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ation process on the structure,
morphology and optical properties of GO/AgNWs
composites
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In this study, composite materials composed of graphene oxide (GO) synthesized by a modified Hummers'

method and silver nanowires (AgNWs) synthesized by a modified polyol method were prepared. The

prepared composites were subjected to sulfidation under the influence of H2S gas. Structural changes in

the samples were evaluated using X-ray diffraction (XRD). The binding nature of the composite was

characterized using FT-IR spectroscopy. Optical properties and band gap values were investigated using

ultraviolet-visible (UV-Vis) spectroscopy. The morphology of the composites was analyzed by

transmission electron microscopy (TEM). A simple method using H2S gas was applied for the sulphidation

process of the samples. The sulfidation process was successful under the influence of H2S gas, resulting

in an increased distance between the GO layers and a decrease in the band gap value for the composite

post-sulfidation. In addition, AgNWs were observed to decompose into Ag2S nanoparticles under the

influence of H2S gas. It was determined that the value of the band gap of the sample changes because

of sulphidation.
1 Introduction

In recent decades, GO and AgNWs have emerged as materials of
particular interest due to their unique properties.1–5 These
materials can be applied in various devices and systems, each
exhibiting superior characteristics.6–14 However, challenges are
associated with these materials. Specically, AgNWs possess
high chemical reactivity and are prone to oxidation, while the
abundance of touchpoints in AgNWs leads to a decrease in
conductivity. Research indicates that these issues can be
addressed by covering these nanowires with graphene oxide
(GO) sheets.15,16 Furthermore, investigations reveal that GO/
AgNWs composites not only mitigate the incompatibilities
between individual components but also offer new advantages.
Remarkably, GO/AgNWs composites possess properties such as
photonic stability, plasmonic resonance, high surface energy,
and biocompatibility.17 The role of 1D AgNWs embedded in GO
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layers in enhancing electrical conductivity and mechanical
exibility should be emphasized, as this feature can be
employed to create delicate, highly conductive layers, poten-
tially addressing challenges in solar batteries and sensors.18

Another intriguing aspect of research involves the sulda-
tion of these samples. Suldation can result in the formation of
Ag2S, which transforms the material into a semiconductor with
new properties. Research on Ag2S indicates that it is a non-toxic
material, making it suitable for optoelectronic and photo-
catalytic applications.19 It is known that Ag readily undergoes
suldation in an H2S environment, leading to the formation of
Ag2S, and literature results show that the suldation of AgNWs
results in the creation of Ag–Ag2S NWs heterostructures,
yielding high photocatalytic properties.20–22 The impact of sul-
dation on GO has also been extensively investigated, revealing
that suldated GO sheets undergo crumpling and bending.23

The inuence of sulfur on defects in GO sheets has been
observed, with defects increasing in size depending on the
sulfur dosage.24 Additionally, sulfur-doped GO is utilized as an
electrode material in capacitors due to its high electrical
conductivity.25,26 Ag2S/GO nanocomposites can be used as an
antibacterial element in terms of photothermal and photo-
catalytic properties.27 Research shows that Ag2S/GO nano-
composites exhibit better luminescence properties than Ag2S.28

Also, these composites can be used for photocatalytic purposes
by making various additives.29 Ag2S and GO samples are used
separately in PV materials, so that these materials can be used
© 2024 The Author(s). Published by the Royal Society of Chemistry
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in a composite form, which can create a wide range for PV
materials.30,31

In this study, a successful synthesis of GO/AgNWs compos-
ites has been achieved, and a simple method has been proposed
for suldating these composites. The effects of H2S gas on the
properties of GO/AgNWs composites were investigated, and
samples were prepared by exposing them to H2S gas. The
structural, morphological, and optical properties of the samples
were examined both before and aer suldation, and
a comparative analysis was conducted.
2 Materials and methods
2.1 Synthesis of GO

The investigated work involved the synthesis of GO modied by
the Hummers' method.32–34 Initially, 3 grams of graphite powder
were placed in a 500 ml container, and 1.5 g of sodium nitrate
(NaNO3) was added. Subsequently, 70 ml of concentrated
sulfuric acid (H2SO4) was added to the sample, and the mixture
was cooled to 0 °C in an ice bath. Under these conditions, the
mixture was stirred for 1 hour using a magnetic stirrer.
Concurrently, potassium permanganate (KMnO4) was gradually
added to the mixture at a slow rate. It is crucial to maintain the
reaction temperature below 20 °C by adding KMnO4 in small
increments. Aer the addition of KMnO4, the mixture was
stirred for 3 hours. Following this, the mixture was removed
from the ice bath and stirred for an additional hour at 35 °C. In
the next stage, 150 ml of water was added dropwise, and the
mixture was stirred at 98 °C for 30 minutes. Subsequently,
300 ml of water was added gradually, and the mixture was
stirred for 1 hour. Then, 15ml of 30% hydrogen peroxide (H2O2)
was added, and the mixture was stirred for 30 minutes. The
resulting mixture was ltered through lter paper, and to
remove residual metal ions, it was washed with distilled water
(DW) (250 ml) containing hydrochloric acid (HCl) in a 1 : 10
ratio. Finally, the resulting product was dried at room
temperature.
Fig. 1 Doping process of GO/AgNWs with H2S.
2.2 Synthesis of AgNWs and GO/AgNWs composites

Silver nanowires were synthesized using a modied polyol
method inspired by the literature.35 Ethylene glycol (EG) was
used as both a solvent and a silver-reducing agent, while poly-
vinylpyrrolidone (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 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 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 (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 aer 10 minutes. Over 15 minutes, 1.5 ml of AgNO3 and
1.5 ml of PVP solutions were added drop by drop. Aer the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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 aer
centrifugation at 4000 rpm for 8 minutes. The washing process
was repeated three times to remove excess chemicals. The nal
product was dispersed in ethanol for future use.

In this study, a solvent mixing method was employed to
prepare the composite material. Initially, 0.48 g of GO and
0.02 g of AgNWs were mixed in ethanol. Subsequently, the
mixture was subjected to ultrasound for 20 minutes to achieve
proper dispersion. Aer ultrasonication, the mixture was
ltered and dried at 60 °C. Consequently, composite materials
with a 2 wt% concentration of AgNWs in GO (referred to as GO/
AgNWs composites) were successfully prepared.

2.3 S doped GO/AgNWs composites

A simple method was used to sulphide the samples. So, rst,
sodium sulde (Na2S) is placed inside the laboratory glass
container, and then it is closed with a lid. A small gap is kept for
air to escape from the bowl. Then the prepared GO/AgNWs
nanocomposites are placed on the lter paper and placed on
this gap. In the next step, hydrochloric acid (HCl) is gradually
added to the container drop by drop using a pipette. During this
process, the following reaction (1) occurs:

Na2S + 2HCl / 2NaCl + H2S[ (1)

With the addition of HCl, H2S gas is formed inside the vessel.
The gas escapes into the air through the cavity where the sample
is placed. At this time, the sample is exposed to H2S gas, and the
sample is sulphided. Note that the whole process was carried
out at room temperature. A description of the sulphidation
process is given in Fig. 1.

2.4 Characterization

The structural analysis of the samples was studied using the
Rigaku Mini Flex 600 X-ray diffractometer (l = 1.5406 Å) using
Ni-ltered Cu Ka radiation. Fourier Transform Infrared (FT-IR)
spectra were recorded on a Bruker-vertex80 spectrophotometer
in KBr pellets. The optical properties of the samples were
RSC Adv., 2024, 14, 2320–2326 | 2321
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investigated using a PerkinElmer Lambda 2S UV–Vis Spectro-
photometer in the wavelength range of 190–1100 nm. The
morphology of the samples was studied by JEM 1400 (JEOL,
Japan).
Fig. 3 FT-IR spectra of (a) GO, (b) GO/AgNWs, (c) GO/AgNWs + H2S
samples.
3 Result and discussion
3.1 X-ray diffraction analysis

XRD diffractograms for GO, GO/AgNWs and GO/AgNWs + H2S
samples are shown in Fig. 1. Fig. 2a demonstrates the structural
properties for a sample of GO. The observed peaks at 2q =

11.09° and 42.06° are characteristic of GO (JCPDS card #75-
2078) and indicate the successful synthesis process. The inter-
planar distance for GO was determined to be d = 0.80 nm. Also,
the peak observed at 2q = 26.24° corresponds to residual
graphite during the reaction.36

dh;k;l ¼ nl

2 sin q
(2)

XRD spectra for GO/AgNWs nanocomposites are shown in
Fig. 2b. The peaks at 2q = 11.09°, 26.24°, 42.06° belong to GO,
the rst element of the composite. Peaks corresponding to
(111), (200), (220) and (311) planes observed at 2q = 38.33°,
44.51°, 64.63° and 77.58° are characteristic of AgNWs (JCPDS
card no. 04-0783).37 The interplanar distance for GO sheets
within the composite increased to d = 0.82 nm. This can be
attributed to the inclusion of AgNWs between the GO sheets.

XRD spectra of GO/AgNWs composites exposed to H2S gas
are shown in Fig. 3c. Comparing with the initial spectrum of the
composite, the characteristic peaks for AgNWs disappeared and
new peaks appeared at 28.92°, 32.34° and 57.59°. These peaks
are characteristic of Ag2S (JCPDS card no. 14-0072) and indicate
that the samples were successfully suldized by exposure to H2S
gas. However, a small peak with (311) index, characteristic of
AgNWs, is still observed. This indicates that the AgNWs are not
fully sulphided and formed as Ag–Ag2S heterostructure. Inter-
planar distance for GO was calculated and found to increase to
d = 0.84 nm aer sulphidation process. This can be attributed
Fig. 2 Diffractograms of (a) GO, (b) GO/AgNWs, (c) GO/AgNWs + H2S
samples.

2322 | RSC Adv., 2024, 14, 2320–2326
to the fact that the AgNWs inserted between the GO layers are
decomposed under the inuence of H2S gas and increase the
surface area by forming Ag2S.
3.2 FTIR analysis

The FTIR results of the samples before and aer the doping
process are presented in Fig. 3. Fig. 3a–c display the IR spec-
trum of GO, GO/AgNWs, and S-doped GO/AgNWs composites,
respectively. In the spectrum of GO, the broad absorption peak
observed at 3369 cm−1 corresponds to the OH stretching
vibration. The peaks at 1631 cm−1 and 599 cm−1 are ascribed to
the C]C stretching and OH out-of-plane bend, respectively.38,39

In the spectrum of GO/AgNWs composite, the peaks at
2985 cm−1 and 2874 cm−1 are attributed to the asymmetric and
symmetric stretching vibrations of CH2, respectively. The peaks
observed at 1417 cm−1 and 1385 cm−1 are related to the CH
deformation modes from the CH2 group. In addition, the
absorption bands at 1247 cm−1 and 1040 cm−1 are correspond
to C–N bending and stretching vibrations from the pyrrolidone
structure, respectively.40 The peak at 883 cm−1 is attributed to
the breathing vibration of the pyrrolidone ring, indicating the
tilting of the pyrrolidone ring on the surface of AgNWs.41 In the
spectrum of sulfur doped composite (Fig. 3c), the new weak
peak was appeared at 2367 cm−1 and it indicates the presence of
Ag–S bonds of formed Ag2S.42,43 This newly formed bond
provides evidence of the successful doping of the composite
with sulfur.
3.3 UV-Vis spectroscopy analysis

Fig. 4 presents the UV-Vis absorption spectra and (ahʋ)2 versus
hʋ curves for the samples. In Fig. 4A, a minor absorption peak is
evident at 220 nm, indicative of graphene oxide and associated
with the p–p* transition of C–C bonds.44 Furthermore, Fig. 4A
illustrates the optical absorption spectrum of silver nanowires
(AgNWs), exhibiting characteristic peaks at 353 nm and 390 nm,
corresponding to the surface plasmon resonances of AgNWs.45

The introduction of AgNWs amplies the composite's optical
absorption due to the pronounced absorption properties of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) UV-Vis absorption spectra and (B) (ahʋ)2 versus hʋ curves for 1-GO, 2- GO/AgNWs, 3- GO/AgNWs + H2S and 4-AgNWs.
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AgNWs. However, a reduction in optical absorption is noted
following sulfur (S) doping. This decline is attributed to the
suldation of AgNWs and alterations in the surface properties
of the composite.
Fig. 5 TEM images of AgNWs (A) and (B) and GO samples (C).

© 2024 The Author(s). Published by the Royal Society of Chemistry
The band gap values for the samples were determined
through the Tauc plot (2), and the (ahʋ)2 versus hʋ curves are
depicted in Fig. 4B. As illustrated in Fig. 4B, graphene oxide
powder exhibits a band gap value of Eg = 2.10 eV. In the case of
RSC Adv., 2024, 14, 2320–2326 | 2323
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Fig. 6 TEM images of GO/AgNWs (A) and GO/AgNWs + H2S samples (B) and (C).
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GO/AgNWs composites, this value increases to Eg = 2.43 eV.
This observed increment is attributed to the heightened inter-
sheet distance resulting from the introduction of AgNWs
between the GO sheets. However, for the GO/AgNWs + H2S
samples, a band gap of Eg = 2.10 eV is evident. This phenom-
enon is ascribed to the formation of Ag2S nanoparticles due to
the suldation of AgNWs, the disintegration of GO sheets
resulting from suldation, and the connement of electrons
from 2D to 3D space. Additionally, the homogeneous distribu-
tion of Ag2S nanocrystals contributes to this effect. According to
existing literature, the band gap for Ag2S nanocrystals falls
within the range of Eg= 0.9–1.1 eV.46 Consequently, the analysis
of the results indicates that the introduction of sulfur (S) can
induce alterations in the band gap of GO/AgNWs composites.

ahn = b(hn − Eg)
n (3)

hn-is the photon energy, b is a constant that depends on the
structure of the sample and type, Eg is the band gap, the value of
n depends on the nature of transition: n= 2 for indirect allowed
transition and n = 1/2 for direct allowed transition, a-is the
absorption coefficient, its value is obtained from the Beer–
Lambert formula.

3.4 TEM analysis

TEM images illustrating AgNWs synthesized through the
modied polyol method are presented in Fig. 5A and B. These
2324 | RSC Adv., 2024, 14, 2320–2326
images depict variations in the lengths and thicknesses of the
produced AgNWs. Measurements reveal nanowire diameters
ranging from 110 to 50 nm, with lengths varying between 5 and
2.7 mm. Fig. 5A illustrates the synthesis process, indicating the
formation of both nanowires and nanoparticles. Furthermore,
the surface of the synthesized AgNWs exhibits a rough texture,
with areas featuring small diameters. Additionally, the TEM
images highlight that the surfaces are not entirely at; irregu-
larities such as bends are present along the length of the
nanowires.

Fig. 5C present TEM images aimed at elucidating the
morphology of GO nanolayers. Notably, the edges of the nano-
layers appear transparent, while the color darkens towards the
center, suggesting a multilayered structure for the synthesized
samples. The dimensions of the GO nanolayers fall within the
range of 0.7 to 2 mm.

TEM images of GO/AgNWs composites are illustrated in
Fig. 6A. TEM results show that the nanoparticles underwent
fragmentation, resulting in fragmented AgNWs ranging in
length from 40 to 60 nm. This fragmentation is because of
ultrasonic waves during sonication and leads to special exami-
nation points. Fig. 6B and C present TEM images of GO/AgNWs
composites aer exposure to H2S gas. In Fig. 6B, the GO
nanolayers were subjected to decomposition and assembly into
a 3D structure under the inuence of H2S gas. Additionally, the
AgNWs were partially decomposed, resulting in the formation
of Ag2S nanocrystals (Fig. 6C). It is believed that the sulfur
© 2024 The Author(s). Published by the Royal Society of Chemistry
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atoms reacted with the surfaces of the nanoparticles, causing
the bonds to break at specic examination points. The size of
Ag2S nanocrystals within the composite ranges from 20 to
60 nm and exhibits a uniform distribution throughout the
composites.
4 Conclusion

In this investigation, graphene oxide (GO) was synthesized
using a modied Hummers' method, while silver nanowires
(AgNWs) were synthesized employing a modied Polyol
method. Subsequently, a composite material of GO and AgNWs
was prepared through a solvent mixing method. Suldation of
this composite was achieved through exposure to hydrogen
sulde gas resulting from chemical reactions. Structural anal-
ysis results indicate that AgNWs underwent suldation during
this process, leading to the formation of Ag2S nanocrystals.
TEM results demonstrate that exposure to H2S gas caused the
disintegration and subsequent reassembly of the GO layers.
Simultaneously, AgNWs underwent decomposition, forming
Ag2S nanoparticles and achieving a homogeneous distribution
between the layers. Moreover, the peak corresponding to the
bond between Ag and S in the FTIR spectrum conrms the
successful suldation process. Additionally, as inferred from
the UV-Vis spectroscopy results, the reduction of the compos-
ite's band gap to Eg = 2.10 eV can be attributed to the reas-
sembly of GO layers and the formation of Ag2S nanocrystals.
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