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The goal of this paper is to present a stable and new formulation route for the
synthesis of silver sulfide nanoparticles with stoichiometric AgsS composition
in aqueous solution. The structural, optical, and morphological properties of
Ag,S nanoparticles were studied by using characterization techniques such as
ultraviolet—visible spectroscopy (UV-Vis), transmission electron microscopy
and x-ray photoelectron spectroscopy (XPS). From the UV-Vis spectrum, the
direct and indirect energy gap values of 3.56 and 1.89 eV were calculated,
related to direct and indirect transitions of electrons, as an estimation of
bandgaps. Also, an optical band gap shift with respect to bulk bandgap is
observed reported in the literature and is related to nanoparticle size de-
crease. Furthermore, from the high-resolution transmission electron micro-
scopy micrograph an orthorhombic crystallographic structure was determined
with lattice parameters 4.77 x 6.92 x 6.88 A and the nanoparticle surface
showed a honeycomb-like interference pattern. Finally, the expected chemical
composition was proved by the low- and high-resolution XPS spectra.
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INTRODUCTION

Nowadays, the scientific community is interested
in the development and study of materials at
nanoscale due to the changes in the fundamental
physical and chemical properties when decreasing
the particle size in comparison to the same bulk
material. Also, is known that the optical properties
of nanoscale materials are closely related to the
particle size, which is indicated by different colors
due to the absorption phenomenon in the UV-
visible region. Also, the main trend is searching for
possible applications in many different areas of
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knowledge such as medicine, biology, and electronic
devices. For example, cancer imaging,' detection of
glucose, antibacterial activity,? photovoltaic cells®
and near IR detectors.*

Nanostructured silver sulfide has been synthe-
sized by various methods such as hydrochemical
bath deposition,® sonochemical,® gamma-ray irradi-
ation,” hydrothermal® and solvochemical,” obtain-
ing different shapes and sizes of AgsS
nanostructures by different synthesis methods.
The bulk direct bandgap reported for Ag,S is
1.3 eV."?

Sadovnikov,'! reported nanoparticles of Ag,S
synthesized by the hydrochemical method with a
range size from 500 nm to 60 nm and bandgap
range of 0.96-1.21 eV, showing a potential antibac-
terial activity.
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Kristl,® by ultrasonic irradiation, obtained
strongly agglomerated AgsS nanoparticles with a
direct bandgap of 4.5 eV by using ethylenediamine
as the solvent and chelating agent, which requires
special treatment because it releases irritating and
toxic vapors.

Zhao' proposed a gamma-ray irradiation route at
room temperature for the synthesis of Ag,S nanor-
ods with a monoclinic phase and a range size
between 200 and 500 nm. There is a blueshift into
the UV-Vis absorption spectrum and an increase in
the direct bandgap, 2.34 eV, in comparison with
bulk direct bandgap, 1.3 eV, of Ag,S.

This research work deals with the optical, struc-
tural, and morphological study of the stable aqueous
solution of AgsS nanoparticles from a wet chemical
method at room temperature conditions. Addition-
ally, we observed a bandgap shift with respect to
bulk bandgap reported in the literature.

EXPERIMENTAL SECTION
Chemicals

Silver nitrate (AgNOj3;, CAS:7761-88-8) was used
as a metal source, thioacetamide (TAA, CAS: 62-55-
5) as a chalcogen source and polyethyleneimine
(PEI, CAS: 9002-98-6) as a complexing agent of the
reaction. Aqueous solutions were prepared using
deionized water.

Synthesis Procedure

The AgsS nanoparticles were obtained according
to the wet chemical method are shown in Table 1.
The method consists of application of the first
chemistry principles. The silver source utilized
was the silver nitrate (AgNO3), the polyethylenei-
mine (PEI) as a complexing agent which is neces-
sary to modulate the reaction and thioacetamide
(TAA) utilized as the metallic source for the obten-
tion of sulfur ions. The reagents were prepared in
aqueous solutions. Other important reaction condi-
tions were to maintain the reaction at room tem-
perature, stirring the reaction by ultrasonic
vibration as well as working in an open atmosphere.
To avoid the saturation of nanoparticles suspension
was diluted in a mixture of water and acetone.

Table I. List of wused compounds and the
aggregation order to grow silver sulfide, Ag,S,
nanoparticles

Compound and order Conc. Volume
1. H,O - 2 mL

2. AgNO; 0.1 M 0.15 mL
3. Polyethyleneimine (PEI) xM 0.10 mL
4. Thioacetamide (TAA) 0.1 M 0.10 mL
5. Hy,O - 17 mL

Characterization

The optical characterization was obtained from a
Genesis 10S UV-visible spectrophotometer. To
characterize the morphology and crystalline phase
of the AgyS sample we used transmission electron
microscopy (TEM). XPS spectra were determined
from a Phi 5100 spectrometer which is equipped
with an ultra-high vacuum chamber of
2.79 x 107'° kPa. The dual x-ray excitation source
works in a range of energies from 0 to 1100 eV. The
sample surface cleaning is argon ion beam at ultra-
high vacuum conditions.

RESULTS
Optical Absorption

First, the absorption spectrum of Ag,S is pre-
sented, in Fig. 1a and 1lb as a function of wave-
length and energy, respecitvely. As can be observed
in Fig. 1a, the absorption is low between 400 and
900 nm, showing an absorption edge for wave-
lengths shorter than 370 nm. The absorption spec-
tra behavior changes when it is a function of energy.
Furthermore, an increasing absorption threshold
related to the main electronic transitions is
observed. The blueshift in the absorption edge is a
consequence of the decrease of the nanostructure
sizes, which is an indicator of energy gap increase.
See Fig. 1b.

Figure 2 depicts the graphical methods to evalu-
ate direct and indirect energy bandgaps. Generally,
the bandgap refers to bulk semiconductors and the
energy gap refers to nanoscale semiconductors. The
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Fig. 1. (a) and (b) correspond to the absorption spectrum as a

function of wavelength and energy, respectively
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Fig. 2. (a) Direct and (b) indirect bandgap plots for silver sulfide,
Ag,S, nanoparticles calculated by a Tauc plot method

calculated energy gap values are 3.56 eV and
1.89 eV and correspond to (a) direct and (b) indirect
transitions, respectively. The value of energy gap is
greater than the bulk direct bandgap values
reported for Ag,S nanoparticles.™?

Transmission Electron Microscopy

By using TEM and HR-TEM characterizations it
was possible to observe a cluster of spherical-shaped
nanoparticles on a working scale of 100 nm, as seen
in Fig. 3a, and in Fig. 3b, by increasing the magni-
fication of the scale work of 20 nm, we observed a
set of spherical-shaped nanoparticles. A diameter of
14.82 nm, as indicated in Fig. 3¢, corresponds to a
single aleatory nanoparticle. Fast Fourier trans-
form (FFT) and some interplanar distances of image
Fig. 3c is shown in Fig. 3d. Finally, Fig. 3e is
indicates the interplanar angle 0 between the plane
d3 and the plane d5.

The indices hkl were determined by comparison of
experimental interplanar distances and interplanar
distances reported in a crystallographic database
PDF# 03-0844 for nanocrystalline orthorhombic
silver sulfide and confirming a stoichiometry of
AgsS (Table II).

According to Eq. (1) for orthorhombic structure,
the interplanar angle 0 between plane (h;k;1;) and
plane (hoksls):

hlhg klkg llll
0 = cos ™! P (1)
N G
iVl

c2

with (hik1l1) = (004), (hekols) = (120) and lattice
parameters a x b x ¢ = 4.77 x 6.92 x 6.88 and the
following angle was found.

0=90°

This was compared with the measured angle from
Fig. 3e by Imaged software.

The following results are in concordance with the
HR-TEM results reported in this work. Also,
Ibaniez'? proposed a colloidal synthesis method for
PbS nanorods and tips of AgsS. The fast Fourier
transform (FFT) of the HR-TEM image reveals an
orthorhombic AgsS phase with cell parameters
a = 0.6725 nm, b = 0.4148 nm, and ¢ = 0.7294 nm.
Additionally, Persson'®'* developed an approxima-
tion of the Schrodinger equation for predicting the
electronic structures of orthorhombic bulk A%QS and
reported bulk bandgaps of 1.084 eV and
1.296 eV-'* Experimental and theoretical methods
proposed by Santamaria-Perez'® confirm a transi-
tion from a monoclinic phase to an orthorhombic
phase for Ag,S due to the decrease of pressure from
20.6 GPa to 5.4 GPa and then to a monoclinic phase
at 10.6 GPa.

On the other hand, Sadovnikov'® synthesized by
chemical deposition and under monochromatic light
irradiation with wavelength 450 nm, the Ag,S/Ag
hetero-nanostructure. The XRD pattern of the
reported AgoS/Ag hetero-nanostructure contains
two phases, the monoclinic o AgsS structure and
metallic cubic silver Ag. A monoclinic crystal struc-
ture of Ag2S exists at temperatures below 450 K
and the cubic phase exists in the temperature range
452-859 K. The high-temperature cubic phase of
Ag2S is stable from 860 K up to melting point
temperature. Also, Sadovnikov'’ synthesized non-
stoichiometric nanopowders, Ag; 93S, with a mono-
clinic acanthite-type structure and by
hydrochemical deposition'® synthesized AgyS
nanoparticles with a monoclinic structure and cell
parameters, a = 0.42264 nm, b = 0.69282 nm,
¢c=0.95317nm and b =125.554. Furthermore,
Sadovnikov'® reported the transformation of
nanocrystalline Ag,S with a monoclinic structure
to cubic structure occurs as a result of electron beam
heating at 450 K.

X-ray Photoelectron Spectroscopy (XPS)

The AgsS sample was dropped onto a glass slide
for XPS analysis and the binding energies distribu-
tion were obtained, as shown in Fig. 4. The identi-
fied chemical elements in the sample by XPS
analysis are C 1s, O 1s, Auger electrons C KVV,
Auger electrons O KLL as environmental contam-
inants, N 1s from the residual compounds, and Si 2s
and 2p attributed to the soda-lime glass substrate.
Furthermore, were detected peaks concerning the
main chemical elements forming our Ag,S nanopar-
ticles system, Ag 3p and 3d and S 2p. The binding
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Fig. 3. TEM micrographs for (a) 100 nm and (b) 20 nm. (c) provides an HR-TEM micrograph of a single honeycomb-like Ag2S nanoparticle and
(d) its corresponding fast Fourier transform (FFT). (e) verifiesthe angle between (004) and (120) planes

Table II. Comparison between the experimental
and reported interplanar distances for
orthorhombic Ag,S nanoparticles and its
corresponding Miller indices

dn  Exp. (A) Database (A) h k l
di 1.085 - 2 4 4
d2 1.453 1.46 1 2 4
d3 1.705 1.72 0 0 4
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Fig. 4. XPS spectrum from 0 to 1100 eV region under low-energy
resolution conditions for a silver sulfide, Ag.S, sample

energies for each atomic sublevel are indicated in
Fig. 4.

The main chemical composition of the Ag,S
sample was determined by high-resolution XPS
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Fig. 5. XPS spectra for (a) silver and (b) under high-energy
resolution conditions for a silver sulfide, Ag.S, sample

analysis. First, by focusing on the carbon peak due
to its calibration importance, it is well defined and
located in the binding energy value of 285.825 eV,
while typically it is located at 284.6 eV.?° In Fig. 5a
the energy difference of the electronic doublet of
silver 3d is 5.825 eV, almost corresponding to the
reported value of 6 eV.?! However, the signal of
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sulfur 2p behaves anomalously compared with the
standard behavior reported as an electronic doublet,
and the peak value location corresponds to a sulfite
chemical compound, according to handbook XPS
reference,?” see Fig. 5b.

CONCLUSIONS

The obtained results in this research work are
consistent with previously reported research in the
literature. Stable Ag,S nanoparticles were obtained
in room temperature conditions by a wet chemical
route of synthesis. The direct bandgap plot shows a
large shift in energy in comparison to the direct
bulk bandgap of 0.9—1.05 eV?? for bulk Ag,S and the
direct bandgap of 1.76 eV>* for Ag,S nanoparticles.
The direct and indirect bandgaps for Ag,S are
3.56 eV and 1.89 eV, respectively. From TEM
images was observed a spherical symmetry in
nanoparticles and the HR-TEM micrograph pro-
vides the information to determinate an orthorhom-
bic crystallinity structure for Ag,S nanoparticles in
comparison to reported monoclinic structure.16-19
By XPS spectra was verify the presence of elements
contained in the sample. The characterization tech-
niques were enough to identify optically, struc-
turally, and chemically the Ag,S nanoparticles.
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