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Abstract.  In a simple reaction between Silver nitrate and Thiourea under the presence of Chitosan, 

novel fork architectures of silver sulfide (Ag2S) were obtained through In-situ self- assembly of 

Ag2S nanoparticles inside Chitosan matrix in aqueous basic environment. Samples were 

characterized by SEM, TEM, XRD, FTIR, Raman Spectroscopy and UV-vis Spectroscopy. Average 

particle size was found to be 8 nm from TEM analysis. Formation of crystalline monoclinic α-Ag2S 

was confirmed by SAED and X-ray diffraction analysis. The experimental results show that the fork 

architectures of Ag2S can be obtained from Tape like assemblies of Ag2S nanoparticles at the later 

stage of their growth with temperature. Raman spectra confirm the incorporation of Ag2S 

nanoparticles inside Chitosan matrix. Multiple resonant Raman peaks indicates that the yielded Ag2S 

nanoparticles possess good optical quality and crystalinity. FTIR spectra indicates that the Ag 
+
 ion is 

coupled with the C=O bond of the Chitosan molecules through the electrostatic interaction. UV-vis 

absorption spectrum of the Ag2S Fork architectures has a broad absorption band in the UV to visible 

region, and the blue-shifting of the band is observed along with the presence of both direct and 

indirect band gap. 
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Introduction 

Assembly and hierarchical structuring of nanomaterials is a technologically driven area of research 

due to the opportunities it provides for applications ranging from material science through to 

molecular biology [1].  Self-assembly seems to offer one of the most general strategies now available 

for generating nanostructures [2]. A range of recent research efforts have focused on various self-

assembly strategies to control the organization of nanoparticles building blocks in colloidal media [3-

15]. Silver sulfide (Ag2S NPs), a semiconductor has recently received considerable attention due to 

its potentially wide applications in nanoscale systems. Ag2S is an important semiconductor with 

good chemical stability and optical limiting properties that has potential applications as a 

photoelectric and thermoelectric material [16], IR detectors and super ionic conductors [17-19]. 

These unique properties suggest its potentially broad applications as nanoparticles and its 

nanocomposites. For many of these applications, the assembly of semiconductor nanoparticles into 

well-defined superstructures is critically important. Furthermore, the assemblies may produce new 

properties that differ from those of single nanoparticle, arising from the spatial orientation and 

network arrangement [20-22].  

 

            Self-assembly of Ag2S NPs from liquid suspensions have been achieved by evaporation of 

solvents from the suspensions at high temperature. This technique was found to be strongly 

dependent on the conditions of sample preparation [20], being influenced by the length of thiol alkyl 

chain of coating agents [21], reaction temperature, and the thiol concentration [23]. Ag2S NPs 

assemblies were also produced by exposing prefabricated monolayer of Ag nanoparticles to pure 

H2S but these assemblies do not posses any perfect architecture [24]. It was also found that Ag2S 

NPs when synthesized in a polymer matrix were usually of irregular shape and had a large size 

distribution [25, 26] therefore self assembly do not result in nano architecture formation. Therefore 

to obtain assemblies of Ag2S NPs, there is a need to develop an alternate route and search for a better 

matrix. Hence present work was carried out to put some efforts in this field by extending the research 
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which involves in situ nucleation of Silver sulfide nanoparticles inside a polymer matrix. Since 

Cationic surfactants were found effective stabilizers for Ag2S [27] and Ag2S nanoparticles capped by 

NH2 group were found to result in self assembly [28], a polymer matrix with these properties was 

needed. Owing to the abundance of free amine groups on Chitosan, its reactivity [29] and solubility 

as a function of pH and good chelating ability with transition metal ions [30] along with its non toxic 

nature, make this polymer to be used as a polymer matrix in the present work. Chitosan is the 

deacetylated product of chitin, which is an abundantly present macromolecule in crustacean 

exoskeleton (shrimp, crab, etc.). The monomer unit in chitosan is glucosamine (2-amino-2-deoxy-D-

gluco-pyranose).  

        This paper describes a simple method to obtain the assemblies of Ag2S nanoparticles by In-situ 

reaction of Silver nitrate with CS(NH2)2 (Thiourea) at 60 °C in vacuum inside Chitosan matrix. 

Novel Fork architectures were formed from self-assembly of Ag2S spherical nanoparticles with 

average diameter 8 nm. Transformational changes were observed as a function of temperature by 

collecting three aliquots of colloids at 60 °C, 80 °C and 100 °C temperature, which indicate 

formation of fork structures from tape like structures with increasing temperature. The growth and 

self-assembly of Ag2S tape and fork architectures were investigated and their possible growth 

mechanism is discussed.  

 

Experimental Details 

0.2% Chitosan solution was prepared in 1% acetic acid. 4 mmole AgNO3 solution and 2 mmole 

Thiourea (Tu) solution was prepared in certain amount of ultra pure water. The above prepared 

Chitosan and AgNO3 solution was mixed, then pH of this mixed solution was adjusted to 10 using 1 

% aqueous ammonia. After mixing, the solution was taken in three neck reaction vessel and this 

vessel was kept in dark place and stirred for 4 h under vacuum (10
-3

 torr) at room temperature. After 

being stirred for 4 hrs, the mixed solution was kept at 60 °C under constant stirring. When the 

temperature inside the reaction vessel  attains 60 °C, the prepared Tu solution was injected inside. 
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Ag2S precursors are formed at this stage which is accompanying by a change of solution color to 

light brown and first aliquot was taken just after addition of Tu. This solution was then left to reflux 

in an open-air condition with condenser attached, at 80 °C and 100 °C for 30 minutes and collecting 

aliquots respectively. The precipitates were obtained after consecutive centrifuging (500 rpm) and 

vortexing several times with de-ionized water to remove any diffluent salts. Finally the precipitates 

were vacuum dried in vacuum desiccator. 

Results and Discussion 

Instrumentation.  Crystallinity and purity of the samples were studied by X-ray diffraction (XRD) 

analysis on Rigaku Mini Flex 2 Desktop diffractometer using Cu Kα radiation. The fork and tape 

images were taken using scanning electron microscope on a JEOL/EO version -1 model JSM-6390. 

The Ag2S nanoparticles were characterized by transmission electron microscopy on a TECNAI 20 

G2 microscope with an acceleration voltage of 200 kV, using W/LaB6 Filament at Room 

Temperature. Fourier transform infrared (FTIR) spectra of the colloids were recorded using a Perkin-

Elmer FTIR Spectra-BX Spectrometer. Room temperature Raman Spectra was collected using Jobin 

Yvon Horiba HR 100 Raman Spectroscope. Argon laser with wavelength 488 nm was used as source 

of excitation at 10 mW power with Hole diameter 1000 µm and slit width 500 µm using Grating 

1800. UV/vis spectra were recorded on ECIL-GS5705 Spectrometer. Samples for UV/vis 

spectroscopy and Raman Spectroscopy were prepared by diluting the colloidal samples in 10% v/v 

with di-water.  

Microscopic Characterization of Ag2S fork Architectures. Fig. 1 presents the SEM images of 

aliquots collected at 60 °C (Fig. 1(a-b)), 80 °C (Fig. 1(c-f)) and 100 °C (Fig. 1(g-h)). It is clear from 

these images that initially at 60 °C non uniform tape like Ag2S assemblies were formed (Fig. 1(a-b)), 

as temperature reaches to 80 °C these tapes get more precise with uniformity and developed flat head 

at one end with multiple armed structure, which resembles fork, hence fork Ag2S architectures were 

formed. When the temeprature were increased to 100 °C; the length of the tail portion of the forks 

increases significantly (Fig 1(g)).  
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Fig. 1. SEM images of Ag2S assemblies: (a-b) Ag2S Tapes at 60 °C, (c-d) Ag2S Fork architectures at 

80 °C, (e-f) magnified image of Ag2S Fork architectures achieved at 80 °C, (g-h) Ag2S Fork 

architectures with longer tail at 100 °C. 
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         Fig. 2(a) shows a typical TEM image of the product, indicating the formation of spherical Ag2S 

nanoparticles, well separated from each other indicating that they are effectively stabilized by 

chitosan, which was further confirmed using FTIR and Raman Spectroscopy. The mean particle 

diameter for the Ag2S NPs is 8 nm, calculated from 100 particles in the TEM images and its particle 

size distribution is given in Fig. 2(c) with standard deviation (σ) of 2.217.  

 

 

 

 

 

 

   

 

 

 

 

 

 

Fig. 2. (a) TEM Image of Ag2S nanoparticles, (b) SAED Pattern of Ag2S nanoparticles and (c) 

Particle size Distribution. 
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Fig. 3. XRD Pattern of Ag2S fork Architecture 

 

           X-ray diffractogram of the precipitate extracted from colloidal suspension is shown in Fig. 1 

and the peaks indexed, as referenced from JCPDS file no. 14-0072, corresponds to Monoclinic 

Acanthite α-Ag2S. No impurities can be detected in this pattern. This indicates that crystalline Ag2S 

is formed. The broadening of these diffraction peaks suggests that the samples are in nano size.  

More information about the crystallinity and the size of the particles waere found in the transmission 

electron microscopy (TEM) study, accompanied by selected-area electron diffraction (SAED) 

analysis. The typical SAED pattern showin in Fig. 2 b, consist of spotted rings which indicate the co-

existence of polycrystals with single crystal domains of Ag2S as already reported earlier [24]. The d-

spacings and the relative intensities of the diffraction rings of the Ag2S NPs are found to be 

consistent with those reported for monoclinic acanthite [31], which is the most stable polymorph of 

Ag2S at ambient temperature. 

 

 

Nano Hybrids Vol. 1 29



 

Optical characterization of Ag2S fork Architectures. Fig. 4(a-b) shows FTIR spectra of pure 

Chitosan 0.2% solution and Ag2S fork architectures respectively. 

 

 

 

Fig. 4. FTIR spectra of (a) chitosan 0.2% solution and (b) Ag2S fork architectures. 

 

           In Fig. 4(a), spectral deformation band at 3400 cm
-1

 for the OH 
–
 groups, convoluted peak at 

2900 cm
-1

 for the –CH2 backbone, 1650–1690 cm
-1

 for the amide I (C=O) bands, there is another 

convoluted spectral peak at around 1650 -1550 cm
-1

,which are assigned to amine (–NH2), convoluted 
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peak at 1550cm
-1

  is assigned for the amide II (–NH) and around 1320 cm
-1

  for the amide III. The 

shoulder peaks observed at 1070 and 894 cm
-1

 are attributed for the stretching vibration of C–O–C 

linkages in the saccharide structure of chitosan. All the bands described above were also observed 

for the Ag2S fork architectures as depicted in Fig. 4(b). Formation of Chitosan -silver sulfide 

composite shifted the O-H Stretch band from 3400 cm
-1

 to 3504 cm
-1

  with evolution of  a peak at 

2931 cm
-1

 and having shoulder at 2864 cm
-1

 for CH2 backbone  of chitosan .The characteristic peak 

of amide get shifted from 1670 cm
-1

 to 1650 cm
-1

 and ensures the incorporation of silvers ions into 

the  Chitosan matrix. A shift in C=O absorption band was due to the interaction between silver ions 

and the carbonyl groups in Chitosan. This interaction may be attributed to the donation of a pair of 

electrons from the carbonyl oxygen to the silver cations, called inductive effect [32]. This result 

suggests that the nucleation and self-organization of Ag2S nanocrystals can be controlled by the 

Chitosan macromolecules, and the carbonyl groups on the surface of the Chitosan molecules can be 

the nucleation sites of Ag2S. Ag2S nanocrystals precipitated on the surface of the Chitosan 

macromolecules and are spontaneously formed into tape and fork architectures.  

 

 

         Moreover, Raman spectroscopy can also provide valuable structural information on 

semiconductor nanostructures [33]. However, until now, there has been little work reported on the 

Raman characterization of Silver sulfide nanoparticles. Fig. 5(a) shows the room temperature Raman 

spectra of the yielded silver sulfide Fork assemblies. Broadening of the peaks in spectra indicate the 

formation of nanoparticles. Broad feature peak around 250 cm
-1

 is indicative of the Ag-S bond at the 

surface [34], hence confirms the formation of Ag2S nanocrystals. It is noticed that strong resonant 

Raman scattering with high-order longitudinal optical (LO) modes are obtained. Strong fundamental 

and weak overtone modes are detected at 213.5 cm
-1

 and 427 cm
-1

 respectively [35] which 

correspond to the first order longitudinal optical phonon modes (1LO) and second order longitudinal 

optical phonon modes (2LO) in Ag2S respectively and are the result of phonon vibration [36-38]. 
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Fig. 5.  (a) Raman Spectra of Ag2S Fork architectures and (b) UV-vis Spectra of samples at various 

temperatures. 
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         The fundamental and overtone modes correspond to these vibrations match well with vibrations 

of low temperature α-Ag2S phase [35]. The observation of multiple resonant Raman peaks indicates 

that the yielded Ag2S nanoparticles possess good optical quality [39] and good crystalinity [40]. 

Peaks at 1560 cm
-1

 and 1620 cm
-1

, correspond to Amide II and Amide I region and Peak at 1400 cm
-

1
 corresponds to CH2 backbone of Chitosan chain. These results confirm the incorporation of Ag2S 

nanoparticles  inside Chitosan matrix [41]. UV-Vis absorption spectra in the 200–600 nm region of 

as synthesized products at various temperatures are given in Fig. 5(b).  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Dependences (αEhν)
2
 − Ehν and (αEhν)

1/2
 − Ehν for Ag2S nanoparticles synthesized                 

(a) Direct Band Gap at 60 °C; (b) Direct Band gap at 100 °C; (c) Indirect Band Gap at 60 °C;        

and (d) Indirect band Gap at 100 °C. 
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         It is clear from the spectrum (Fig.5(b)) that there is no effect of temperature on optical 

absorption, since all the samples possesses similar absorption spectra. All samples have broad 

absorption starting from 600 nm to 250 nm with monotonous increase in absorption toward the lower 

end of wavelength.  The band gap of the synthesized Ag2S nanoparticles were determined using 

theory of optical transition [42] and the band gap has been estimated by (αEhν)
2
 − Ehν  plot for direct 

inter band optical transition whereas  (αEhν)
1/2

 − Ehν plot for indirect transitions. Absorption 

coefficients (in cm
−1

) were calculated using the following equation: 

 

13 )(10303.2 −
×= lcDρα                                                                                                                        (1) 

 

where D is the optical density of a solution, ρ the density of bulk Ag2S (7.2 g cm
−3

), l the optical 

thickness of a cuvette (cm), c the concentration of a colloidal solution (g l
−1

). 

 

         Dependence of absorption coefficient on photon energy, calculated for colloidal Ag2S solutions 

at different temperatures are shown in Fig. 6. It can be seen that at both 60 °C and 100 °C 

temperature both direct and indirect electronic transitions can occur at the photo excitation of silver 

sulfide nanoparticles. As can be concluded that band gap found (5.3 eV) exceed the values of bulk 

silver sulfide (for bulk Ag2S, Eg = 0.9 eV) [43]. Hence synthesized nanoparticles show quantum 

confinement effect and posesses both direct and indirect transitions. The occurrence of both direct 

and indirect transitions was also previously reported by Kryukov et al [44]. It is also clear from these 

results that a small red shift of 0.02 eV occurred while incrreasing temprature to 100 °C.The 

difference in direct band gap and indirect band gap in both cases were found to be constant i.e. 

 

Egd-Egi=0.06eV                                                                                                                                     (2) 
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Which follows from this that transitions of both types are excited in the same particles having an 

average size. Hence quantum confinement effect in Ag2S nanoparticles apparently do not affect 

reciprocal disposition of energy levels participating in these transitions [45].  

 

The Proposed Growth Model and Formation Mechanism for Ag2S Fork Architectures. To 

investigate the growth process of the Ag2S Fork architectures, SEM images of the products, obtained 

at different ageing temperatures were analyzed. Fig. 2 shows the SEM images of the product 

obtained at 60 °C and at the aging temperature of 80 °C and 100 °C. It can be found that the 

morphology of as-synthesized samples varies from tapes and fork architectures to fork architectures 

with longer tails. It has been reported that chitosan interacts with inorganic ions owing to its 

hydrophilic and reactive nature in aqueous electrolyte solutions [30]. Chitosan and its derivatives are 

known for their chelating properties towards transition metal ions. Moreover, in the leterature [46] it 

was strongly emphasized that chelation of metal ions by amine and amide groups is effective only in 

high basic solutions where deprotonation of –NH2 groups takes place, which then bind the metal 

ions. Similar situation ocured in this case as well, where pH 10 was maintained to get stable Ag- 

chitosan complex. Chelation of Ag
+
 ions by –NH2 groups is also found to be highly effective as 

confirmed from FTIR and Raman Spectroscopic analysis. Therefore it may be concluded that 

carbonyls of Chitosan units are bonded to the silver ions before reacting with Thiourea, hence 

preventing the Ag2S particles from growing further after nucleation, resulting in their small size 

(Scheme- I). The formation of Ag2S fork architectures could be the result of self assembly process. 

Schematic representation of nucleation, growth and self assembled   aggregation of the Ag2S Fork 

architectures are displayed in Scheme- I & II. The nucleation begins with the electrostatic attraction 

between the Ag+ ions and the negative charges of carboxylic groups (-NH2 group) of one or more 

Chitosan chains and by forming bridges to hydroxyl groups [47], as illustrated in. (Scheme- I(a)). 

After nucleation, Ag2S growth takes place in the free space among chitosan macromolecule chains 

with obvious consequences on the morphology of the inorganic deposits, owing to the effect of the 
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Van der Waals forces, electrostatic forces and hydrogen bonding among its chain [48,49] and 

resulted in non uniform tape like structures at 60 °C (Scheme- I(b)). Now as temperature further 

increases to 80 °C & 100 °C, spontaneous self-organization results in the formation of uniform tapes 

with heads having multiple arms and long tails, as depicted in Scheme-II. Increase in length of Fork 

structure with aging temperature shows that there is a linear assembly of Ag2S nanoparticles using 

Chitosan as matrix, as the temperature increases, so does the length also increases.   

 

 

 

 

 

 

 

 

 

 

 

 

Scheme-I. (a) Silver Ion – Chitosan binding Mechanism before addition of Thiourea, (b) Formation 

of Ag2S linear assembly after addition of Thiourea. 

 

 

 

 

 

 

(b) 

Ag2S nanoparticles were formed 

within the Chitosan matrix, serving as 

a template for their linear 

arrangement. 

(a) 

Silver Ion is arranged as an electron 

acceptor, connected to one or more 

chitosan chains via -NH2 and by forming 

bridges to hydroxyl groups. 

Ag2S 

Silver Ion Interaction with Chitosan 
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Scheme-II. Growth of Fork architectures with temperature. 

 

          Since, it is evident from the SEM images that the long tape structures are formed initially at 60 

°C, hence there is a probability of non uniform linear arrangement and non- symmetry along radial 

direction, which could result in head formation with multiple arms in the late growth stage of tapes 

as was seen in case of 1D growth of nanorods [50]. However in this study all this happens at the 

micro scale, this paves the way to work more on these findings. 

 

Conclusion 

Novel Ag2S fork architectures were formed in-situ through reaction of silver nitrate and thiourea 

under the action of Chitosan in an aqueous environment. Microscopic Analysis revealed that these 

architectures are self-assembly of spherical Ag2S nanoparticles of average diameter of 8nm.The 

XRD Pattern and SAED study revealed that as- synthesized Product is crystalline α- Ag2S with no 

detected impurities. Ageing Temperature affect the final morphology of self-assembly. 

Spectroscopic Analysis revealed that Ag
+
 ions are coupled with the C=O bond through electrostatic 

interaction, this suggests that amide and carboxylic groups in chitosan chain serves as nucleation site 

for Ag2S nanoparticles formation. Owing to the effect of the Van der Waals forces, electrostatic 

At 100 
0
C At 80 

0
C At 60 

0
C 

Nano Hybrids Vol. 1 37



 

forces and hydrogen bonds among the Chitosan macromolecules chains, the Ag2S nanoparticles as 

primary units self-organize into linear tape structure which at the later stage of development under 

the effect of temperature creates multiple armed structures at one end hence producing fork 

architectures form assembly of Ag2S nanoparticles. Raman study also confirms the formation of 

monoclinic α-Ag2S acanthite phase which is thermodynamically stable below 451 K. The 

observation of multiple resonant Raman peaks indicated that the yielded Ag2S nanoparticles possess 

good optical quality and good crystalinity. UV-visible spectral analysis revealed the existence of 

both direct and indirect band gap of nearly 5.3 eV, which is significantly blue, shifted from band gap 

of bulk Ag2S. It is expected that this study can offer a convenient and efficient route for the 

development of Ag2S architectures.    
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