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ABSTRACT: Silver sulfide (Ag2S) is a low band gap material, which absorbs near-infrared light and is of great importance in areas
such as nanotechnology and biomedicine. We report the influence of the starting reagents, synthesis time, and light radiation on the
geometry and size of silver sulfide nanoparticles and on the fraction of metallic Ag obtained in a microwave reactor. The X-ray
diffraction diffractograms confirmed that Ag2S is the main product if the reaction’s precursor contains silver in the oxidation state of
+1 and mostly metallic silver (Ag°) when it is +2. Small nanoparticles (∼6 nm) of spherical geometry are present in the transmission
electron microscopy images for the synthesis performed with the lamp light ON, while with the light switched OFF, wider and
hundreds of nanometers longer particles are observed. This discriminative effect occurs with shorter synthesis time duration (<10
min) but when the time of reaction is extended, the particles coalesce for both light and dark conditions. Overall, it was observed by
photoluminescence that crystalline Ag and Ag2S 4−8 nm nanoparticles obtained in 15 min and light irradiation during synthesis have
a clear relative increase of the radiative recombination channels of the charged carriers, which are typical of materials characterized
by the involvement of low density of states inside the band gap.

■ INTRODUCTION

Among different silver compounds, both pure Ag2S nano-
particles and Ag2S nanocomposites proved to be suitable for
optoelectronics such as photovoltaic devices,1,2 because of
their low band gap.
The photosensitivity of silver compounds has been known

for decades and given the recent interest in silver sulfide
nanoparticles’ synthesis and applications, the influence of light
during synthesis is scarcely explored, although effects of light
irradiation on the stability of Ag2S nanoparticles have been
investigated in recent years.3,4 Previous reports state that
visible light can fragment silver nanoparticles,5 and in the
presence of both light and organic reducing agents, a
photoinduced reduction of the silver salt is observed, resulting
in spherical silver nanocrystals.6,7 Jin et al. demonstrated a
photoinduced method to convert silver nanospheres into
triangular nanoprisms.8 Visible light promotes a photocatalytic
process leading to the formation of Ag+ ions at the initial stage,
and the subsequent reduction promotes the growth in
preferential directions. By observing the role of each reagent
during the synthesis of the silver nanoprisms under irradiation,

Xue et al. proposed that the growth of silver nanoprisms is also
regulated by a silver redox cycle. Silver cations are reduced by
citrate on the surface of pre-existing silver particles, while the
smaller ones are oxidatively digested by oxygen. The results
were supported by the fact that no geometry changes are
observed when the silver seeds are irradiated under nitrogen,
and that high silver concentrations or low light intensity also
leads to a lower prism yield.9 In summary, in the presence of
oxygen, water, light, and a soft reducing agent such as the
citrate anion, a redox cycle of Ag°/Ag+ exist that can be
explored to achieve distinct particle geometries.
A study of the impact of the conditions, including light on

the morphology of Ag2S nanoparticles is the aim of the present
work. For the synthesis of silver sulfide, the sulfur source 1-
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dodecanethiol was chosen based on the previous studies. It is a
mild reducing agent and releases the sulfide anion at high
temperatures, ensuring that small silver sulfide nanoparticles
are obtained.10 The photochemical conversion of metallic Ag
nanoparticles into Ag2S quantum dots (2 nm) was recently and
first demonstrated by Cao et al.11 by introducing 4-tert-
butylbenzene-thiol in the nonpolar solvent containing metallic
Ag nanoparticles at 10 °C. The abovementioned methods are
based on time-consuming photochemical and thermal
reactions and nanoparticle precursors, which limit the initial
concentration to avoid extensive aggregation. The high
demand for silver sulfide nanoparticles in many applications
is a clear motivation to precisely control the particles’ size and
shape by simple and scalable procedures. Microwave
irradiation emerged as a synthesis method because of rapid
and controllable volumetric heating, unique reaction effects,
and increased reaction rates. Gao et al.12 have reported a one-
step interface reaction of synthesis and assembly of
monodispersed silver nanoparticles using the microwave
irradiation approach. They found that adjusting the propor-
tions between dodecanethiol and ethylene glycol, rectangular
nanocrystals that had been arranged into orthogonal super-
lattices of silver nanoparticles were obtained. On the other
hand, substituting ethylene glycol with an aqueous thiourea
solution resulted in an assembly of Ag2S nanoparticles.12

Following on the microwave-assisted synthesis of Ag2S, this
work aimed to understand how the synthesis parameters such
as the use of different molecular precursors (instead of Ag
nanoparticles), synthesis time, and light irradiation influenced
the formation of Ag2S nanoparticles in a microwave reactor
and their morphology.

■ RESULTS AND DISCUSSION

Influence of Ag Source. Silver sulfide nanoparticle
synthesis was attempted using three different precursors:
AgNO3, Ag2O, and AgF2. The synthesis with AgNO3 and 1-
dodecanethiol was based on a previous report.10 Briefly, a
mixture of 1 mmol of AgNO3 and 5 g of 1-dodecanethiol was
purged with N2 and heated in a microwave reactor to 300 °C
for 10 min. The temperature was maintained for 5 min, and the
vessel was under white light irradiation from the reactor’s
internal lamp. The same conditions were used for the
nanoparticle synthesis from Ag2O and AgF2. Figure 1 shows
a schematic of the reported synthesis.
From the chosen silver precursors, AgNO3 and Ag2O

resulted in silver sulfide, as shown in the X-ray diffraction
(XRD) patterns in Figure 2A1,A2. The relatively high intensity
from the silver diffraction peaks at 64.4° and 77.3° reveal that
the synthesis with AgF2 yielded more metallic silver than silver
sulfide. Figure 1 AR includes the standard patterns calculated
from the data available in the Crystallography Open Database
(Revision 2046542018/01/02) using the reference 96-110-
0137 for Ag and 96-900-0254 for Ag2S.
Both silver nitrate and silver oxide generated silver sulfide

nanoparticles, with size ranges of 7 ± 3 and 5 ± 2 nm,
respectively. In the TEM images of the two syntheses, a typical
closely packed arrangement of silver sulfide nanoparticles is
observed, which was also reported by Gao et al.12 The
spherical particle shape is comparable to the nanoparticles
obtained by Tian et al.10 but their synthesis was carried out in
7 h, instead of a total synthesis time of 15 min, as described in
the present work. In a microwave-assisted synthesis, the rapid

energy supply leads to the acceleration of chemical reactions,
which explains the significant improvement in synthesis time.13

The silver nanoparticles that resulted from the synthesis with
AgF2 have an average size of 9 ± 2 nm. Silver(II) fluoride,
coined as the greedy oxidizer by Grochala,14 is a strong
oxidizer, and because 1-dodecanethiol is a mild reducer, we
speculate that the silver(II) ion is simply reduced to metallic
silver.
Silver nitrate was chosen as the precursor to proceed with

the synthesis with variable time and illumination experiments
because the oxide and the fluoride are less practical, more
dangerous to handle, and less stable when stored under
ambient conditions.

Influence of Synthesis Time and Light. The synthesis
was performed keeping the conditions used in the precursor

Figure 1. Schematic of all the microwave-assisted synthesis reported
in this work. The mixture of 1-dodecanethiol and different precursors
(AgNO3, Ag2O, or AgF2) is heated to 300 °C for 10 min and
maintained at that temperature for a certain time. The synthesis
performed with AgNO3 was either carried out in the dark or with the
reactor’s lamp ON.

Figure 2. XRD patterns (A) and transmission electron microscopy
images (TEM) (B) of the synthesized nanoparticles, starting from
AgNO3 (1), Ag2O (2), and AgF2 (3). On the bottom of the XRD
patterns are the standard diffraction patterns of silver and silver sulfide
(acanthite) (R). In the TEM images, the estimated particle size
distributions are shown.
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study by increasing the synthesis time to 25 min and with
microwave chamber light ON or OFF. XRD and TEM results
are shown in Figure 3A,B. The XRD patterns reveal that both

conditions lead to pure Ag2S because Ag is practically absent.
Taking into account that the intensities of peak 6, as shown in
Figure 3A, are similar between experiments, as the synthesis
time increases, the particles grow along the Ag2S (acanthite)
[111] and [220] directions. This is observed at a 2θ of 29 and
44° (peaks 1 and 5, respectively) because the intensities
increase, compared to the 5 min synthesis, regardless of
whether the light is ON or OFF. Elongation of silver sulfide
nanoparticles synthesized in a microwave reactor has been
described by Yaghmour and Mahmoud.15 The TEM images
confirm that the particles become bigger and elongated with
the increased reaction time (Figure 3B). However, the particles
growth is affected by the chamber light. The intensities of
peaks 2, 3, and 4, respectively, in directions [−112], [−121],
and [−103] decrease when the particles are synthesized for 25
min at 300 °C with light ON, while in the dark, it remains the
same. The TEM images of the 5 min synthesis at 300 °C show
small and regular Ag2S nanoparticles when light is ON. As
synthesis at 300 °C continues, a shadowing effect caused by
newly formed black silver sulfide particles can block incoming
light. Hence, the bigger particles/clusters in the 25 min
synthesis with light ON were observed, as shown in Figure 3B.
Particles that were synthesized with light OFF have their
length enlarged up to more than 100 nm.
Jin et al.8 first demonstrated in 2001 a photoinduced method

for synthesizing large quantities of silver nanoprisms. Their
process starts with a typical synthesis of spherical nanoparticles
that when irradiated with a fluorescent lamp for 70 h, a color
change in the suspension from yellow to green and then to
blue is observed, indicating a shape transformation from
spherical to triangular prismatic nanoparticles. Recalling that
visible light promotes a photocatalytic process leading to the
formation of Ag+ ions at the initial stage, and the subsequent
reduction promotes the growth in preferential directions,8 we
propose that for the synthesis of silver sulfide under irradiation,
a similar mechanism is in action. Tian et al.10 suggest that Ag
nuclei are formed during the synthesis of Ag2S with 1-
dodecanethiol, but under irradiation, the nuclei are actively
digested by light-activated thiol radicals,11 and Ag+ returns to
the solution, hindering the particle growth.

The optical properties of the Ag2S nanoparticles were
investigated by photoluminescence (PL) at 67 K. As shown in
Figure 4 A, the spectra for nanoparticles synthesized with

AgNO3 for 5 and 25 min, with light ON and OFF in the
chamber, were recorded. For the sample synthesized without
light, a very broad band with a low intensity is observed. Such a
behavior is typical of materials with high density of defects.16

In the case of nanoparticles synthesized with light ON, a
relatively broad and asymmetric band is observed in the range
of 0.92−1.24 eV. Similar asymmetric behavior into the second
near-infrared window (NIR-II, 0.73−1.24 eV) is observed in
the literature for Ag2S quantum dots embedded on different
solutions.17−19 In particular, we note an approximate
exponential decrease of the PL intensity in the low energy
side, whereas for the high energy side, a steeper decrease is
observed. Luminescence with these characteristics is common
in materials showing a high level of disorder in which the
density of states associated with the energy levels involved in
radiative transitions is small.20,21 We should note that the
shape of the luminescence does not depend on the excitation
power, as shown in Figure 4B. For the two samples with
nanoparticles synthesized with light ON, the energy range of
the observed luminescence is ∼0.91−1.24 eV. Thus, the band
gap energy for the nanoparticles should be higher or equal to
∼1.24 eV. Comparing this value with the ones expected to the
bulk Ag2S (0.9−1.1 eV),22 our results suggest a moderate
quantum confinement effect responsible for the increase of the
band gap energy. Actually, the average dimension estimated
(∼7 nm) for the nanoparticles synthesized for 5 min, is not low
enough to attain the very high band gap values, as reported in
the literature.23 The dependence on the excitation power (P)
of the luminescence was investigated (Figure 4B). With the
increase of the excitation power, an apparent blueshift of the
luminescence from the nanoparticles synthesized with light
ON for 5 min, is observed. The inset in Figure 4B shows such a
dependence involving the PL integrated intensity (I). I was
calculated through a fitting procedure to the PL spectra, as
shown in Figure S2. The experimental points were fitted with
the power law Pm,24 and an estimated value of m = 0.89 ± 0.02
was obtained. This value is similar to the ones reported for
materials where fluctuations of the electric potential are
present25,26 and can be related with the radiative recombina-
tion of charge carriers with some degree of localization

Figure 3. XRD patterns (A) and TEM images (B) of the powders
resulting from synthesis with silver nitrate as the precursor, different
illumination settings (light ON and light OFF), and synthesis time at
300 °C (5 and 25 min). Standard diffraction patterns of the silver
(Ag°) and silver sulfide acanthite phase are shown at the bottom of
(A). Peaks 1, 2, 3, 4, 5, and 6 correspond to the Ag2S acanthite phase.

Figure 4. (A) Photoluminescence spectra of the nanoparticles
synthesized with AgNO3 for 5 and 25 min with light ON and 25
min with light OFF, measured at 67 K and with an excitation power of
150 mW. (B) Inset shows a superposition of the maximum of each PL
spectrum for different excitation power values from the nanoparticles
synthesized with light ON for 5 min.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://dx.doi.org/10.1021/acsomega.0c00656
ACS Omega 2020, 5, 12877−12881

12879

http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00656/suppl_file/ao0c00656_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c00656?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c00656?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c00656?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c00656?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c00656?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c00656?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c00656?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c00656?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c00656?ref=pdf


compatible with low density of states involved in this
recombination channel. This low density of states is commonly
achieved when the density of defects in the lattice is high
enough to create radiative states inside the band gap.
Consequently, a high enough energy shift of the peak of the
luminescence to the band gap energy is expected. Thus, the
overall experimental behavior of the luminescence suggests the
observation of just one radiative transition. The presence of
high density of lattice defects in Ag2S has been discussed in the
literature and was related with the tendency of deviation from
the stoichiometry of the material.23

Despite the necessarily different optical alignments in the PL
measurements for these two samples, the results suggest that
for a synthesis of 5 min with light ON, the intensity of the
luminescence is clearly higher than for 25 min with light ON.
Actually, the values of 1429 and 269 were obtained for the
estimated signal-to-noise ratio for 5 min with light ON and 25
min with light ON samples, respectively. Therefore, our results
show an influence of the mean size of the nanoparticles on the
PL intensity. For the nanoparticles with the lower size, the
relative influence of the surface is higher on the electronic
energy level structure. The increase of the PL intensity for the
nanoparticles with the lower size suggests that the radiative
recombination channels progressively dominate over the
nonradiative ones. This is compatible with a material with
high density of defects in the lattice in which the surface can
have a passivation role on the defects.19

A final remark regarding the reproducibility of the synthesis
is stated in the Supporting Information. The color profiles
plotted against synthesis time for the synthesis carried out with
light ON for 5 and 15 min at 300 °C are shown, as a way to
demonstrate that the transformations that occur along the
synthesis are similar. For further details on the verification
method, please refer to the previous report.27

■ CONCLUSIONS

In an attempt to control the microwave-assisted synthesis of
silver sulfide nanoparticles, parameters such as the starting
silver reagent, synthesis time, and illumination setting were
tested.
Small nanoparticles (6−10 nm) of silver sulfide were

obtained when silver(I) nitrate and silver(I) oxide were used,
but when the reagent was switched to silver(II) fluoride,
metallic silver was obtained predominantly. Regarding the
influence of the synthesis time and irradiation during synthesis,
it was first demonstrated that the geometry and size of silver
sulfide nanoparticles are affected. Small silver sulfide nano-
particles were obtained when the synthesis time was shorter (5
min) and under irradiation (7 nm mean size). Rods with a
length of tens of nanometers were obtained when the synthesis
was carried out in the dark for a longer time (25 min). A clear
influence of light on the recombination channels of photo-
generated charge carriers on the nanoparticles was observed.
The synthesis performed without light resulted in the almost
absence of luminescence, whereas for the synthesis performed
under light, the radiative recombination of carriers is typical of
materials characterized by the involvement of low density of
states inside the band gap.

■ MATERIALS AND METHODS

Silver(I) nitrate (≥99.8%), silver(II) fluoride (≥98%), and 1-
dodecanethiol (≥98%) were purchased from Sigma-Aldrich.

Silver(I) oxide (99%, metal basis) was purchased from Alfa
Aesar. Ethanol absolute anhydrous (ACS-Reag., Ph.Eur.-Reag.
USP) was purchased from CARLO ERBA Reagents. Synthesis
of silver sulfide particles was achieved by mixing 1 mmol of the
silver precursor with 5 g of 1-dodecanethiol, purging with a
constant flow of nitrogen gas for 15 min, under rapid stirring
with a magnet, and heating in a microwave reactor to 300 °C
for 10 min. The temperature of 300 °C was maintained for 5
min for all silver precursors and for 25 min for silver nitrate.
The microwave reactor internal lamp was kept on for all silver
precursors and off for silver nitrate. The light spectra recorded,
using a Sarspec SPEC SENSE + UV/VIS/NIR from the lamp,
can be found in the Supporting Information in Figure S2. After
the set time, the mixture was cooled down to 50 °C with
compressed air. The suspension was collected and centrifuged,
and the excess dodecanethiol was decanted. The powder was
resuspended in ethanol, vigorously agitated with the aid of a
vortex mixer, and centrifuged three more times. The synthesis
was performed in an Anton Paar Microwave Synthesis Reactor
Monowave 400, and images were recorded using the reactor’s
integrated camera.
The nanoparticle structure was confirmed by XRD in an

X’Pert PRO MPD, with a Cu K-α source at the wavelength of
1.540598 Å. TEM images were obtained from a Hitachi H-
8100 II after depositing an ethanolic suspension of the washed
nanoparticles on copper grids.
The optical characterization was performed through PL

measurements with a Bruker Vertex 80v Fourier transform
infrared spectrometer equipped with a Hypherion microscope
unit and using as the excitation source a laser with the
wavelength of 532 nm. The laser power was measured at the
front of the spectrometer window. The excitation power was
varied from 5 to 150 mW, and the temperature was fixed at 67
K for all samples.
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