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isotropic AgNWs/PVA/Ag2S
nanocomposites via a vapor-phase sulfidation
process

Mahammad Baghir Baghirov, *a Mustafa Muradov,ab Goncha Eyvazova,a

Sevinj Mammadyarova, a Yashar Azizian-Kalandaragh,cd Nahida Musayeva, e

Gasimov Eldar Kocharif and Rzayev Fuad Huseynali g

This study used a modified polyol technique to synthesize silver nanowires (AgNWs), which were

subsequently mixed with polyvinyl alcohol (PVA) polymer and air-dried under ambient conditions. As

a result, AgNWs/PVA nanocomposites with a concentration of 2% were prepared by a casting process.

After that, the upper surface of the produced samples was treated with H2S gas, as a result of which

asymmetric structures were formed depending on the gas concentration, exposure time and penetration

into the layers. The structural, morphological, and optical properties of these asymmetric structures were

analyzed. Changes in the sample structure were studied using X-ray diffraction (XRD), their optical

properties were studied using ultraviolet-visible (UV-Vis), Raman spectroscopy, and their morphology

using Transmission electron microscopy (TEM). A simple technique involving H2S gas was used for the

sulfidation process of the samples, marking the first exposure of AgNW/PVA nanocomposites to such

treatment. Examination of the structural and optical properties of the surfaces revealed clear differences

in their physical properties after sulfidation. These obtained results were also supported by TEM images.

Finally, the successful production of AgNWs/PVA/Ag2S anisotropic structure was achieved by this method.
1 Introduction

Composite materials are of particular interest in terms of their
exible and controllable properties. One of these types of
composites is AgNWs/PVA nanocomposites. AgNWs have high
electrical conductivity, high optical transparency in the visible
range.1 AgNWs have a wide range of applications in solar
cells,2–4 pressure, temperature, and voltage sensors,5–7 as well as
in air purication lters.8 However, studies show that various
difficulties can be experienced during the application of
AgNWs. Thus, AgNWs have high chemical activity and can be
easily oxidized. Also, the number of contact points of these
wires can cause a decrease in conductivity.9,10 These difficulties
can be solved by coating AgNWs. Thus, the use of AgNWs as
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llers for the preparation of AgNWs conductive polymer nano-
composites retains the advantages of high surface area and high
electrical conductivity, while compensating for the disadvan-
tages of AgNWs.11,12 One of the polymer materials that can be
used in this regard is PVA. Thus, PVA has many applications in
terms of its biocompatibility, high dielectric properties, trans-
parency, and easy solubility in water.13–17 Also, studies show that
the sheet resistance and optical transmittance of AgNWs/PVA
nanocomposites can be changed by controlling the distribu-
tion density of AgNWs within the composite.18,19

Ag2S/PVA nanocomposites are interesting composites. As is
known, Ag2S is a semiconductor with unique physical proper-
ties. Thus, Ag2S has low toxicity, exhibits non-linear optical
properties, and exhibits high chemical stability.20–22 The band
gap value varies between 0.9–1.1 eV.23 Especially high absorp-
tion in the NIR region shows that solar cells are widely used in
IR detectors.24 Aziz S. B. et al. found that the absorption edge
value can be reduced from 5 eV to 1.15 eV by adding Ag2S to the
PVA matrix.25 Sadovnikov SI. et al. found that depending on the
size of Ag2S, the band gap value of Ag2S/PVA lm can be 2.96–
2.73 eV.26 In Ag2S/PVA nanocomposites, it is observed that the
DC electrical conductivity increases with the increase in the
amount of ller, which allows the use of these compounds in
optoelectronic devices.24

Asymmetric structures have recently attracted interest in
terms of their eld of application. So, these asymmetric
© 2024 The Author(s). Published by the Royal Society of Chemistry
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structures are widely used, especially in the eld of optical
waveguide.27 Ag nanomaterials are widely used in creating this
type of asymmetric structure. These asymmetric structures can
be used to create nanowire electrodes for triboelectric nano-
generators (TENGs) and supercapacitors.28–31 On the other
hand, it is known that suldation of Ag is carried out both in
a liquid environment and under the inuence of H2S gas.32

Exposing samples to H2S gas has certain advantages, one of
which is to suldate the sample from one direction (one side).
This, in turn, leads to the acquisition of asymmetric structures.
Thus, in this sample, which shows different properties
depending on the direction, suldation will depend on the
concentration of H2S gas and the diffusion of H2S gas in the
layer. As the gas concentration and suldation time increase,
the thickness of the suldated layer will increase. This in turn
will result in an asymmetric structure with respect to the
thickness, which will lead to the observation of different phys-
ical properties for the sulded layer. So, this methodology will
allow us to create asymmetric structures, and the asymmetry
characteristic of this asymmetric structure will depend on the
duration and intensity of suldation.

In this work, 2wt% AgNWs/PVA thin lms were prepared by
solution casting method. Then one surface of these lms was
exposed to H2S gas. Thus, nanocomposites with anisotropic
properties were prepared. Structural and optical properties of
suldized and non-sulded surfaces of these nanocomposites
were studied.
2 Materials and method
2.1 Synthesis of AgNWs

Silver nanowires were synthesized using a modied polyol
method inspired by the literature.33 Ethylene glycol (EG) was
used as both a solvent and a silver-reducing agent, while
polyvinylpyrrolidone (PVP, molecular weight: 360 000) acted
as a capping agent. Sodium chloride (NaCl) and potassium
bromide (CuBr2) were used to maintain charge balance and
facilitate growth. In a brief summary of the synthesis process,
PVP was dissolved in EG at a concentration of 295.6 mM for 3
hours at an elevated temperature, then was cooled down to
room temperature. Solutions of CuBr2 (3.2 mM) and NaCl
(15.7 mM) in EG were prepared for later use. Silver nitrate
Fig. 1 Sulphidation process of AgNWs/PVA nanocomposites.

© 2024 The Author(s). Published by the Royal Society of Chemistry
(AgNO3) was dissolved in EG to reach a concentration of
187.8 mM. The synthesis procedure involved placing 5 ml of
EG into a 20 ml vial, which was then heated in a silicone oil
bath at 160 °C. CuBr2 (100 ml) and NaCl (150 ml) solutions were
injected into the vial aer 10 minutes. Over the course of 15
minutes, 1.5 ml of AgNO3 and 1.5 ml of PVP solutions were
added drop by drop. Aer the addition of AgNO3 and PVP. The
reaction continued for 1.5 hours and was cooled down to room
temperature. To collect the silver nanowires, acetone was
added to the reaction solution, resulting in precipitates. The
precipitates were collected aer centrifugation at 4000 rpm for
8 minutes. The washing process was repeated twice to remove
excess chemicals. The nal product was dispersed in ethanol
for future use.
2.2 Preparation and suldation process of AgNWs/PVA

AgNWs/PVA were fabricated by operative method. First, PVA is
dissolved in water to prepare a 7.5% solution. AgNW was then
added to this solution at a concentration of 2 wt%. The mixture
was then sonicated for 3 min. The homogeneously mixed
solution is ltered into Petri dishes. Aer ltering, it is air-dried
at room temperature for 7 days. Prepared 4 AgNWs/PVA thin
lms at the same concentration (2wt% AgNWs).

Prepared samples were exposed to H2S gas. First, 4, 6, 8 g of
Na2S were added to 3 containers (Fig. 1a). Then, these labora-
tory dishes were coated with AgNWs/PVA nanocomposites
(Fig. 1c). Then, 20 ml of HCl solution is added drop by drop to
the labware over 30 minutes (Fig. 1d). At this time, according to
reaction (1), H2S was formed in the laboratory container. The
sample container was kept for 1 hour. At this time, one side of
the composites (towards the inside of the container) was
exposed to HCl gas as shown in Fig. 1. That side is conven-
tionally called the bottom side. Thus, AgNWs/PVA/Ag2S aniso-
tropic structures are formed (Fig. 1e).

Na2S + HCl / NaCl + H2S[ (1)

These samples were named AgNWs/PVA+4, AgNWs/PVA+6,
AgNWs/PVA+8, according to the Na2S product used in H2S
production.
RSC Adv., 2024, 14, 16696–16703 | 16697
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Fig. 3 XRD pattern of (a) AgNWs/PVA, (b) AgNWs/PVA+4, (c) AgNWs/
PVA+6, (d) AgNWs/PVA+8.
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2.3 Characterization

The samples underwent structural analysis with the Rigaku
Mini Flex 600 X-ray diffractometer (with l = 1.5406 Å), utilizing
Cu Ka radiation ltered through nickel. Optical characteristics
were examined using a Specord 250 Plus UV-Vis Spectropho-
tometer, spanning wavelengths from 190 to 1100 nm. Raman
spectroscopy data were gathered using an EnSpectr R532 spec-
trometer. Nanoparticles examples were examined under the
Transmission Electron Microscope JEM-1400 (JEOL, Japan) at
a voltage of 80–120 kV. The morphometric analysis (Min, Max,
mean ± SD, et al.) of the electronograms was carried out in TIF
format via a computer program (TEM Imaging Platform-ITEM)
developed by Olympus So Imaging Solutions GmbH
(Germany).

3 Results and discussion
3.1 Structural analysis

The structural examination of AgNWs/PVA thin lms is depic-
ted in Fig. 2. From the illustration, it is evident that the spec-
trum exhibits ve distinct peaks. Notably, a well-dened peak
with an index of (101) situated at 2q= 19.50° is indicative of PVA
(JCPDS 36-1451).34 Additionally, peaks corresponding to the
(111), (200), (220), and (311) planes, observed at 2q = 38.69°,
45.01°, 65.02°, and 77.90°, respectively, are characteristic of
AgNWs (JCPDS card no. 04-0783).35 These spectra conrm the
successful synthesis of AgNWs/PVA thin lms.

Fig. 3 shows the structural spectra of AgNWs/PVA compos-
ites exposed to H2S gas. The rst spectrum (Fig. 3a) corresponds
to the initial AgNWs/PVA composite. Fig. 3b displays the XRD
spectrum for the AgNWs/PVA+4 sample. As can be seen from the
spectrum, a new peak with (112) index 2q = 32.07° is observed.
This peak is characteristic of Ag2S formed by suldation of the
surface of AgNWs under the inuence of H2S gas (JCPDS card
no. 14-0072). Fig. 3c and d spectra refer to AgNWs/PVA+6 and
AgNWs/PVA+8 samples, respectively, and it is observed that the
intensity of the (112) index peak characteristic of Ag2S is
increased. This is due to the increase in the amount of H2S gas
Fig. 2 XRD pattern of AgNWs/PVA nanocomposite.

16698 | RSC Adv., 2024, 14, 16696–16703
formed during reaction (1), which causes the samples to be
exposed to more H2S gas and more diffusion of H2S gas into the
nanocomposite. Thus, it results in an increase in the amount of
Ag2S formed in the nanocomposite. However, although the
intensity of the main peak for AgNWs is reduced compared to
the original sample, the peaks characteristic of AgNWs do not
disappear in all spectra, indicating that the AgNWs in the
sample are not completely sulded. However, AgNW decom-
position and surface sulphidation are thought to occur on the
surface directly contacted by the gas. It is also seen that the half-
width of the characteristic peak of PVA increases in the XRD
spectra of all samples exposed to H2S gas. This is due to the
occurrence of breaks in the polymer chain of PVA due to the
effect of H2S gas and a decrease in the degree of crystallinity.

XRD spectra of both surfaces of the samples exposed to H2S
gas were recorded. Of these, the XRD spectra for the two surfaces
Fig. 4 XRD spectrum of bottom (a) and top (b) surfaces of AgNWs/
PVA+4 (A) and AgNWs/PVA+6 (B) samples.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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of the AgNWs/PVA+4 sample are shown in Fig. 4A. As can be seen
from the spectra, the spectra of the surfaces differ from each
other by observing the characteristic peaks of Ag2S. Thus,
although a (112) index peak for Ag2S is observed in the spectrum
obtained from the surface directly exposed to H2S gas (Fig. 4A(a)),
the peak of Ag2S is not observed on the surface kept in contact
with air (Fig. 4A(b)). Ag2S NWs/PVA- AgNWs/PVA anisotropic
structures were obtained by exposure to H2S gas. Also, Fig. 4B
shows the XRD spectra of both surfaces for the AgNWs/PVA+6
sample. As can be seen, the intensity of the (112) peak formed
under the inuence of H2S gas increased with the increase of the
amount of Na2S (Fig. 4B(c)). This is due to the fact that the H2S
gas formed by reaction (1) diffuses more into the nanocomposite.
3.2 UV-Vis spectroscopy

Fig. 5A shows the absorption spectra for AgNWs. The absorption
spectrum exhibits two relatively sharp surface plasmon reso-
nance peaks at about 350 and 380 nm. The absorption peak at
350 nm could be attributed to the plasmon response of long
AgNWs, like that of bulk silver, whereas the peak at 380 nm could
be assigned to the transverse plasmon mode of AgNWs.36 This
spectrum demonstrates that AgNWs have been successfully
synthesized. Fig. 5B also shows the UV absorption spectra for
pure and sulded AgNWs/PVA nanocomposites. Fig. 5B(a) also
shows the absorption spectra for the initial sample, AgNWs/PVA.
As can be seen, both peaks characteristic of AgNWs are sharply
observed. As can be seen fromFig. 5(b)–(d), when the samples are
exposed to H2S gas, the intensity of the peak associated with
these surface plasmons decreases. This is due to the effect of H2S
gas on the surface of Ag nanowires with Ag2S, disintegration and
reduction of plasmon oscillations characteristic of AgNWs.
However, considering that all the wires inside the nano-
composite did not react with H2S and did not sulphide. As
a result, the peaks have not completely disappeared.

In addition, due to the effect of H2S gas, red shis are
observed in the plasmon peaks of the samples (Fig. 5B). The
frequency of plasmon peaks depends on the concentration of
Fig. 5 (A) UV-Vis spectrum for AgNWs. (B) AgNWs/PVA compositions for
(d) AgNWs/PVA+8.

© 2024 The Author(s). Published by the Royal Society of Chemistry
free electrons (formula (2)).37 It is known that the red shi of the
wavelength leads to a decrease in frequency. This is due to the
decrease in the concentration of electrons. Thus, under the
inuence of H2S gas, Ag2S semiconductor is formed on metal
AgNWs, which can naturally be associated with a decrease in
electron concentration compared to the original sample.

u ¼
ffiffiffiffiffiffiffiffiffiffi
nee

2

30m*

s
(2)

u is the plasmon resonance frequency, n is the density of free
electrons, e is the elementary charge, 30 is the vacuum permit-
tivity, m* is the effective mass of the charge carriers.
3.3 Raman spectroscopy

Fig. 6A shows the Raman spectroscopy results for pure PVA. The
most intense band centered at 2916 cm−1 corresponds to the
stretching vibrations of CH2 in pure PVA. The low intensity peak
at 2716 cm−1 can be attributed to CH stretching.38 The peak at
1719 cm−1 is due to the stretching of C]O bonds in the PVA
structure. The other peaks at 1440 cm−1 and 1124 cm−1 are
attributed to the CH and OH stretching vibrations of PVA
molecules. The vibrational mode is dened as a combination of
the C–O and C–C stretching modes of PVA at 1124 cm−1. The
852 cm−1 and 919 cm−1 are associated with C–C vibration.39,40

Raman results of AgNWs/PVA nanocomposites have been
shown in Fig. 6B. The peak at 237 cm−1 is attributed to Ag–N
interaction.41 Two intense peaks at 1360 cm−1 and 1582 cm−1

are related to C–N and C]O vibrations respectively.42 The low
intensity peak at 2916 cm−1 is due to stretching vibrations of
CH2. The Raman spectra of AgNWs/PVA+6 composites are
illustrated in Fig. 6C. The Raman spectrum of the AgNWs/
PVA+6 sample which is not exposed to H2S gas (Fig. 6C(a))
exhibits almost the same characteristics as those depicted in
Fig. 6B. The Raman spectrum presented in Fig. 5C(b) represents
the surface analysis of the AgNWs/PVA+6 nanocomposite
exposed to H2S gas. The intensity of the two distinct peaks
UV-Vis spectra (a) AgNWs/PVA, (b) AgNWs/PVA+4, (c) AgNWs/PVA+6,

RSC Adv., 2024, 14, 16696–16703 | 16699
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Fig. 6 Raman spectra of (A)-pure PVA; (B) AgNWs/PVA+6; (C) AgNWs/PVA+6 (a) surface not exposed to H2S gas, (b) surface exposed to H2S gas).
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observed in the sample decreased under the inuence of H2S
gas, indicating a deviation in surface properties compared to
other surfaces. These results demonstrate the successful
formation of the anisotropic structure of AgNWs/PVA-Ag2S/PVA
in the presence of H2S gas.
3.4 TEM analysis

TEM images displaying silver nanowires synthesized using the
modied polyol method are showcased in Fig. 7. The images
Fig. 7 TEM image for silver nanowires.

16700 | RSC Adv., 2024, 14, 16696–16703
reveal a variety of lengths and shapes among the AgNWs. The
lengths of the AgNWs range between 1.10 and 3.44 mm, demon-
strating considerable variation. In contrast, the diameter of these
wires appears more consistent, averaging at 60 nm. Furthermore,
Fig. 7 illustrates the presence of not just silver nanowires but also
particles produced during the synthesis. These particles exhibit
an average diameter of approximately 130 nm.

Fig. 8 presents TEM images depicting suldized AgNWs/
PVA+6 nanocomposites. In Fig. 8A and B, TEM images reveal the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 TEM image for də AgNWs/PVA+6: (A) and (B) bottom of the də AgNWs/PVA+6; (C) and (D) top of the də AgNWs/PVA+6.
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sulded bottom surface. The images vividly display the
complete suldation and disintegration of silver nanowires due
to the inuence of H2S gas. These sulded Ag2S particles,
fragmented and agglomerated, form centers within the polymer
matrix. The diameter of these centers ranges approximately
from 70 to 90 nm. Notably, lines are observed between these
centers, representing nanoparticles that resist agglomeration
during the wire breakdown, with diameters ranging from 20 to
30 nm. Additionally, free particles are evident in Fig. 8, with
sizes around 10 nm, identied as Ag2S particles. Moving on to
Fig. 8C and D, they illustrate the non-suldation surface of
AgNWs/PVA+6 nanocomposites. These images show that the
nanowires, akin to their subsurface counterparts, have not
entirely disintegrated, retaining their structure to some degree.
© 2024 The Author(s). Published by the Royal Society of Chemistry
However, the introduction of a small quantity of H2S gas into
this layer has caused fractures along the length of these
nanowires.
4 Conclusion

In this study, silver nanowires were synthesized by modied
silver polyol method. Then AgNW/PVA nanocomposites were
prepared by incorporating PVA at a concentration of 2 wt%.
Then this composite was exposed to H2S gas in one direction for
different periods of time. Then, the properties of both surfaces
of the nanocomposite were studied. Structural analysis shows
that AgNWs were sulded and Ag2S was formed on the surface
exposed to H2S gas. Also, breaks in the polymer chain occurred
RSC Adv., 2024, 14, 16696–16703 | 16701
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and the degree of crystallinity of the polymer decreased. Also,
this structural change depends on the exposure time of H2S gas.
Raman analysis conrmed these observations and character-
istic peaks for AgNWs/PVA nanocomposites were observed. The
intensity of these peaks directly decreased on the surface
exposed to H2S gas. In addition, UV-Vis spectroscopy shows that
under the inuence of H2S gas, the intensity of the peaks of the
plasmon oscillations of the samples decreases, and the peak
shis to the red. This is due to the decrease in the concentration
of free electrons as the wires move to Ag2S. TEM images conrm
that the nanowires in the sample were disintegrated and sul-
phided by H2S gas. But it also shows that the wire retains its
shape and structure to a certain extent. The aforementioned
results conrm that asymmetric structures are successfully
prepared with the new methodology.
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