method, the potential of the CB and VB of the Bi12SiO20 films are 

located at 1.14 and 1.32 V, respectively, which are more positive than the potential of H2O/O2 

couple and more negative than the potential CO2/CO, giving this sillenite an advantage in the 

CO2 photoreduction applications. Figure 14 (c) depicts the mechanism of CO2 photoreduction 

into Bi12SiO20 sillenite films. These sillenite films were also been used in another study by 

combining them with BiOBr for enhanced photocatalytic CO2 reduction [212]. The 

Bi12SiO20/BiOBr films also exhibited efficient CO2 reduction to CO, where those films yielded 

around 168.40 mol/m2 after 9 hours of Xe-lamp irradiation, which is 3 times higher than 

Bi12SiO20 films alone, which demonstrates the advantage of creating heterojunction using 
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BiOBr. The sillenite films Pd-Supported Bi12TiO20 also generated a high efficiency of CO2 

reduction, as measured by the rate of formic acid generation, reaching 110 mol/h/g under solar 

simulator irradiation. The analytical approach of by-products differed between the applications 

of Bi12SiO20 films and Pd-Supported Bi12TiO20 films because their reduction products differed. 

As previously stated, the difference in reduction products between catalysts is due to the 

potential of the catalyst's conduction band for each catalyst. 

 

Figure 14. (a) synthesis method (b) SEM image of nano-sheets (c) CO2 photoreduction 

mechanism of Bi12SiO20 film. Adapted with permission [211]. Copyright 2021 American 

Chemical Society. 

Regrettably, no work has been done in photocatalysis for nitrogen fixation employing 

those sillenites; however, there is a paper that employed the Sb-modified sillenite Bi25FeO40 

for nitrogen fixation via electro-catalysis [319]. This hybrid sillenite system demonstrated 

strong electro-catalytic activity, with an average ammonia (NH3) production of up to 2.62 

µg/h×cm-2. This catalyst exhibited high efficiency for N2 fixation by electro-catalysis, 

demonstrating the advantages of this material type in this application, since it has oxygen 
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vacancies in its structure, as previously clarified in the properties section. This shows that these 

materials can be effective for N2 fixation as photocatalysts. 

6. Perspective and Outlook 

According to the research discussed in this review, sillenite crystal catalysts have been 

demonstrated to be promising materials for photocatalytic applications due to their unique 

characteristics and high efficiency. As a result, it is critical to understand more about these 

interesting materials to promote their development. In this section, the perspectives based on 

each section of the review have been detailed for future advances, including crucial ideas for 

the design of more efficient and effective photocatalytic systems. 

           Beginning with sillenite-type material synthesis, improving current synthesis processes, 

or proposing novel approaches to synthesize sillenite-based materials is an important topic of 

material research. As previously stated in the synthesis section, the synthesis technique and 

conditions are crucial in the synthesis of sillenites since they control the morphology and the 

produced phase. Hydrothermal, sol-gel, solid-state processes and co-precipitation synthesis 

approaches have shown potential for creating sillenite materials with high efficiency. 

Nevertheless, advancements in these approaches, such as the use of sonochemical or 

microwave-assisted synthesis, may result in increased efficiency, higher yields, and better 

control over the crystal structure and morphology of the resultant materials. Few studies have 

also demonstrated that the synthesis of sillenite films has several advantages, including the 

avoidance of powder photocatalyst aggregation and an increase in cycle regeneration, as well 

as the ease of usage as a fixed catalyst. As a result, additional research into sillenite films is 

required. Novel methodologies and approaches to the synthesis and design of sillenite-based 

materials are strongly recommended. 

           Sillenites have been the subject of recent research due to their distinctive characteristics, 

with a number of characterization techniques employed for various sillenite crystals. However, 

despite significant progress in characterizing the structural and optical properties of these 

materials, some critical properties, such as their electrochemical properties and electronic 

structure, are still not well understood for the majority of sillenite catalysts. The 

electrochemical properties of sillenites have been covered in just a few papers [40,266]. The 

use of these sillenite materials in developing industries like water treatment plants, energy 

storage and conversion is being constrained by this knowledge gap. To fully realize the 

potential of these materials for a wide range of applications, more study is thus required to 

investigate and clarify their electrochemical behavior. 
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          Although the potential of sillenite-type materials as photocatalysts for different water 

treatments for the degradation of organic molecules and reduction of inorganic ions has been 

examined, there is a lack of application for these interesting materials in other photocatalytic 

applications. The use of sillenite-type materials for additional photocatalytic applications is a 

critical area of research. For example, sillenites have shown potential for use in reducing carbon 

dioxide to make sustainable fuels or chemicals [211,318], and have also shown potential for 

use in water splitting and hydrogen generation [278]; However, those studies were not enough 

to understand and demonstrate the performance of this materials type in these applications. 

Furthermore, a study proved the ability of sillenite-based materials to nitrogen fixation even 

without a light source [319]. As is well explained in this review, sillenite catalysts exhibit 

efficient photocatalytic activity, especially in generating photo-generated carriers, in addition 

to the presence of oxygen vacancies in their structure. As a result, using these photocatalysts 

in nitrogen fixation with a light source will result in substantially better efficiency. As can be 

seen, there is a research gap in these areas, and further research is required. Continued research 

in CO2 reduction, hydrogen generation as well as N2 fixation can lead to new applications for 

sillenite materials and aid in the development of sustainable water treatment and energy 

systems. 

Proposing novel concepts to improve the design of sillenite-based materials to increase 

their efficiency is also a crucial approach for advancement in the photocatalytic area. 

Morphology engineering, doping, heterostructure engineering, and hybrid processes, have all 

been shown to be efficient strategies for improving sillenite photocatalytic activity. Among 

these, S-scheme hetero-junction has been shown to improve the optical and electrical properties 

of the material, leading to higher efficiency in photocatalytic processes, and it has been proven 

that this type of heterojunction has higher photocatalytic activity than other hetero-junctions 

[270]. It has also been demonstrated that S-scheme heterojunction has a synergistic effect 

between the combined catalysts, boosting the overall catalytic activity of the system [320]. 

However, there is still a paucity of research on using S-scheme type hetero-junction, since just 

one study has dealt with this sort of heterojunction. Hybrid processes and materials have also 

shown efficient enhancement for various sillenite catalysts, however, some combinations, such 

as combining sillenite with other materials such as fluorine-doped tin oxide (FTO) glass, have 

not yet been investigated. Combining sillenites with FTO glass will be also an opportunity to 

apply the in-situ electrochemical-ion exchange synthesis method to generate sillenite films and 

apply them for fixed catalyst application same as in the previous paper that discussed the CO2 

reduction using sillenite films [211]. As already demonstrated, sillenite films are particularly 
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effective systems in CO2 photocatalytic reduction applications [211,212,318]. Adding a co-

catalyst or Schottky junction type can also be very beneficial in the case of water splitting, CO2 

reduction, and nitrogen fixation because the position of the conduction band of the catalyst has 

a significant impact on these applications. Applying these strategies to sillenites can change 

the potential energy of the conduction band of these photocatalysts, thereby increasing and 

improving the photocatalytic system's efficiency. Schottky junctions, like S-scheme hetero-

junctions, may generate a synergistic effect between the sillenite and the co-catalyst, which 

assists in enhancing junction efficiency [320]. However, this concept has only been studied in 

one study, which discovered that by adding Bi as a cocatalyst to Bi12TiO20, more hot carriers 

would be generated, improving the productivity of active species [269]. This research is 

inadequate to establish the effectiveness of this method. As a result, research into the 

improvement of sillenite catalysts by co-catalysts for enhanced applications is recommended. 

Continued research into these approaches might lead to the development of novel and enhanced 

sillenite-based systems for effective photocatalytic applications. 

 

7. Conclusion 

Despite the notable surge in interest in employing sillenite-based materials for 

photocatalytic applications over the past few decades, there remains a considerable dearth of 

comprehension regarding these distinctive materials, which necessitates further investigation. 

This research review has investigated the recent progressions made in the use of sillenite-based 

semiconductors for diverse photocatalytic applications, while also elucidating their properties 

and potential as photocatalysts. The fundamental principles of photocatalysis utilizing sillenites 

have been expounded, with a detailed explication of the mechanisms involved in a variety of 

photocatalytic applications. The primary objective of this section is to establish a 

comprehensive comprehension of the relationship between the properties of sillenites and their 

impact on the efficacy of photocatalytic processes. Sillenite crystals do not share the same 

formula and structure, their composition and structure vary depending on the transition metal 

present in the crystal lattice. Thus, an extensive study has been conducted on various types and 

stoichiometries of sillenite, yielding valuable insights into their distinctive characteristics and 

enabling the formulation of general formulas to describe sillenite crystals. 

This research further scrutinized the significance of developing innovative methods for 

synthesizing sillenite-type materials that possess efficient photocatalytic characteristics. An 

overview of the existing synthesis approaches for sillenite-type materials was presented, 
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emphasizing their respective advantages. Notably, hydrothermal, sol-gel, and co-precipitation 

techniques were found to be appropriate for synthesizing sillenite photocatalysts in powder 

form, whereas the Czochralski process, which is utilized to produce large single crystals, was 

found to have several limitations in photocatalytic applications, such as low surface area. 

Synthesis methods that generate sillenite films, such as in-situ electrochemical-ion exchange, 

have also been proven to be promising synthesis methods for generating efficient 

photocatalysts where sillenite films have demonstrated excellent performance in various 

photocatalytic applications, such as CO2 reduction. 

The unique properties and features of sillenite-type materials have been thoroughly 

studied, including unique structure with the space group I23, remarkable optical properties 

characterized by a relatively narrow band gap ranging from 1.66 eV to 2.9 eV, and suitable 

electronic structure for photocatalytic application. A summary of the latest research efforts 

exploring the photocatalytic potential of sillenite-type materials for various applications has 

been presented. It has revealed that these materials are promising as efficient photocatalysts in 

various photocatalytic applications, including the removal of hazardous organic and inorganic 

contaminants, disinfection of microorganisms, water splitting, CO2 reduction, and N2 fixation. 

While significant efforts have been directed towards the removal of organic and inorganic 

pollutants, limited progress has been made in applying these photocatalysts to the other 

aforementioned areas of photocatalytic applications. 

The review has also incorporated the latest developments in the design of photocatalytic 

systems based on sillenite materials. Various strategies have been employed to enhance their 

photocatalytic activity, including hybrid/composite systems, ion doping, hetero-junctions, and 

morphological modification. Of these strategies, hybrid processes, Schottky junctions, and S-

scheme hetero-junctions have proven to be effective approaches for improving photocatalytic 

applications. These approaches modify the overall electronic structure of the photocatalytic 

system, rendering it more suitable for specific applications. 

In the final part, this review paper offers valuable insights and suggestions for future 

research directions in the field of sillenite-based photocatalysis, where several efficient 

combinations for enhancing sillenite catalysts have been proposed, including the combination 

of sillenite films with fluorine-doped tin oxide glass, which can generate effective and 

appropriate fixed catalysts for various applications. Considering the insights gathered from this 

review, it is anticipated that in the future, advanced sillenite photocatalytic systems will be 
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successfully developed to address the energy deficit and environmental concerns. This 

thorough review of sillenite materials for photocatalytic applications may serve as a valuable 

resource for researchers seeking to acquire a deeper understanding of the properties and 

characteristics of these materials for their intended applications. 
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Highlights 

 Recent concepts on various photocatalytic applications have been discussed. 

 Available synthesis techniques for sillenite materials have been covered. 

 Properties of sillenite-type materials have been highlighted. 

 The potential of sillenite crystals as photocatalysts has been explained. 

 Recent findings on using sillenite-based photocatalysts have been summarized. 

 Current approaches for enhancing the efficiency sillenites have been provided. 


