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Abstract 

In this study, silver nanoparticles (AgNPs) were synthesized via a chemical reduction 
method and subsequently mixed with polyvinyl alcohol (PVA) polymer. The resulting mix-
ture was air-dried under ambient conditions. AgNPs/PVA nanocomposites with molar con-
centrations of 0.33 mmol/g, 0.63 mmol/g, and 0.90 mmol/g were successfully fabricated 
through a solution casting method. The upper surface of the prepared samples was then 
exposed to hydrogen sulfide (H₂S) gas, leading to the formation of asymmetric structures. 
The formation and characteristics of these structures were found to depend on the concen-
tration of AgNPs within the nanocomposite and the depth of H₂S penetration into the layers. 
The structural and optical properties of the resulting asymmetric structures were thor-
oughly analyzed. Structural changes were investigated using X-ray diffraction (XRD), while 
optical properties were characterized using ultraviolet-visible (UV-Vis) spectroscopy. A sim-
ple sulfidation process involving H₂S gas was applied for the first time to AgNPs/PVA nano-
composites. The analysis of the surface properties revealed significant changes in physical 
characteristics after sulfidation. Ultimately, the successful formation of AgNPs/PVA/Ag₂S 
anisotropic structures was achieved, demonstrating the effectiveness of this method for 
tuning the structural and optical properties of nanocomposite materials. 
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1. Introduction 

In recent years, the investigation and application of nanomaterials have attracted 
significant interest across various scientific and technological fields. Among these ma-
terials, silver nanoparticles (AgNPs) hold a prominent position due to their unique 
optical, electrical, and antibacterial properties [1].  

The surface plasmon resonance, high conductivity, and nanoscale dimensions of 
these particles make them promising components in electronics, photonics, medical 
applications, and sensor technologies. The synthesis of AgNPs in combination with 
various carrier polymers—particularly polyvinyl alcohol (PVA)—allows for the for-
mation of more stable and functional nanocomposites. In such nanocomposites, the 
behavior of silver ions, phase composition, and morphological features are among 
the key factors determining their application potential [2].  

Therefore, the sulfidation of AgNP/PVA-based structures and the investigation of 
the influence of various parameters—especially the concentration of silver nitrate—
on this process is of both scientific and technological relevance. The choice of synthe-
sis method for nanocomposite materials directly affects both their structural charac-
teristics and functional properties [3].  

Among these methods, vapor-phase sulfidation is considered an effective ap-
proach, offering high homogeneity and controllable structural modification. How-
ever, studies in the literature regarding the properties of AgNP/PVA/Ag₂S-based 
asymmetric nanocomposites synthesized via this method are either incomplete or 
limited to specific concentration ranges of silver nitrate [4].  

This gap highlights the necessity for new and comprehensive research in this area. 
Furthermore, the interpretation of changes in diffraction patterns and structural evo-
lution of multiphase structures synthesized from AgNPs remains an important issue. 
The primary objective of this research is to investigate the effect of initial silver nitrate 
concentration on the crystalline structure of asymmetric AgNP/PVA/Ag₂S nanocom-
posites synthesized via vapor-phase sulfidation, and to analyze their phase composi-
tion through X-ray diffraction (XRD) techniques. For this purpose, nanocomposites 
were prepared using different molar concentrations of silver nitrate (17.66 mM, 
35.32 mM, and 52.98 mM), and their crystalline properties were evaluated using XRD 
analysis.  

The results revealed that the initial concentration of silver ions significantly af-
fects both the crystallinity of the nanocomposites and the quantity of the Ag₂S 
phase. Moreover, based on the obtained data, optimal conditions have been pro-
posed for tuning the structural changes resulting from variations in silver nitrate 
concentration. 
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2. Experimental methodology 

2.1 Synthesis of AgNPs 

One of the most commonly used methods for the synthesis of silver nanopartic-
les (AgNPs) is the chemical reduction method [5]. This method is widely applied due 
to its relatively simple technological requirements and low cost [6]. The reduction 
process is characterized by the transformation of silver ions (Ag⁺) into metallic silver 
(Ag⁰) through electron gain. Silver nanoparticles were synthesized via chemical re-
duction using sodium borohydride (NaBH₄) as the reducing agent and polyvinyl al-
cohol (PVA) as the stabilizer. For the synthesis, 0.32 g of PVA was dissolved in 10 
mL of distilled water by heating in a water bath at 60 °C until fully dissolved. Sepa-
rately, 0.03 g of AgNO₃ and 0.004 g of NaBH₄ were each dissolved in 10 mL of dis-
tilled water. The AgNO₃ and NaBH₄ solutions were then simultaneously added drop-
wise (approximately one drop per second) to the PVA solution under continuous 
stirring. Upon mixing, Ag⁺ ions were reduced by NaBH₄, leading to the formation of 
monodisperse AgNPs in the aqueous medium. The reaction can be represented by 
the following simplified chemical equation: 

2AgNO₃ +  2NaBH₄ →  2Ag +  H₂ +  B₂H₆ +  2NaNO₃ (1) 

In this reaction, NaBH₄ decomposes to produce gaseous by-products such as hy-
drogen (H₂) and diborane (B₂H₆). To prevent nanoparticle aggregation and ensure 
good dispersion during the reduction process, polyvinyl alcohol (PVA) is used as a 
stabilizing agent. PVA also forms a protective layer that maintains colloidal stability 
and inhibits the agglomeration of the particles. 

2.2. Preparation and sulfidation process of AgNPs/PVA 

AgNPs/PVA nanocomposites were fabricated via a facile solution-based method. 
Initially, a 5 wt% solution of polyvinyl alcohol (PVA) was prepared by dissolving PVA 
in deionized water under continuous stirring. Subsequently, silver nanoparticles 
(AgNPs) with three different molar concentrations (17.66 mM, 35.32 mM, and 
52.98 mM) were added to the PVA solution. The resulting mixtures were subjected 
to sonication for 3 minutes to ensure uniform dispersion of nanoparticles. The ho-
mogeneous mixtures were then cast into Petri dishes and allowed to air-dry at room 
temperature for 7 days. As a result, three AgNPs/PVA thin films were obtained with 
AgNP concentrations of 0.33 mmol/g, 0.63 mmol/g, and 0.90 mmol/g, respectively. 
The prepared films were then exposed to hydrogen sulfide (H₂S) gas. For this pur-
pose, 4 g of sodium sulfide (Na₂S) was placed in each of three separate sealed con-
tainers. The lids of these containers were covered with the AgNPs/PVA nanocom-
posite films. Then, 10 mL of hydrochloric acid (HCl) solution was added dropwise to 
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each container over a period of 30 minutes. The purpose of this process was to 
obtain asymmetric structures through the formation of Ag₂S layers within the nano-
composite films. H₂S gas was generated based on the following reaction: 

Na2S +  2HCl →  2NaCl +  H2S ↑. (2) 

The produced H₂S gas diffused into the surface of the nanocomposite and re-
acted with AgNPs, resulting in the formation of Ag₂S. The thickness of the resulting 
sulfide layer depended on the exposure time to H₂S gas and its penetration depth. 
Due to the use of AgNPs with varying concentrations, the formed sulfide layers ex-
hibited non-uniformity, which led to the development of asymmetric structural 
properties in the nanocomposites. 

3. Experimental results and their discussion 

The X-ray diffraction (XRD) analysis provides crucial insight into the crystalline 
structure and phase purity of the silver nanoparticles (AgNPs) synthesized using 
aqueous AgNO₃ solutions of varying molar concentrations. As illustrated in Figure 
1, the XRD patterns reveal the presence of well-defined diffraction peaks at approx-
imately 2θ ≈ 38.69°, 45.01°, 65.02°, and 77.90°, which correspond to the (111), 
(200), (220), and (311) crystallographic planes of face-centered cubic (FCC) silver, 
respectively. These peaks are consistent with the standard reference data for me-
tallic silver (JCPDS card No. 04-0783) [7], thereby confirming the successful for-
mation of crystalline AgNPs with high phase purity. 

For the sample synthesized with the lowest AgNO₃ concentration (17.66 mM), 
only two distinct diffraction peaks are observed at 2θ ≈ 38.69° and 65.02°, corre-
sponding to the (111) and (220) planes. The emergence of these peaks confirms the 
nucleation and initial crystallization of silver nanoparticles even at a low precursor 
concentration. As the precursor concentration increases to 35.32 mM, a new dif-
fraction peak appears at 2θ ≈ 45.01°, attributed to the (200) plane. This observation 
suggests enhanced crystal growth and improved structural ordering as more Ag⁺ 
ions become available during the reduction process. At the highest concentration 
(52.98 mM), the XRD pattern exhibits all four characteristic peaks of FCC silver, in-
cluding a newly emerged peak at 2θ ≈ 77.90°, corresponding to the (311) plane. The 
progressive appearance and increasing intensity of these diffraction peaks with 
higher AgNO₃ concentrations clearly indicate a significant improvement in the de-
gree of crystallinity and long-range order of the synthesized nanoparticles.  

Additionally, the relative broadening of the (111) peak at intermediate and 
higher concentrations may suggest an increase in crystallite size, which could be 
attributed to accelerated nucleation and growth dynamics under higher precursor 
concentrations. The correlation between increased peak intensity and sharper peak 
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profiles further supports the notion of enhanced crystallinity and particle growth. 
In summary, the XRD data confirm that silver nanoparticles with a well-defined FCC 
crystalline structure have been successfully synthesized. The systematic variation 
in diffraction peak intensity and width with increasing AgNO₃ concentration high-
lights the critical influence of precursor molarity on nanoparticle crystallinity and 
size. These findings are consistent with previously reported studies and provide a 
solid foundation for tuning nanoparticle properties via controlled synthesis param-
eters. 

 

Fig. 1. X-ray diffraction patterns of AgNPs synthesized at molar concentrations of 17.66 mM 
(a), 35.32 mM (b), and 52.98 mM (c). 

Figure 2.A,B(b,c) presents the X-ray diffraction (XRD) patterns of two surfaces of 
the AgNPs-PVA nanocomposite samples containing AgNPs with concentrations of 
0.33 mmol/g and 0.63 mmol/g, respectively. Figure 2.A(a) shows the XRD pattern 
of the pristine AgNPs-PVA nanocomposite, which was not exposed to H₂S gas 
(JCPDS No. 04-0783) [7]. As observed, in contrast to the spectrum obtained from 
the surface directly exposed to H₂S gas, the characteristic peak indexed as (112) for 
Ag₂S is not present in the spectrum of the surface exposed to air. Notably, a new 
diffraction peak corresponding to the (112) plane appears at 2θ = 32.6°, which is 
attributed to the formation of Ag₂S on the surface of AgNPs as a result of H₂S gas 
exposure (JCPDS No. 14-0072) [8].  

Furthermore, Figure 2.A,B(c) presents the X-ray diffraction (XRD) patterns of 
both the top and bottom surfaces of the AgNPs-PVA sample with a silver concen-
tration of 0.63 mmol/g. As clearly observed, the intensity of the (112) diffraction 
peak—corresponding to the Ag₂S phase formed upon exposure to hydrogen sulfide 
(H₂S) gas—increases with the rising concentration of silver within the nanocompo-
site. This enhancement in peak intensity can be attributed to the increased availa-
bility of Ag⁺ ions, which readily react with H₂S gas according to reaction (2), leading 
to the formation of a greater quantity of Ag₂S. The formation of the Ag₂S phase 
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occurs through two distinct diffusion mechanisms: bulk diffusion and surface diffu-
sion. Among these, surface diffusion is typically faster, whereas bulk diffusion pro-
ceeds more slowly. Consequently, in the XRD pattern obtained from the top surface 
of the nanocomposite, the characteristic peaks of Ag₂S are not prominently visible. 
This absence is due to the relatively limited penetration of H₂S gas into the deeper 
layers of the material, resulting in a restricted formation of Ag₂S within the bulk. 

 

Fig. 2. X-ray diffraction (XRD) patterns of the top (A) and bottom (B) surfaces for (a) AgNH, 
(b) 0.33 mmol/g AgNH-PVS, and (c) 0.63 mmol/g AgNH-PVS samples. 

Overall, the development of the Ag₂S phase is predominantly confined to the 
surface regions of the nanocomposite, where the diffusion of H₂S is more effective. 
The formation of this phase is accompanied by noticeable structural transfor-
mations, which are indicative of phase transitions occurring as a result of the chem-
ical interaction between silver ions and hydrogen sulfide. These observations pro-
vide valuable insight into the diffusion behavior and surface reactivity of silver-con-
taining polymer nanocomposites under gaseous sulfur environments. 

Figure 3 presents the optical absorption spectra of sulfided AgNPs-PVA nano-
composites. The experimental results depicted in the optical spectra clearly demon-
strate that upon exposure to H₂S gas, the surface plasmon resonance (SPR) of silver 
nanoparticles (AgNPs) is significantly attenuated. This attenuation is primarily at-
tributed to the chemical interaction between H₂S gas and the surface of Ag NPs, 
leading to the formation of the Ag₂S phase. Such a transformation alters the surface 
structure of the Ag nanoparticles, consequently diminishing their plasmonic prop-
erties and reducing the collective oscillation frequency of conduction electrons. It 
is important to note, however, that not all nanoparticles embedded within the 
nanocomposite react uniformly with H₂S gas. One of the main reasons for this in-
homogeneous reaction is that only one side of the nanocomposite is directly ex-
posed to H₂S. As a result, only the silver nanoparticles located on the bottom sur-
face undergo significant sulfuration, while the others largely retain their original 
optical characteristics. This partial sulfuration explains why the plasmon resonance 
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peaks do not vanish completely but instead show a reduction in overall absorption 
intensity. Moreover, the surface activity of the nanoparticles and the diffusion 
properties of the surrounding medium also play crucial roles in determining the re-
action kinetics. These optical properties are tunable, as the Ag₂S layers formed at 
the bottom of the Ag nanocomposite possess a higher refractive index (1.9–2.5) 
and a higher relative dielectric constant (𝜀ᵣ ≈ 6) compared to pure Ag [9]. It is well-
established that the localized surface plasmon resonance (LSPR) of silver nanopar-
ticles is highly sensitive to changes in the surrounding dielectric environment. The 
formation of Ag₂S layers on the surface of Ag nanoparticles modifies this dielectric 
environment, thereby enabling dynamic tuning of the plasmonic response [10]. 

 

Fig. 3. Absorption spectrum of sulfided AgNPs-PVA nanocomposites at concentrations of 
0.33 mmol/g, 0.63 mmol/g, and 0.90 mmol/g. 

As previously noted, exposure to H₂S gas induces significant alterations in the 
optical properties of the samples, most notably observed as a redshift in the plas-
mon resonance peaks. This shift in plasmon resonance frequency is strongly corre-
lated with the concentration of free electrons and can be interpreted within the 
framework of the Drude model, which accurately describes the behavior of free 
electron systems [11]. The observed redshift corresponds to an increase in the res-
onance wavelength and, consequently, a decrease in the plasmon resonance fre-
quency. This phenomenon is attributed to a reduction in the free electron concen-
tration, which is likely caused by chemical modifications occurring under the influ-
ence of H₂S gas. The relationship between the change in plasmon resonance fre-
quency and the concentration of free electrons is quantitatively described by Equa-
tion (1). 

𝜔 = √𝑛𝑒2 𝜀0𝑚∗⁄  (1) 
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According to equation (1), the plasmon resonance frequency ωₚ is determined 
by the concentration of free electrons n, the elementary charge (e), the vacuum 
permittivity ε₀, and the effective mass of the electrons 𝑚∗. In the nanocomposite 
under study, the Ag nanoparticles embedded within the matrix undergo a surface 
reaction with H₂S gas, leading to the formation of a semiconducting Ag₂S phase on 
their surface. Since Ag₂S is a semiconductor, it possesses a significantly lower free 
electron concentration compared to metallic Ag nanoparticles. As a result, the for-
mation of Ag₂S leads to a reduction in the overall free electron density in the sys-
tem, causing a redshift in the localized surface plasmon resonance (LSPR) towards 
longer wavelengths. Furthermore, the Ag₂S layer formed at the semiconductor-
metal interface acts as a screening medium for the incident electromagnetic waves, 
thereby attenuating the interaction between the external field and the free elec-
trons of the metallic Ag core. This screening effect decreases the electron density 
available for plasmonic excitation, resulting in a notable reduction in both the in-
tensity and spectral position of the LSPR peak. These findings illustrate a progres-
sive isolation of the Ag nanoparticles, which weakens their collective interaction 
with the incident electromagnetic radiation. This transformation significantly af-
fects the electrical and optical properties of the Ag nanostructures. The observed 
decrease in carrier tunneling across the system can be attributed to the increasing 
thickness and semiconducting nature of the Ag₂S layer, which serves as a barrier to 
charge transport. The calculated concentrations of sulfide-modified AgNPs–PVA 
nanocomposites at different H₂S exposures are summarized in Table 1, providing 
quantitative insight into the extent of this chemical transformation and its impact 
on the plasmonic behavior. 

Table 1. LSPR Peak, Carrier Concentration, and Band Gap of AgNPs–PVA 

Sample 
Plasmon 

Resonance  
Peak (nm) 

Free Electron 
Concentration (cm⁻³) 

Band Gap  
Energy (eV) 

 

AgNPs-PVA ( 0.33 mmol/g) 394 7,19×1024 cm-3 2,3 

AgNPs-PVA ( 0.63 mmol/g) 402 6,91×1024 cm-3 2,11  

AgNPs-PVA ( 0.90 mmol/g) 410 6,64×1024 cm-3 2,03  

 
There is a significant difference in the arrangement of energy levels between 

bulk materials and nanomaterials. Nanomaterials exhibit a larger band gap and con-
sist of more discrete energy levels. This observed distinction can be attributed to 
various quantum confinement effects present in nanoparticles, which typically 
measure only a few nanometers in size—equivalent to several atomic layers. Gen-
erally, the optical band gap energy in metals is determined by plotting (α(hν))¹/ᵐ 
versus photon energy (hν), where α(ν) represents the absorption coefficient, and 
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m indicates the type of electronic transition. The value of m can vary: 1/2 corre-
sponds to allowed direct transitions, 2 to allowed indirect transitions, 3/2 to forbid-
den direct transitions, and 3 to forbidden indirect transitions. 

As shown in Figure 4, the band gap values for AgNPs-PVA nanocomposites vary 
with silver nanoparticle concentration: 2.3 eV at 0.33 mmol/g, 2.11 eV at 0.63 
mmol/g, and 2.03 eV at 0.90 mmol/g. Upon exposure to H₂S gas, silver nanoparti-
cles undergo a sulfidation reaction, forming Ag₂S on their surface. The kinetics of 
this reaction are primarily governed by the surface area of the nanoparticles and 
the diffusion rate of H₂S. Smaller particles, having a larger specific surface area, fa-
cilitate a faster reaction rate. However, as the Ag₂S layer thickens, it imposes a dif-
fusion barrier, gradually slowing down the reaction. At higher silver concentrations,  

 

Fig. 4. Band gap energies of the sulfided nanocomposites at concentrations of 0.33 mmol/g, 
0.63 mmol/g, and 0.90 mmol/g. 

the sulfidation proceeds more rapidly, leading to increased formation of Ag₂S. Con-
sequently, the thickness of the Ag₂S layer increases with the mass concentration of 
AgNPs. At a concentration of 0.33 mmol/g, only a limited amount of Ag₂S forms on 
the surface of the silver nanoparticles, resulting in a relatively wider band gap of 
2.3 eV. In contrast, at 0.63 mmol/g and 0.90 mmol/g, more substantial Ag₂S for-
mation occurs, narrowing the band gap to 2.11 eV and 2.03 eV, respectively. The 
formation of Ag₂S is associated with a decrease in the band gap of the Ag nanopar-
ticles due to the different electronic structure of Ag₂S compared to pure silver. As 
the number of Ag₂S ions increases, the quantum size effects of silver diminish, lead-
ing to a further reduction in the band gap. According to the literature, the band gap 
of Ag₂S nanocrystals typically falls within the range of 0.9–1.1 eV [12]. Therefore, 
spectral analysis confirms that sulfur incorporation induces modifications in the 
band structure of Ag–Ag₂S core–shell heterostructures. This can be attributed to 
the efficient transfer of photoexcited electrons from the conduction band of Ag₂S 
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to that of metallic Ag at the Ag–Ag₂S interface. The formation of Ag–Ag₂S hetero-
junctions alters the band alignment at the interface, promotes charge separation, 
and suppresses charge carrier recombination. The band gap values for the sulfided 
samples were determined using the Tauc method. 

(𝛼ℎ𝜈)2 = 𝐴(ℎ𝜈 − 𝐸𝑔). (2) 

The photon energy, denoted as ℎ𝜈, is a constant dependent on the structure and 
type of the sample. 𝐸𝑔 represents the band gap, and 𝑛 is a factor that varies de-
pending on the type of transition: for a direct allowed transition, 𝑛=2, while for an 
indirect allowed transition,  

𝛼 is the absorption coefficient, which is derived from the Beer-Lambert law. Ad-
ditionally, the increase in the Ag₂S content within the forbidden band significantly 
reduces with respect to the interaction between Ag₂S nanoparticles and polymer 
chains. This interaction leads to a decrease in the Fermi level [13]. The reduction in 
the Fermi level, in turn, affects the energy gap. Another contributing factor is the 
increased degree of disorder in the crystal lattice, which causes an expansion of 
energy bands in localized electron states [14]. 

4. Conclusion 

In this study, silver nanoparticles (AgNPs) were successfully synthesized via a 
chemical reduction method and subsequently incorporated into polyvinyl alcohol 
(PVA) to fabricate AgNPs/PVA nanocomposites with varying molar concentrations 
of silver nanoparticles: 0.33 mmol/g, 0.63 mmol/g, and 0.90 mmol/g. The prepared 
nanocomposites were exposed to H₂S gas unidirectionally, after which both sur-
faces of the composite were systematically analyzed. Structural analyses revealed 
that the AgNPs on the exposed surface underwent sulfidation, resulting in the for-
mation of Ag₂S. Concurrently, chain scission in the polymer matrix was observed, 
leading to a decrease in the degree of crystallinity. Importantly, the extent of these 
structural changes was found to be dependent on the concentration of AgNPs 
within the nanocomposites. Higher concentrations facilitated greater interactions 
between Ag⁺ ions and H₂S gas, promoting more extensive formation of Ag₂S. X-ray 
diffraction (XRD) analysis corroborated these findings, exhibiting characteristic dif-
fraction peaks corresponding to AgNPs/PVA nanocomposites, with increased peak 
intensity on the surface exposed to H₂S gas. Additionally, UV-Vis spectroscopy 
demonstrated a reduction in the intensity of the localized surface plasmon reso-
nance (LSPR) peaks along with a red shift, attributed to the diminished free electron 
density as AgNPs transformed into Ag₂S. Additionally, the observed reduction in the 
optical band gap (Eg) to as low as 2.03 eV is attributed to the formation of Ag₂S 
nanocrystals within the nanocomposite. Collectively, these results confirm that the 
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proposed approach enables the successful fabrication of asymmetric nanostruc-
tured composites. The observed dependence on nanoparticle concentration pro-
vides valuable insights for tuning structural and optical properties in response to 
gaseous stimuli, suggesting promising potential for future applications in sensing 
and responsive material systems. 
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