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Abstract 

The task of this article is to update, develop and introduce into scientific practice 
the method of "mechanochemical recrystallization" in solid-phase systems with 

small additives of the liquid phase of the solvent and solid-phase precursors to 
stabilize the formed nanoparticles. The essence of this method is shown using the 
example of mechanical activation of the S–AgNO3–NH4X system, where X = Cl, Br, 

I, with the addition of dimethyl sulfoxide (DMSO), and the resulting mechano-
chemical synthesis of sulfur-containing nanocomposites S/AgX with the controlled 

content of sulfur nanoparticles (nanosulfur). The predetermined content of nano-
sulfur in nanocomposites is ensured by a continuous process of dissolution-crystal-
lization (recrystallization) of starting sulfur in the DMSO medium in a mechano-

chemical reactor. The proposed technical solution made it possible to obtain S/AgX 
nanocomposites by a single mechanical treatment of powder precursors – AgNO3, 
NH4Х, NH4NO3 (diluent), commercial sulfur and DMSO in planetary ball mills with 

various milling tools. The method also includes washing the water-soluble compo-
nents of mechanosynthesis.  
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Key findings 
● A method for synthesis of nanocomposites based on silver halides and sulfur with controlled sulfur content in the 

DMSO medium is proposed. 

● The synthesis is carried out by mechanical activation of powder precursors – sulfur, silver nitrate, ammonium halides 

and nitrate. 

● Nanocomposite formation occurs as a result of reaction process of dissolution-crystallization (recrystallization) of 

precursors in the DMSO medium. 

© 2023, the Authors. This article is published in open access under the terms and conditions of  

     the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/). 

 

1. Introduction 

The literature describes many examples of mechanochemi-

cal transformations that occur upon the addition of small 

amounts of liquid, and even introduces a special term, Liq-

uid Assisted Grinding (LAG) [1–6]. Typically, the liquid pro-

vides the very possibility of the transformation, or affects 

its rate, or the composition of the products. It is more diffi-

cult to find examples where the addition of a liquid was 

used to control the particle size and composition of the 

mechanosynthesis product. At the same time, the mecha-

nisms of the influence of liquid on mechanochemical trans-

formations remain debatable, and in many works they are 

not discussed at all [7–10]. 

The topic of the article is not related to the well-known 

phenomenon of "recrystallization" in the process of me-

chanical activation of solid-phase systems [7–18]. Here it 

focuses on the possibility of obtaining nanoparticles and 

nanocomposites by reactive recrystallization of the initial 

solid precursors from a solution during their processing in 

a planetary ball mill with the addition of small amounts of 

liquid DMSO – the precursor solvent [19].  

For example, the following ways and results of the im-

plementation of this area of research are known:  

– the method of mechanical activation of zinc oxide 

(ZnO) during its wet grinding with an increase in the 

solubility of ZnO to a certain level, subsequent 
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recrystallization and the formation of defects in ZnO 

crystallites [20];  

– the method for the preparation of nanoparticles of 

calcium carbonate (CaCO3) by high-energy grinding in 

sodium hypochlorite solutions of waste shells of molluscs 

Tapes japonica with the formation of different phases 

CaCO3 is associated with mechanical activation of aragonite 

and dissolution-recrystallization of calcite [21, 22];  

– the mechanochemical method for the preparation of 

nanoparticles of mordenite (18SiO2:12NaOH:780H2O) from 

zeolites, following a strategy of recrystallization with 

recovery after recrystallization of the crushed sample in a 

solution of hydrothermal basic silicate of high crystallinity 

of nano-mordenite with a decrease in the content of phase 

impurities [23];  

– a mechanochemical approach is known for obtaining 

new solid forms of raloxifene hydrochloride (RHC), which 

is a benzothiophene derivative with low bioavailability for 

the treatment of osteoporosis due to its poor solubility in 

water, based both on its individual grinding and grinding 

with the addition of liquids [24];  

– the effects of adding solvents and grinding times on the 

formation of a ternary salt were systematically studied, and 

the formation of a nylon 524T ternary salt under solvent-as-

sisted grinding was found to follow a mechanically driven 

dissolution-recrystallization mechanism [25]; 

– the authors of this article described the mechanism of 

crystalline hydrate mechanosynthesis of nanosulfur [26] 

and copper sulfide nanocrystals [27, 28] from such precur-

sors as copper acetate, sodium sulfide crystalline hydrate, 

citric acid, and sodium thiosulfate pentahydrate using 

wear-resistant milling tools.  

The present work is concerned with mechanochemical 

synthesis, in particular, with the preparation of sulfur-con-

taining nanocomposites of silver halides S/AgX, where 

X = Cl, Br, I [29, 30] with a controlled content of sulfur. The 

objective of the article is a systematic study into the method 

of "mechanochemical recrystallization" in the AgNO3–

NH4X–S solid-phase system with small additions of the sol-

vent phase – DMSO, widely used to dissolve the components 

of this system [19]. In this case, the controlled content of 

sulfur in S/AgX and the stabilization of the size of the re-

sulting nanoparticles depend on the initial weight of pow-

dered sulfur and the significant additions to this system of 

a water-soluble powder diluent – an inert additive or a by-

product of the reaction [31], respectively.  

The closest in technical essence to the proposed method 

of "mechanochemical recrystallization" are the solution 

methods for obtaining nanosulfur [32, 33] and sulfur-con-

taining nanocomposites S / AgX [29, 30, 34] using DMSO. 

The disadvantage of this method is the impossibility of 

S / AgX synthesis with a controlled sulfur content. The pre-

determined content of nanosulfur in nanocomposites is en-

sured by the process of dissolution-crystallization (recrys-

tallization) of starting sulfur in a universal aprotic solvent 

DMSO [19] in a mechanochemical reactor [35].  

2. Experimental 

2.1. Materials and methods 

DMSO, (CH3)2SO, was purchased from Dimethylsulfoxid Bi-

oChemica, ≥99.5%, AppliChem GmbH, Darmstadt, Ger-

many. Silver and ammonium nitrates (AgNO3, NH4NO3), 

ammonia halides (NH4Cl, NH4Br, NH4I) and sulfur (S) were 

purchased from Sigma Aldrich, Germany. For washing, wa-

ter purified by the purification system Smart2Pure (Thermo 

Scientific, USA) was used.  

The prepared samples were characterized by different 

techniques. Phase composition of the powders was analyzed 

by X-ray diffraction (XRD) with a Rigaku MiniFlex 600 X-

ray diffractometer using copper radiation  

(λ = 0.15405 nm). For processing of X-ray diffraction pat-

terns, the ICCD-PDF2 release 2016 database was used.  

Raman spectra of the samples were recorded on a Solver 

Spectrum (NT MDT Instruments, Russia) spectrometer us-

ing an 1800/500 diffraction grating, which provides a spec-

tral resolution of 1 cm−1. The Raman spectra were excited 

by a He-Ne laser with a wavelength of 633 nm and pro-

cessed with help of Origin Lab program.  

Size, morphology and elemental composition of the sam-

ples were studied by a scanning electron microscope (SEM) 

Quanta 200i 3D (FEI, Netherlands) equipped by the energy 

dispersive X-ray analysis (EDAX) sensor. For the analysis, 

a mixture of 1 g of a sample and 40 ml of water was treated 

in an ultrasonic bath for 30 minutes. The sample of the re-

sulting suspension was applied to a silicon microscope sub-

strate.  

The images of the sulfur nanoparticles (nanosulfur) 

were produced with a JEOL JEM-1400 transmission elec-

tron microscope (TEM; JEOL; Japan) with 80 kV acceler-

ating voltage. The shape and sizes of the nanosulfur were 

determined by TEM directly at the microscope location by 

dissolving-washing the mechanosynthesis product with 

water. The resulting sulfur slurry-colloid was immedi-

ately pipetted onto a collodion-coated copper grid for 

TEM, and nanosulfur images were acquired as soon as pos-

sible.  

2.2. Mechanochemical preparation  

The milling process was realized in the planetary ball mills 

Pulverisette 6 and 5 (Fritsch, Germany) in a tungsten car-

bide milling chamber with a volume of 250 mL (1-drum Pul-

verisette 6) and stainless steel milling chambers with a vol-

ume of 1 L (4-drum Pulverisette 5). The milling was per-

formed in air, using tungsten carbide or stainless steel mill-

ing balls with a diameter of 10 mm, ball (600 g)-to-pow-

der (10 g) ratio of 60, rotation speed of the planet carrier 

of 350 min−1, and a milling time of up to 30 minutes. Syn-

thesis of nanosulfur and nanocomposites yS*/AgX, where 

X = Cl, Br, or I, by "mechanochemical recrystallization" was 

carried out according to the reactions (S – commercial sul-

fur; S* – sulfur recrystallized from DMSO):  
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NH4I (diluent, 9 g) + S (1 g) + DMSO (1–5 mL) =  

NH4I + S* + DMSO (1–5 mL)  
(1) 

AgNO3 + NH4I + zNH4NO3 + yS + xDMSO =  

AgI + yS* + (z+1) NH4NO3 (diluent)+ xDMSO  
(2) 

AgNO3 + NH4X + zNH4NO3 + yS + xDMSO =  

AgX + yS* + (z+1)NH4NO3 (diluent)+ xDMSO  
(3) 

using Pulverisette 6 for reaction (1), (2), and Pulverisette 5 

for (3) with yS* content 50 wt.% in S*/AgX.  

Advantages of the reactions chosen for the study in-

clude: solubility of precursors in DMSO; the absence of wa-

ter (for example, there are no crystalline hydrates) both in 

the initial precursors and in the products, except for their 

slight moistening due to the hygroscopicity of DMSO [36–

38]; ease, simplicity and high speed of implementation. 

The essence of this approach is shown in Scheme 1 (see 

also Figures S1−S5 in the Supplementary materials). It 

gives examples of the production of nanosulfur in a Pulver-

isette 6 mill (Scheme 1a, Figure S1a), and nanocomposites 

S* / AgI (Scheme 1b, Figures S3a, b) and S*/AgX 

(Scheme 1b, c) by realizing reactions (2) and (3) in the Pul-

verisette 6 and 5 mills. The addition of the universal sol-

vent, DMSO, and neutral diluents (NH4I and NH4NO3) 

makes it possible to stabilize the size of the formed sulfur 

and silver halide nanoparticles in the DMSO medium.  

3. Results and Discussion 

Essentially, we are studying three processes in DMSO: (i) 

preparation of nanosulfur (S*) by mechanochemical recrys-

tallization of the initial sulfur; (ii) mechanosynthesis of 

nanocomposites based on it with an emphasis on obtaining 

S*/AgI; and (iii) the effect of mechanical activation condi-

tions on the synthesis of S*/AgX nanocomposites.  

3.1. Recrystallization of sulfur in DMSO  

First, according to reaction (1) and/or Scheme 1a, we car-

ried out the process of mechanochemical recrystallization 

in DMSO of sulfur with an inert diluent NH4I to prove the 

transition of sulfur to a nanoscale state. The TEM image of 

sulfur particles are shown in Figure 1, and their sizes are in 

the range of 20–160 nm (average size is about 100 nm) and 

weakly depend on the amount of added DMSO.  

3.1.1. XRD, Raman spectroscopy and SEM-EDAX data  

Figure S1a shows that the XRD peaks of the sulfur sample 

obtained by washing and drying the product of mechanical 

activation of the system sulfur (1 g) – ammonium iodide 

(9 g) – DMSO (2 ml) completely correspond to its standard 

in the ICCD-PDF2 database, PDF Card No. 01-083-2283, in 

the orthorhombic structure (α−S8). The XRD software al-

lowed to determine the size of coherent scattering blocks 

(crystallite size, D ≈ 70 nm) and lattice microdistortions  

(ε ≈ 0.2%), see Figure S1b and [39–41].  

The review article [42] shows that the α−S8 vibrational 

modes at 153 cm−1 and 220 cm−1 represent, respectively, 

asymmetric and symmetric bending of the S−S bond. The 

peak at 473 cm−1 is associated with S−S stretching in the S8 

ring. A broad feature at ≈440 cm−1 is present in all solid 

sulfur allotropes, and corresponds to S−S stretching modes. 

A small but distinct peak at 248 cm−1 characterizes intra-

molecular α−S8 vibrations. External α−S8 vibrations in the 

low frequency range are due to a peak at 88 cm−1. These 

data are almost identical to the Raman spectroscopy of our 

sulfur sample shown in Figure 2. 

 
Figure 1 TEM images of aqueous suspension in the experiment on 
"mechanochemical recrystallization" of sulfur (weight 1 g), diluent 

ammonium iodide (NH4I; 9 g) in the Pulverisette 6 mill with the 

addition of DMSO (a – 1 mL; b – 5 mL) after dissolution and wash-

ing of the diluent and DMSO with water.  

 
Scheme 1 Schematic representation of the target product synthesis in reactions (1)–(3) by mechanochemical recrystallization in DMSO 

using planetary mills. Pulverisette 6: nanosulfur with the choice of ammonium iodide as a diluent (a). Pulverisette 6 and Pulverisette 5: 
S*/AgX or S*/AgI nanocomposites when the by product of reactions (2) and (3), ammonium nitrate is chosen as a diluent (b). Pulver-

isette 5: preparation of S*/AgX nanocomposites with ultrasonic washing of water-soluble products of mechanosynthesis with water and 

drying of the target product (c). 
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According to the SEM images, for example, the sulfur 

sample on the tab of Figures S2, obtained by washing and 

drying the product of mechanical activation of the system 

sulfur (1 g) – ammonium iodide (9 g) – DMSO (3 ml), in 

the enlarged scale is heterogeneous in size and shape of 

the particles. We can see the presence of both large and 

small fractions of spherical, flat and other differently 

shaped particles, mostly, in the form of submicron ag-

glomerates. The presence of a thin layer on top of large 

particles is also noticeable. The elemental and 100% con-

tent of sulfur composition of the sample on the tab is as 

expected, since the device could not determine the content 

of other minor impurities due to technical capabilities.  

3.2. Nanocomposites S*/AgI in Pulverisette 6 mill 

Similarly, according to reaction (2) and/or Scheme 1b, from 

precursor powders AgNO3 (≈1.7 g), NH4I (≈1.5 g), NH4NO3 

(diluent, ≈4.5 g), commercial sulfur (≈2.3 g) and DMSO 

(1÷5 mL) AgI/S* nanocomposites were obtained in the Pul-

verisette 6 mill. Samples of AgI/S* (after 3-fold washing of 

the water-soluble mechanosynthesis components with wa-

ter using a centrifuge and drying of the resulting target 

product for 24 hours at 70 °C) were studied by XRD, Raman 

and SEM-EDAX methods.  

Let us comment on the XRD data shown in Figure S3 

for the AgI/S* nanocomposites. First, in Figure S3a, the 

green pointers indicate the AgI lines, which refer to the 

stable hexagonal phase β−AgI and the metastable cubic 

phase γ−AgI. Figure S3a is dominated by β−AgI lines, and 

Figure S3b is dominated by γ−AgI lines. The main sulfur 

lines, indicated by yellow pointers in Figure S3a, refer to 

the most stable orthorhombic sulfur phase (S8), as in  

Figure S3b.  

The results of the processing of XRD data using the Wil-

liamson-Hall construction program [39–41] is shown in Fig-

ure S4. The data of the Figures S4 (a–d) make it possible to 

find the values in crystallite sizes D along the indicated seg-

ments of the y-axis, and microdistortions of the lattices ε 

from the tangent of the slope angle of the straight line. The 

calculated mean values of D = 23 nm show the existence of 

nanosized blocks of coherent scattering of sulfur and silver 

iodide particles, and, in terms of ε = 0.22%, also the pres-

ence of their defective structure due to mechanical action 

on crystallites.  

The phase composition and component ratio of the 

AgI/S* nanocomposites was also confirmed by Raman 

spectroscopy, as shown in Figure S5. It can be seen that 

there is no significant difference in the spectra of samples 

1 (a) and 2 (b). According to the analysis, the sample is 

represented by silver iodide lines [43]: a peak with a small 

shoulder at a wave number of ≈106 cm–1; a clear peak at 

83 cm–1 is due to the superposition of the lines of silver io-

dide at ≈74 cm–1 and sulfur at 88 cm–1 (Figure 2). Other 

wave numbers, equal to 154, 219, and 473 cm–1, correspond 

to sulfur in the S8 modification. An insignificant but 

noticeable peak at ≈246 cm–1 indicates intramolecular S8 

vibrations, and a peak at ≈437 cm–1 can be attributed to 

both intermolecular S8 vibrations and the beginning of the 

S8 polymerization process [42].  

The morphology and particle size were measured by 

SEM (Figures 3, 4a). The clear SEM image in Figure 3 

shows that the AgI/S* composite particles differ in shapes 

and sizes. A more detailed and enlarged examination of 

this image can establish that there are agglomerates of 

smaller particles and, moreover, nanosulfur sediments are 

found on their surface. The elemental composition of 

AgI/S* were measured by SEM equipped with an EDAX 

attachment (Figure 4b, c) from which it can be seen that 

both the sulfur atomic content and the intensity of the 

sulfur line are close to those for Ag and I. Similar SEM 

images are also available for AgCl/S* and AgBr/S*.  

 
Figure 2 Raman spectroscopy of the sulfur sample obtained by 

washing and drying the product of mechanical activation according 

to reaction (1) and/or Scheme 1a with the addition of 2 ml of DMSO 

(the numbers indicate the correspondence to the data of [42]).  

 
Figure 3 SEM image of AgI/S* with the addition of 1 ml of DMSO.  
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3.3. Nanocomposites S*/AgX in Pulverisette 5 mill 

Above, we discussed the results of studying AgI/S* nano-

composites synthesized by reaction (2) in the 1-drum Pul-

verisette 6 mill with tungsten carbide milling tools. Below 

are the processed results of XRD (Figure 5) and Raman 

spectroscopy (Figure 6) of AgX/S* nanocomposites de-

clared for completeness of the syntheses according to reac-

tions (3) and/or Scheme 1c in the 4-drum Pulverisette 5 

mill with stainless steel milling tools. XRD patterns of the 

S*/AgCl, S*/AgBr and S*/AgI synthesized in the DMSO me-

dium (1–5 mL), pure sulfur (α−form) and corresponding cu-

bic AgX phases are given in Figures 5 (a,b,c). It can be seen 

that they agree, complement and confirm the data in Fig-

ures S1, S3 for the presence of phases in S*/AgI and in Fig-

ures S4(a,b,c,d) for D ~ 20 nm and ε~0.2%. Discussing the 

data in Figures S5 (a,b), we have already noted that S*/AgI 

show a combination of S [42] and AgI [43] peaks with an 

unchanged position; their strong superposition takes place, 

and these effects are even more typical for S*/AgX nano-

composites obtained in the Pulverisette 5 mill, as shown in 

Figures 6 (a, b, c).  

According to the analysis of samples S*/AgCl 

(Figures 6a), there are 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 of elemental Ag, which can be formed 

under influence of the laser, because of the photosensitivity 

of AgCl and its decomposition [22]. Raman spectra for pure 

AgBr (Figures 6b) are represented by three characteristic 

peaks at about 70, 130 and 180 cm−1. The 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 in agreement with the results for AgCl considering 

the difference in mass. For pure AgI (Figures 6с) two peaks 

at 74 and 109 cm−1 are seen. The four peaks at 89, 158,  

223 and 477 cm−1 are attributed to sulfur, and, as compared 

to Figures S5, they shift to 83, 152, 219 and 474 cm−1.  

From Figures 5, 6 it can also be established that the 

amount of DMSO and the mill used have little effect on the 

results of XRD and Raman spectroscopy.  

 
Figure 4 SEM image of the AgI/S* sample with the addition of 5 ml 

of DMSO: the studied field of EDAX application is given by a cross 

(a); the result of determining the elemental composition and it ta-

ble form are given in (b) and in insertion (c).  

 
Figure 5 Results of XRD analysis of samples of mechanosynthesis of nanocomposites S*/AgX, X = Cl (a); Br (b); I (c) with the addition 

of 5, 3, 2 and 1 mL of DMSO in the Pulverisette 5 mill.  

 
Figure 6 Raman spectra of samples of mechanosynthesis of nanocomposites S*/AgX, X = Cl (a); Br (b); I (c) with the addition of 5, 3,  

2 and 1 ml of DMSO in the Pulverisette 5 mill.  
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The proposed technical solution makes it possible to 

obtain, by single mechanical activation in a planetary ball 

mill with stainless steel fittings, sulfur-containing 

nanocomposites AgX/S* (X = Cl, Br, I) of powder precursors 

– AgNO3, NH4X, NH4NO3 (diluent [31]), commercial sulfur, 

and liquid phase – universal aprotic solvent dimethyl 

sulfoxide [19]. The predetermined content of nanosulfur in 

nanocomposites is provided by the process of dissolution-

crystallization (recrystallization) of sulfur in dimethyl 

sulfoxide in the mechanochemical reactor [35].  

4. Limitations 

The most important problem for the proposed line of re-

search is the correct assessment of the quantitative ratio of 

solid (powder precursors): liquid (solvent precursors). This 

is not the case, and, for example, in this work, for 10 grams 

of powder precursors, we took 1–5 ml of the liquid DMSO 

solvent. It is intuitively clear that more than 5 ml of DMSO 

seems unacceptable, but decreasing the amounts to less 

than 1 ml of DMSO seems to be the prospect for further 

work.  

The second limitation is the choice of a solid-liquid sys-

tem. In fact, there is no reason to believe that the sulfur-

silver-halides-DMSO system considered here can claim ex-

ceptional scientific and applied significance. But the im-

portant thing is that there are many such systems, and 

there is always a chance of success.  

The last issue concerns the choice of a mechanochemical 

reactor. In this study, we used, one might say, the highest-

energy devices for mechanical activation – planetary ball 

mills. However, when working with semi-liquid (or semi-

solid) systems, this is hardly necessary, and it seems that 

continuous mechanochemical reactors would be better 

suited here.  

5. Conclusions 

For the first time, the method of "mechanochemical recrys-

tallization" in solid-phase systems with small additions of 

the liquid phase of the precursor solvent – dimethyl sulfox-

ide – was systematically studied and introduced into scien-

tific practice. The essence of this method is demonstrated 

by the example of mechanical activation of 10 g of the 

AgNO3–NH4I–NH4NO3 (diluent)-S system with variable ad-

ditions of DMSO (1–5 ml), which results in the mechano-

chemical synthesis of sulfur-containing AgI/S nanocompo-

sites with a controlled content of nanosulfur. The specified 

content of nanosulfur in nanocomposites during their syn-

thesis in mechanochemical reactors is taken equal to 50% 

by weight and is provided by the reaction process of disso-

lution-crystallization (recrystallization) of the initial sulfur 

and precursors in DMSO. The proposed method made it pos-

sible to obtain separately both nanosulfur and AgI/S nano-

composites by a single mechanical treatment of powdered 

precursors  - AgNO3, NH4I, NH4NO3, technical sulfur and 

DMSO – in planetary ball mills Pulverisette 6 (single-drum; 

accessories – tungsten carbide) and Pulverisette 5 (four-

drum; accessories – stainless steel). The method also in-

cludes ultrasonic washing of water-soluble components of 

mechanosynthesis with distilled water using a centrifuge 

and drying the obtained target product for 24 hours at a 

temperature of 70 °C.  
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