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INTRODUCTION 

 

General description of the work  

The thesis is devoted to the production of micro-/nano-structures containing sulfur and silver 

halides and their testing as photocatalysts and antimicrobial agents. Micro-/nano-structures were 

obtained using the following percentages of components: 90:10 wt. % (S90:AgX (X=Cl, Br, I) 10) 

and 70:30 wt.% (S70:AgX30). The materials were obtained via solvothermal synthesis using two 

methods of sulfur deposition. The physicochemical properties of the obtained micro-/nano-

structures were studied and the most effective composition capable of maintaining photocatalytic 

activity and exhibiting antimicrobial properties was determined. 

The relevance of the work  

Currently, one of the global issues are environmental and energy problems. To solve them, 

modern science is trying to find new materials that will have the versatility and potential to treat 

these problems somehow. More and more research is being devoted to finding new methods for 

obtaining various materials based on semiconductors and doping or combining them with other 

materials to improve their functional properties.  

In particular, silver halides are widely used semiconductors for photocatalysis and 

electrochemistry, since these materials have strong optical adsorption, good photoelectric 

properties, and are sources of elemental silver, the formation of which can lead to improved 

properties. However, due to the limited (albeit high) absorption of visible light, low oxidation or 

reduction ability, and high cost, the use of silver halides is limited[1]. The application of non-

metallic dopants can solve these problems [2]. The use of α-sulfur can make it possible to achieve 

suitable photostability and band edges for photocatalytic processes [3; 4]. In addition, sulfur is one 

of the most common elements with a low cost, having a large number of allotropic modifications 

(second after carbon) and having a number of unique properties – hydrophobic, antibacterial, etc. 

[5].  

Another important environmental problem that poses a threat to the global ecosystem are 

pathogenic microorganisms [6]. Despite the presence of antibiotics and antifungal drugs, the 

number of harmful microorganisms is growing, along with their ability to adapt to the effects of 

drugs. Therefore, the development of new materials that would be efficient against various types 

of bacterial strains is extremely relevant. It is known that sulfur and silver halides are able to 

prevent the reproduction of pathogenic microorganisms, and their combination in one 

multicomponent material can give a synergistic effect. The above-mentioned point to the need to 

obtain a material that would be sufficiently effective for both photocatalytic processes and 
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biomedical applications, and at the same time would be safe for the environment and economically 

profitable. 

Purpose of the work is the preparation of the sulfur and silver halides micro-/nano-

structures and the investigation of their physico-chemical properties, photocatalytic activity, 

antimicrobial and antifungal properties. 

The tasks of the thesis:  

- preparation of the sulfur and silver halides micro-/nano-structures;  

- characterization of the prepared sulfur and silver halides micro-/nano-structures with help 

of physico-chemical methods of analysis;  

- investigation of the photacatalytic activity, antibacterial and antifungal properties of the 

prepared sulfur and silver halides micro-/nano-structures;  

- identification of micro-/nano-structures with the highest photocatalytic and/or antibacterial 

and antifungal activity; 

- development of the principal scheme for producing of the sulfur and silver halides micro-

/nano-structures and the calculation of material balance of the process. 

The object of the study are sulfur and silver halides micro-/nano-structures.  

The subject of the study are the physico-chemical, photocatalytic, antibacterial and 

antifungal properties of the prepared sulfur and silver halides micro-/nano-structures. 

The scientific novelty of the thesis  

In this work, sulfur and silver halides based micro-/nano-structures in DMSO medium were 

obtained for the first time using solvothermal synthesis. For the first time, two methods of sulfur 

deposition from a DMSO medium were proposed: spontaneous deposition at room temperature 

and precipitation by diluting a DMSO solution with water. A hypothesis was put forward 

according to which, the dilution of the studied systems of micro-/nano-structures in DMSO with 

water affects the morphology and size of sulfur grains. The DMSO-water system, due to the 

properties of DMSO as a surfactant forming micelles that envelop sulfur particles and to some 

extent prevent its agglomeration, due to the hydrophobic properties of sulfur. 

For the first time, the obtained sulfur and silver halides based micro-/nano-structures were 

tested as photocatalysts, antibacterial and antifungal agents. The 70 wt. % of sulfur and 30 wt. % 

of silver halides percentage ratio was found to be the optimal composition between the two 

components of the studied micro-/nano-structures. This percentage ratio makes it possible to 

exhibit both solid antimicrobial properties and maintain high photocatalytic activity of micro-

/nano-structures. Composition 70 wt. % of sulfur and 30 wt. % of silver bromide was determined 

to be the most effective for micro-/nano-structure, which is capable of displaying the highest 

degree of photocatalytic and biological activity. 
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Theoretical significance. The results of the thesis expanded the known knowledge in the 

field of material science, solvothermal synthesis of materials based on sulfur or silver halides and 

their application in photocatalysis and microbiology. 

Practical significance. The developed micro-/nano-structures have prospects as potential 

candidates for universal application both for conducting photocatalytic processes and for 

combating harmful microorganisms. 

The main provision for the defense: 

1) The synthesis of sulfur and silver halides micro-/nano-structures effectively takes place 

in a DMSO medium at 120 ° C and, due to the high positive dependence of the solubility of sulfur 

in DMSO on temperature, excess sulfur precipitates when the reaction mixture is cooled to room 

temperature, while a highly supersaturated sulfur solution is formed over the precipitate, and it 

dilution  leads to the formation of a heterogeneous system consisting of sulfur microparticles 

coated with grains of silver halides of smaller sizes. 

2) The application of the method of sulfur precipitation by cooling the reaction mixture for 

12 hours to room temperature during the synthesis of micro/nano-structures leads to the formation 

of irregularly shaped sulfur particles with a size of 20 to 50 μm, and the application of the method 

of sulfur precipitation from a supersaturated solution by diluting the reaction mixture with water 

gives irregularly shaped sulfur particles with a size of 10 to 25 μm. 

3) Micro-/nano-structures with the 70 wt. % of sulfur and 30 wt. % of silver bromide 

composition represented by the greatest photodegradation ability of the Orange II organic dye 

(C16H11N2NaO4S), decomposing about 90 % of the dye molecules when exposed to visible light 

(λ≈ 380-760 nm, I = 15 mW/cm2) for 3 hours. 

4) Micro-/nano-structures with 70 wt.% of sulfur and 30 wt. % of silver chloride/bromide 

composition have the greatest ability to suppress pathogenic microorganisms such as S.aureus 

ATCC 6538-P, C.albicans ATCC 10231, E.coli ATCC 8739, P.aeruginosa ATCC 9027, 

E.Amylovora, S.aureus ATCC BAA-39, E.coli ATCC BAA-196. 

The personal contribution of the author of the study consists in the analysis of available 

literature data on the topic of the thesis, performing experiments on the synthesis of sulfur and 

silver halides micro-/nano-structures, photocatalytic, antibacterial and antifungal properties study 

of the obtained micro-/nano-structures. 

Contribution to scientific publications writing: investigation, validation, data curation, 

methodology, writing – original draft, review, editing.  

Approbation of work 

The results of the thesis were reported and discussed at international scientific conferences, 

such as the XVII International Conference "Resource-reproducing, low-waste and environmental 
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technologies of subsoil development", Kazakhstan, Aktau, - 2018; "Nanomaterials and 

Technologies - VIII", International Level, Russia, Buryat State University named after Dorzhi 

Banzarov, - 2019; "X International Beremzhanov Congress on Chemistry and Chemical 

Technology", Kazakhstan, Almaty, - 2019.  

Publications 

The main results on the topic of the thesis are presented in 9 publications, including: 

- one article in an international journal with a non-zero impact factor (IF=7.392, Q1) 

according to the Web of Science database;  

- one article in an international journal included in the Scopus database;  

- three articles in scientific journals recommended by the Committee for Quality Assurance 

in the Field of education and Science of the Ministry of Education and Science of the Republic of 

Kazakhstan; 

- one patent on utility model of Republic of Kazakhstan; 

- three abstracts at international conferences.   

Relation of the thesis with research and government programs  

The dissertation was carried out within the framework of program-targeted funding of the 

Ministry of Education and Science of the Republic of Kazakhstan (BR05234566), a scientific 

project of the Ministry of Education and Science of the Republic of Kazakhstan (AP08855868). 

Also, certain research results were obtained thanks to the Institute of Geotechnics of SAS (Košice, 

Slovakia) and IGM SB RAS named after V.S. Sobolev (Novosibirsk, Russia). 

Volume and the structure of the thesis  

The thesis is consisting of introduction, four sections, conclusions and a list of references. 

The work is presented on 110 pages, contains 43 figures, 15 tables, and 304 bibliographical 

references.   
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1 LITERATURE REVIEW 

 

1.1 Synthesis of silver halides based multicomponent materials  

Multicomponent materials based on silver halides are of great interest to science and 

technology [7]. Multicomponent materials mean generalization of all existing systems such as 

composites, nanocomposites, nanostructures, heterostructures, micro/nano powders and others. 

The synthesis methodology plays a vital role in fabrication of such materials [8]. There are many 

methods for obtaining multicomponent materials based on silver halides; however, it is possible 

to distinguish five most common approaches: deposition-precipitation [8–14], ultrasound [12; 15–

28], hydrothermal [15, 22–24], solvothermal [32–38] and mechanochemical [39–47] methods.  

1.1.1 Deposition-precipitation synthesis  

One of the most popular methods is deposition-precipitation, which commonly used for 

emplacement of metal, metal oxides, metal sulfides or metal hydroxides onto support materials 

(carriers) [9]. Usually in this approach the deposition of active particles onto carriers in suspension 

is used [9]. For the reaching of the precipitation there are three most commonly used methods: pH 

increase, reduction and ligand removal [8]. In the case of silver halides there are should be the 

source of Ag+ and X‒ (X = Cl, Br, I) ions and other materials (kaolin, cellulose, graphitic carbon 

nitride g-C3N4, titanium oxide TiO2 and others [8–22]), that can serve as carriers. There are 

numerous of research works devoted to the production of nanoparticles, nanocomposites, 

composites, heterostructures etc.[8–22]. In this method AgNO3 serves as source of Ag+ ions [8–

17]. For obtaining of the X- ions the most commonly used reagents are NaX or KX [10–14], and 

rarely cetyl thrimethylammonium chloride, bromide or iodide (CTAC, CTAB, CTAI) [15–17; 20; 

21]. In addition, an alkali media can be used for limitation the number of nucleation sites for AgX 

and it homogenous distribution.  

The advantages of the method are simplicity and the fact that precipitation requires less 

supersaturation than the formation of a new phase directly from the liquid [30]. Moreover, 

supersaturation can be controlled at a constant moderate level, by gradually adding a precipitating 

agent [30]. However, the method also has a number of disadvantages, which include the need for 

careful control of the rate and order of adding substances, and also the rate stirring and pH of the 

system must be controlled [30]. 

1.1.2 Ultrasound-assisted synthesis  

The ultrasonic method is one of the recent synthesis methods that was discovered by 

scientists [23]. Sonochemistry originates in extreme transient conditions caused by ultrasound, 

which creates unique hot spots that can reach temperatures above 5000 K, pressures over 1000 

atmospheres and heating and cooling rates over 1010 K s−1 [24]. This method makes it possible to 
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obtain various systems and materials. One of such systems is samples based on Ag and AgX [25–

28]. In this method various techniques are used. For example, it can be simple one-step ultrasound 

process without additional thermal or reducing treatment, in which the solution of AgNO3 serves 

as source of Ag+ and as Cl- source the solution of NaCl or KCl is used (the solution can be prepared 

in water or organic solvents). Also can be used additional substances as  shape-directing agent [25] 

or pH-control-agent [27]. Sometimes for formation of multicomponent materials the introduction 

of commercial AgX and subsequent sonication with other components is used [28].  

Like other methods, ultrasound has advantages and disadvantages. In comparison with 

traditional energy sources, ultrasonic irradiation provides special reaction conditions, such as a 

short duration of sufficiently high temperatures and pressures in liquids that cannot be obtained by 

other methods [32]. However, more and more studies indicate that this method is conditioned by 

the expansion of the range of problems, the presence of inefficient energy dissipation as well as 

low yield [23].  

1.1.3 Hydrothermal synthesis 

The hydrothermal synthesis method is a process of obtaining various substances (materials) 

using hydrolysis reactions at high temperatures [23]. The method is considered hydrothermal if 

water is used as a solvent [33]. The basis of the method lies in the process of crystallization from 

a solution, namely the formation of crystal nuclei and their subsequent growth. [23; 33]. Usually, 

this method is accompanied by the use of the special equipment as autoclaves [34; 48]. 

Hydrothermal method is one of the common methods for production of materials based on AgX 

[34–38; 48–53]. Here, AgNO3 is used as source of Ag+ [34–38; 48–53] and X- can be obtained 

from the different precursors: 1) metal halides (FeCl3, NaCl, SnCl2 [34–38]); 2) hydrochloric acid 

(HCl) [49–52]; 3) CTAC, CTAB, CTAI [48; 53]. The method is also represented by advantages 

and disadvantages. The main advantages are that it is possible to obtain substances that are unstable 

closer to the melting point and that it possible to synthesize large crystals of high quality. As for 

disadvantages, it is necessary to have expensive equipment and constant monitoring of temperature 

and pH is necessary [23]. 

1.1.4 Solvothermal synthesis 

Solvothermal method of synthesis is close to hydrothermal and was discovered in the 19th 

century. In the 20th century, this method gained popularity again thanks to nanotechnology [33]. 

If instead of water other solvents are used, then the process is considered solvothermal [33; 54]. 

Another feature of this method is using of different vessels in which the temperature of the solvents 

can reach their critical point [62]. Today, this method of synthesis is not limited only to autoclaves, 

as also various reactors or thermostats are used, which can ensure the maintenance of certain 

reaction conditions [55–58]. Solvothermal method is widely used for obtaining of multicomponent 
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systems based on AgX [18; 59–68]. Usually, in this method AgNO3 serves as source of Ag+ [6; 

18; 60–63; 66–72]. Less often, for these purposes, silver acetate (CH3COOAg) [69] or methylene 

dichloride (CH2Cl2) can be used [72]. As for X‒ ions sources, KX or NaX are used more often [6; 

18; 61–70; 72; 73], and also in some cases, a halogen gas atmosphere [59; 61], CTAB [67; 69] or 

FeCl3 [65] (in case of obtaining iron containing system) and TiCl4 (in the case of obtaining TiO2 

containing systems) are used to produce AgX systems. This method is represented by the same 

advantages and disadvantages as hydrothermal. The pros of the method is ability to obtain unstable 

materials, obtaining of the crystals of high quality and the diversity of available solvents [57; 58]. 

As for cons, they include the high cost of equipment, the complexity of designing installations, as 

well as the limited stability of organic solvents [57; 58].  

1.1.5 Mechanochemical synthesis 

Mechanochemical method of synthesis is a process based on mechanical forces, including 

deformation and fracturing [74; 75]. This method is used special equipment such as high-energy. 

The flowing of the chemical reactions is caused by influence of mechanical energy, supplied by 

milling of the materials [75]. Mechanochemistry is diversified; with help of this method catalytic 

and complex reactions can be conducted and polymers, simple and multicomponent systems or 

nanocomposites can be prepared [74–77]. Also multicomponent materials based on AgX can be 

obtained by mechanochemical method [39; 41–47; 78]. Different techniques of producing AgX 

can be applied, namely milling of solid reagents like AgNO3 and NH4Cl (NaBr) in the presence of 

diluent for obtaining of the AgX nanoparticles [39; 41; 78] and subsequent photoreduction for 

formation of Ag0 and final AgCl/Ag nanocomposite [42]; milling of the solid AgX with liquid 

polymer (this technique is also called polymer assisted grinding [43]) [44]. According to [39; 41; 

78], using of the diluent allows to get smaller particles of AgX. The main advantages of the 

mechanochemical synthesis are simple and available equipment, the high yield of product, method 

can avoid the formation of side products or decomposition of reactants [43]. In addition, for the 

implementation of mechanosynthesis, the use of solvents, extermelly high temperatures and 

organic precursors is not required. As for disadvantages, it is long time reactions, difficulty in 

selecting reaction modes and lack of knowledge in this field [43].  

 

1.2 Synthesis of sulfur based multicomponent materials 

Different systems based on sulfur are highly prospective materials, which can be used in 

various fields [79–89]. There are numerous synthesis methods and in this chapter will be given the 

most used approaches and techniques. Pronciples selected in the previous paragraph, the methods 

were mentioned. If the method is repeated, then its principle and description will be omitted in this 

section. 
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1.2.1 Microemulsion based synthesis 

Microemulsion method of synthesis one of the most applicable methods for producing sulfur 

nanoparticles [79–83] This method is attractive due to its ability to produce monodisperse 

nanoparticles [79] and regulate its growth [82]. There are two types of microemulsions that differ 

from each other in the ratio of the constituent components as well as the hydrophilic-lipophilic 

balance [79; 80; 82; 83]. The first type of microemulsion is called water-in-oil (W/O) or reverse 

microemulsions – when the hydrophilic parts of the surfactant molecules are adsorbed on the 

surface of the water, while the hydrophobic parts of the molecule are directed to the oil [79; 80; 

82; 83]. The second type is oil-in-water (O/W) microemulsions – when the lipophilic parts of the 

surfactant molecules are collected on the surface of the oil, while the hydrophilic parts of the 

molecules are in the water side [79; 80]. The first method is more popular for the production of 

sulfur nanoparticles and sulfur containing multicomponent systems [79–89]. In this method the 

source of oil phase is necessary, usually it is cyclohexane [79; 81–86] and other substances like 

octane, paraffin etc. [87–89]. There should also be the surfactant and co-surfactant (e.g. SPAN 80, 

TWEEN 80, CTAB, 1-butanol) [79; 81–89]. Hydrogen sulfide (H2S) and polysulfides (Na2Sx, 

CaSx, (NH4)2Sx) are usually used as a source of sulfur [79–89]. The advantages of this method 

include simplicity of the experiment as design, exclusion of extreme reaction conditions and the 

ability to control the growth and size of particles [23; 79]. As for disadvantages it requires a large 

amount of surfactants, necessity of temperature and pH maintenance, and the use of substances 

with high melting point that are represented by limited solubility [23].  

1.2.2 Electrochemical synthesis 

Electrochemical method of synthesis is method in which the flowing of the process possible 

due to the passing of the electric current between cathode and anode (there are can be more than 

two electrodes) in an electrolyte [90]. Electrochemical synthesis takes place at the interface of the 

electrolyte, which also serves as electrode [90]. The method is attractive because an 

electrochemical reaction can produce products that cannot be formed as a result of a chemical 

reaction [79; 90]. Usually, in this method the deposition of the product occurs on the surface of 

the electrode in form of film or coating [90]. Sulfur containing multicomponent materials can also 

be obtained by electrochemical method [79; 91–97]. The processes of the electrolysis and 

electrolytic cell are mostly used [91–93]. These approaches are based on using of the graphite 

electrode, which performs the function of the counter electrode and on the solution of the 

electrolytes, which also plays role of the source of sulfur [79; 91–97]. As for other electrochemical 

approaches of obtaining sulfur containing materials, electrochemical exfoliation [90], 

electrochemical oxidizing/reduction [90; 95; 96] and electrochemical convention [97] can be 

highlited. 
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As for the advantages of the method, the process does not require high temperatures, and its 

kinetics and thermodynamics can be controlled by changing the cell potential [90]. The 

disadvantages is that electrochemical synthesis gives disordered products at the output, together 

with amorphous impurities [90]. 

1.2.3 Mechanochemical synthesis  

Mechanochemical method of synthesis is also widely used for of obtaining the sulfur based 

materials (composites, nanocomposites, systems etc.). As previously mentioned, high-energy mills 

are used in this method. The source of sulfur is usually elemental sulfur [98–101]. There is a 

technique that uses a combination of two methods. First, one or more components of a complex 

system are obtained, and only then under certain conditions milling is carried out in mills. For 

example, [102], carbon nanotubes are obtained by oxidizing them with acidic conditions, and after 

that the elemental sulfur is subjected to mechanical impact together with the nanotubes to obtain 

the final product. In [98], to obtain a sulfur-zero-valent iron (S-ZVI), ZVI is first obtained from 

reduced iron and sodium persulfate, and after obtaining ZVI, it is milled with sulfur. However, the 

most commonly used approach in mechanosynthesis is the mixing of raw materials with each other 

[99–101]. There may be its own peculiarities and conditions, as for example in [99; 100], where a 

diluent and a catalyst are used to obtain sulfur particles, but the mixing of the components is 

preformed in one step. In [101], under special stoichiometric conditions and taking into account 

the chemistry of the initial substances, milling is carried out on a large scale. In addition, 

mechanosynthesis can be carried out both in an inert environment, for example, in argon [98; 101], 

and under ambient conditions [98–100]. 

1.2.4 Hydrothermal synthesis  

Sulfur containing multicomponent materials are commonly obtained by hydrothermal 

method. In this method as sulfur source different substances can serve, but more popular technique 

is using of elemental sulfur and dissolving it in in water [103–106], small amounts of carbon 

disulfide (CS2) [107], or DMSO with participation of water in the process [108]. Here using 

nonwater solvents is necessary for full passing of sulfur into solution, because it can not to be 

dissolved in water [107–109]. Thiourea (CS(NH2)2) also can serve as precursor of sulfur [110; 

111], which is usually dissolved in water. There is also a reaction (1) by which it is possible to 

obtain sulfur: when sodium thiosulfate (Na2S2O3) and hydrochloric acid (HCl) react, sulfur 

precipitates [112]. In addition, there are rare cases of using other sources of sulfur to produce 

composites, nanocomposites, systems, heterostructures, etc., like methionine [113] or L-cycteine 

[114]. 

Na2S2O3 + 2HCl → 2NaCl + H2O + SO2↑ + S↓              (1) 
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1.2.5 Solvothermal synthesis 

The solvothermal synthesis is one of the most applicable methods for producing sulfur 

nanoparticles [82]. Most often, elemental sulfur serves as a precursor for the production of sulfur 

and DMSO, N-methyl-2-pyrrolidone (NMP), isopropanol, CS2 are used as solvents [82]. When 

obtaining multicomponent systems, the process may become more complicated, but the pronciple 

remains the same. Here, the most common solvent for sulfur is CS2 [82; 115; 116]. However, other 

solvents are also used, and also doping is applied. For example, in [117], to obtain sulfur-doped 

bismuth oxychloride (BiOCl), sulfur is uniformly dispersed in this substance at high temperature 

in an autoclave. Acetone can also be used as a solvent to produce a sulfur doped composite [118]. 

Also thioacetamide (CH3SNH2) can be used as a source of sulfur [85]. In addition, for the same 

aims Na2S2O3, can be used, which is affected by HCl, where the reaction (1) also takes place [85]. 

After that, to obtain multicomponent system, a solvothermal approach is used to mix all the 

components of a complex system [85].  

General information about the advantages and disadvantages of the synthesis methods 

mentioned above is given in Table 1. 

 

Table 1 – Advantages and disadvantages of the methods of synthesis, that are used for producing 

of the multicomponent materials based on AgX and sulfur [8-117].   

 

Synthesis Advantages Disadvantages 

1 2 3 

Deposition-

precipitation  

Simplicity; 

Precipitation requires less 

supersaturation.  

Necessity of constant control 

of the process (rate and order 

of the adding of reactants, rate 

of stirring, pH). 

Ultrasound-assisted  The method gives specific 

conditions that other methods cannot 

give. 

Presence of inefficient energy;  

Low yield.  

Hydrothermal  Possibility to obtain substances that 

are unstable closer to the melting 

point;  

Possibility to synthesize large 

crystals of high quality.  

Expensive equipment;  

Necessity of constant control 

of temperature and pH.   
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Continuation of Table 1 

1 2 3 

Solvothermal  Ability to obtain unstable materials; 

Obtaining of the crystals of high 

quality;  

The diversity of solvents. 

 

The high cost of equipment;  

The complexity of designing 

installations; 

Limited stability of organic 

solvents. 

Mechanochemical  Simple and available equipment;  

The high yield of product;  

Avoiding of the formation of side 

products; 

Avoiding of the decomposition of 

reactants.   

Contamination;  

Difficulty in selecting reaction 

modes;  

Lack of knowledge in this field. 

Microemulsion Simplicity of the experiment design;  

Exclusion of extreme reaction 

conditions,  

Ability to control the growth and size 

of particles.  

Requires a large amount of 

surfactants; 

 Necessity of temperature and 

pH maintenance;  

Substances with high melting 

point are represented by limited 

solubility.  

Electrochemical The process does not require high 

temperatures;  

Kinetics and thermodynamics of the 

process can be controlled by changing 

the cell potential. 

Gives disordered products with 

amorphous impurities at the 

output.  

 

 

1.3 A brief introduction to DMSO and its application  

1.3.1 A brief introduction to DMSO 

DMSO was firstly obtained back in 1867 by the scientist Alexander Zaytsev [119; 120]. 

DMSO can be obtained by extracting it from lignin or a binding substance of trees, and by the 

dimethyl sulfide oxidation reaction [121]. This substance has been used for a long time for various 

purposes, due to its special properties [119–124]. The structure of DMSO is shown in Figure 1, 

where a sulfur atom (yellow color) is surrounded by one oxygen atom (red color) and two carbon 

atoms (grey color), from which three hydrogen atoms (white color) are located in three directions.  
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DMSO is an odorless, tasteless and colorless liquid, with high polarity, low toxicity, that 

exhibits an aprotic nature [119; 121–123]. However, there are studies which report that this 

substance has a straw-yellow color and a characteristic smell resembling garlic; this type of reagent 

is usually referred to as technical, and the presence of odor and color is explained by the presence 

of dimethyl sulfide [123]. DMSO is very often used in thermal processes, since it has a fairly high 

boiling point (189 °C) [119; 120]. It can also serve as a source of carbon, sulfur and oxygen in 

chemical reactions [119]. Another feature of this material is that it is capable of dissolving both 

polar and non-polar substances, which, in turn, indicates the possibility of using this compound in 

many synthesis processes [119–123]. In addition, DMSO is a fairly cheap material, which indicates 

the availability of its application [119]. 

 

 

 

Figure 1 – The structure of DMSO molecule 

 

1.3.2 Application of the DMSO in different fields of science and technology  

DMSO is widely used in medicine and in other areas close to it. For instance, in drug 

production DMSO is used due to its high penetration ability [124], because it can pass through 

placenta, blood-brain barrier and even bladder wall [120]. There are studies that are devoted to the 

investigation of the effect of DMSO on the ability to inhibit a group of cell lines [125; 126]. These 

studies have shown that an increase in the concentration of DMSO in acceptable doses leads to 

positive results for particular biological cell line. According to [127; 128], DMSO promotes faster 

healing of surgical sutures and it is also used in skin care, scar treatment and pain relief. It is used 

as the vehicle control-of-choice in in-vitro and in-vivo studies [123]. This organic solvent is 

actively used in microbiology; as it helps to measure microbial activity [129–131]. For a more 
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comprehensive introduction to the use of DMSO in medicine and related fields, it is possible to 

refer to Figure 2, where the data are schematically presented. 

Other field of application of the DMSO is agriculture. Usually, it is used for preparation of 

solutions and serves as additional tool [132–135]. In [132], DMSO was used as extractor for 

extraction of the chlorophyll from lentil leaves. It performance was compared with acetone and 

ethyl alcohol. Results revealed that DMSO is better extractor of chlorophyll. In addition, DMSO 

is used for treating vegetables, e.g. in work [133], carrot was treated with it. As a result, DMSO 

treated samples were larger in length and weight than the control samples. However, there is a 

study that considers the negative effect of DMSO [134]. The hydrogel, which was obtained by 

using a water solution with the addition of DMSO showed an adverse effect. Thus, the state of the 

soil changed after the use of such hydrogels, as there was a modification of polysaccharides in the 

soil. In work [135], fruit trees were treated with a low-concentration DMSO solution with various 

additives, cultivated, and then fruit extracts were obtained, which were examined for toxicity to 

microorganisms. DMSO has high prospects for use in agriculture due to its cheapness and 

accessibility. 

 

 

 

Figure 2 – The scheme of the application DMSO in medical fields  
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Organic synthesis is another area in which DMSO is widely used. The variation of organic 

synthesis is extremely huge. In this process DMSO is used as a source of the following radicals or 

synthons:        — CH3, — CH2—, — CH —, — CHO, — CN, — SMe, — SO2Me [136]. As can 

be seen, DMSO can be a source of many organic groups, in addition to the previously mentioned 

carbon, oxygen and sulfur [119]. Due to its versatility, DMSO is applicable in many well-known 

reactions such as Swarm, Parkih-Doering, Pfitzner–Moffatt and others [136; 137]. As example of 

using DMSO in organic synthesis, obtaining of D-melanin from the L-3,4-dihydroxyphenylalanine 

(L-DOPA) by oxidizing it can be mentioned [138]. The study of the reaction mechanism showed 

that DMSO undergoes an oxidation process, and the phenolic oxygen of melanin is sulfonated. D-

melanin, after being obtained by this method, became insoluble after nucleophilic substitution of 

sulfonate groups [138]. In some cases, DMSO can serve as a catalytic system, thus in work [139] 

the KOH/DMSO system played the role of a superbasic catalytic system in the preparation of vinyl 

esters. Or it can be used in  catalyst-free synthesis, like in study [140], where cyanohydrin 

carbonates were obtained from aldehydes. Products obtained in the process of organic synthesis in 

the presence of this reagent are usually used in pharmaceuticals, the production of dyes and 

agrochemicals [136].  

DMSO is also widely used in inorganic synthesis. Here DMSO can play several roles. It can 

act as a common solvent, like in [141], where organic-inorganic perovskite (CH3NH3PbI3) films 

were produced via spin coating approach. In [142], inorganic perovskite-related cesium lead 

bromides (Cs4PbBr6) were synthesized in water-dimethylsulfoxide-dimethylformamide (H2O-

DMSO-DMF) systems. Perovskites, in turn, are used in the conversion of solar energy [141; 142].  

DMSO can act as a source of ligands for the formation of complex compounds of platinum group 

metals. For example, in studies [143; 144], complex compounds of the 

[Ph3PhCH2P]+[PdCl3(DMSO)]− DMSO, [Ph4P]+[PtCl3(DMSO)]−, [Ph4P]+[PtCl3(DMSO)]− etc. 

types were obtained by mixing the initial components and concentrating them in DMSO. Complex 

compounds [M(DMSO)6][BnHn] (M = Zn(II), Cd(II)) types can be also obtained by the same way 

[145]. The complex compounds mentioned earlier are interesting for science from the point of 

view of the structure, formation and chemistry of the process, since they are poorly investigated 

and the studies on this topic is very rare[143–145]. 

In addition to the mentioned fields of application of DMSO, it is used in analytical chemistry 

[146; 147], physical chemistry [148; 149], electrochemistry [150] and photocatalysis [151; 152] 

to study the kinetics of reactions. DMSO is one of the most commonly used reagents for studying 

kinetics, since it can be used to easily and visually study the reaction mechanism. For this purpose, 

the OH attack reaction to DMSO is usually used (OH + (CH3)2SO) [146; 147].  
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1.3.3 Application of the DMSO in production of the multicomponent materials 

In previous section brief details of application of DMSO in organic and inorganic synthesis 

were given. In this sub-chapter a short information about the most common multicomponent 

materials prepared with help of DMSO will be given.  

The variety of the multicomponent materials, which can be produced with using of DMSO 

is extremely high. A big class of the multicomponent materials prepared with application of 

DMSO are materials based on kaolinite [153–156]. In the synthesis procedure kaolinite is 

impregnated in DMSO for modification and intercalation. Then it is washed (usually by methanol 

and the pores of the clay are doped with different components [153–155]. In [154], kaolinite is 

doped with Ag nanoparticles. The interlayer basal spacing can be explained by using special 

techniques (using of different solutions). Thus, in [155], DMSO–MeOH and potassium acetate 

(KAc)-aqueous systems are used for process of expanding and after that modified material is used 

for obtaining of polymethyl methacrylate (PMMA)-kaolinite intercalation composite. For 

obtaining of such composites PMMA or polystyrene (PS) polymers obtained by emulsion 

polymerization can be used [155; 156]. In general, kaolinite is used in these processes because it 

is an environmentally friendly material, it does not swell in water and it is possible to change the 

interlayer space between the layers (pores) of this clay [154]. 

DMSO can be also used as the media or solvent for dissolving polymers, to obtain complex 

polymer suspensions [157; 158]. Polymers are often dissolved in DMSO and can form complex 

systems, which consist of polymeric part and inorganic [157] or mineral part [153–155]. For 

instance, in [157] using DMSO as a solvent in the process of peroxodisulfate-induced 

polymerization of aniline improved the stability of the obtained polyaniline (PANI). Or DMSO 

can be used for obtaining of composite films from polyacrylonitrile (PAN) with GO, with high 

stability and electrical resistivity [158]. There can also be the alliance of polymer Poly(aniline-co-

o-toluidine) and TiO2, which form nanocomposite coatings. In this study the co-polymer, 

nanocomposite and homopolymer were dissolved in DMSO [159]. The other polymers, that can 

be used for obtaining of multicomponent materials by dissolving it in DMSO are PS [160], poly(1-

vinyl-1,2,4-triazole) (PVT) [161], polyvinyl alcohol (PVA) [162] and others.  

One of the most popular applications of DMSO in the synthesis of various multicomponent 

systems is its use as a solvent. The composition of the systems can be very defferent. It can be 

bismuth/bismuth oxybromide (Bi/BiOBr) composites prepared through one-step facial 

solvothermal approach [163]. In study [164], organic-inorganic nanocomposite based on Ag and 

polymers was prepared, with using DMSO and DMF not only as solvent, but also as a reducing 

agents of the Ag0 ions. It large group that is represented by multicomponent systems based on 

graphene [165; 166]. Their diversity is large, however, most often oxides, sulfides or selenides of 
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metals are used to obtain these materials. From the oxides tin oxide (SnO2) [165; 166] or 

manganese (II, III) oxide (Mn3O4) [167] can be mentioned. As examples of the sulfides and 

selenides, cadmium sulfide [168] and cadmium selenide [169] can be named.  

All the mentioned materials are represented by a set of specific properties, which makes it 

possible to use them in various fields of science and technology. 

 

1.4 Application of silver halides based multicomponent materials in photocatalysis 

Before starting the discussion about the application of AgX in production of photocatalysts, 

a brief introduction regarding the reasons of these use should be given This chapter consists of 

general and basic information, and enumeration of substances used to produce multicomponent 

materials based on AgX for the processes of photocatalysis. Photocatalysis is extremely rich field 

of chemistry and gives possibility to purify waters and air, conduct the reduction of CO2, suppress 

microbes and produce H2. In general, photocatalysis is the process which caused by the flowing of 

chemical reactions under solar or visible light irradiation. AgX-based photocatalysts are actively 

studied and produced by scientists around the world.  

AgX are inorganic compounds of crystalline form that exhibit the properties of 

semiconductors [34; 170]. These substances have different colors: silver chloride - white crystals; 

silver bromide - light yellow crystals; silver iodide - yellow crystals. They are represented by a 

positively charged Ag+ ion and negatively charged X- ion. AgX are highly photosensitive and 

applied in photographic film [170; 171]. The using of AgX solution for recording of a photo images 

dates back to 1720 [171]. Among many components, AgX play one of the most important roles in 

the formation of color photographs. The color film is a multilayer material with layers of gelatin 

on the surface of which the particles of AgX impregnated with various agents are present. During 

the exposure and development of the film, AgX particles are dissolved and removed from the 

gelatin layers. These same particles undergo a photolysis reaction (2) under the action of light and 

form silver atoms [171]:  

Ag+ Cl- → Ag0 + X0 [172]                 (2) 

The key point of the photocatalytic activity are the presence of the semiconductor properties 

and the ability to create electron-hole pairs by phocatalysts under light irradiation [172]. After 

Fujishima and Honda discovered in 1972 that TiO2 is capable of splitting water under the influence 

of light, there was a big leap in the development and production of new photocatalysts [173]. 

However, TiO2 has a wide band gap (~3 eV), which indicates that no more than 5 % of all sunlight 

can photoactivate this compound and the absorption edge of this metal oxide is below 400 nm 

[174]. Scientists are faced with the task of increasing the efficiency of TiO2 (by narrowing band 

gap) that will be able to overcome ultra violet (290-400 nm) and visible (400-700 nm) radiations 
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[174]. This goal was achieved using various methods, for example, doping TiO2 with an anion or 

metal [174]. Numerous studies have shown that an increase in absorption does not always lead to 

an increase in the efficiency of the photocatalyst. This happens because the electrons and holes 

obtained during the photoreaction annihilate, forming so-called recombination centers. Moreover, 

these transformations occur before electrons and holes take part in a chemical reaction on the 

surface [174]. Thus, all this lead to an inefficiency of the TiO2 photocatalysts [174]. Therefore, 

there is a need to develop materials that will be sensitive to the effects of visible light. AgX are 

able to demonstrate photocatalytic activity under visible light irradiation, even if their band gap is 

larger than visible light edge [175]. The band gaps of the AgX are given in Table 2.  

 

Table 2 – The values of the band gaps of the AgX.  

 

Silver halide (AgX) The band gap (eV) 

AgCl 3.00 – 3.28 [176; 177] 

AgBr 2.60 – 2.80 [176; 177] 

AgI 2.33 – 2.40 [177] 

 

Thus, AgX are of great interest due to the photosensitivity and subsequently photocatalysis. 

The manifestation of photocatalytic activity is due to many factors, the most important ones 

include the method of production, morphology and size of synthesized particles. If we are talking 

about multicomponent systems, then the accompanying substances are also play big role [34; 170]. 

The first group of materials that are used as accompanying elements in multicomponent AgX 

materials are noble metals (their nanoparticles), such as Au, Ag [178–180]. These nanoparticles 

are called plasmon because they are represented by high UV-Vis absorption, due to their surface 

plasmon resonance (SPR) [178–180]. Thus, plasmon nanoparticles able to increase the UV-Vis 

absorption range of the AgX. One of the easiest ways to obtain Ag-AgX system is preparing the 

AgX by simple ion exchange reaction and further drying it at ambient conditions. The 

photosensitive AgX at ambient conditions under the effect of the day light produce Ag0 [178]. The 

photocatalytic activity of the Ag-AgX system was studied with help of azo dyes (methyl orange 

(MO) and congo red (CR)). According to the results systems based on AgCl and AgBr were able 

degrade azo dyes, while AgI revealed the weak photocatalytic activity [178]. In [179] Ag/AgX (X 

= Cl, Br) photocatacalysts were obtained by a facile one-pot ultrasonic spray pyrolysis method. In 

this study simple ion exchange reaction between excess AgNO3 and KX was studied, and initial 

reagents were ultrasonicated. Then the reaction mixture was heated in furnace at high temperature 

for formation of the Ag0 from the residuals of the AgNO3. The photocatalytic activity of the 
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synthesized samples was investigated by degradation of the MO and methylene blue (MB) 

molecules by photocatalysts under visible light irradiation. The results of the photocatalytic 

activity revealed that Ag/AgCl system is effective with MO and MB, while Ag/AgBr system was 

less active with MO, but more active with MB [179]. As for obtaining and using of the systems 

with Au, the study [180] can be mentioned, where Au/Ag/AgCl nanochains were prepared form 

the solutions of the AgNO3, chloroauric acid (HAuCl4) under effect of the laser beam. These 

materials are prospective candidates for visible light driven photocatalysts, as they revealed high 

phtocatalytic activity by degradation of MB.  These systems with the plasmon nanoparticles can 

be prepared by numerous approaches with using different reagents (galvanic replacement, 

microemulsion, sonochemical and others) and successfully used in photocatalysis for organic dyes 

degradation, H2 and O2 evolution, reduction of CO2 and nitrogen oxides (NOx) conversion [34].    

Metal oxides are widely used in photocatalysis. These compounds can be used separately or 

with other materials or co-catalysts for improving of their activity. The procedures of production 

and initial reagents varies from study to study, but the base methods remain unchanged. For 

example, in [181] AgX (I, Br) nanoparticles were modified by ZnO nanorods via impregnation 

method. The photocatalytic activity of the AgX/ZnO samples was studied by degradation of the 

MO and the samples based on the AgBr showed the highest activity. For these multicomponent 

systems simple ion exchange reaction between AgNO3 and halide salt (K/NaCl) is usually used, 

like in [182]. TiO2 is also actively used for synthesis of the photocatalysts like AgX/TiO2 [183], 

which are used for decolorization of azo dyes. Other metal oxides which can be used together with 

AgX are (copper (II) oxide) CuO [184; 185] and (tungsten trioxide) WO3 [186; 187].  

Another big group of compounds that can be used together with AgX are layered double 

hydroxides (LDH). LDH are materials, which consist of two layers of metal hydroxides. One layer 

of the first metal hydroxide is applied on the layer of the second metal hydroxide with help of 

intercalation [188]. This class of inorganic host layered materials are represented by the common 

formula [MeII
1-xMeIII

x (OH)2]z+ (An-)z/n * yH2O, where MeII are divalent metals, like Mg2+, Zn2+, 

Fe2+, Co2+, Cu2+, Ni2+; MeIII are trivalent metals, like Al3+, Fe3+, Cr3+, Ga3+, In3+; An- is the 

inorganic/organic anion incorporated into the layered region [188; 189]. LDH are widely used in 

photocatalysis because of high stability, thermal resistance, electrical conductivity, large surface 

area, the presence of more superficial hydroxyl ions (OH-) and others [190]. Usually, for obtaining 

this type of materials AgNO3 solution is added to MeII-MeIII-LDH system prepared in advance 

[190–193]. AgX-MeII-MeIII-LDH materials in one composition can show good ability for 

photocatalytic processes. For instance, such kind of materials are able to degrade pharmaceutical 

contaminants (tetracycline, ofloxacin, levofloxacin, and ciprofloxacin) from aqueous effluents 
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[190]. These materials are also effective in investigations based on application of the model 

solutions (organic dyes) [191; 192].   

The most common substances used in photocatalysis are graphene, its oxide and carbon 

compound g-C3N4 [194; 195]. The application of graphene can be explained by its high carrier 

mobility. Moreover, it can be a good substrate for the growing of the nanomaterials, because it is 

represented by sp2 hybridized 2D carbon sheet. As for GO, this compound can be a "builder" of 

new blocks when obtaining new hybrids. But the most attractive is reduced graphene oxide (r-

GO), since due to its ability to extract excited charge carriers, it can increase the photocatalytic 

activity of the product [196]. g-C3N4 is also having a number of reasons of using in photocatalysis. 

Because it can shorten the migration distance for the charge carriers and thereby accelerate the 

charge carriers transport from the internal layers to the surface layers [197]; it has a high electronic 

conductivity and it do not require the high cost initial reagents [196]. These materials are able to 

enchase photocatalytic activity of the AgX by providing a new optoelectronic and plasmonic 

properties [196]. Joining of this materials with the AgX leads to high photocatalytic activity in the 

process of organic dyes decolorization [198–200], for hydrogen evolution [201] and for removing 

of the various pollutants [202].  

Different inorganic salts are also used for obtaining of the multicomponent materials based 

on AgX. It can be metal sulfides (CdS, Ag2S) [51; 203], silver orthophosphate (Ag3PO4) [204; 

205], silver and calcium carbonate (Ag2CO3 and CaCO3) [206; 207]. Such kind of materials are 

used for degradation of organic dyes and purifying water from pollutants [204–207]. In the Table 

3 the types of multicomponent materials based on AgX and their application filed in photocatalysis 

are given.  

 

Table 3 – Types of the multicomponent materials based on AgX and their application in various 

sub-fields of photocatalysis.  

 

Multicomponent material Application filed of photocatalysis Reference 

1 2 3 

Ag-AgX (X = Cl, Br, I) Photodegradation of azo dyes [178] 

AgX-loaded Ag2CO3 (X= Cl, I) 

composites 

Photodegradation of  MB [207] 

Au/Ag/AgCl nanochains Photodegradation of  MB [180] 
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Continuation of Table 3 

1 2 3 

Ag-branched-nanowire/Pt 

nanoparticle/AgCl 

nanocomposite 

H2 evolution [208] 

AgCl/TiO2 nanotubes Photocatalytic reduction of nitrate to nitrogen [209] 

AgX nanoparticles-modified 

ZnO nanorod arrays 

Photodegradation of  MB [181] 

AgX/ZnO powders Photodegradation of  RhB, reactive orange and 

bisphenol A 

[182] 

AgBr/TiO2 nanocomposite Reduction of CO2 to hydrocarbons [210] 

CuO/AgX (X = Cl, Br, or I) 

nanocomposites 

Photodegradation of  MB and 4-chlorphenol 

Photodegradation of the E. coli and S. aureus 

[184] 

Ag−AgCl/WO3/g-C3N4 

nanocomposites 

Photodegradation of the trimethoprim (TMP) [211] 

Ag@AgCl/ZnAl-LDH sesame 

balls 

Photodegradation of neonicotinoid pesticides [212] 

Ag/AgBr/Co–Ni–NO3 LDH 

nanocomposites 

Photodegradation of organic pollutants [192] 

AgX(Br, I)/CoCrNO3LDH Photodegradation of the tetracycline, ofloxacin, 

levofloxacin, and ciprofloxacin 

[190] 

C3N4/Ag/AgCl/BiVO4 

microstructure 

Photocatalytic reduction of CO2 to CH4 [213] 

Graphene sheets grafted 

Ag@AgCl hybrid 

Photodegradation of  RhB [200] 

rGO-supported AgI-TiO2 

mesocrystals 

Photodegradation of  RhB [214] 

Ag–AgBr/TiO2/RGO 

nanocomposite 

Photodegradation of  penicillin G [215] 

rGO/AgCl quantum dots Photodegradation of the tetracycline [216] 

Ag/AgX (X=Cl, Br, I)/g-C3N4 

composites 

H2 evolution [201] 

Ag@AgCl/g-C3N4 porous 

nanosheets 

Photodegradation of  RhB [217] 
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Continuation of Table 3 

1 2 3 

CaCO3/Ag2CO3/AgI/Ag 

composites 

Photodegradation of  MO [206] 

Z-scheme CdS/AgBr-rGO 

nanocomposite 

Photodegradation of  RhB [203] 

AgCl–Ag2S nanocomposites Photodegradation of  MO [218] 

Ag3PO4–AgX (X= Cl−, Br−, I−) Photodegradation of  MB [204] 

 

As can be seen from the Table 3, the multicomponent materials based on AgX are very 

different. These materials are used in wide range of the photocatalysis sub-fields, what indicates 

their value and necessity for a large number of industries. 

 

1.5 Application of sulfur based multicomponent materials in photocatalysis 

This chapter will contain the basic information about application of the sulfur containing 

multicomponent materials in photocatalysis.  

Sulfur is the chemical element with yellow color and with the atomic weight of 32.06. It is 

represented by non-metallic nature and has three forms: alpha, beta and gamma [219]. This 

element is odorless, tasteless and insoluble in water. The resource of sulfur is usually sulfates 

(SO4
2-), sulfites (SO3

2-) and sulfides (S2-) [220]. Sulfur is one of the most common elements of the 

earth's crust [221] and it is an essential component of the living cells [220]. Sulfur can be found in 

minerals like chalcopyrite, sphalerite, gypsum, pyrite and others. It is also present in hydrogen 

sulfide (H2S), oil, coal, natural gas and bitumen sands. Talking about the leading countries in the 

production of sulfur and the percentage of its production, it is as follows 13.5 % is belongs to 

Canada, 13 % - the USA, 12 % - Russia, 4.5 % each - Japan and Saudi Arabia, 4 % - Kazakhstan 

[219]. In addition to photocatalysis, sulfur is used in many fields, from agriculture to biomedicine 

[220; 222]. In Figure 3 the main fields in which sulfur is applicable are depicted. Thus, sulfur plays 

an important role in various fields of science, technology and industry. 

In photocatalysis sulfur usually is used as doping agent for improving the activity of 

semiconductor photocatalysts and usually it is iused in ionic form [2; 4; 223–226]. In synthesis of 

sulfur containing multicomponent materials the precursors for obtaining sulfur are usually thiourea 

(CH4N2S), sodium sulfide (Na2S), Na2SO3, commercial sulfur in α-S form (S8) or H2SO4 [2; 223–

226]. Sulfur based materials are successfully degrading organic dyes and pollutants, suppress 

microorganisms, able to initiate the reaction of water splitting for H2 evolution, initiate CO2 

reduction and other [2–4; 223–237]. Using of sulfur as a photocatalytic agent is under the intensive 
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investigation. The analysis of the literature sources revealed that there are huge number of 

scientific articles, where sulfur is effective only with supportive “additives”, like phosphorus (P), 

graphene, nitrogen (N), or photosensitive semiconductors [2; 4; 223–226].  However, sulfur has a 

great potential for application in photocatalysis. According to [2] α-S can increase photocatalytic 

degradation of the organic dyes of semiconductors, if is intimately contact is present between them. 

Under light irradiation α-S directly transfers the photo-excited electrons from the valence band 

(VB) to the conduction band (CB). Subsequently, these photo-excited electrons are migrating to 

semiconductor and are already driven by high carrier mobility of the semiconductor. As the final 

stage, holes can be absorbed directly by organic dyes or interact with water (or hydroxyl group) to 

form hydroxyl free radicals (•OH). And it is known that hydroxyl free radicals are strong oxidizers 

for the decomposition of organic dyes [2].  

 

 

 

Figure 3 – The scheme of application fields of sulfur 

 

According to [3] α-S is a prospective candidate for producing visible-light-driven 

photocatalysts. This material in addition to the ability to generate •OH radicals, can split water 

under UV-vis and visible light irradiation. This process is related to the photoelectrochemical 

process. However, why there is still no α-S-photocatalyst with high photocatalytic activity? 

Because this issue requires more attention. For example, in [3] it was concluded, that α-S needs to 

be modified for improving photocatalytic activity, because big size of the particles and its 
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hydrophobic nature leads to the low activity. For today, scientist have produced a big number of 

multicomponent materials, which are complex and sulfur plays a secondary role here. Table 4 

contains basic information about the types of such materials and the sub-fields of their 

photocatalytic application. 

According to Table 4, sulfur containing multicomponent materials are represented by a 

complex scheme in general. Co-doping by sulfur or other nonmetals gives possibility to obtain 

hydrogen, oxygen or reduce pollutants with higher effectiveness. TiO2 or g-C3N4 are most popular 

semiconductors in production of sulfur doped materials.  

 

Table 4 – Types of the multicomponent materials based on sulfur and their application in various 

sub-fields of photocatalysis. 

 

Multicomponent material Application filed of photocatalysis Reference 

1 2 3 

g-C3N4 (SCN)/TiO2   

heterojunction 

Photodegradation of  CR [4] 

CdS/NS-rGO H2 evolution [224] 

α-S/MoS2 Photodegradation of  MB [2] 

P-S-codoped g-C3N4  Photodegradation of  MB and phenol [225] 

Sulfur-doped anatase TiO2 Photodegradation of  Rhodamine 6G [226] 

TiO2 codoped with bismuth and 

sulfur  

Photodegradation of  Indigo carmine  [227] 

2D nonmetal hexagonal boron 

nitride nanosheets (h-BNNS) 

Photodegradation of  RhB and H2 evolution [228] 

Sulfur-doped g-C3N4/Au/CdS Photodegradation of  RhB [229] 

Fe  ̶  S codoped TiO2  Photodegradation of  phenol [238] 

S-g-C3N4 Reduction elimination of UO2
2+ pollutant  [230] 

Sulfur-doped g-

C3N4/BiVO4 composite 

O2 evolution [231] 

S-doped g-C3N4 CO2 reduction [232] 

Indium sulfide nanotubes with 

sulfur vacancies (SV-In2S3)  

Photocatalytic N2 fixation [233] 

Sulfur-doped carbon on CdS Photocatalytic H2O2 production [234] 

Sulfur-doped polyimide (SPI)  Photodegradation of  MO [235] 
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Continuation of Table 4 

1 2 3 

g-C3N4 nanosheets cowrapped 

elemental α-Sulfur heterojunction 

Bacterial inactivation under visible light [239] 

Sulfur and potassium co-doped g-

C3N4 (S + K-codoped g-C3N4)  

H2 evolution [236] 

Sulfur-doped covalent triazine-

based frameworks (CTFs) 

H2 evolution [237] 

Heterostructured N,S-doped black 

TiO2/g-C3N4(CN/NS-BT) 

Photodegradation of RhB [240] 

Direct α-Fe2O3/sulfur-doped 

polyimide  

Photodegradation of  MO [241] 

Sulfur-doped carbon quantum 

dots loaded hollow tubular g-C3N4 

Photocatalytic destruction of Escherichia coli 

and tetracycline degradation  

[104] 

Sulfur mediated graphitic carbon 

nitride/S-Se-graphene (CNS:S-Se-

Gr) 

Photodegradation of  MB and H2 evolution [242] 

Mesoporous sulfur (S)-doped 

Ta2O5 nanocomposites 

Photodegradation of  MB [243] 

Sulfur-doped and sulfur/nitrogen 

co-doped CsTaWO6 

H2 evolution [244] 

Sulfur-doped SnFe2O4/graphene 

nanohybrids (S-SFO/GR) 

 

Photodegradation of chlorotetracycline [245] 

Sulfur-doped bismuth vanadate 

(BiVO4) 

Photodegradation of  MB and formaldehyde [246] 

Tin oxide (Sn3O4) nanoflakes on 

sulfur-doped sodium tantalite 

(NaTaO3) nanocubes 

Photodegradation of  RhB [247] 

 

1.6 Application of silver halides based multicomponent materials for inhibition of 

microorganisms  

Before focusing on biological activity of AgX based multicomponent materials a short 

introduction to microbiology and definition of what are bacteria and fungi should be given. This 
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chapter will be devoted to the basic information about microbiology and influence of AgX on 

suppression of microorganisms.  

Microbiology is the science that studies various microorganisms (microbes) and their 

interaction with the environment and living organisms. Microbiology is trying to find approaches 

to “fight microbes” and the possibilities of its practical implementation. As microorganisms we 

usually understand the live organisms with extremely small sizes; these include viruses, bacteria, 

fungi, protozoa and even some types of algae. In general, microorganisms are essential part of our 

ecosystem and without them the big chain of interaction of all species may suffer and disappear. 

However, scientists are concerned with microbes which able to cause various diseases [248].  

Since one experimental part of this work is devoted to the study of the influence of the 

obtained materials on bacteria and fungi, information about these types of microorganisms will be 

provided here. Bacteria are single-celled microorganisms, which can be represented by spherical, 

spiral and sometimes filament morphology. They do not have a cell nucleus. Most of them can be 

seen with the help of optical microscope at high magnifications. This type of organisms is widely 

spread in nature and can be a reason of diseases of a living organism [248]. Bacteria can be Gram-

positive and Gram- negative (the difference between them are given in Table 5 [249]).  

 

Table 5 – The difference between Gram positive and Gram negative bacteria [249]  

 

Parameters/characteristics  Gram-positive Gram-negative 

Cell wall  A single-layered, represented 

by smooth structure 

A double-layered, 

represented by wavy 

structure 

Cell wall thickness  About 20-30 nm About 8-12 nm 

Peptidoglycan layer  Thick  (multilayered) Thin (single-layered) 

Teichoic acids Present Absent 

Lypopolysaccharide  Absent Present 

Outer membrane  Absent Present 

Lipid content  Low High 

Resistant to antibiotics  Low High 

 

Fungi are separate kingdom and these microorganisms are different from plants and animal 

species [250]. The total amount of fungi is estimated to be about 1.5 million of species and it is 

the least studied species in the world [251]. Fungi play an essential role in environment, as these 
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organisms are taking part in biogeochemical cycling of carbon in nature. Fungi can be used in 

alcohol, bread, penicillin and biofertilizers production, and also in some industrial processes like 

detoxification of organic pollutants [252]. However, they also have a negative influence on living 

organisms. Consequently, there is a need for research on the suppression of the influence of fungi. 

Usually, fungi are spread by formation of numerous small spores, then the colonization of food 

source appears, what further flows to the formation of hyphae. This whole system is called 

mycelium. Not all fungi grow like hyphae, some of them grow like yeast cells [251]. Overall, fungi 

exhibit complex construction and even contain nuclei bounded by membrane with the 

chromosomes that contains DNA [250–252].  

The fight against the above-mentioned microorganisms has been going on for a very long 

time, since they can be pathogenic and cause various diseases. This threat is hanging not only over 

people or animals, but also plants and structures frown by people. Bacteria and fungi are able to 

spread in water sources, food, sanitation stuff and other. In addition, more and more strains are 

becoming resistant to antibiotics and different antimicrobial or fungicidal agents which makes it 

worse [253; 254]. More than ever modern world needs in development of new materials as 

biological agents. For this aim, AgX are widely used, because these materials are able to inhibit 

various microbial strains. AgX can perform inhibition of microbes individually or there can be 

increasing of suppressing ability by mixing of these compounds with others. In [255] amorphous 

calcium phosphate modified with AgX nanoparticles was synthesized. Antimicrobial activity of 

the samples was investigated against Staphylococcus aureus (S.aureus) (Gram-positive) and 

Pseudomonas aeruginosa (P.aeruginosa) (Gram-negative) by the calculation of the minimum 

inhibitory concentration (MBC). Here the samples with AgI revealed the greatest resistance to 

growth of strains. Other halides were able to suppress bacteria, but at higher MIC. In [256] AgCl 

nanoparticles were biosynthezised with using of Pulicaria vulgaris extract (stabilizing and 

reducing agent). The inhibition of microorganisms was studied by disc diffusion method (DDM) 

and estimating of MIC, minimal bactericidal and fungicidal concentrations (MBC and MFC). 

Prepared AgCl nanoparticles showed inhibition ability against S.aureus, E.coli, Candida albicans 

(C.albicans), and Candida glabrata (C.glabrata) pathogens. Liu and his co-workers fabricated 

AgBr nanocubes and studied their antibacterial activity [254]. MIC and MBC values showed that 

AgBr nanocubes are excellent antibacterial agents. There are also scientific works devoted to the 

investigation of the biological activity of the different materials under solar or visible light 

irradiation (short information was given in Tables 3 and 4). In [257] chitosan/AgCl/ZnO 

nanocomposite was able to inactivate successfully E.coli and S.aureus, and in [258], Ag@AgI/Bi-

BiOI nanoarchitectures exhibited disinfection property against E.coli. Table 6 provides 



33 
 

information about the variety of multicomponent materials based on AgX as biocidal (fungal) 

agents and more common methods for determining antimicrobial properties. 

According to Table 6, it can be concluded that multicomponent materials based on AgX are 

strong antibacterial and antifungal agents. Analysis of the literature data revealed that in recent 

years, more and more investigations have been devoted to the photocatalytic inactivation of 

microorganisms. It also should be mentioned that AgX-based materials are used in the production 

of antimicrobial covers, agents, dressing and packaging materials and others [259–272].  

The suppression of microorganisms by these materials can be explained by the following 

mechanism: Ag+ ions are formed and released from AgX, which leads to the prevention of 

microbial cell reproduction. Moreover, Ag+ is able to penetrate the cell walls and interact with 

protein and nucleic acid, which leads to disruption of bacterial cell reproduction [259]. As for 

fungal cells this is not a fully understood mechanism, however it is also can be explained by the 

action of Ag+ ions with cell components of fungi [260; 261]. Sidorowicz and her colleagues 

proposed a hypothesis of mechanism of metal ions action against fungi [262]. In the first stage, 

ions penetrate to the cell walls of fungi, where subsequently the cell membrane is also destroyed. 

Then the formation of reactive oxygen species (ROS) occurs, which leads to oxidative stress, 

causing the formation of pores, leakage of cellular contents and programmed cell death 

(apoptosis). All this leads to the cessation of adenosine triphosphate (ATP) synthesis, DNA 

damage, changes in the composition of fatty acids and disruption of cell structure [262]. 

 

Table 6 – Multicomponent materials based on AgX as antimicrobial/antifungal agents and the 

methods used for determining biological activity.  

 

Multicomponent 

material 

Type of suppressed strain (Type 

of activity) 

Method of determining 

of biological activity  

References 

1 2 3 4 

Chitosan/AgCl–TiO2 

colloid 

S.aureus, E.coli 

(Antibacterial) 

AATCC 100 

Antimicrobial fabric 

testing 

[263] 

AgBr-nanoparticles 

(NP)@CTMAB 

hybrid (AgBr-

NP@CTMAB) 

C.albicans 

(Antifungal) 

Direct contact test 

(DCT) 

[264] 
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Continuation of Table 6 

1 2 3 4 

TiO2/AgBr 

nanocomposites 

Fusarium graminearum (F. 

graminearum), Botrytis cinerea 

(B.cinerea), and Sclerotinia 

sclerotiorum (S.sclerotorium) 

(Antifungal) 

Spore suspension 

method and 

microdilution method 

[265] 

Ag@AgI/agarose 

structure 

S.aureus, E.coli 

(Antibacterial) 

Serial dilution method 

and photocatalytic 

inactivation  

[266] 

Ag/AgX 

nanoparticles 

S.aureus, E.coli and C.albicans 

(Antibacterial and antifungal) 

AATCC 100–1999 test 

method for microbial 

counting 

[267] 

Ag/AgCl/TiO2-

coupled photocatalyst 

module 

E.coli 

(Antibacterial) 

Photocatalytic 

inactivation  

[268] 

Ag-AgCl/α-Fe2O3 Aspergillus flavus (A.flavus) 

(Antifungal) 

Photocatalytic 

inactivation 

[269] 

Z-scheme TiO2-x/AgI 

heterojunctions 

E.coli and F. graminearum 

(Antibacterial and antifungal) 

Photocatalytic 

inactivation 

[273] 

Co@AgCl 

nanoparticles 

Bacillus subtilis (B. subtilis), 

Proteus mirabilis 

(P.mirabilis), C.albicans and 

Aspergillus niger (A.niger)  

(Antibacterial and antifungal) 

Well diffusion method [270] 

AgCl-TiO2 

nanoparticles 

Chromobacterium violaceum 

(C.violaceum) 

(Antibacterial) 

Disc diffusion method 

(DDM) 

[271] 

Ag@AgCl/ZnO E.coli, P.aeruginosa, 

Streptococcus salivarius 

(S.salivarius), S.aureus and 

C.albicans 

(Antibacterial and antifungal) 

Standard dilution 

method (Microdilution 

method) 

[272] 
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Continuation of Table 6 

1 2 3 4 

Spherical Ag/AgCl 

nanoparticles 

 

E.coli, B.subtilis, P.aeruginosa, 

S.aureus, P. aeruginosa 48 and 

P. aeruginosa B 52 

(Antibacterial and antifungal) 

Microdilution method  [261] 

 

1.7 Application of sulfur based multicomponent materialsfor inhibition of 

microorganisms  

In the section 1.5, it was already mentioned that due to the ability of sulfur to inactivate 

microbes, it can be used in medicine, biotechnology, construction industry, agriculture and other 

fields [222]. However, the nature of its behavior was not described yet. This chapter will be 

devoted to the brief discussion about its effect on microbial cells, types of multicomponent 

materials based on sulfur and their inhibition of microorganisms.  

According to literature sources, sulfur can suppress microorganisms in nano-state more 

effectively [222]. If we talk about the mechanism of suppression of various strains, then a certain 

scheme can be indicated here. When sulfur particles are exposed to microorganisms, first there is 

a strong attraction between the cells of microbes, which leads to the dilution of the cytoplasm and 

further destruction of the cell, due to the greater penetration of sulfur particles into bacterial cells. 

Also, the effect of sulfur nanoparticles may be associated with their binding to ribosomes and 

further inhibition of the translation process. The effect of DNA binding to sulfur particles is also 

not excluded, which can also lead to the irrevocable destruction of the microorganism cell [222]. 

The mechanism of suppression of microorganisms by sulfur nanoparticles is not yet fully 

understood phenomenon, which requires more detailed study. For a greater manifestation of 

biological activity, sulfur is mixed with other components. For instance, in [274] sulfur 

nanoparticles were capped with chitosan and their antimicrobial activity was compared with 

elemental sulfur and sulfur containing salts. It was shown that chitosan capped sulfur nanoparticles 

were more effective in suppression of E.coli, S.aureus, A. flavus amd C.albicans. Also Ezati and 

her co-workers have obtained carbon dots doped with nitrogen, sulfur and boron. These materials 

were tested against different strains and in the case of sulfur-doped carbon dots it revealed 

excellent results in inhibiting of E.coli and Listeria monocytogenes (L.monocytogenes) [275]. 

Table 7 provides information on the types of sulfur-based multicomponent materials used as 

antimicrobial agents and on the methods used for determining antimicrobial activity. 
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Table 7 – Multicomponent materials based on sulfur as antimicrobial/antifungal agents and the 

methods used for determining biological activity.  

 

Multicomponent 

material 

Type of suppressed strain (Type 

of activity) 

Method of determining 

of biological activity  

References 

1 2 3 4 

Sulfur nanoparticles 

capped with chitosan  

E.coli, S.aureus, A. flavus amd 

C.albicans 

(Antibacterial and antifungal) 

DDM and 

Microdilution method 

[274] 

Carbon dots doped 

with sulfur, nitrogen 

and boron 

L. monocytogenes, E. coli, 

A.niger, F.solani, Penicillium 

citrinum (P.citrinum), 

Rhodotorula rubra (R.rubra) 

(Antibacterial and antifungal) 

Microdilution method [275] 

Carrageenan-Based 

Antimicrobial Films 

Integrated with 

Sulfur-Coated Iron 

Oxide Nanoparticles 

(Fe3O4@SNP) 

E.coli, L.monocytogenes 

(Antibacterial) 

Viable total colony 

count method 

[276] 

Starch-capped 

sulphur nanoparticles 

 

Clavibacter michiganensis 

subsp. Sepedonicus (C. 

sepedonicus) 

(Antibacterial) 

Propidium iodide 

fluorescent dye staining 

method and DDM 

[277] 

Ag deposited 

phosphorus and sulfur 

co-doped g-

C3N4 (PSCN) 

composites 

E. coli 

(Antibacterial) 

Photocatalytic 

inactivation  

[278] 

rGO-S, and rGO-S/Se S.aureus and Enterococcus 

faecalis (E.faecalis) 

(Antibacterial) 

Turbidometeric and 

(hematopoietic 

functional assay) CFU 

assays 

[279] 
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Continuation of Table 7 

1 2 3 4 

Alginate-based 

multifunctional films 

incorporated with 

sulfur quantum dots 

E. coli, L. monocytogene, A. 

niger, Penicillium chrysogenum 

(P. chrysogenum) 

(Antibacterial and antifungal) 

DDM [280] 

Carbon-sulfur co-

doped 

ZrO2 nanocomposites  

Salmonella typhi (S.typhi), P. 

aeruginosa, E.coli 

(Antibacterial) 

DDM [281] 

Carrageenan-based 

antimicrobial films 

incorporated with 

sulfur nanoparticles 

L. monocytogenes, E. coli 

(Antibacterial) 

DDM [282] 

 

According to Table 9 it can be concluded that sulfur is widely used as antimicrobial agent. 

Also it is utilized in the production of different coatings and film materials for covering and 

protection from pathogens. Analysis of the literature sources revealed that separate using of sulfur 

in nano-state gives better results in suppression of different strains.  
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2 EXPERIMENTAL PART  

 

In this work bicomponent materials are studied. In the further text their name will be as 

micro-/nano-structures based on sulfir and silver halides (AgX).  

 

2.1 Reagents and techniques 

2.1.1 Chemical reagents and their descriptions  

Descriptions of the reagents which was used for conducting experiments are given in Table 

8. 

 

Table 8 -  Descriptions of reagents  

 

№ Name and coding of reagents 

and nutrient media 

Manufacturer Purity/pH 

1 Silver nitrate Sigma Aldrich, Germany ≥99.0 % 

2 Sulfur Sigma Aldrich, Germany 99.998% 

3 Dimetylsolfoxide (DMSO) Sigma Aldrich, Germany Chemically pure 

4 Ammonia chloride Sigma Aldrich, Germany ≥99.0 % 

5 Ammonia bromide Sigma Aldrich, Germany ≥99.0 % 

6 Ammonia iodide Sigma Aldrich, Germany ≥99.0 % 

7 Orange II sodium salt Sigma Aldrich, Germany ≥85.0 % 

8 Mueller-Hinton Agar (MHA) 

(M173) 

HiMedia, India рН (at 25 °С) 

7,3±0,1 

9 Mueller-Hinton broth (MHB) 

(M391) 

HiMedia, India рН (at 25 °С) 

7,4±0,2 

10 Sodium chloride Mikhailovsky Reagent Plant, 

Russia 

Chemically pure 

11 Ethanol Talgar spirt, Kazakhstan 96.0 % 

12 Concanavalin A (C0412) Sigma, USA - 

 

2.1.2 Apparatus for solvothermal synthesis 

For solvothermal synthesis in DMSO media apparatus which consists of three-neck flask, 

backflow condenser, thermometer, oil bath, and magnetic stirrer was used. In Figure 4 full details 

installation scheme are given.    
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1 – backflow condenser; 2 – thermometer; 3 – three-neck round bottomed flask; 4 – oil 

bath; 5 – stirrer; 6 – magnetic stirrer with heating; 7, 8 - mixing speed controller and temperature 

controller. 

 

Figure 4 – Apparatus for solvothermal synthesis 

 

2.2. Solvothermal synthesis of the S/AgX (X = Cl, Br, I) micro-/nano-structures in 

DMSO media. Precipitating of sulfur at room temperature (method 1)  

Solvothermal synthesis of S/AgX in DMSO media was conducted with help of installation 

exhibited in Figure 4. Accordong to the mass ratio of components the compositions of micro-

/nano-structures were the next: 90 wt.% of sulfur and 10 wt. % of AgX; 70 wt. % of sulfur and 30 

wt. % of AgX. To obtaining of 2.5 g of S 90 wt. %/AgX 10 wt. %, 2.25 g of S and 0.25 g of AgX 

was taken. The required amount of AgNO3 and NH4X was calculated in accordance with a simple 

ion exchange reaction (2):  

AgNO3 + NH4X = AgX + NH4NO3                (2) 

 For example, 0.2972 g of AgNO3 and 0.0926 g of NH4Cl were taken to obtain 10 % S/AgCl. 

The remaining calculations for all compositions were performed in the same way, based on the 

reaction (1). The initial solutions of AgNO3 and NH4X were prepared in advance in 50 mL of 

DMSO. 

In typical experiment, 100 mL of DMSO with necessary amount of sulfur was transferred 

into the flask. Under constant stirring the reactional mixture was subjected to the heating. When 
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sulfur is totally dissolved (120°C) dropwise adding of NH4X solution in DMSO is performed. 

After adding of the 1/10 of volume of NH4X, the reactional mixture is kept at high temperature 

(120°C) for 15 minutes. Then heating is stopped and when temperature drops to 80°C, dropwise 

adding is done of AgNO3 and last part of NH4X solutions under constant stirring. The resulting 

mixture was left for 12 hours for complete precipitation of the sulfur. Then, the mixture was stirred 

and centrifuged (4000 rpm, 10 min), washed 2 times with deionized water and dried for 12-14 

hours, at 70°C.  

 

2.3 Solvothermal synthesis of the S/AgX (X = Cl, Br, I) micro-/nano-structures in 

DMSO media. Precipitating of sulfur by water (method 2) 

The procedure of the solvothermal synthesis in DMSO media by method two is similar to 

the procedure described in previous paragraph. But after adding of AgNO3 and NH4X solutions, 

sulfur was precipitated with help of water in a volume ratio DMSO to water 1:1. In Figure 5 the 

scheme of the two methods of synthesis is given. 

In further text, sampls were denote as S/AgX (90:10) 1, 2 and S/AgX (70:30) 1, 2, where 1 

and 2 is method of sulfur precipitation.  

 

2.4 Solvothermal synthesis of the pure sulfur and silver halides 

The procedure of obtaining of pure substances was similar to two previous paragraphs. For 

sulfur synthesis the step of adding AgNO3 and NH4X solutions was skipped. As the result there 

was two types of sulfur, obtained by sedimentation at room temperature and with water.  

For pure AgX synthesis, the processes of diluting and precipitating of sulfur were skipped.  

 

 

 

Figure 5 – The scheme of the two methods of synthesis of the S/AgX 
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The synthesis conditions were selected experimentally. The preparation was carried out both 

in an aqueous medium [283] and in a DMSO-water medium [284]. The difference between the 

method of obtaining described in the dissertation differs from [284] by using aqueous solutions of 

salts to obtain silver halides. 

 

2.5 Characterization methods and techniques 

2.5.1 X-ray diffraction (XRD) analysis 

The structural investigation of the samples was conducted by XRD analysis.  

The XRD of the S/AgX micro-/nano-structures was done on MiniFlex 600 X-ray 

diffractometer (Rigaku, Japan). The conditions of the analysis were the next: the CuKα irradiation 

(λ = 0.15405 nm); the X-ray tube voltage is 40 kV; the tube current is 15 mA; the goniometer 

movement step is 0.02 2 ϴ. For processing of X-Ray patterns was used the ICCD-PDF2 release 

2016 database was used.  

2.5.2 Raman spectroscopy   

Raman spectroscopy of the S/AgX samples was performed on Solver Spectrum (NT MDT 

Instruments, Russia) spectrometer using an 1800/500 diffraction grating, which provides a spectral 

resolution of 1 cm-1. The Raman spectra were excited by a He-Ne laser with a wavelength of 633 

nm and processed with help of Origin Lab program. Analysis was conducted in The 

Nanotechnological Laboratory of Open Type, of Al-Farabi Kazakh National University.   

2.5.3 X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) was conducted for analyzing of the elemental 

composition and chemical and electronic states of the atoms of the synthesized samples, using 

NEXSA X-ray photoelectron spectrometer (Thermo Scientific, USA) equipped with double-

focusing, hemispherical analyzer with 128 channel detector. 

2.5.4 Scanning electron microscopy (SEM)  

SEM and EDAX (elemental mapping) analyses of S/AgX samples were carried out on the 

scanning electron microscope Quanta 3D 200i (FEI, Netherlands). Conducting carbon adhesive 

tape served as a substrate for the samples.  Analyses were conducted in The Nanotechnological 

Laboratory of Open Type, of Al-Farabi Kazakh National University.   

2.5.5 High resolution transmission electron microscopy (HRTEM) and energy dispersive X-

ray spectroscopy (EDS) (EDS elemental mapping)    

Transmission electron microscopy (TEM) was conducted on Themis-Z 3.1 instrument (TFS, 

USA) equipped with X-FEG-monochromator and CS/S double corrector, accelerating voltage 200 

kV. Energy dispersive X-ray spectroscopy (EDS) results were obtained with help of Super-X EDS 

detector (energy resolution about 120 eV) in HAADF-STEM and TEM modes. Before analysis, 
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the samples were treated by ultrasonic dispersion in hexane. The sample suspensions were 

deposited to a carbon film supported on a copper mesh.  

2.5.6 Surface area analysis 

Surface area analysis was performed by automated gas sorption station Anton Paar Autosorb 

IQ. Before performing analysis samples were degassed 12 hours at 45 °C.  

2.5.7 Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) 

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were 

conducted for determining of the real mass ratio between sulfur and AgX in micro-/nano-

structures, as well as their thermal properties. Analyses were performed with help of simultaneous 

thermal analyzer NETZSCH STA 449 F3 Jupiter (Germany), in an inert atmosphere (N2), from 

room temperatures up to 550°С with a heating rate of 10°С/min. 

 

2.6 Photocatalytic activity  

In typical experiment, 20 mg of the sample was dispersed in 40 mL of the Orange II 10 mg/L 

solution. Then solution was sonicated for 5 minutes, before starting light irradiation. The 

adsorption-desorption equilibrium test was conducted for 60 minutes to reaching stabilization of 

the samples. After stabilizing the process of light irradiation (15 mW/cm2) was started. A 300 W 

OsramVita−lux lamp equipped with a UV filter (λ≥420 nm) served as source of light. The 

sampling occurred every 30 minutes. Then the suspension was centrifuged (10000 rpm for 3 min) 

to remove the powder of the sample. The filtrate was analyzed by measuring its optical density in 

the maximum absorption band (484 nm for Orange II) using a UV-Vis spectrophotometer (SPh 

56, Russia). Each photocatalysis study was conducted twice to confirm the results. The 

photocatalytic degradation of organic dye for almost all samples was fitted with the Pseudo-first 

order kinetics, equition (1): 

ln (C0/C) = kt                   (1) 

Where C0 and C are initial and final concentrations of model solution in moment of time t 

and k (min-1) is the apparent rate constant [283; 284]. The k was founded from the slopes of the 

straight-line portion of the plots. To prove the kinetic order of dye degradation reaction correlation 

coefficient R2 was found. 

In addition, stability of the photocatalysts was studied. The process was repeated during five 

cycles. In each cycle after the sampling and measuring, sample was washed by deionized water 

and reused in the next cycle.   

 

2.7 Biological activity 
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Microbiological tests were performed at the Scientific Center of Anti-infectious Drugs 

(Almaty, Kazakhstan). The preparatory process was carried out by the degree applicant 

personally. The work with microorganisms was carried out by the staff of the scientific center, 

but the doctoral student observed the process. 

2.7.1 The test strains  

The following bacterial strains of American Type Culture Collection (ATCC) were used for 

the tests of biological activity:  

• Staphylococcus aureus (S.aureus) ATCC 6538-P (collection sensitive strain); 

• Candida albicans ATCC 10231 (collection sensitive strain); 

• Escherichia coli (E.coli) ATCC 8739 (collection sensitive strain); 

• Pseudomonas aeruginosa (P.aeruginosa) ATCC 9027 (collection sensitive strain); 

• Erwinia amylovora (E.amylovora) (phytopathogenic strain). 

Reference strains from ATCC were used as studied strains for investigation of antimicrobial 

activity. The E.coli strain ATCC 8739 is a sensitive strain recommended for the study of 

bactericides and antiseptics. The S.aureus strain ATCC 6538-P is a reference strain for studying 

antibiotic sensitivity, as well as for studying the bactericidal properties of antimicrobial agents. 

P.aeruginosa strain ATCC 9027 is the recommended reference strain for studying the 

effectiveness of bactericides The reference strain C.albicans ATCC 10231 is a sensitive strain 

recommended for the study of fungicides. The E.amylovora strain was isolated in 2019 from the 

leaves of a fruit tree with signs of fire blight. 

In addition, the test strain of S.aureus (subsp. aureus) ATCC®BAA-39™ - MRSA was used, 

which has a SCC mec type III - mec complex in the staphylococcal cassette chromosome mec - 

SCCmec. It contains genes encoding msrA1 (exchange of antibiotic resistance proteins); pls 

(surface factor of methicillin resistance) and ccr (resistance to non-lactam antibiotics). The main 

component of the mec complex is the structural mec gene (methicillin-binding protein), which 

encodes the synthesis of an additional penicillin-binding protein-PBP2a, that has a low affinity for 

beta-lactam antibiotics (penicillins, cephalosporins, monobactams, carbapenems). Type III of this 

complex causes multidrug resistance, since this cassette contains additional resistance 

determinants located on the integrated plasmids pUB110, p1258, pT181, as well as on the 

transposon Tn554.  

The test strain of Escherichia coli ATCC®BAA-196™ produces extended-spectrum beta-

lactamases (ESBL) - enzymes produced by microorganisms which are capable to inactivate β-

lactam antibiotics of various classes, including penicillins and cephalosporins of I-IV generations. 

E. coli has a multidrug resistance mediated by β-lactamase of class A encoded in the TEM-10 

plasmid. 
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The sensitivity of microorganisms was studied on standard nutrient media [285, 286].  

2.7.2 Preparation of a suspension in saline solution 0.9% NaCl 

To prepare suspensions of microorganisms of the necessary concentration, a DEN-1 

densitometer (Biosan, Latvia) was used designed to measure the optical density (turbidity). The 

suspension was prepared in saline solution (0.9% NaCl). 5 ml of saline solution was added to the 

test tube, which was placed in a densitometer and the optical density was measured.  

First, a suspension was prepared with a concentration of 1.5 × 108 CFU/mL. For bacteria, 

this concentration corresponds to a turbidity of 0.5 McFarland units; for fungus - 2.5. From these 

suspensions, ten-fold dilutions were made by transferring 1.0 ml of the suspension to 9.0 mL of 

sterile saline. Thus, a dilution of 1.5×106 CFU/mL for bacteria and 5×106 CFU/mL for fungi was 

obtained. 

2.7.3 Method of twofold serial dilutions 

For the next experiments water suspensions of the micro-/nano-structures with concentration 

10 mg/mL were used. 

Testing was carried out on a liquid nutrient medium: Muller-Hinton broth. 0.5 mL of Muller-

Hinton broth was added to the wells of the 48-hole plate. In the first well of the row, 0.5 ml of the 

sample solution was added, and a 1:1 dilution was obtained. 0.5 mL was mixed and transferred to 

the second will of the row and diluted twice. Thus, the dilution in the second well was 1:2. Double 

serial dilutions up to 1:128 were prepared in the same way. 0.05 ml of test strains of 

microorganisms were added to all test tubes. For each row of dilutions, two controls were set: 

control of the media and control of strain growth. The procedure was repeated for all test samples 

in two repetitions.  

The samples were incubated for 48 hours at a temperature of (22 ± 1) °C for fungi, 18-24 

hours at (37 ± 1) °C for bacteria. At the end of the incubation time, seeding was performed on Petri 

dishes to determine live cells. After seeding, the Petri dishes were placed in a thermostat for 

incubation for 48 hours at (22 ± 1) °C for fungi, 18-24 hours at (37 ± 1) °C for bacteria.  

The results were taken into account by the presence of visible growth of microorganisms on 

the surface of a dense nutrient medium. The minimum bactericidal/fungicidal concentration 

(MBC/MFC) was considered the smallest dilution in which there was no growth of 

microorganisms [286]. 

All experiments were performed in three repetitions.  

 

2.8 Statistical analysis 
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All photocatalytic experiments were repeated two times. The statistical analysis included 

average values, error bar and standard deviation. The results were processed with the help of 

Microsoft Excel program, using the following formulas [287]:  x̅ =  ∑ xini=1n            (2) 

Where x̅ is average value, n is total number of x values.  S =  √∑ (xi−x̅)ni=1 2n−1                            (3) 

Where S is standard deviation, x̅ is average value, n is total number of x values 

The calculated data were represented by the average of two independent photocatalytic 

experiments and standard deviations were displayed through error bars in the graphs.  

All experiments dealing with determination of biological activity were conducted in three 

repetitions. In the method of twofold serial dilutions used by us, the statistically processed data 

coincide with repetitions and only absolute values are included in the results [285, 286]. If the 

repetitions do not match, then the percentage of error is very large and the test is considered invalid. 

In this regard, microbiological test data are presented with absolute data without additional 

graphical representation of standard deviations. 
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3 RESULTS AND DISCISSIONS 

 

3.1 Characterization  

3.1.1 XRD analysis 

XRD patterns of the S/AgX micro-/nano-structures, pure sulfur and corresponding AgX are 

given in Figures 6, 7 [288] and 8 respectively [289]. Multicomponent materials are represented by 

clear and visible peaks of cubic AgX, and with an increase in the amount of AgX, the intensity of 

its peaks increases. There is also presence of elemental sulfur peaks, where peak at 23.1° is more 

noticeable. In addition, in the range of 2ϴ values between 25 to 30° are also markable peaks 

corresponding to sulfur. According to [2] the set of these values indicate that sulfur is performed 

in α-form or it is α-octa-sulfur. In addition, it is also possible to observe an increase in the intensity 

of sulfur peaks with an increase in its percentage content. Other peaks associated with sulfur are 

not so noticeable, which indicates the need for additional analyses, such as Raman spectroscopy 

and EDX, to confirm the presence of all components. 

 

 

 

Figure 6 - XRD patterns of the S/AgCl (90:10) 1, 2; S/AgCl (70:30) 1, 2; pure S 1, 2 and 

AgCl [290] 
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Figure 7 - XRD patterns of the S/AgBr (90:10) 1, 2; S/AgBr (70:30) 1, 2; pure S (1, 2) and 

AgBr [290] 

 

 

 

Figure 8 - XRD patterns of the S/AgI (90:10) 1, 2; S/AgI (70:30) 1, 2; pure S (1, 2) and 

AgI [290]I 
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3.1.2 Raman spectroscopy  

Raman spectra for all micro-/nano-structures, pure sulfur and corresponding AgX are given 

in Figures 9, 10 [291] and 11 [292] respectively. 

The results for samples based on AgCl are presented in Figure 9. According to analysis, 

there are can be highlighted three Raman modes at 75, 86 and 240 cm-1 for pure AgCl. The peaks 

at 75 and 240 cm-1 wavenumbers are related to AgCl, while the peak at 86 cm-1 is characteristic 

for elemental Ag, which can be formed under influence of the laser, because of the photosensitivity 

of AgCl and its decomposition [172]. Typically, AgCl forms a face-centered cubic lattice structure 

in which halogen atoms can act as binding or bridging ligands between Ag ions or as terminal 

atoms. As given in [172], the bridged halogen is represented by a lower stretching frequency than 

the terminal halogen, so it can be supposed that the peaks at 75 cm-1 and 240 cm-1 wavenumbers 

attributed to the bridging and terminal binding of Ag-Cl, respectively. 

 

 

 

Figure 9 - Raman spectra of the S/AgCl, pure S 1, 2 and AgCl [290] 

 

Figure 10 is depicted Raman spectra for S/AgBr (90:10) 1, 2, S/AgBr (70:30) 1, 2, pure 

AgBr and S (1, 2). Pure AgBr represented by three characteristic peaks at about 70, 130 and 180 

cm-1. Peaks at 70 and 130 cm-1 can be attributed to Ag lattice vibrations. The peak at 180 cm-1 is 

conditioned by stretching of the Ag‒Br bond, which is echoes with results for AgCl (considering 

the difference in mass [44]). S/AgBr demonstrate a combination of S and AgBr peaks with 

unchanged positions. 
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Figure 10 - Raman spectra of the S/AgBr; pure S 1, 2 and AgBr [290] 

 

 

 

Figure 11 - Raman spectra of the S/AgI; pure S (1, 2) and AgI [290] 
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In Figure 11 the Raman spectra of S/AgI (90:10) 1, 2, S/AgI (70:30) 1, 2 micro-/nano-

structures pure compounds are shown. For pure AgI can be highlighted two peaks at 74 and 109 

cm-1. The four clear peaks at 89, 158, 223 and 477 cm-1 are attributed to sulfur. The results of 

analysis are analogue to [172; 291]. S/AgI as other samples demonstrate a combination of S and 

AgI peaks with unchanged positions. 

3.1.3 XPS analysis 

For this method of analysis samples with the 30 % AgX content were chosen. The survey 

spectrum revealed that samples represented by Ag, Cl, Br and S pointing out that these were main 

elements (Figure 12 a, b) [290]. The presence of the O 1s can be explained by the adhesion of 

oxygen molecules to the surface of materials, while C 1s was indicated because of using a carbon 

tape for fixing the powders. In Figure 12 c and d [290] Ag 3d spectra of of AgCl, S/AgCl (70:30) 

1, 2 and AgBr, S/AgBr (70:30) 1, 2 samples are shown, respectively. In general, for Ag 3d spectra 

two main peaks are noticeable, at about 367.0 and 373.0 eV relating to Ag 3d3/2 and Ag 3d5/2, 

respectively, alongside two minor peaks deconvoluted from the main ones. The smaller peaks are 

visible because of the presence of metallic Ag0. This is proven by the spin energy separation of 

two mean peaks being up to 6.0 eV [293]. Metallic Ag can be formed because of photosensitivity 

of the AgX, what leads to their photoreduction into metallic Ag and free halogen gases on the 

surface of materials. This process was the most significant for the sample S/AgCl (70:30) 1 where 

the Ag in its elemental form is predominant. However, elemental Ag was not identified by XRD 

for all samples, what means that photoreduction is taking place only on the surface of the materials 

[288]. In Figure 12 e [290] spectra of Cl 2p with peaks at 197.0 and 199.0 eV is shown [294]. For 

S/AgCl (70:30) 1 micro-/nano-structure chlorine binding energies are significantly shifted, what 

explained by the photosensability of the samples. Br 3d spectra (Figure 12 f) [290] revealed similar 

signals at ∼ 67.7 and 68.6 eV [295] for all three micro-/nano-structures. S 2p spectra (Figure 12 

g) [290] of all micro-/nano-structures showed low-intensity signals of sulfur at about 163.0, 164.7 

and 170.0 eV corresponding to S 2p3/2, S 2p1/2 and S bonds with other elements (mostly oxygen), 

respectively [293; 294].  
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Figure 12 - XPS spectra of the AgCl, S/AgCl (70:30) 1, 2 and AgBr, S/AgBr (70:30) 1, 2 

(a-b) –  elemental survey; (c-d) – Ag 3d spectra; (e) – Cl 2p spectrum; (f) –  Br 3d spectra; (g) – 

S 2p spectra [290] 

 

3.1.4 SEM analysis 

The size and morphology of the micro-/nano-structures were studied by means of SEM. 

SEM of the S/AgX samples and pure compounds are given in Figures 13-18 [290; 291]. All S/AgX 

micro-/nano-structures have the same morphology –  large and dark particles, which are mostly 

covered by the smaller grains with the light color. The images with the highest magnifications are 

demonstrate the specific morphology of the AgX particles (Figures 13-18 b, c, e, f). It also was 

found, that two methods gave the different size of sulfur particles. Thus, the method 1 produced 

bigger grains with irregular form (from 20 to 50 µm), than method 2 (from 10 to 25 µm). The 

presence of water apparently leads to the production of smaller particles. Since sulfur is formed 

during long spontaneous precipitation, the particles grow together and form one large agglomerate 

in the case of the 1st method. While in the case of the 2nd method, water partly disperses these 

agglomerates. The AgCl grains (Figure 13, 14) in the synthesized micro-/nano-structures are 
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almost spherical or cylindrical with smooth surface; their size is represented by range between 2 

and 4 µm. At the lower magnifications the heterogeneous system of the prepared samples can be 

seen (Figure 15, 16 a, d). 

Figures 17 and 18 are show SEM of S/AgBr (70:30) 1, 2. For these samples sulfur forms 

more plate grains with approximate size from 30 to 70 µm (Figure 15 a, c, e, j). While AgBr 

particles represented by spherical form and smooth surface; the average size is fluctuated from 0.7 

to 2 µm (Figure 16 b, d, f, h). The results of the study at the lowest magnifications are given in 

Figure 18 a-d, here the heterogeneous nature of the samples are noticeable.  

The results for the S/AgI samples are given in the Figures 19, 20. The S/AgI (90:10) 1 have 

grains sulfur with the range from 20 to 50 μm (Figure 17 a-c) and for the S/AgI (90:10) 2 - from 

10 to 20 μm (Figure 17 d-e). AgI grains prepared by the 1st method have clear, smooth triangle 

and hexagonal form with the 0.5 - 3 μm size. While the 2nd method gave irregular particles with 

size from 0.3 to 0.9 μm. As for the 30 % samples, here the same tendency with the sulfur.  The 

AgI particles produced by the 1st method represented by triangular and hexagonal form with 

smooth surface. The 2nd method gave irregular shape AgI particles with loose surface. The size of 

AgI in the S/AgI (70:30) 1 is in the range from 0.2 to 0.6 μm and for S/AgI (70:30) 2 from 0.4 to 

1 μm (Figure 18 (a-c) and (d-f)).  

In general, microimages show that AgX particles are represented by grains of several 

microns in size, however the closest investigation reveales even smaller grains. For example, 

Figure 13 f, Figure 14 f or Figure 16 f show particles from 100 to 200 nm. Given that the second 

method allows to obtain particles of two micro-/nano-structures smaller in size, this suggests that 

the DMSO-water system can create certain conditions for particle stabilization.  

In Figure 19 SEM images of the pure AgX are given (AgCl in Figure 19 (a-c) [290], AgBr 

in Figure 19 (d-f) [290] and AgI in Figure 19 (g-i)). Pure compounds are particles with the regular 

form, mostly spherical and homogeneous system. The surface area of the grains is smooth and 

fine. The average size of the particles ranges from 1 to 3 μm.   

In addition the SEM of the sulfur prepared by two methods was conducted. Figure 20 (a-c) 

[290] demonstrates SEM microimages for the S 1 sample, while Figure 20 (d-f) [290] – for the S 

2 sample. According to analysis, both methods gave large particles of the sulfur with textured 

surface and recticular structure. The sulfur particles prepared by method 1 seem to exhibit a porous 

morphology.   
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Figure 13 – SEM of the samples: (a-c) – S/AgCl (90:10) 1; (d-f) – S/AgCl (90:10) 2 

 Magnifications: (a, d) – 2000x; (b, e) – 5000x; (c, f) – 15000x [290] 

 

 

 

Figure 14 – SEM of the amples: (a-c) – S/AgCl (70:30) 1; (d-f) – S/AgCl (70:30) 2 

 Magnifications: (a, d) – 2000x; (b, e) – 5000x; (c, f) – 15000x [290] 
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Figure 15 – SEM of the samples: (a-c) – S/AgBr (90-10) 1; (d-f) – S/AgBr (90-10) 2 

 Magnifications: (a, d) – 2000x; (b, e) – 5000x; (c, f) – 15000x [290] 

 

 

 

Figure 16 – SEM of the samples: (a-c) – S/AgBr (70:30) 1; (d-f) – S/AgBr (70:30) 2 

 Magnifications: (a, d) – 2000x; (b, e) – 5000x; (c, f) – 15000x [290] 
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Figure 17 – SEM of the samples: (a-c) – S/AgI (90:10) 1; (d-f) – S/AgI (90:10) 2  

Magnifications: (a, d) – 2000x; (b, e) – 5000x; (c, f) – 15000x [291] 

 

 

 

Figure 18 – SEM of the samples: (a-c) – S/AgI (70:30) 1; (d-f) – S/AgI (70:30) 2 

Magnifications: (a, d) – 2000x; (b, e) – 5000x; (c, f) – 15000x [291] 
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Figure 19 – SEM of the samples: (a-c) – AgCl; (d-f) – AgBr; (g-i) – AgI  

Magnifications: (a, d, g) – 2000x; (b, e, h) – 5000x; (c, f, i) – 15000x [290] 
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Figure 20 – SEM of the samples: (a-c) – S 1; (d-f) – S 2  

Magnifications: (a, d) – 2000x; (b, e) – 5000x; (c, f) – 15000x [290] 

 

3.1.5 HRTEM/EDS elemental mapping 

For analysis S/AgCl (70:30) 2 and S/AgBr (70:30) 1 were chosen. Figure 21 [290] 

demonstrates HRTEM for the S/AgCl (70:30) 2 and Figure 22 [290] - for the S/AgBr (70:30) 1.   

 

 

 

Figure 21 - HRTEM of the S/AgCl (70-30) 2: (1-4) – corresponding Fourier diffractograms 

with the indicated observed interplane distances [290] 
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The S/AgCl (70:30) 2 micro-/nano-structure have dense micron-sized aggregates of grains 

from 5 to 100 nm with a highly developed system of dense intergrain boundaries. Separate particles 

are rarely observed. According to images of HR, the crystal structure of the grains is observed. 

The surface of the sample is mostly free from any contamination, but in some cases amorphous 

near-surface layers up to 5 nm thick are observed (in Figure 23 it marked by red narrow). The 

interplanar distances (in Figure 23 it marked by numbers from 1 to 4) in the range 2.35–2.37 Å 

can be related to the cubic crystal lattice of Ag (PDF#87–0597); the distances with the 2.24 Å and 

2.50 Å are attributed to hexagonal Ag (PDF#87–0598), and the range 2.77–2.83 Å can be regarded 

to AgCl (PDF#85–1355). 

 

 

 

Figure 22 - HRTEM of the S/AgBr (70:30) 1: (1-4) – corresponding Fourier diffractograms 

with the indicated observed interplane distances [290] 

 

The S/AgBr (70:30) 1 (Figure 24) represented by large aggregates of crystalline grains and 

an amorphous matrix. Because of the high vacuum conditions and the action of high-energy 
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electrons’s stream, sample quckly changes the original morphology and structure. This is why, it 

is impossible to show the “initial” state at HR, because these images of the already changed 

sample. Moreover, sometimes spontaneous formation of the particles from an amorphous matrix 

is occurs, due to prolonged exposure to electron beam. The observed interplanar distances for large 

single-crystal particles are close to that of cubic Ag (PDF#87–0597), and for the particles in an 

amorphous matrix to those of AgBr (PDF#06–0438). 

In Figures 23 and 24 [290] EDS elemental mapping of the samples is shown. With help of 

this analysis the elemental distribution was investigated. Results revealed that morphology of the 

particles almost the same for both methods. According to elemental mapping, large agglomerates 

is sulfur, which covered by smaller grains of the AgX. AgX particles are randomly distributed 

over the sulfur surface, and the presence of nanoparticles up to 100 nm in size is visible. In 

addition, in Figure 25 (a-b) [290] the spectra of the studies multicomponent materials are given.  

 

 

 

Figure 23 - TEM elemental mapping of the S/AgCl (70:30) 2: (a) - EDS layered image; b – 

EDS image of Ag distribution; (c) - EDS image of Cl distribution; (d) - EDS image of S 

distribution: (e) - EDS distribution of the all elements [290] 
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Figure 24 - TEM elemental mapping of the S/AgBr (70:30) 1: (a) - EDS layered image; b – 

EDS image of Ag distribution; (c) - EDS image of Br distribution; (d) - EDS image of S 

distribution: (e) - EDS distribution of the all elements [290] 

 

 

 

Figure 25 - EDS spectra of samples: (a) – S/AgCl (70:30) 2 and (b) – S/AgBr (70:30) 1 

[290] 



61 
 

Based on the SEM, TEM and TEM-EDS elemental mapping, the next conclusion can be 

done: dilution of the reaction mixture solution with water provokes the formation of smaller sulfur 

grains. The dilution of the system of micro-/nano-structures in DMSO with anti-solvents like water 

[296; 297] influenced on morphology and particle size. According to our experiments, 1:1 dillution 

already leads to the positive effect. Moreover, DMSO molecules, even with low dilution with anti-

solvents, increased the number of sulfur particles formed, and therefore it can be assumed that 

DMSO molecules are a micelle-forming component of the system, since they have an affinity for 

the sulfur surface. As for the DMSO–water system, the micelle structure consists of stable 

complexes of these components, which, given the hydrophobicity of sulfur particles and provides 

them the highest protection against aggregation. Thus, it can be concluded that DMSO has the 

properties of a surfactant [297; 298] due to the possibility of stabilizing sulfur particles, and it also 

leads as solvent of the system. The application of two methods of precipitation makes it possible 

to demonstrate this feature clearly. 

3.1.6 Specific surface area analysis 

Two samples of 30 % micro-/nano-structures based on AgCl and AgBr were analyzed by 

the low-temperature nitrogen adsorption. Results are represented in Figure 26 (a, c) for S/AgCl 

(70:30) 1 and in Figure 26 (b, d) for S/AgBr (70:30) 1 [290]. According to IUPAC classification 

of isotherms, both curves given in Figure 26 a and b related to type III of isotherms, which indicate 

that of weak adsorbent–adsorbate interactions on a non-porous or macroporous adsorbents. 

Specific surface area (SBET) was calculated with help of the part of adsorption isotherm in the 0.05-

0.35 range of relative pressure. Thus, for the S/AgCl (70:30) 1 the SBET was 1.6 m2/g and for the 

S/AgBr (70:30) 1 - 0.6 m2/g. Such low values can be explained by incomplete cleaning of pores 

from DMSO due to low outgassing temperature (45°C), selected for analyeie. In addition 

increasing of the temperature also leads to the evaporation of sulfur. It is also possible to notice 

the presence of mesopores in the structure of the samples, since there is no overlap of the 

adsorption and desorption parts of the isotherms. The results obtained were also confirmed by 

measuring the pore size distribution (Figure 26). It was found that both samples are represented 

by the presence of very small pores that have a radius less than 100 Å, i.e. 10 nm which corresponds 

to fine mesopores. In addition, the pores of the S/AgBr (70-30) 1 sample are slightly smaller than 

those of the S/AgCl (70:30) 1 and their radius is 3 and 6 nm, respectively. The results of the surface 

area analysis are summarized in Table 9. 
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Figure 26 - Nitrogen adsorption–desorption curves of the samples: (a) – S/AgCl (70:30) 1 (b) – 

S/AgBr (70:30) 1. Pore size distribution curves of the samples: (c) – S/AgCl (70:30) 1 and (d) –  

S/AgBr (70:30) 1 [290] 

 

Table 9 – Brunauer – Emmet – Teller (BET) cpecific surface areas, isotherm types (pore types) 

and pore size of the samples  

  

Sample BET surface area (m2/g) Isotherm type (pore type) Pore size (nm) 

S/AgCl (70:30) 1 1.6 Type III (macroporous) 6 

S/AgBr (70:30) 1 0.6 Type III (macroporous) 3 

 

3.1.7 TGA-DSC 

TGA-DSC was conducted for investigation of the thermal properties, as well as to determine 

the actual content of sulfur and AgX (X=Cl, Br) in the S/AgX (70:30) 1, 2 micro-/nano-structures 

The results are given in Figure 27 [290] TG analysis showed that theoretical data converge with 

practical data and the content of elemental sulfur is 70 % in all samples. The exception was the 

sample S/AgCl (70:30) 2, in which the mass content of sulfur was equal to 66 %. From the data 



63 
 

obtained, it can be seen that the beginning of sulfur evaporation of this sample starts at 220°C, and 

its complete evaporation is achieved at 300°C, which corresponds to the literature data of 

nanosulfur evaporation [99]. The mass losses of the studied objects vary slightly, which indicates 

different degrees of sulfur-halide binding. For example, for S/AgBr (70:30) 1, the sulfur 

evaporation process lasts the longest and the sulfur leaves the sample composition only at 400°C, 

despite the fact that the heating rate and the mass of the samples were the same in all cases. 

 

 

 

Figure 27 - TGA-DSC of the S/AgX (70:30) 1, 2 [285] 

 

The DSC curves are expressed by several endothermic processes, each of which is 

responsible for certain phase transitions. For all samples, there is a small peak at 113°C and a 

rather large peak at 119°C [78]. These two peaks correspond to the melting points of orthorhombic 

and monoclinic sulfur, respectively. At room temperature, sulfur is in a rhombic form, but at 

temperatures above 96°C it turns into a monoclinic form. The presence of a small amount of 

rhombic sulfur is explained by the fact that when it is heated at a rate of 10°C/min, sulfur does not 

have time to completely turn into monoclinic until 113°C and begins to melt. The difference 

between 113°C and 119°C is only 6°C, which when heated at a speed of 10°C/min leads to 

overlapping peaks, since the system heats up from 113°C to 119°C in just 36 seconds. Another 

endothermic effect is observed at a temperature of about 180°C, which corresponds to the 

transition of liquid sulfur into plastic. The endothermic effect at the range from 300°C to 390°C is 
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the largest and corresponds to the evaporation of sulfur from the samples with the formation of 

sulfur molecules (gaseous S8) [78]. Subsequent endothermic effects apply only to AgX since all 

elemental sulfur completely evaporates at 400°C. The endothermic effect at about 450°C indicates 

melting of AgX nanoparticles [78]. In conclusion, the results of the TGA-DSC show that the 

samples consist of  ≈70% elemental sulfur and ≈30% AgX. 

 

3.2 Application 

3.2.1 Photocatalytic activity 

Figures 28-33 (a-d) demonstrates absorbance spectra of the S/AgX micro-/nano-structures. 

It can be seen that for every sample the twice repeating of the photocatalytic experiments was 

done. While comparison of the photocatalytic activity of  the investigated and corresponding 

reference powders are given in Figures 34, 35 (a-b) [290] and 36 [291]. After number of 

photocatalytic experiments, we noticed that pure AgCl and AgBr are higly active. Then, AgCl and 

AgBr based samples were compared with the effective mass of pure AgX for parity of the process. 

For instance, 6 mg of pure AgX was taken for 30 % samples and 2 mg for 10 % samples. For AgI 

based materials this procedure was skipped, because their activity was low in all cases.  

According to Figure 34 (a) S/AgCl (90:10) 1, 2 and pure sulfur were not active during the 

whole period of light irradiation. As for pure AgCl, effective mass of it is effective only on 50 %.  

 

 

 

Figure 28 - Absorbance spectra of the: S/AgCl (90:10) 1 (a) – test 1; (b) – test 2; S/AgCl 

(90:10) 2 (c) – test 1; (d) – test 2 
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Figure 29 - Absorbance spectra of the: S/AgCl (70:30) 1 (a) – test 1; (b) – test 2; S/AgCl 

(70:30) 2 (c) – test 1; (d) – test 2 

 

 

 

Figure 30 - Absorbance spectra of the: S/AgBr (90:10) 1 (a) – test 1; (b) – test 2; S/AgBr 

(90:10) 2 (c) – test 1; (d) – test 2 
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Figure 31 - Absorbance spectra of the: S/AgBr (70:30) 1 (a) – test 1; (b) – test 2; S/AgBr 

(70:30) 2 (c) – test 1; (d) – test 2 

 

 

 

Figure 32 - Absorbance spectra of the: S/AgI (90:10) 1 (a) – test 1; (b) – test 2; S/AgI 

(90:10) 2 (c) – test 1; (d) – test 2 
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Figure 33 - Absorbance spectra of the: S/AgI (70:30) 1 (a) – test 1; (b) – test 2; S/AgI 

(70:30) 2 (c) – test 1; (d) – test 2 

 

Results for the S/AgCl (70:30) 1, 2 are given in Figure 34 (b). Graph shows that pure AgCl 

is able to degrade almost 87 % of Orange II molecules, during the 180 min of light exposure. While 

in [294], AgCl was more active; such difference can be explained by using of the less amount of 

silver halide effective mass. Among all AgCl based samples, the S/AgCl (70:30) 1 had the greatest 

activity, degrading about 70 % of the organic dye molecules. S/AgCl (70:30) 2 was even less 

active, degrading near 50 % of the model solution. 

Figure 35 (a-b) reveales data about photocatalytic activity of AgBr based samples. 10 % 

samples were less active among all AgBr based multicomponent materials, however, S/AgBr 

(90:10) 1 was less active than S/AgBr (90-10) 2 (Figure 35 (a)). Pure AgBr with effective mass 6 

mg degraded about 80 % of organic dye (Figure 35 (b)). S/AgBr (70:30) 1, 2 were more active 

than S/AgCl (70:30) 1, 2 samples. For example, in [299] AgBr based micro-/nano-structures are 

show higher photocatalytic activity and explained by the smaller sizes of the nanocomposite 

graines. This applies to our results as well, since SEM analysis exibited that S/AgBr particles are 

in general smaller than those of S/AgCl. S/AgBr (70:30) 1, 2 micro-/nano-structures were effective 

on about 87 %. While pure AgBr is more active than AgCl and was able to degrade about 94 % of 

Orange II molecules. However, in study Cui and his collegues [172], pure AgBr showed average 
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photocatalytic activity with azo dyes. Such difference can pointed that the solvothermal synthesis 

approach is more suitable for obtaining AgBr with high photocatalytic activity. 30 % AgBr micro-

/nano-structures exhibited the strongest ability of organic dye degrading. The result for both 

samples were approximately the same, but sample prepared by method 1 was more active on 1-2 

%, than sample prepared by method 2.  

 

 

 

Figure 34 - Comparison of the photocatalytic activity of the samples:  (a) – S/AgCl (90:10) 

1, 2, AgCl and S 1, 2; (b) – S/AgCl (70:30) 1, 2, AgCl and S 1, 2 [290] 

 

 

 

Figure 35 - Comparison of the photocatalytic activity of the samples: (a) – S/AgBr (90:10) 

1, 2, AgBr and S 1, 2; (b) – S/AgBr (70:30) 1, 2; AgBr and S 1, 2 [290] 
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In Figure 36 comparison of the photocatalytic activity of the all AgI based micro-/nano-

structures, pure AgI and sulfur are given. Only pure AgI was active and after 180 min of the visible 

light irradiation sample degraded near 99 % of Orange II molecules. However, for pure AgI was 

not applied the practice with the effective masses, like for AgCl and AgBr. This is why, AgI is less 

active halide.  While S/AgI of all compositions do not show photodegradation higher than 7 %, 

like pure sulfur.  

 

 

 

Figure 36 - Comparison of the photocatalytic activity of the S/AgI (90:10) 1, 2; S/AgI 

(70:30) 1, 2; AgI and S 1, 2 [291] 

 

For kinetics study were chosen micro-/nano-structures based on AgCl and AgBr, as AgI 

based samples did not show any activity during the photocatalytic tests. The photocatalytic 

degradation of Orange II by chosen micro-/nano-structures was accepted as a pseudo-first-order 

reaction. It was found according to a simplified Langmuir–Hinshelwood model ln (C0/C) = kt, 

where C0 and C are initial and final concentrations of Orange II solution, respectively, at time t 

and k (min−1) is the rate constant of the reaction [25]. There are also were tested other kinetics 

models, but the pseudo-first order turned out to be the most suitable for this process. The k value 

was found from the constructed graphs. For proving of the kinetic order of organic dye degradation 

the correlation coefficient R2 was used. Figure 37 (a-b) [290] demonstrates the possible pseudo-

first order kinetics for photocatalytic degradation of Orange II by S/AgCl and S/AgBr samples. 
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Figure 37 - Pseudo-first-order kinetics for photocatalytic degradation of the Orange II by 

samples: (a) – S/AgCl (90:10) 1, 2 and S/AgCl (70-30) 1, 2; (b) – S/AgBr (90:10) 1, 2 and 

S/AgBr (70:30) 1, 2 [290] 

 

The values of the k and R2 for all samples are summarized in Table 9. According to Table 9 

the photocatalytic reaction of organic dye degradation with the S/AgBr (70:30) 1, 2 are in 1.5 times 

faster than with the S/AgCl (70:30) 1, 2. (90:10) micro-/nano-structures based on AgBr and 

prepared by methods (1) and (2) were in 1.8 and 3.5 times more active than S/AgCl (90:10) 1, 2 

respectively. The highest values of the k were highlighted with the blue color in Table 9. In general, 

samples prepared by 2nd method showed higher r values than samples synthesized be the 1st 

method.  

 

Table 10 – Pseudo-first-order rate constants of photocatalytic degradation of the Orange II for all 
samples [290] 
 
 

Sample The rate constant,  

k min-1   
R2 

1 2 3 

S/AgCl (90:10) 1 (8.35±0.58) 10-4 0.97 

S/AgCl (90:10) 2 (9.44±0.56) 10-4 0.98 

S/AgCl (70:30) 1 (7.50±0.31) 10-3 0.99 

S/AgCl (70:30) 2  (4.88±0.20) 10-3 0.99 

S/AgBr (90:10) 1 (1.49±0.66) 10-3 0.98 
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Continuation of Table 10 

1 2 3 

S/AgBr (90:10) 2 (3.39±0.67) 10-3 0.99 

S/AgBr (70:30) 1 (12.05±0.69) 10-3 0.98 

S/AgBr (70:30) 2  (11.27±0.37) 10-3 0.99 

 

The next step of the study was the estimation of the stability of the prepared samples, because 

stability of the photocatalysts is the essential property for practical application. For this 

investigation S/AgCl (70:30) 1, 2 and S/AgBr (70:30) 1, 2 samples were chosen, as these materials 

manifested the greatest photocatalytic activity. The photocatalytic performance of the (70:30) 

samples based on AgCl and AgBr in the first five reuse cycles is shown in Figure 38 [290]. The 

photocatalytic activity reduced from the first run to the fifth run only slightly, what could be the 

reason of the washing out of the powders during the process. However, the results indicate that all 

studied micro-/nano-structures are stable. 

 

 

 

Figure 38 - Photocatalytic performance of the S/AgCl (70:30) 1, 2 and S/AgBr (70:30) 1, 

2 in the first five reuse cycles [290] 
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Based on all the results of the testing of S/AgX micro-/nano-structures as photocatalysts, 

there can be introduced the mechanism of the process (Figure 39). The mechanism was proposed 

for S/AgBr (70:30) 1, 2, as these samples were the most active. AgBr forms e- and h+ pairs under 

visible light irradiation. Then on the surface of the AgX the trapping of the excited electrons by 

O2 and H2O is occurred. As the result, the O2
•- and OH•- radicals are generated. O2

•- and OH•- 

radicals interact with Orange II molecules and decompose them. The hole on AgX surface 

provokes the oxidation of Br- ions to Br0 atoms. The atoms of elemental Cl or Br can easily oxidize 

dyes and became reduced to Br- ions again [300–302].  

In conclusion we can highlight S/AgBr (70:30) 1, 2 micro-/nano-structures as the most 

prospective compositions, which are able to save about 90 % of photocatalytic activity. It also 

should be noted that the results obtained require further study in order to understand the nature and 

mechanism of prepared micro-/nano-structures action. 

 

 

 

Figure 39 - Proposed mechanism of photocatalyst under visible light irradiation  

 

3.2.2 Biological activity  

The minimum bactericidal concentration (MBC) and minimum fungicidal concentration 

(MFC) were used as estimated value of the biological activity (Figures 40, 41 Tables 10, 11 [290]). 

During the experiment implementation it was found that S/AgI (90:10) 1, 2, S/AgI (70:30) 1, 2, 

pure sulfur and AgI unable to suppress microorganisms, this is why in common graph they are not 

given. According to literature sources, the main factor in the manifestation of pathogen 

suppression is nanoscale [303]. The methods developed by us make it possible to obtain sulfur in 

micro-sized scales, which makes it difficult for it to penetrate into the cells of microorganisms. In 

general, almost all synthesized AgCl and AgBr based samples were active against all tested strains. 
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As for AgI based micro-/nano-structures, it can be supposed that between sulfur and AgI appears 

synergetic effect with the strong bond, which cannot be destroyed during the experiments. It is 

also known, that in AgX compounds Ag+ ions active antimicrobial agent. Apparently, Ag+ cannot 

be formed in the tested suspension, what indicates that combination of sulfur and AgI is not 

suitable for demonstration of the biological activity. In general, almost all AgCl and AgBr based 

samples were active against almost all test strains. Only S/AgCl (90:10) 2 was not active against 

E. coli ATCC 8739 and S. aureus ATCC BAA-39, S/AgBr (90:10) 1 was not able to suppress S. 

aureus ATCC BAA-39 and E. coli ATCC BAA-196, and S/AgBr (90:10) 2 was unable to 

inactivate virus E. amylovora, S. aureus ATCC BAA-39 and E. coli ATCC BAA-196 strains. All 

S/AgCl(Br) micro-/nano-structures showed the lowest MFC and high effectiveness against 

C.albicans ATCC 10231. In our case, the method of solvothermal synthesis yields sufficiently 

large sulfur particles, which, apparently, do not allow AgX to completely counteract 

microorganisms. Pure AgBr inhibited only C. albicans ATCC 10231; AgCl inhibited C. albicans 

ATCC 10231, P. aeruginosa ATCC 9027 and E. coli ATCC BAA-196. Thus, pure AgX revealed 

the lowest activity than S/AgCl(Br) (90:10) and (70:30) 1, 2 samples. Samples with 70:30 % 

content showed biological activity at lower dilutions than samples with 90:10 % content. 

MBC/MFC were calculated relying on the concentration of the test samples10 mg/mL (10000 

µg/mL) and dilutions. For instance, the dilution 1:1 will correspond to 5000 µg/mL, 1:2 will 

correspond to 2500 µg/mL and etc. The tables with MBC/MFC values of the all samples are 

represented in Tables 10 and 11. Figure 42 [290] show the activity of S/AgCl (70:30) 1, 2 and 

S/AgBr (70:30) 1, 2 against C. albicans ATCC 10231 after seeding pathogens on the agar surface 

by method of two-fold serial dilutions. 
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Figure 40 - Comparison of the biological activity of the S/AgCl samples and AgCl [290] 

 

 

 

Figure 41- Comparison of the biological activity of the S/AgBr samples and AgBr [290] 
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Table 11 – Minimum bactericidal/fungicidal concentrations of the S/AgCl (1, 2) 10, 30, 50 %, 

AgCl and S (1, 2), µg/mL [290]. 

 

Test strain S/AgCl 

(90:10) 1 

S/AgCl 

(90:10) 2 

S/AgCl 

(70:30) 1 

S/AgCl 

(70:30) 2 

AgCl S 1 S 2 

S. aureus 

ATCC 6538-

P 

5000 5000  2500   2500  NA NA NA 

E. coli ATCC 

8739 

5000 NA 5000 5000 NA NA NA 

C.albicans 

ATCC 10231 

157  78 39 39 313  NA NA 

P.aeruginosa 

ATCC 9027 

5000 5000 5000 5000 626 NA NA 

E. 

amylovora 

78 39 313 1250 NA NA NA 

S. aureus 

ATCC ВАА-

39 

626 NA 313 626 NA NA NA 

E. coli ATCC 

ВАА-196 

626 5000 313 313 2500 

 

NA NA 

NA – non active 

 

Table 12 – Minimum bactericidal/fungicidal concentrations of the S/AgBr (1, 2) 10, 30, 50 %, 

AgBr and S, (1, 2) µg/mL [290]. 

 

Test strain S/AgBr 

(90:10) 1 

S/AgBr 

(90:10) 2 

S/AgBr 

(70:30) 1 

S/AgBr 

(70:30) 2 

AgBr S (1) S (2) 

1 2 3 4 5 6 7 8 

S. aureus 

ATCC 6538-P 

5000  5000 5000 2500  NA NA NA 
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Continuation of Table 12 

1 2 3 4 5 6 7 8 

E. coli ATCC 

8739 

1250 5000 626 78 NA NA NA 

C.albicans 

ATCC 10231 

157  312 39 39 78 NA NA 

P.aeruginosa 

ATCC 9027 

5000 5000 5000 5000 NA NA NA 

E. amylovora 5000 NA 156 313 NA NA NA 

S. aureus 

ATCC ВАА-

39 

NA NA 1250 626 NA NA NA 

E. coli ATCC 

ВАА-196 

NA NA 156 626 NA NA NA 

NA – non active 

 

 

 

Figure 42 – Samples after seeding pathogens on the agar surface by method of two-fold 

serial dilutions: (a) – S/AgCl (70:30) 1, 2 and (b) – S/AgBr (70:30) 1, 2 [290] 

 

According to the obtained results, testing of the prepared micro-/nano-structures based on 

sulfur and AgX as photocatalytic and antimicrobial agents gave certain results. The combination 

of the sulfur and AgI is not suitable for manifesting of any type of activity. S/AgCl(Br) (90:10) 1, 
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2 have shown weak photocatalytic and antibacterial/antifungal properties. While S/AgCl(Br) 

(70:30) 1, 2 are able to degrade organic dye molecules and suppress microorganisms. However, 

S/AgBr (70:30) 1, 2 are having prospective future as multipurpose multicomponent material, 

applicable in photocatalysis and microbiology.  

In the case of photocatalytic properties, taking into account the effective masses, pure AgCl 

and AgBr have slightly great activity than the micro-/nano-structures themselves. In this case, 

when the two components are mixed, passivation of halides by sulfur occurs. Which is why there 

is a slight difference in the activities of reference samples and multicomponent materials. While 

the study of biological activity showed that AgCl and AgBr are able to suppress certain pathogens, 

and sulfur did not show any results at all. The mixing of the two components has led to the fact 

that synthesized samples of almost all compositions are able to suppress strains taken as part of 

the experiment. This may indicate a synergistic effect between sulfur and halides, despite the 

results of SEM, TEM, TEM-EDS elemental mapping and XPS. Clearly, this study requires further 

and deeper study. But within the framework of this work, one of the tasks was to test synthesized 

samples for their use in photocatalysis and microbiology, which was actually done. 
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4 APPLIED ASPECTS 

 

4.1 Development of the principal technological scheme of producing S/AgBr (70:30) 

micro-/nano-structures 

The process of producing of S/AgX micro-/nano-structures on a laboratory scale was given 

in chapter 2, paragraph 2.5. AgX based materials tend to decompose in daylight, so their storage 

requires special conditions. It should be noted that we don’t need a big amount of photocatalyst 

for conducting photocatalytic process, because its consumption is extermelly small. The developed 

principal scheme for production of S/AgBr is designed for a 20-liter pilot plant (R-620 

(SELECTA, Spain)) and given in Figure 43.  

 

 

 

Figure 43 – Principle scheme of production of S/AgBr (70:30) 1, 2 micro-/nano-structures 

 

The principle scheme (Figure 43) is presented on the example of obtaining a product based 

on AgBr, since this type of micro-/nano-structures was selected as one of the best samples with 
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the best photocatalytic and antimicrobial properties. All masses are given for producing of 125 g 

of S/AgBr (70:30) 1, 2. According to the principle scheme, reactor is filled with the 5 liters of 

DMSO at the first stage. Then, 87.50 g of elemental sulfur is put in 5000 mL of DMSO and the 

heating and stirring of the process is started. After the dissolution of sulfur at 120°C, the portion 

and altering pouring of NH4Br (20.00 g in 250 mL of DMSO) and AgNO3 (33.91 g in 250 mL of 

DMSO) is conducted. Depending on the method sulfur precipitation, under constant stirring the 

cooling (12 h) of the system or dilution with water is carried out. Dilution of reaction mixture with 

water requires 5500 mL of distilled water (volume ratio of reactional mixture to water is 1:1). 

Obtained product is centrifuged, dried (70°C, 24 h) and packed.  

 

4.2 The material balance of obtaining of S/AgBr (70:30) micro-/nano-structures  

The material balance of obtaining of the S/AgBr (70:30) 1 micro-/nanostructure for which 

sulfur was deposited at room temperature (method 1), is shown in Table 12. The material balance 

for S/AgBr (70:30) 2, where sulfur was deposited with help of water is given in Table 13.  

 

 Table 13 - Material balance of the S/AgBr (70:30) 1 micro-/nano-structure obtaining 

 

Income Expenses 

Item Unit Item Unit 

g g 

Elemental sulfur 

(S) 

87.50  

S/AgBr  

 

125.00 

Silver nitrate 

(AgNO3) 

34.00 

Ammonia 

bromide 

(NH4Br), 

(excess) 

19.50 NH4NO3 16.00 

DMSO 6050.00 DMSO 6050.00 

Total 6191.00  6191.00 
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Table 14 - Material balance of the S/AgBr (70:30) 2 micro-/nano-structure obtaining 

 

Income Expenses 

Item Unit Item Unit 

g g 

Elemental sulfur 

(S) 

87.50  

S/AgBr  

 

125.00 

Silver nitrate 

(AgNO3) 

34.00 

Ammonia 

bromide 

(NH4Br), 

(excess) 

19.50 Ammonia 

nitrate 

(NH4NO3) 

16.00 

DMSO 6050.00 DMSO 6050.00 

Distillate water 5000.00 Distillate water 5000.00 

Total 11191.00  11191.00 

 

4.3 Cost estimation for the production of 125 g S/AgBr (70:30) micro-/nano-structures 

The cost of the product was compared with commercial AgBr, since the photocatalysts and 

antimicrobial agents on the market do not have a composition similar to ours. Pure AgBr can be 

used both as a photocatalyst and as an antimicrobial agent, while pure sulfur cannot be used. 

Information about prices is publicly available on manufacturers' websites. For calculations the data 

from the Merck website were taken [304].  

For the estimation of the production costs of 125 g S/AgBr (70:30) 1, 2 micro-/nano-

structures was chosen, since these samples showed the best results on photocatalytic and biological 

activities.  Table 12 provides information about cost estimation for the production of mentioned 

above samples. For the calculations the expenses for raw materials, salary and others were taken 

into account. According to Table 12, the price for the products production using methods 1 and 2 

is very similar, because method of precipitation 2 (method 2) requires using of distillate water. 

Commercial AgBr of manufacturer Merck costs 2070 US dollars, which in tenge is about 

963,157.00. As can be seen, the obtained products are 3.5 times cheaper, than commercial AgBr 

of Merck production Thus, S/AgBr micro-/nano-structure seems to be the best out of the studied 

once.  



81 
 

In conclusion, it can be said that the production and sale of the product synthesized by us is 

represented by sufficiently convincing profitability and prospects. 

 

Table 15 - Cost estimation for the production of 125 g S/AgBr (70-30) 1, 2 micro-/nano-structures 

 

Expenses S/AgBr (70:30) 1 S/AgBr (70:30) 2 

Amount, g 

(mL) 

Expenses, 

tg 

Amount, 

g 

Expenses, 

tg 

Elemental 

sulfur (S) 

87.50 87.50 87.50 87.50 

Silver nitrate 

(AgNO3) 

33.91 15,260.00 33.91 15,260.00 

Ammonia 

bromide (NH4Br), 

(excess) 

20.00 484.50 20.00  484.50 

DMSO 5500 242,281.00 6000 242,281.00 

Distillate 

water  

-  7000 560.00 

Employee 

salary 

- 10,000.00 - 10,000.00 

Other - 5,000.00 - 5,000.00 

Total amount  273,113.00  273,673.00 
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CONCLUSIONS 

 

Based on the results of the study , the following conclusions can be drawn: 

1. Sulfur and silver halides micro-/nano-structures were synthesized in DMSO medium at 

120 °C. Two methods of sulfur deposition have been developed: 1) sulfur precipitation by cooling 

the reaction mixture for 12 hours to room temperature; 2) sulfur precipitation by diluting the 

solution of the reaction mixture with water at a volume ratio of DMSO:water 1:1. 

2. The study of synthesized sulfur and silver halides micro-/nano-structures by physico-

chemical characterization methods was carried out. The results of the analyses showed that sulfur 

and silver halides are present in the micro-/nano-structures, the samples are represented by a 

heterogeneous system where sulfur grains are covered with silver halide particles. When sulfur is 

precipitated by cooling the reaction mixture to room temperature, sulfur particles with a size of 20 

to 50 μm are formed, while dilution of the reaction mixture solution with water leads to the 

formation of smaller sulfur particles with a size of 10 to 25 μm. Silver halides, regardless of the 

method of sulfur deposition method, exhibit the particle size in the range from 1 to 4 μm. 

3. SEM, TEM and TEM-elemental mapping showed that dilution of the system of micro-

/nano-structures in the DMSO medium with water prevents agglomeration of sulfur particles. The 

DMSO–water system, due to the DMSO property as a surfactant, forms micelles consisting of 

stable complexes of these components, and the hydrophobicity of sulfur particles provides 

protection against aggregation. 

4. The photocatalytic, antibacterial and antifungal properties of synthesized micro-/nano-

structures were investigated. It was found that synthesized sulfur and micro-/nano-structures based 

on sulfur and silver iodide do not have significant photocatalytic activity.  Sulfur and silver 

chloride/bromide micro-/nano-structures with a composition of 90:10 wt. % also showed low 

photodegradation ability of organic dye. Micro-/nano-structures with a content of sulfur:silver 

halide 70:30 wt. % were more active, and samples based on silver bromide exhibited about 90% 

degradation of the organic dye. The stability study of samples based on sulfur and silver 

chloride/bromide with a ratio of 70:30 wt.% showed that these samples remain functional during 

five cycles of the photocatalytic process. 

The study of antimicrobial activity showed that synthesized sulfur and samples based on 

sulfur and silver iodide are inactive. The remaining samples were able to suppress almost all the 

test strains studied, and sulfur and silver chloride/bromide micro-/nano-structures with a 

composition of 70:30 wt.% are able to suppress pathogenic microorganisms at the lowest values 

of the minimum bactericidal/fungicidal concentration. Samples based on sulfur and silver bromide 
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with a composition of 70:30 wt.% have good prospects of application as functional materials, in 

photocatalysis and biomedicine. 

5. The principal scheme of micro-/nano-structures obtaining was developed. The material 

balance of the process was calculated.   
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