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Abstract—Transformations in the S—AgNO;—NH,X—NH,NO; (X = Cl, Br, I) system show that nanopar-
ticles and nanocomposites with a controlled size of particles and content of components can be synthe-
sized via mechanical treatment and adding small amounts of a liquid in which the precursors are soluble.
Nanoparticles form in a dimethyl sulfoxide (DMSO) medium through conventional (continuous dissolu-
tion—crystallization) or reactive means (continuous dissolution of precursors and their reacting with sub-
sequent crystallization of the target product), rather than by direct mechanical activation. The first ver-
sion is used for synthesizing sulfur nanoparticles (nanosulfur); the second, for synthesizing silver halides.
Sulfur-containing S/AgX nanocomposites with a controlled content of sulfur are synthesized mechano-
chemically. A predetermined content of nanosulfur in the nanocomposites is obtained via the dissolu-
tion—crystallization (recrystallization) of sulfur in DMSO inside a mechanochemical reactor. The pro-
posed technical solution allows the synthesis of S/AgX nanocomposites through processing AgNO;,
NH,X, and NH4NOj; (diluent) precursors, commercial sulfur, and small amounts of DMSO in planetary
ball mills with different fittings. The water-soluble components of the product of mechanosynthesis are
readily washed off.

Keywords: mechanosynthesis, sulfur, silver halides, dimethyl sulfoxide, mechanochemical recrystallization,

nanoparticles, nanocomposites
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INTRODUCTION

Many examples of mechanochemical transforma-
tion that occur upon adding small amounts of a liquid
have been described in the literature. A special term—
liquid assisted grinding (LAG)—has even been intro-
duced [1-5]. The liquid typically allows the transfor-
mation and affects its rate or the composition of the
product. It is more difficult to find examples where a
liquid was added to control the size of particles and the
composition of the product of mechanosynthesis. At
the same time, the mechanisms of the effect a liquid
has on mechanochemical transformation remain
debatable, and they are not discussed at all in many
works [6—8].

The aim of this work was not related to the well-
known recrystallization that occurs during the
mechanical activation of solid-phase systems [9—17].
We focused only on the possibility of synthesizing
nanoparticles and nanocomposites via conventional
and/or reactive recrystallization of initial crystalline

precursors while they are processed in a planetary ball
mill with small amounts of liquid dimethyl sulfoxide
(DMSO) added as a solvent of the precursor [18].

The possibility of recrystallization when using lig-
uids during the mechanical activation of solid-phase
systems in addition to LAG, was described earlier in
the literature, but in other aspects. The formation of
defects in zinc oxide (ZnO) crystallites during wet
grinding is thus attributed to an increase in the solubil -
ity of ZnO to a certain level and its subsequent recrys-
tallization [19]. There are ways of synthesizing cal-
cium carbonate nanoparticles by grinding waste shells
of Tapes japonica mollusks in sodium hypochlorite
solutions to form different CaCO; phases attributed to
the mechanical activation of aragonite and the disso-
lution—recrystallization of calcite [20, 21]. Another
approach is the mechanochemical synthesis of mor-
denite nanoparticles (18SiO, : 12NaOH : 780H,0)
from zeolites via recrystallization with the recovery of
the crushed sample in a hydrothermal basic silicate
solution [22]. Oliveira et al. [23] thus described a
mechanochemical approach based on both dry and
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liquid-assisted grinding to obtain new solid forms of
raloxifene hydrochloride—a benzothiophene deriva-
tive with low bioavailability because of poor water sol-
ubility—which is used to treat osteoporosis. The effect
solvent additives and the period of grinding have on
the formation of 524T nylon ternary salt was also stud-
ied. It was found that salt forms according to a mech-
anism of dissolution—recrystallization while grinding
with a solvent [24]. The authors of this work described
the mechanism of the crystalline hydrate mechano-
synthesis of nanosulfur [25] and copper sulfide nano-
crystals [26, 27] from such precursors as copper ace-
tate, sodium sulfide crystalline hydrate, citric acid,
and sodium thiosulfate pentahydrate, using wear-
resistant grinding media.

In this work, we focus on mechanochemical syn-
thesis, particularly that of sulfur-containing nano-
composites of silver halides S/AgX (where X = Cl, Br,
and I [28, 29]) with a controlled and adjustable sulfur
content. Our aim is a systematic study of mechano-
chemical recrystallization to introduce it into research
practice using the example of studying the S—AgNO;—
NH,X—NH,NO; solid phase system with small addi-
tives of solvent phase DM SO [18], which is commonly
used to dissolve components of a system [30—32]. The
controlled content of sulfur in S/AgX and the stabili-
zation of the size of the formed nanoparticles are in
this case ensured by the initial weight of powdered sul-
fur and substantial additions of a water-soluble powder
diluent—an inert additive or a nontarget reaction
product—to this system [33].

The approaches most similar to the proposed
means of mechanochemical recrystallization are the
DMSO-mediated solvothermal ways of synthesizing
nanosulfur [30, 31] and S/AgX nanocomposites [28,
29, 32]. A disadvantage of these means is the impossi-
bility of synthesizing S/AgX with a controlled content
of sulfur. A predetermined content of nanosulfurin the
nanocomposites is ensured by the dissolution—crys-
tallization (recrystallization) of sulfur in the universal
aprotic solvent DMSO [18] inside mechanochemical
reactors [34].

EXPERIMENTAL
Materials

Dimethyl sulfoxide (CH;),SO with >99.5% con-
tent of the basic substance was purchased from Bio-
Chemica (AppliChem GmbH, Darmstadt, Ger-
many). Silver and ammonium nitrates (AgNO;, NH,_
NO;), ammonium halides (NH,CI, NH,Br, NH,I),
and sulfur (S) were purchased from Sigma Aldrich
(Germany). Water purified using a Smart2Pure sys-
tem (Thermo Scientific, United States) was used for
washing.
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Sample Characterization

The phase composition of the synthesized samples,
the sizes of coherent scattering regions (crystallite
sizes), and lattice microdistortions were determined
via X-ray diffraction (XRD) analysis on a Rigaku
MiniFlex 600 diffractometer using copper radiation
(A = 0.15405 nm). The diffraction patterns were pro-
cessed using the ICCD-PDF?2 database, version 2016.
Raman spectra of the samples were recorded on a
Solver Spectrum spectrometer (NT MDT Instru-
ments, Russia) using an 1800/500 diffraction grating
that ensured a spectral resolution of 1 cm™!. Vibra-
tional modes for Raman spectroscopy were excited
using a helium—neon laser with a wavelength of
633 nm. The recorded spectra were processed using
the Origin Lab software.

The morphology, size, and elemental composition
of nanoparticles were measured using a Quanta 200i
3D scanning electron microscope ((SEM), FEI,
Netherlands) equipped with an energy dispersive
X-ray spectroscopy (EDS) attachment. For analysis, a
mixture composed of 1 g of a sample and 40 mL of
water was treated in an ultrasonic bath for 30 min. A
sample of the resulting suspension was deposited on a
silicon substrate for SEM samples.

Transmission electron microscope (TEM) images
of sulfur nanoparticles were recorded using a JEOL
JEM-1400 TEM instrument (Japan) at an accelerat-
ing voltage of 80 kV. The shape and size of the
nanoparticles were determined directly at the loca-
tion of the microscope via ultrasonic dissolution of
the product of mechanosynthesis with water. The
resulting colloidal sulfur suspension was immediately
pipetted onto a collodion-coated copper grid for
TEM samples to immediately record images of the
nanosulfur.

Mechanochemical Synthesis of Samples

Mechanical activation was conducted in grinding
bowls of planetary ball mills Pulverisette 6 and Pul-
verisette 5 (Fritsch, Germany) with grinding media
fittings made of tungsten carbide (250 mL of Pulveri-
sette 6 with a single grinding bowl) and stainless steel
(1-L Pulverisette 5 with four grinding bowls). Grind-
ing was done in air using balls 10 mm in diameter at a
weight ratio of 60 between the ball load (600 g) and a
weighed portion of the powder mixture (10 g). The
opposite rotational speeds of the carrier and the grind-
ing bowls were 350 min~!; the period of mechanical
activation was 30 min. Nanosulfur (S*) and nanocom-
posites yS*/AgX (where X = Cl, Br, or I) were synthe-
sized via mechanochemical recrystallization accord-
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Fig. 1. Transmission electron microscope images of an aqueous suspension for our experiment on the mechanochemical recrys-
tallization of sulfur (1 g) and ammonium iodide (NHylI) diluent (9 g) with (a) 1 and (b) 5 mL additions of DMSO.

ing to the reactions (where S is the original sulfur, and
S* is sulfur recrystallized from DMSO)

NH,I (diluent, 9 g) + S(1 g) + DMSO(1—5 mL) 0
= NH,I + S* + DMSO(1-5 mL),

AgNO; + NH,I + zNH,NO; + S + xDMSO

= Agl + yS* + (z + DNH,NO; (diluent) + xDMSO,
(2)

AgNO; + NH,X + zNH,NO; + yS + xDMSO
= AgX + yS* + (z + H)NH,NO; (diluent) + xDMSO.
3)

Pulverisette 6 was used for reactions (1) and (2);
Pulverisette 5 was used for reaction (3). The content of
yS*in S*/AgX was around 50 wt %. The advantages of
the chosen reactions were the solubility of the precur-
sors in DMSO; the absence of water (e.g., no crystal-
line hydrates were detected) in either the initial pre-
cursors or in the products, except for their slight
moistening due to the hygroscopicity of DMSO [35—
37]; and the ease, simplicity, and high rate of imple-
mentation.

The S*/AgX samples were subjected to three runs
of ultrasonic washing with water to remove water-sol-
uble components of the product of mechanosynthesis,

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRYA  Vol. 97

centrifugation, and drying of the isolated target prod-
uct for 24 h at 70°C. They were then studied via XRD,
Raman spectroscopy, and SEM/EDS.

The gist of our approach is explained in Fig. 6. The
scheme shows examples of synthesizing nanosulfur
according to reaction (1) in a Pulverisette 6 mill
(Fig. 6a) along with nanocomposites S*/Agl (Figs. 6b,
7) and S*/AgX (Figs. 6b, 6¢) via reactions (2) and (3)
in Pulverisette 6 and Pulverisette 5 mills. Figure 6¢
describes processes/effects that occur during and after
grinding. Adding universal solvent DMSO [18] and
neutral diluents (NH,I, NH,NO;) ensures stabiliza-
tion of the size of the resulting sulfur and silver halide
nanoparticles in DMSO [31, 33].

RESULTS AND DISCUSSION

Synthesis of Nanosulfur
and S*/Agl Nanocomposites

The mechanochemical recrystallization of sulfur in
DMSO with inert NH,I diluent was initially con-
ducted according to reaction (1) to ensure the sulfur
transitioned into a nanoscale state (Fig. 6a). Trans-
mission electron microscopy images of the sulfur par-
ticles are shown in Fig. 1. The sizes of the sulfur parti-
cles lie in the range of 20—160 nm (average size,
~100 nm) and depend only slightly on the amount of
DMSO. S*/Agl nanocomposites were synthesized
according to a similar procedure using AgNO;
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Fig. 2. Results from X-ray diffraction analysis for samples of S*/Agl nanocomposites synthesized in a Pulverisette 5 mill with 5,

3, 2, and 1 mL additions of DMSO.

(=1.7g), NH,I (=1.5 g), and NH,NO; precursors
(diluent =4.5 g), sulfur (=2.3 g), and DMSO (1-5mL)
in Pulverisette 6 (Fig. 7) and Pulverisette 5 mills
(Fig. 2).

Note the XRD data for the Agl/S* nanocomposites
shown in Fig. 7. The green pointers in Fig. 7a show
Agl lines attributed to the stable hexagonal B-Agl
phase and the metastable cubic y-Agl phase. The
B-Agl lines dominate in Fig. 7a; the y-Agl lines, in
Fig. 7b. The main lines of sulfur shown by yellow
pointers in Figs. 7a are (like those in Fig. 7b)
attributed to the most stable orthorhombic o-phase of
sulfur (Syg).

The processing of the XRD data using a William-
son—Hall plot [38—40] is described in Fig. 8. The
graphic versions of these plots shown in Figs. 8a—8d
allow us to find crystallite sizes D along the specified
portions of axis y and lattice microdistortions € from
the slopes of the straight lines. The calculated values of
D indicate of nanosized regions of the coherent scat-
tering of sulfur and silver iodide particles. Those for €
also indicate a considerable defect structure due to the
mechanical activation of the crystallites. The data
from repeated XRD analysis (Fig. 2) agree with and
supplement the results shown in Fig. 6 for the phases
in S*/Agl and in Fig. 8 for D ~ 20 nm and € ~ 0.2%
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(values similar to these were obtained from the XRD
data for both S*/AgCland S*/AgBrin Fig. 9). Itis also
evident that the amount of DMSO and replacing the
mill with another had little effect on the results.

The ratio of components and the phase and ele-
mental composition of the Agl/S* nanocomposites
were also confirmed via the Raman spectroscopy data
shown in Fig. 3. It is obvious there was no appreciable
difference between the spectra of the samples shown in
Figs. 3a and 3b. Analysis shows the samples were dis-
tinguished by lines of silver iodide [41]: a superposition
peak at ~75 cm™! and a peak with a small shoulder at a
wave number of 105 cm™!. These results are in good
agreement with the data for pure Agl, for which peaks
were detected at 74 and 109 cm™! (Fig. 3c¢).

The other wave numbers in Figs. 3a and 3b of 83,
153, 219, and 474 cm™! correspond to sulfur in the Sq
modification [42]. The small but pronounced peak at
~246 cm™! is attributed to the intramolecular vibra-
tions of Sg; the peak at 437 cm™!, to both the inter-
molecular vibrations of Sg and the start of the polym-
erization of Sg [42]. The four distinct peaks at 89, 158,
223, and 477 cm ™! in Fig. 3c are attributed to mechan-
ically activated pure sulfur. They are shifted to 83, 153,
219, and 474 cm™!, respectively, compared to the peaks
in Figs. 3a and 3b.
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Fig. 3. Raman spectroscopy data for S*/Agl nanocomposites synthesized in a Pulverisette 6 mill with (a) 5 and (b) 1 mL additions
of DMSO, and (c) in Pulverisette 5.

The morphology and particle size of S*/Agl were
also measured via SEM (Figs. 4, 5a). The SEM image
in Fig. 4 shows that the S*/Agl composite was com-
posed of particles with the most diverse shapes and
sizes. A more detailed and expanded analysis of this
image shows that these particles were agglomerates of
smaller particles and revealed nanosulfur deposits on
their surfaces. The elemental composition of Agl/S*
was measured using SEM/EDS (Figs. 5b, 5¢); it is evi-
dent that both the intensity of the sulfur line (Fig. 5b)
and the atomic content of sulfur (Fig. 5c) are similar to
those for Ag and I. Analogous SEM images were

recorded for S*/AgCl and S*/AgBr.

Results from studying S*/Agl nanocomposites
synthesized according to reactions (2) and (3) in Pul-
verisette 6 (WC fittings) and Pulverisette 5 mills

X-ray Diffraction
and Raman Spectroscopy Data
for 8*/AgCl and S*/AgBr Nanocomposites

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRYA  Vol. 97

No. 10

2023

o
BN
9.8 mm
Fig. 4. Scanning electron microscope image of the

S*/Agl nanocomposite synthesized with the addition of
1 mL of DMSO.
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Fig. 5. (a) Scanning electron microscope image of S*/Agl synthesized with a 5 mL addition of DMSO. The area studied using
EDS is marked with a cross. (b) Results from determining the elemental composition. (c) Table of element contents.
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Fig. 6. Technical support for synthesizing target products according to reactions (1)—(3) via mechanochemical recrystallization
in DMSO using planetary mills: (a) Pulverisette 6 for synthesizing nanosulfur using ammonium iodide as a diluent, (b) Pulveri-
sette 6 and Pulverisette 5 for synthesizing S*/AgX or S*/Agl nanocomposites using the nontarget product of reactions (2) and (3)
(ammonium nitrate) as a diluent, and (c) Pulverisette 5 for synthesizing S*/AgX nanocomposites using ultrasonic washing with

water to remove water-soluble products of mechanosynthesis and drying of the target product.
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Fig. 7. Results from X-ray diffraction analysis for samples of the Agl/S* nanocomposites synthesized via mechanosynthesis with
(a) 5 and (b) 1 mL additions of DMSO as specific examples of unprocessed diffraction patterns for the insets in Fig. 6b.

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A Vol. 97 No. 10 2023



MECHANOSYNTHESIS OF SULFUR-CONTAINING SILVER HALIDE NANOCOMPOSITES 2237

(a) * e
0.0007 - . Vs
S/
i
/'/
0.0006 - /
S/
/ -
//
0.0005 - /
/
‘Tg Ve
50,0004 /
D //
g '/"/
= 0.0003 /" Slope ~ & =0.204%
,/‘/ '
0.0002 - | // .
/
g .
0.0001 -
~1/Dor D= 11 nm
[ ]
0 1 1 1 1 1 1
0.0l 0.03 0.05 0.07 0.09 0.1
B/tan6/sin6, rad
0.0012 © .
i Y.
0.0010 ya
/
i ) y
0.0008 - /
o~ B /”
2 ,
= 0.0006 - S/
o~ rd
5=] L S/
g * /
~ /
< 0.0004 y
i y,
’ Slope ~ £ =0.175%
0.0002 - A_I
S g ¥
L o L
ot
oF /
/
—0.0001 ¢
}~1/Dor D=24nm
_00002 1 1 1 1 1 1 1 1

0 0.04 0.08 0.12 0.16
B/tanB/sin0, rad

0.0051 | ) .
0.0043 /
i /
//
0.0035
/
L S
o /
< 0.0027
& I /
= J
S 0.0019F S/
o y
= - /" Slope ~ £=0.281%
0.0011 F
L * /’
/' *
0.0003 F .
_"""
yd
—0.0005H~ 1/D or D= 31 nm
0.02 0.10 0.18 0.26 0.34
B/tan6/sin6, rad
0.024
(d)
r L ]
0.020 -
i //
0.016 S/
//
- pd
o~ e
T 0012 4
" /'
N i ,
E -
S~ -
o 0.008 //
L e
. Slope ~ £ =0.236%
0.004
/
- /
- L 4
0 Lewt *
/
—0.002H ~ 1/Dor D=26 nm
1

02 03 04 05 06 0.7
/tanB/sin0, rad

0 0.

Fig. 8. Williamson—Hall plots for processing XRD data on the lines of (a, b) sulfur and (c, d) silver iodide for S*/AgX nanocom-
posites synthesized via mechanosynthesis with added DMSO: (a, b) 5 mL (Fig. 7a) and (c, d) 1 mL (Fig. 7b).

(Fe fittings) were discussed above. Processed XRD
(Fig. 9) and Raman spectroscopy (Fig. 10) results for
the reported synthesis of S*/Agl nanocomposites
according to reaction (3) and/or the scheme in Fig. 6¢
in a Pulverisette 5 mill are given below.

XRD analysis data from S*/AgCl and S*/AgBr
synthesized in DMSO (1-5 mL) for pure sulfur
(a-form), and the respective cubic AgCl and AgBr
phases are shown in Figs. 9a and 9b. They supplement
and confirm the data shown in Figs. 2, 7, and 8.
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Fig. 9. Results from X-ray diffraction analysis for samples of (a) S*/AgCl and (b) S*/AgBr nanocomposites synthesized in a Pul-

verisette 5 mill with 5, 3, 2, and 1 mL additions of DMSO.

moA a

A '.,_,_M.ﬂ.‘ o _( ) A S/AgClimL
i o, s/AgCiomL
5| N\ L __ A S/AgCl:3mL
=
< S/AgCl: 5 mL
2
&
8
= 223
= 158 477

S
7TS_AgCl\2 40
86

w

Elemental Ag - 1 - "

100 200 300 400 500 600 700

Raman shift, cm™

(b)

—~J I‘.,“__ B _),-'ﬁ'-, S/AgBr: 1 mL

v i

/\ S/AgBr:2mL

K e \ A S/AgBr:3mL

S/AgBr: 5 mL

Intensity, arb. units

158 223

89 477

Ag lattice vibrations

- Ag
[T

180
Longitudinal vibrations of Ag—Br bonds

100 200 300 400 500 600

Raman shift, cm™

AgBr
700

Fig. 10. Raman spectroscopy results for samples of (a) S*/AgCl and (b) S*/AgBr nanocomposites synthesized in a Pulverisette 5

mill with 5, 3, 2, and 1 mL additions of DMSO.

Note that the Raman spectra in Figs. 3 and 10 for
S*/AgX always show a combination of AgX and
S peaks with a constant position and considerable
overlap of the peaks [28, 29, 31, 41, 42]. From the
spectra of the S*/AgCl samples (Fig. 10a), three
modes can be detected for pure AgCl: at 75, 86, and
240 cm™!. The peaks at wave numbers of 75 and
240 cm™! are attributed to AgCl, while the peak at
86 cm™! is characteristic of elemental Ag, which can
form under the action of a laser because of the photo-
sensitivity and decomposition of AgCl [41]. The
Raman spectra for pure AgBr (Fig. 10b) are repre-

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A Vol. 97

sented by three characteristic peaks at approximately
70, 130, and 180 cm™'. The peaks at 70 and 130 cm™!
can be attributed to the vibrations of the Ag lattice.
The peak at 180 cm ™! is due to stretching of the Ag—Br
bond. This agrees with the results for AgCl, allowing
for the difference between the atomic masses.

The proposed technical solution ensures the for-
mation of sulfur-containing S*/AgX (X = Cl, Br, I)
nanocomposites via the single-stage mechanical acti-
vation of AgNO;, NH,X, and NH,NO; (diluent [33])
precursors and commercial sulfur in small amounts of
liquid phase DMSO, which is a universal aprotic sol-
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vent for precursors [18, 31]. A predetermined content
of nanosulfur in the nanocomposites is ensured by the
continuous dissolution—crystallization (recrystalliza-
tion) of sulfur in a DMSO medium inside mechano-
chemical reactors [34].

CONCLUSIONS

Mechanochemical recrystallization in solid-phase
systems with small additions of liquid phase DMSO as
a solvent for the precursors was thus studied systemat-
ically for the first time and introduced into research
practice. The gist of this technique was explained
using the example of the mechanical activation of the
S—AgNO;—NH,—-NH,NO; (diluent) system with
variable DMSO additives resulting to the mechano-
synthesis of S/Agl nanocomposites with a controlled
content of nanosulfur. The content of nanosulfur in
the nanocomposites for their mechanosynthesis was
predetermined at a level of around 50 wt %, which was
ensured by both conventional and reactive dissolu-
tion—crystallization (recrystallization) of the initial
weighed portions of sulfur and precursors in DMSO.
The proposed technique allows us to synthesize nano-
sulfur and S/AgX nanocomposites separately via sin-
gle-stage mechanical treatment of an original
S—AgNO;—NH,X—NH/NO;—DMSO system using
planetary ball mills with different grinding media fit-
tings under different conditions of activation.

The technique also includes ultrasonic washing
with ultrapure water to remove the water-soluble com-
ponents of the mechanosynthesis product, centrifug-
ing, and drying the isolated target product for 24 h at a
temperature of 70°C.

APPENDIX

Our supplementary information includes technical
support for synthesizing the target products (nanosul-
fur and sulfur-containing silver halide nanocompos-
ites (S/AgX)) via reactive mechanochemical recrystal-
lization in small additions of a liquid (precursor sol-
vent DMSO) using planetary ball mills. It also
includes supporting data for studying the synthesized
S/AgX samples via XRD analysis in combination with
Williamson—Hall plots and Raman spectroscopy.
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