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1. Introduction

Silver sulfide Ag»S, along with lead, zinc, copper, cadmium
and mercury sulfides,! ~> belongs to the most in-demand
semiconductors.®’
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Recently, nanostructured silver sulfide has been inten-
sively studied due to its potential for application in opto-
electronics, biosensorics and catalysis.®~ !l This is an
excellent material for fabrication of heterostructures !?
which can also be used in solar cells,!3 IR detectors,!4—1¢
resistive switches and nonvolatile memory devices.!7 2!
Besides, Ag>S is promising for solar energy conversion
into electricity.?>23 Silver sulfide nanoparticles exhibit
antibacterial activity.?# 2> Preparation of stable individual
Ag>S quantum dots to be used as biomarkers?®27 and
application of nanostructured silver sulfide in production
of thermoelectric materials 2% are also of high promise.

The application of semiconducting nanostructured silver
sulfide in biology and medicine as biosensor is based on the
quantum size effects that influence the optical properties of
the material. These effects are immediately related to the
dependence of the band gap on the Ag,S nanoparticle size.

Semiconducting Ag>S/noble metal heterostructures are
treated as candidate materials for application in photo-
catalysis.”>2° In particular, this is due to the narrow band
gap of silver sulfide (about 0.9 eV).

The great potential of nanostructured silver sulfide is
supported by relatively simple synthesis and unique func-
tional physical and chemical properties of the material
(semiconductor or ionic conductor behaviour, mechanical
and thermal stability) that can be controlled by varying the
size of nanoparticles (grains, crystallites). Moreover, the
possibility of controlling the electrical and optical proper-
ties of nanostructured Ag,S by varying the size and shape of
synthesized nanoparticles underlies its potential benefits in
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various applications including photovoltaic devices, light-
emitting diodes, field-effect transistors, biological visual-
ization, etc. The most appropriate methods for the synthesis
of nanostructured silver sulfide utilize the ‘bottom—up’
strategy,® which involves the assembly of nanoparticles
from atoms and molecules. It seems likely that Ag>S nano-
crystals with controlled size and narrow size distribution
can be most efficiently produced via chemical synthesis of
colloidal solutions.

Prior to discussing methods for the synthesis, as well as
structural features and properties of nanostructured silver
sulfide, we will touch briefly on the notion ‘nanomaterial’.

Materials with an average particle (grain, crystallite) size
of at most 100 nm are usually treated as nanocrystalline or
nanostructured ones.3! 34 Recently, it was proved that if
the particle size in a solid becomes smaller than a certain
value, the properties of the material can change fundamen-
tally, i.e., one deals with quantum size effects.30-32.34-38 The
threshold particle size corresponding to a jumpwise change
in the properties of most available materials varies from 1 to
100 nm. The quantum size effects become more pronounced
if the particle size is less than 10 nm. Since this particle size
falls on the nanometre length scale, materials characterized
by the quantum size effects are called nanomaterials. The
particle size in the nanomaterials belongs to the key param-
eters responsible for the specific properties and fields of
application of these systems.

Most nanomaterials are characterized by strong viola-
tion of long-range order in their structure and the role of
many-particle correlations in the atomic arrangement is
played by short-range order. In this connection, the term
‘nanomaterial’ should be rather understood as nanostruc-
tured than nanocrystalline material.

The physicochemical properties of semiconductor nano-
materials are significantly different from those of coarse-
crystalline ones.3?-40 The reasons are as follows:32- 37

— the nanoparticle size is comparable with the exciton
radius in semiconductors; this influences the electronic,
optical, luminescent and other properties of nanomaterials;

— small grain size is responsible for the development of
the surface of particles, namely, a decrease in the grain size
in a solid from 100 to 1 nm causes the proportion of the
surface atoms to increase from 1% to 50%; besides, the

surface atoms contribute largely to all properties of matter
in the nano state;

— the proper size of nanoparticles approaches the size
of molecules.

Semiconductor nanoheterostructures, especially, semi-
conductor/semiconductor ones including quantum wells,
quantum wires and quantum dots, allow one to control the
fundamental properties of semiconductors, viz. the band
gap, effective mass and charge carrier mobility.3¢-40-43

Thus, the notion ‘nanostructured material’ covers a wide
range of objects from colloidal solutions and individual
nanoparticles to nanoheterostructures of different dimen-
sionality.

Taking account of this fact, in the text below we will
discuss methods for the synthesis, as well as the structure
and properties of silver sulfide nanopowders, nanoparticles,
colloidal solutions and heteronanostructures. We will also
dwell on the results obtained by transmission electron
microscopy (TEM), high-resolution transmission electron
microscopy (HR TEM), scanning electron microscopy
(SEM), energy-dispersive X-ray spectroscopy (EDX),
dynamic light scattering (DLS), efc. No summary reviews
on nanostructured Ag>S have been published so far. Men-
tion may only be made of a small review 2 on the synthesis
and optical properties of silver sulfide nanostructures of
different morphology.

Main synthetic methods described here are versatile and
can be used to obtain all types of chalcogenides.

2. The crystal structure and nonstoichiometry of
silver sulfide phases

Silver sulfide has three polymorphs (Fig. 1) whose struc-
tures differ from those of the lead, zinc, cadmium and
mercury sulfides that have one (cubic Bl type for PbS) or
two [cubic sphalerite type and hexagonal (usually) wurtzite-
type for ZnS, CdS and HgS] polymorphs in the close
temperature intervals. The silver sulfide polymorphs are
also structurally different from the copper(l) and gal-
lium(11T) sulfides having three polymorphs each (ortho-
rhombic, hexagonal and cubic for CusS; and hexagonal,
wurtzite-type and sphalerite-type for GasS,). Compared to
other sulfides a distinctive feature of the crystal structure of

B-Ag2S

C s

Figure 1.

~845-860K

Change in the crystal structure of silver sulfide during reversible phase transitions.**

Shown are the unit cells of monoclinic (space group P2,/c) a-Ag>S (acanthite), cubic (space group Im3m) B-Ag,S (argentite) and cubic

(space group Fm3m) y-AgsS.
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the silver sulfide phases is that silver atoms are distributed
over a very large number of sites in the metal sublattice.

According to the phase diagram of the Ag—S system,*’
silver sulfide has three main polymorphs. The low-temper-
ature semiconducting phase, a-Ag,S (acanthite), has a
monoclinic structure and exists at temperatures below
~450 K. Under equilibrium conditions the cubic phase,
B-AgoS (argentite), exists in the temperature interval
between 452 and 859 K, has a body-centred cubic (bcc)
sulfur sublattice and exhibits superionic conductivity. The
high-temperature cubic phase, y-Ag>S, has a face-centred
cubic (fcc) sulfur sublattice and is stable in the temperature
range from about 860 K to the melting point.

It is accepted that the monoclinic phase a-Ag,S is
stoichiometric, whereas the cubic phases B-Ag,,sS and
v-Agsr 1 sS with 6 ~ 0.02 are nonstoichiometric and can be
either slightly silver-deficient or silver-rich. The homogene-
ity ranges of the cubic allotropes of Ag»,S were deter-
mined.*®~4% It was reported4® that nonstoichiometric
argentite B-Ag,.sS (0 < 0.002) exhibits high superionic
conductivity (~1.3x103Q~!' cm—!), which is 10° times
higher than that of the semiconducting monoclinic phase.

Frueh *° studied the crystal structure of a single crystal
of natural mineral acanthite and showed that it has a
primitive monoclinic unit cell belonging to the space group
P2y/n (P121/n1). More recently,’! it was established that the
monoclinic unit cell of a-Ag>S belongs to the space group
P2,/c (P12/cl). The lengths and directions of the ap»;/- and
bp21)c axes coincide with those of the apz1/, and bp2y, axes
of the unit cell,>® while for the c¢pri). axis one has
Cp21jc = Cp21/m — ap21/n- It is believed ! that the axes of
both acanthite unit cells can be represented as combinations
of the apce, boee and cpe. axes of the bece unit cell of argentite.

Argentite has a cubic unit cell (space group Im3n) which
contains two formula units.’?> Two sulfur atoms occupy the
2(a) crystallographic positions and form a bcc sublattice.
Four silver atoms are distributed with equal probability
over 42 positions 6(b), 12(d) and 24(h).

The authors of a single-crystal neutron diffraction
study®® carried out in the temperature range of
459 —-598 K confirmed the cubic structure of B-Ag»,S (space
group Im3m) and essentially refined the distribution pattern
of silver atoms. They found that four silver atoms are
randomly distributed over 18 positions 6(b) and 12(d).>3
The occupation probabilities of positions 6(b) and 12(d) are
temperature dependent:

Position 459K 473K 533K 598K
6(b) 0.135 0.110 0 0
12(d) 0.266 0.278 0.333 0.333

The temperature 459 K is only 9 K higher than the
transition temperature of o-Ag>S (monoclinic) to B-Ag,S
(bcc). One can suggest that the occupation probabilities of
positions 4(e) by the Ag atoms in the a-Ag>S structure also
differ from unity. In this case, o-Ag,S can have a non-
stoichiometric composition.

In contrast to the results obtained by Cava er al.,”? a
high-temperature X-ray diffraction study>* revealed that
four silver atoms in the argentite structure are randomly
distributed over 54 positions 6(b) and 48(;) with an occu-
pation probability of ~0.097 and ~0.0715, respectively.

A model for the structure of cubic (space group Fm3m)
silver sulfide y-Ag,S proposed by Frueh33 assumes that
four sulfur atoms occupy the 4(a) crystallographic position
and form a fcc sublattice, while eight silver atoms are
randomly distributed over positions 8(c) and 32(f). Blanton
and co-workers >* used the high-temperature X-ray diffrac-
tion data to refine Frueh’s model 3> by additionally placing
Ag atoms at position 48(i). This implies > a noticeable silver
deficiency in the y-phase corresponding to nonstoichiomet-
ric sulfide Ag; 7S.

According to the resuls of the most recent structure
refinements of coarse-crystalline acanthite and argen-
tite,>°~ %0 the low-temperature phase of silver sulfide has
the monoclinic acanthite structure and is vacancy-free, thus
being stoichiometric, whereas cubic argentite at ~460 K is
nonstoichiometric with respect to silver.

Data on possible nonstoichiometry of nanostructured
monoclinic acanthite are few. As an example, silver sulfide
nanoparticles 5 to 30 nm in size identified in sewage sludge
materials were studied.®! The Ag: S atomic ratio determined
from the integrated intensities of the AglL and SK lines in
the EDX spectrum was 2.1, 1.7 and 1.1 for nanoparticles
~16, ~10 and ~6 nm in size, respectively, i.e., the chem-
ical composition of silver sulfide nanoparticles varied from
Ag2_1S (Ango_()s) to Ag1_7S (Agzsl_lg) and even to Agl_ls
(AgsS1.82).°! The interplanar distance (d) in a HR TEM
image of nanoparticles was equal to 0.348 nm, thus being
rather close to the interplanar distance dozo = 0.346 nm in
monoclinic silver sulfide with the acanthite structure. The
fast Fourier transform (FFT) patterns of the TEM images
of silver sulfide nanoparticles in the [100] plane revealed ¢!
reflections corresponding to the monoclinic phase a-Ag,S
and a number of reflections that were not identified in the
monoclinic acanthite structure.

The Ag:S atomic ratio reported ¢2 for a 17-nm mono-
clinic silver sulfide nanoparticle was 1.9:1, which corre-
sponded to formation of nonstoichiometric sulfide Ag; oS
with a high concentration of vacancies in the silver sub-
lattice.

The structure of Ag,S nanopowders with an average
particle size of at most 45—50 nm and possible deviation of
their chemical compositions from stoichiometric ones were
studied thoroughly 3-%4 along with the structure of coarse-
crystalline silver sulfide, which was found to have the
monoclinic structure and stoichiometric composition AgS.
It was assumed, to a first approximation,®®%* that the
nanopowder is also stoichiometric and has the same mono-
clinic crystal structure as the coarse-crystalline silver sul-
fide. However, the convergence between the experimental
and calculated X-ray diffraction patterns in this approxi-
mation was poorer than for the coarse-crystalline powder.
Minimization involving variation of the occupation proba-
bilities for the crystallographic positions of silver and sulfur
atoms led to much better convergence. It was established
that the atomic coordinates of Ag and S and the unit cell
constants of the silver sulfide nanopowder are close to those
of coarse-crystalline Ag>S. However, the occupation prob-
abilities of the 4(e) crystallographic positions by the silver
atoms Ag(l) and Ag(2) were smaller than unity, namely,
~0.97 and ~0.96, respectively. It follows that silver sulfide
nanoparticles less than 50 nm in size are nonstoichiometric,
have the composition ~Ag; ¢3S and contain vacancies in
the metal sublattice. Besides, good Rietveld agreement
factors were reported.
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Thus, the low-temperature monoclinic phase of nano-
crystalline silver sulfide is nonstoichiometric and has the
composition Ag, sS with ¢ < 0.07.

Under normal conditions, coarse-crystalline silver sul-
fide with the acanthite structure is a direct-band-gap semi-
conductor with a wide band gap and low charge carrier
mobility. The band gap of a-Ag>S is temperature-depend-
ent. At 300 K.,%>-% the band gap of acanthite is nearly
0.9 eV (¢f. 0.9—-1.1 eV for the commonly accepted value).

The effective masses of an electron and hole in coarse-
crystalline acanthite are me = 0.286 mo and my = 1.096 my,
respectively.b” Taking account of this fact, the reduced mass
of an exciton

My

Hex = M

me + my

in a-AgsS is ~0.23mg = 2.06 x 103! kg. The dielectric
constant of acanthite (g) is 5.95.%7 The characteristic size of
Wannier — Mott exciton (or the exciton Bohr radius) in a
macroscopic semiconductor is given by

Whe  nlemy

Rex x 2 ag (2)
/J'exe /’teX

where ap = fi/moe? = 0.0529 nm is the Bohr radius. At

ltex = 0.23mp and ¢ = 5.95, for coarse-crystalline acanthite

one has Rex ~ 1.4 nm for the first exciton state with n = 1.

The exciton diameter Dex &~ 2.8 nm is three- to sixfold larger

than the lattice constants of monoclinic acanthite.

3. Methods for the synthesis of nanostructured
silver sulfide

Various forms of nanostructured silver sulfide including
nanopowders, quantum dots and heteronanostructures are
successfully synthesized using hydrochemical bath deposi-
tion, template synthesis, sol—gel technique, synthesis in
microemulstions, as well as sonochemical, hydrothermal,
solvothermal, electrochemical, microwave-assisted synthe-
sis, etc. Each method has its advantages and limitations.
Many methods are of limited use and allow one to synthe-
size nanostructured silver sulfide only in the form of, e.g.,
quantum dots, nanopowders, films or heteronanostructures.
The drawbacks of other techniques include poor control of
the nanoparticle size during the synthesis, a nonuniform
(broad) particle size distribution in the nanomaterials syn-
thesized, multistage character of processes that can involve
3 or 4 stages, utilization of complex instruments, special
protective equipment, as well as rare, expensive and hazard-
ous reactants and operation at elevated temperatures.

Silver and other metals are sulfidized using
Na,S,?-36-358,62-64,68-70 hydrogen sulfide,”! elemental sul-
fur dissolved in concentrated NaOH,?2 a solution of hazard-
ous carbon disulfide CS, in ethanol,’>~7> sodium
thiosulfate,’® a solution of 3-mercaptopropionic acid in
ethylene glycol,”’ thiourea,’® thioacetamide’® and their
derivatives.

Recently, considerable attention has been paid to the
synthesis of various hybrid core —shell heteronanostructures
containing silver and its compounds (Ag,O@AgsS,
Ag@SiO,, etc.).89-82 The high surface energy of nano-
particles favours their aggregation. Therefore, when fabri-
cating core—shell nanoparticles, provisions should be made

to attach specific groups (organic ligands) to the core
surface in order to prevent agglomeration, growth and
oxidation of the particles and to obtain stable isolated
nanoparticles. Protective shells are prepared using tri-n-
octylphosphine oxide (TOPO),®? L-cysteine, 85 gluta-
thione,?! long-chain amines (hexadecylamine, octylamine,
dioctylamine, ethylenediamine),® ethylenediaminetetraace-
tic acid (EDTA) and ethylene glycol.7® Most of these
stabilizing agents are hazardous to health and environment.
One of the most in-demand and nontoxic complexing agents
providing high degree of electrostatic stabilization is anhy-
drous sodium citrate (Na3Cit).23-36—59,63.64,70,71,86-88 Fqr
instance, stable isolated silver sulfide nanoparticles with
nontoxic protective carbon-containing citrate shell
(AgoS@C core —shell nanostructure) were synthesized.”®

Possible stabilizers for the synthesis of noble-metal (Ag,
Au, Pt, Pd) sulfide nanoparticles include extracts from plant
raw materials (leaves, seeds, fruits, roots, honey) or aqueous
solutions of natural products (royal jelly, wood resin,
bovine serum albumin, etc.).8°~°! These exotic stabilizers
are nontoxic; however, determination of their complex
composition still remains an unresolved issue. Therefore,
natural stabilizers are of limited use.

According to numerous data, the key role in the for-
mation of Ag>S nanoparticles is played by complexing
agents with sodium citrate being the most important one.’

The term ‘controlled deposition’ refers to methods that
involve the formation of a stable sol from a mixture of the
constituent components of the semiconductor. The sol is
stabilized using certain stabilizers (e.g., polymers, surfac-
tants) or via repulsion from the double electrical layer. The
formation of nanoparticles using the sol—gel technique
belongs to the methods with controlled deposition.

3.1. Synthesis via decomposition of molecular precursors
The synthesis using molecular precursors offers such impor-
tant advantages as simplicity, safety and compatibility with
metal-organic chemical vapour deposition.®> However, this
approach can lead to high selectivity of crystal growth (this
cannot be achieved using other synthetic techniques) or to
undesired formation of metastable phases.

Injection of an organometallic precursor into a hot
solvent is a simple method to prepare particles with speci-
fied properties (e.g., highly monodisperse particles of iden-
tical shape and size).

An example is provided by a study?® carried out with
silver thiobenzoate as precursor. This compound is stable in
air. At room temperature, its crystals decompose in amines
to give Ag,S particles whose size and shape can be con-
trolled by varying the reaction conditions. The most impor-
tant parameters of the synthesis include the reaction
temperature and duration, the type of amine and the
relative concentrations of the reactants. It was established®
that raising the injection temperature to 393 K leads to
formation of cube-shaped Ag,S nanocrystals only. Figure 2
presents their TEM, SEM and HR TEM images. The
uniform cubic Ag>S nanoparticles self-assemble into
ordered 2D arrays on the surface of the transmission
electron microscope grid (Fig. 2a). The average size of
these nanoparticles is 44 +4 nm. The cubic Ag>S nano-
particles are single crystals (Fig. 2 ¢,d).

T Completely harmless standartized food additive E331.
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Images of Ag,S nanocubes produced at 393 K.8

A TEM image (a), a SEM image of clusters formed by Ag.S
nanocubes (b) and HR TEM images of individual nanoparticles
(c, d).

Figure 2.

More recently, Ag,S nanocrystals were obtained 3 using
a modified version of the hot injection of the same molec-
ular precursor. Hot injection at 433 K leads to breakdown
of Ag—S and S—C bonds in the thiobenzoate molecule and
to production of Ag" and AgS’ radicals, which are con-
sumed in the formation of Ag,S nanospheres. As AgS-
C(O)Ph is injected into the reaction system pre-heated to
433 K, AgsS nanospheres can form even without molecular
activators (e.g., alkylamines). Silver sulfide nanocrystallites
were prepared °4 by heating silver diethyldithiocarbamate
(Ag-DDTC) in air at 473 K for 3 h. The technique is cheap
and nontoxic. Monodisperse Ag,S nanoparticles with con-
trolled size were synthesized °° by surfactant- and solvent-

free thermolysis of nontoxic silver xanthates. The diameter
of the Ag,S nanoparticles was from 8.9+ 1.2 to 48 +4 nm.
The particle size was controlled by varying the alkyl chain
length in the precursors.

3.2. Synthesis of nanostructured silver sulfide of different
morphology

Recently, considerable efforts were made to produce silver
sulfide nanoparticles of different morphology and to con-
trol the morphology of the semiconductor nanocrystals.?®
Various methods for the synthesis of Ag>S nanostructures
and corresponding mechanisms of formation were studied.
For instance, rod-like Ag>S nanocrystallites were obtained
using sodium thiosulfate as the source of sulfur by y-irradi-
ation of aqueous solutions at room temperature.®’ In this
experiment, an important role in the formation of rod-like
Ag>S nanocrystals was played by polyvinylpyrrolidone
(PVP). The rod-like Ag>S nanocrystallites synthesized were
200 to 500 nm in diameter and a few tens of micrometres
long, i.e., the aspect ratio was very high (>100). According
to X-ray diffraction data, these nanocrystallites comprised
nanoparticles <40—50 nm in size.

The synthesis of nanostructured Ag,S using a solution
of carbon disulfide in ethanol led to nano- and micro-
structures of irregular shape only.”® The growth of Ag,S
nanoparticles in the ethanol—water medium differs from
their growth in water or ethanol because the polarities of
these media and the solubilities of Ag,S in them are differ-
ent. Replacement of water as the reaction medium by the
ethanol —water mixture or ethanol causes the morphology
of the silver sulfide particles synthesized to change from
large nanosheets of irregular shape to leaf-like nanopar-
ticles and ellipsoidal or Y-shaped flakes.

More recently,’® it was reported that leaf-like Ag,S
nanoparticles (Fig. 3a) were prepared by simple hydro-
thermal synthesis in a mixture containing a solution of
CS, in absolute ethanol and an aqueous solution of
AgNO;3; with NH3; added. Mixing the two solutions causes
the following reactions to proceed:

Figure 3. Silver sulfide nanoparticles of different morphology.
Typical leaf-like morphology of Ag>S nanosheets prepared in
ethanol —water solutions by hydrothermal treatment at 433 K for
10 h (a);*® worm-like nanoparticles (b);'° Ag,S nanopolyhedra
(c);19° SEM images of Ag,S—PNIPAM-MAA composite micro-
sphere (d) and a high-magnification image of part of the surface of
the microsphere (¢);'°2 and a SEM image of hollow Ag,S nano-
hexagons (f).103
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2NH3 + CS; —»> NH,NHCSSH 3)

2Ag(NH3)* + NHs;NHCSSH —> )
— »AgzS| + NH4SCN + 2NH;

Silver sulfide micro- and nanoparticles of different
morphology including micrometre-long rod-like crystallites,
nanowires and nanopoplyhedra were synthesized in the
reaction medium representing a mixture of aqueous solu-
tions of necessary amounts of AgNO;, NH; and
N,H4CS.190 The size and morphology of Ag,S particles
(Fig. 3b,c) can be varied with ease by varying the reactant
concentration ratio.

Recently, nanopolyhedra (including sulfide ones) with
fee structure have been successfully synthesized.® 191 Silver
sulfide nanocrystals were synthesized '°' via thermolysis
of the organometallic  precursors  Ag[S:P(OR),]
(R = C,Ha+1).

The composite microspheres Ag,S—PNIPAM-MAA
and Ag>,S—PNIPAM [PNIPAM is poly(N-isopropylacryl-
amide) and MAA is methacrylic acid] with patterned sur-
face structures were synthesized using a polymeric minigel
template method.'%2 The minigels were prepared by reverse
suspension polymerization of aqueous solutions of corre-
sponding monomers initiated by a solution of ammonium
persulfate in n-heptane. The surface structures of the
sulfide — polymer composite microspheres depend not only
on the nature of the template, but also on the nature of the
sulfide. The SEM images of a Agr,S—PNIPAM-MAA
composite microsphere and its surface are shown in
Figs 3d,e.

Single-crystalline hollow Ag,S nanohexagons with a
narrow size distribution were synthesized in aqueous sol-
utions of AgNO3, N,S,0; and Cj9H4,BrN at 318 K.103 A
SEM image of the hollow Ag,S nanohexagons is shown in
Fig. 3f; hare, parallel edges are separated by a distance of
49 +2 nm.

Tetrahedral colloidal Ag,S nanoparticles were synthe-
sized from aqueous solutions of AgNO3;, NH3; and n-dode-
canethiol. The reaction was carried out in an autoclave at
473 K over a period of 5 h.'% Under the action of van der
Waals interactions, highly uniform Ag,S nanoparticles
spontaneously self-assembled into tetrahedral colloidal
aggregates representing perfectly ordered 3D superlattice
structures (Fig. 4).

Core sulfur nanoparticles are used for the synthesis of
hollow Ag,S nanospheres.'%5 The core sulfur nanoparticles
were synthesized from sodium thiosulfate in the presence of
aqueous solution of cetyltrimethylammonium bromide. As
the core formation was completed, aqueous solution of
AgNOs3 was added. Then, the particles thus obtained were
washed with ethanol/water mixture and treated with carbon
disulfide for complete conversion of AgBr to Ag,S and
removal of the core to form hollow Ag>S nanospheres.

Besides, Ag,S nanoparticles were synthesized 1°¢ by the
reaction of Ag(NH3); with Na,S in the presence of poly-
vinylpyrrolidone using the hydrothermal method. The com-
bined solutions were heat treated in an autoclave at 433 K
over a period of 10 h. Well-dispersed Ag>S nanoparticles
had a rice-shaped morphology and most of them were about
70-90 long and 30—35 nm wide.

Large rice-shaped AgsS particles were synthesized using
hydrothermal chemical deposition from a mixture of

Figure 4. TEM
AgS.104

A low-magnification TEM image («); a high-magnification TEM
image of an individual tetrahedron (left inset is the fast Fourier
transform pattern of the superlattice; the right inset is a scheme of
the tetrahedral superlattice of the colloidal crystal) (b); and a
magnified TEM image of a vertex of the tetrahedron (c).

images of tetrahedral colloidal

superlattices

aqueous solutions of silver nitrate (0.05 mol litre—1!),
sodium sulfide (0.4 mol litre~') and sodium citrate
(0.005 mol litre—1).3¢ The reaction mixture was heated in a
closed vesel at 373 K at a pressure of ~2 x 10° Pa for 2 h to
give an Ag,S powder containing small amounts of individ-
ual particles about 2000 nm long and about 400 nm wide, as
well as large irregular agglomerates.

The reasons underlying the formation of silver sulfide
nanoparticles of different morphology have not been dis-
cussed so far. From the available data it follows that the
main methods for the preparation of Ag,S particles of
different morphology include hydrothermal and solvother-
mal syntheses from weak electrolyte solutions. The nano-
particle growth in solutions from nuclei of the solid phase is
due to electrochemical ion transfer from the solution bulk
to the surface. As a result, the nucleus surface becomes
covered with nonuniformly distributed static charges, the
higher charges (larger in absolute value) being observed at
the sharp ends, and a potential difference between the
nucleus and solution appears.!?7 Particles begin to grow at
the vertices bearing a negative static charge.'® Silver
cations interacting with sulfur anions attract to the vertices.
The nonuniform growth of particles along different crystal-
lographic directions, which is responsible for different
morphology, seems to be due to the presence of preferred
orientations that can be revealed in the X-ray diffraction
experiments.

3.3. Synthesis of Ag,S nanowires and rod-like
nanocrystallites
The one-dimensional (1D) nature of Ag,S nanowires and
rod-like nanocrystallites governs their unique electrical,
optoelectronic and mechanical properties. Rod-like nano-
crystallites can be to 100—200 nm in diameter, while nano-
wires usually have a bent shape and their diameter is smaller
than that of the rod-like nanocrystallites. Nanowires are
usually synthesized at high temperatures and(or) using
various templates.

Silver sulfide nanowires were successfully synthesized in
a simple gas—solid reaction on a silver substrate.!%® A
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cleaned silver foil was pre-oxidized and exposed to an
0>+ H,S atmosphere. The temperature of the reaction
system was varied between ambient conditions and 313 K.
Silver sulfide nanowires thus obtained were 40— 150 nm in
diameter and up to 100 pm long.

Silver sulfide nanowires were synthesized using anodic
aluminium oxide template!” and by microwave-assisted
method.!7-110

Yet another experiment!!! involved dissolution of
AgNOs3 in octadecylamine at 393 K; subsequent addition
of sulfur powder led to formation of Ag,S nuclei. Then, the
system was stirred, heated and maintained at 393 K for
further growth and crystallization. The process afforded
ultralong (up to hundreds of micrometres) Ag,S nanowires
10—30 nm in diameter.

Yan et al.''?> prepared Ag,S nanowires in anhydrous
ethanol using a simple template solvothermal method.
Typically, a mixture of sulfur powder and Cd(OAc), was
dissolved in ethylenediamine. The solution was heated in an
autoclave at 473 K for 2 h. Then, CdS nanowires thus
obtained and AgNO3 were dissolved in anhydrous ethanol
and heated in an autoclave at 473 K for 12 h. An excess
amount of Ag™ cations led co complete conversion of CdS
nanowires into silver sulfide nanowires.

Cation exchange generated Ag,S nanowires were also
reported.'!3

3.4. Synthesis of Ag>S nanoparticles and quantum dots using
biotechnological and solvothermal methods and thermolysis
Monodisperse water-soluble clusters representing Ag,S
quantum dots coated with ribonuclease-A were synthesized
in aqueous phase using a biomimetic method.!'* Ribonu-
clease-A served as both a stabilizer to prevent aggregation
and a biomolecule to modify the surface of Ag,S nano-
crystals in order to reduce toxicity. The Ag>S nanoparticles
had an average size of 5—6 nm and a well-defined crystal
lattice with clearly seen atomic planes.

Mention was made !!'> that biomolecules assisting the
formation of inorganic nanostructures favour their electro-
static stabilization and improve their optical properties. To
synthesize Ag»,S and AgzAuS, nanocrystals coated with an
L-cysteine (L-Cys) shell, aqueous solutions of silver nitrate
and chloroauric acid as well as a solution of L-cysteine in a
water/ethylene glycol/ethanol mixture were used. Silver
sulfide nanocrystals were prepared using silver nuclei as
cores. The scheme of formation of Ag,S nanoparticles is as
follows:!13

298K
Ag*t + L-Cys —> [Ag(L-Cys)n]™ (5)

[Ag(L-Cys)a]* + HO~ ethanol decomposition, 343 K’ L-Cys—Ag (6)

C—S bond di iation, 343K
L-Cys—Ag ond dissociation Ag>S @

where L-Cys—Ag denotes metallic silver nanoparticles
capped with L-cysteine.

Mixing L-cysteine and silver nitrate in ethylene glycol
results in a transparent solution, which confirms the for-
mation of metal —cysteine complexes owing to the appear-
ance of Ag™ —thiol chains.®* Heating of the solution leads

to decomposition of ethanol and formation of metallic
silver nanoparticles capped with L-cysteine. Then, the
C—S bonds are dissociated and silver sulfide nucleation
and growth of Ag,S nanoparticles occur. The nanoparticles
thus prepared were highly uniform in size and intercon-
nected. The size of the Ag>S nanoparticles varied from 4.3
to 5.8 nm, the average size being 5.2 nm. The biomolecule,
i.e., L-cysteine served as the source of sulfur and as stabiliz-
ing capping agent, which precludes agglomeration of the
sulfide nanoparticles.!!- 116

Yand and co-workers !'!'7 prepared Ag,S nanoparticles
by pyrolysis using AgNOs3 and sulfur powder as precursors
and oleylamine acting as a reducing agent and stabilizer
during the synthesis. Highly size uniform Ag,S nanopar-
ticles were obtained by controlling the AgNOs5: S ratio and
the synthesis duration.

Silver sulfide nanoparticles were synthesized '8 by the
solvothermal method in the reaction of AgNO; with
C13H 1 INS sulfidizer belonging to Schiff bases (azome-
thines) and various solvents. The synthesis of Ag,S at
433 K over a period of 12 h with propylene glycol as solvent
was chosen as the basic reaction.

Nanostructured Ag,S was synthesized in the absence of
surfactants or in the presence of an anionic sufractant (e.g.,
sodium dodecylsulfate) or cationic sufractants [e.g., cetyl-
trimethylammonium bromide and poly(ethylene glycol)].
The surfactants were dissolved in water and(or) in
butan-1-ol. Experiments showed !'® that the reaction tem-
perature, the presence of sufractant and the type of solvent
affect the size of the Ag>S nanoparticles. The influence of
synthesis conditions on the formation of Ag,S nanoparticles
is illustrated in Fig. 5.

An improved hydro(solvo)thermal method for produc-
ing nanostructured silver sulfide was developed.''® Mono-
disperse nanocrystals 7.3 nm in size were synthesized in the
system containing an ethanol—linoleic acid mixture as the
liquid phase, solid silver linoleate and aqueous ethanol
solution.

Biocompatible Ag>S quantum dots were synthesized by
thermal decomposition of silver diethyldithiocarbamate
with dodecane-1-thiol as covalent ligand and solvent.'??
The reaction mixture was heated to 483 K at a rate of
15 K min—! and kept for 1 h in a nitrogen atmosphere to
give hydrophobic dodecanethiol-capped Ag>S quantum
dots with an average diameter of 5.4 to 10.0 nm.

Stable colloidal Ag,S quantum dots with bright lumi-
nescence in the near-IR region were synthesized using
2-mercaptopropionic acid as capping agent.!?! First, 2-mer-
captopropionic acid was dissolved in deoxygenated deion-
ized water. Then, AgNO3; was added and the solution was
heated to the desired temperature (303, 323 or 363 K).
Then, aqueous solution of sodium sulfide was added to the
reaction mixture under stirring. The size of Ag,S nano-
particles could be controlled in the range from 2.3 to 3.1 nm
with maximum luminescence emission in the wavelength
region of 780 to 950 nm.

A similar one-pot method using 3-mercaptopropionic
acid and ethylene glycol was reported in another study.?° In
that case, the surface of the quantum dots was protected
with carboxyl groups. The photoluminescence wavelength
of the Ag>S quantum dots can be varied over a wide range
from 510 to 1221 nm by varying the growth duration.
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Figure 5. A schematic illustrating the formation of Ag,S nanoparticles in different conditions.!!8
PG stands for propylene glycol, CTAB stands for cetyltrimethylammonium bromide, SDS stands for sodium dodecylsulfate, and PEG

stands for poly(ethylene glycol) 20 000.

4. Chemical deposition of nanostructured Ag,S
from aqueous solutions

Hydrochemical bath deposition (chemical deposition from
aqueous solutions) is a well-known method which allows
one to synthesize coarse-crystalline and nanocrystalline
silver sulfide powders and to prepare colloidal solutions of
Ag>S nanoparticles, isolated shell-protected Ag>S nanopar-
ticles and various heteronanostructures based on AgsS.

4.1. Silver sulfide powders
Chemical deposition from aqueous solutions, which is also
called chemical condensation, one-pot synthesis in aqueous
solutions and hydrochemical bath deposition, is the most
widely used method for the synthesis of nanocrystalline
sulfide powders.!22-123

Usually, nanostructured silver sulfide is obtained by
hydrochemical bath deposition from aqueous solutions of
silver nitrate and sodium sulfide. The solubility product
(Ksp) of silver sulfide is very small, being equal to
6.3x 1070 at 298 K.!24 Silver sulfide is formed from
aqueous solution of AgNO3 and NasS in the simple reaction

2AgNO; + NazS —> Ag»S| + 2NaNO3 ®)

where the concentrations of the anions S?— and cations
Ag™ are related as follows: ¢s>~ = 0.5¢ca, ™. Silver sulfide
nanoparticles from coarse-crystalline powder to colloidal
nanoparticles can be produced by slightly varying the
reactant concentration ratio relative to the ideal reaction
(8), by introducing complexing agents and by varying the
synthesis conditions.

A generalized scheme for the synthesis of various forms
of nanostructured Ag,S and AgrS/Ag heteronanostructures
is shown in Fig. 6.

The most widely used complexing agents include solu-
tions of ethylenediaminetetraacetic acid disodium salt (Tri-
lon B) or sodium citrate.

Hydrochemical bath deposition of Ag>S nanopowders
using Trilon B and hydrothermal synthesis of Ag>S powder
have been reported.®® The concentrations of AgNO; and
Na,S in different reaction mixtures were 50 and
25 mmol litre—!, respectively; the concentration of Trilon
B was varied from 35 to 50 mmol litre—!. To a solution of
silver nitrate, Trilon B was added under continuous stirring.
Then, this solution was mixed with a solution of sodium
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Figure 6. Generalized scheme for the synthesis of various forms of nanostructured silver sulfide.
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Coarse-crystalline Ag,S powder (a); Ag>S quantum dots (b); AgaS@C ‘core —shell’ nanoparticles with carbon-containing citrate shell (¢);
and Ag>S/Ag heteronanostructures (d). D is the nanoparticle diameter.

sulfide, and sulfide formation occurred immediately. All
nanoparticles precipitated over a period of two days.

The average size of silver sulfide nanoparticles in the
deposited Ag>S nanopowder evaluated from the broadening
of non-overlapping diffraction reflections was 58 +8 and
59 £8 nm. Based on the specific surface area determined by
the Brunauer — Emmett—Teller (BET) method, the size of
silver sulfide nanoparticles deposited from the reaction
mixtures containing 35 and 50 mmol litre ! of Trilon B
was 60 £ 5 and 63 + 5 nm, respectively. Thus, an increase in
the Trilon B concentration in the reaction mixture causes
deposition of larger Ag,S particles. According to BET data,
the particle size in coarse-crystalline Ag,S powder was
975+ 15 nm.

An EDX analysis showed that, within the limits of
experimental error, silver sulfide nanopowders deposited in
the presence of Trilon B contain 8§9.4 + 0.4 mass % Ag and
10.6 £ 0.1 mass % S. The content of silver in these powders
exceeds its possible content in stoichiometric sulfide Ag,S.
It follows that the excess silver exists as an impurity phase in
the nanopowders synthesized. Indeed, the X-ray diffraction
patterns of the nanopowders deposited in the presence of
Trilon B exhibited weak diffraction reflections of Ag. An
increase in the concentration of Trilon B in the reaction

mixtures from 35 to 50 mmol litre—! is accompanied by
increasing the amount of silver impurity in the nanopow-
ders from 3.0 mass % to 4.5 mass %. No metallic silver
impurity was detected in coarse-crystalline silver sulfide
powder prepared by the hydrothermal method.

The drawbacks of the chemical deposition of silver
sulfide from aqueous solutions of AgNO3, Na,S and Trilon
B include the large size of the nanoparticles produced and
the presence of considerable amounts of metallic silver
impurity.

Coarse-crystalline Ag,S powder was prepared by hydro-
thermal synthesis from the reaction mixture containing
aqueous solutions of AgNO; (50 mmol litre—!), Na,S
(400 mmol litre—!) and NazCit (5 mmol litre—!) followed
by heating the mother liquor with the precipitated powder
in a closed vessel at 373 K over a period of 2 h. The air
pressure and the saturated vapour pressure over the sol-
ution reached a value of about 2.1 x 10° Pa. It was reported
that all silver sulfide powders synthesized had the mono-
clinic acanthite structure.®®

Hydrochemical bath deposition using sodium citrate is a
simple, reliable, versatile and environmentally safe method
for preparation of nontoxic colloidal solutions of Ag,S
nanoparticles, isolated Ag>S nanoparticles with protective
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shells, Ag>S/Ag heteronanostructures, as well as nano- and
coarse-crystalline silver sulfide powders. Usually, dilute
aqueous solutions of AgNOs, which possess antibacterial
properties and are widely used in pharmacology and med-
icine, are utilized as the source of silver ions. Emphasize
that all forms of nanostructured silver sulfide can be
prepared from the same chemical reactants by varying
only their concentrations in solutions and the synthesis
conditions. A great advantage of hydrochemical bath dep-
osition over other methods is reproducibility of results.!??

Hydrochemical bath deposition of nanostructured Ag,S
using sodium citrate is an example of a green chemistry
method. By definition, green chemistry is the ‘design of
chemical... processes to reduce or eliminate the use and
generation of hazardous substances’.'?? Indeed, hydro-
chemical bath deposition allows one to obtain valuable
products from nontoxic substances using environmentally
safe techniques.

This method was utilized 2 for the synthesis of various
forms of Ag,S nanoparticles from aqueous solutions of
silver nitrate and sodium sulfide, which served the as
sources of Ag® and S?— ions with sodium citrate as
complexing agent and electrostatic stabilizer.

Coarse-crystalline Ag»,S powder is prepared by hydro-
thermal synthesis from the reaction mixture containing
aqueous solutions of AgNOs3;, Na,S and NazCit followed
by heating the mother liquor with the precipitated powder
in a closed vessel at elevated temperature and pressure.

Coarse-crystalline silver sulfide almost immediately pre-
cipitates from an aqueous solution of AgNO; and Na,S
containing an excess concentration of S2— ions
(cs:- = cag+) without adding the complexing agent (see
Fig. 6 a). If the concentration of S?>— ions is high enough
or differs only slightly from that necessary to bind all silver
ions, i.e., cs:- & 0.5cag+, the addition of sodium citrate to
the solution promotes the formation of silver sulfide nano-
particles (see Fig. 6 b). Deposition of silver sulfide occurs in
a neutral medium (at pH 7).

In aqueous solutions of AgNO; and Na,S, sodium
citrate plays a triple role. First, it is a complex-forming
agent during the deposition of Ag,S nanoparticles, which
occurs both in the light and in the dark. Second, if
deposition proceeds in the dark, Nas;Cit is adsorbed on
silver sulfide nanoparticles, thus precluding their agglomer-
ation. In this case, increased duration of the deposition
process and utilization of reaction mixtures with higher
concentrations of NasCit lead to formation of a protective
citrate shell on the surface of Ag>S nanoparticles (see
Fig. 6 ¢). Third, if deposition in aqueous solutions with
reduced concentration of S>— ions occurs under photo-
irradiation conditions, sodium citrate can reduce Ag™ ions
to metallic silver.!?> In this photochemical process, citrate
ions (CeHsO37) reduce the Ag* cations present in the
solution to metallic silver and undergo transformation into
C5H4O§7 ions.

CeHsO} + 2Ag* —™> CgH,OF + CO, + H* +2Ag]  (9)

By choosing the concentrations of AgNOj3, Na,S and
NasCit in the initial solution provided that the condition
cs:- < 0.5cag+ i1s met, one can deposit silver nanoparticles
along with Ag,S nanoparticles and synthesize Ag,S/Ag
heteronanostructures (see Fig. 6 d).

Citric acid ¥ is also a possible complex-forming agent for
Ag™ ions; however, its application in the synthesis of silver
sulfide leads to undesired shift of the equilibrium towards
the acidic region.

Coarse-crystalline powders (about 100— 1000 nm in size)
of stoichiometric silver sulfide with the acanthite structure
were synthesized from aqueous solutions of AgNOs and
Na,S with large excess of sodium sulfide either in the
absence or in the presence of sodium citrate at room
temperature in the dark.5¢ 122

Powders of silver sulfide nanoparticles were
prepared  from  aqueous  solutions of AgNO;
(cagno, = 50 mmol litre 1) and Na,S

(¢Na,s = 0.5 cagno, + 6, where 6 = 0.5 mmol litre—1).03. 122
The concentration of sodium citrate in the initial reaction
mixtures was 12.5, 25 and 100 mmol litre—!. A small excess
of Na,S is necessary for the synthesis of silver sulfide
containing no impurity of metallic silver nanoparticles.
The synthesis was carried out in the dark.

The X-ray diffraction patterns of the deposited Ag,S
nanopowders are shown in Fig. 7. A quantitative analysis of
the X-ray diffraction patterns showed that the observed set
of diffraction reflections corresponds to nanocrystalline
nonstoichiometric acanthite o-Ag; 93S. The average size of
the coherent scattering regions evaluated from the broad-
ening of the nonoverlapping diffraction reflections
(=102), (110), (=113),(—=104), (031) and (01 4)
was 43+ 6, 46 +8 and 49 + 8 nm, respectively. Within the
limits of experimental error the size of the coherent scatter-
ing regions determined from X-ray diffraction data agree
with the particle size evaluated from the BET and DLS
data. Silver sulfide nanoparticles were also studied by TEM
and SEM. Selected areas of the electron diffraction patterns
were obtained as the fast Fourier transform patterns of
selected areas of the HR TEM images. Then, inverse fast
Fourier transform of the selected diffraction reflections in
the HR TEM image was performed using the Gatan Micro-
scopy Suite software '2¢ and the interplanar distances cor-
responding to these diffraction reflections were determined.
A comparison of the interplanar distances thus obtained
and the diffraction data 3 confirmed the monoclinic struc-
ture of the powder nanocrystals. According to EDX analy-
sis data, the content of silver and sulfur in the samples
corresponded to sulfide ~Ag,S.

Figure 8 a presents a panoramic Raman spectrum of
Ag>S nanopowder, which is similar to a published Raman
spectrum of silver sulfide.!?” The Raman spectrum of
a-Ag>S  nanopowder in the low-frequency region
(210-260 cm—!) is smeared and broadened. For more
detailed analysis, Fig. 8 » demonstrates the Raman spectra
of o-AgrS nanopowder in the low-frequency region,
recorded at 25% and 10% of the excitation power.

These spectra exhibit a series of bands in the range of
90-260 cm—!, which mainly correspond to Ag—S bonds.
This is consistent with the published data,?!-128.129 accord-
ing to which the Raman spectrum of coarse-crystalline
acanthite is characterized by strong bands at ~93, ~122,
167188, 225-253 and ~430cm~'. The peak at
~430 cm—! corresponds to the low-temperature mono-
clinic acanthite a-Ag>S.?2! A broad band in the range of
210-220 cm~! agrees with the results of a study '3° where

} Completely harmless standartized food additive E330.
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Figure 7. X-Ray powder diffraction patterns of monoclinic Ag,S
nanopowders deposited from the reaction mixtures containing
aqueous solutions of AgNO; (50 mmol litre=!) and Na,S
(25.5 mmol litre ') at sodium citrate concentrations of 12.5 (a),
25 (b) and 100 mmol litre ' (c).93- 122

The insets present the estimates of the average size of the coherent
scattering regions (D) obtained from the dependence of the broad-
ening of the nonoverlapping  diffraction  reflections
p*(20) =[p(20)cos 0]/ on the scattering vector s = (2sin0)/4,
where 0 is the diffraction angle and 4 is the radiation wavelength.

the Raman peak corresponding to Ag>S nanoparticles was
observed near 220 cm—! and with the results of another
study.'3!' In the acanthite structure, triatomic units
Ag—S— Ag are nonlinear and, therefore, the corresponding
spectral bands are related to symmetrical longitudinal
vibrational modes. In addition to the bands at 93 and
147 cm ! associated with vibrations of the silver sublattice
(i.e., phonons), other bands corresponding to symmetrical
longitudinal modes (Ag—S— Ag) are allowed and observed.
Weak bands at ~220-250 and ~430 cm—! can be attrib-
uted to first- and second-order longitudinal optical phonon
modes, respectively.

A method for the synthesis of Ag>S nanopowders with
specified nanoparticle size by hydrochemical bath deposi-
tion was patented.!3?

Silver sulfide nanoparticles in aqueous solutions are
formed as a result of interaction of water-soluble silver
compounds (mainly AgNOs3) with sulfidizers. A sulfidizer
containing S?>~ anions is added to a solution containing
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Figure 8. Raman spectra of nanopowder AgsS.

Panoramic spectrum (a) and Raman spectra in the low-frequency
region recorded at 25% (/) and 10% (2) of maximum power
excitation (b).

Ag?™ cations, or sulfide ions are gradually generated in
solution during hydrolysis of the sulfidizer (e.g., thiocarba-
mide). Solid particles that form in the reactions with the
sulfidizers that undergo hydrolysis are deposited not only as
powder, but also as a film on the substrate surface.'33 An
analysis of the deposition kinetics of sulfides including Ag,S
showed 33 that the kinetic curves are S-shaped, which is
characteristic of heterogeneous autocatalytic processes
occurring on the surface of the solid sulfide phase.

If AgoS is deposited, the role of catalyst is played by the
surface of silver sulfide formed; the rate of formation of
Ag>S should be proportional to the surface area of the solid
phase and to the concentrations of the interacting ions Ag™
and S2—. Taking account of these facts, the rate of for-
mation of metal sulfide (w) in aqueous solution with Na,S
as sulfidizer is described by the following model second-
order equation

w = 7(1(61\4211— m) = K(emo — CM)2/3CMCS (10)

where ¢vo and ¢y are the metal ion concentrations in the
solution at the initial (r = 0) and arbitrary (r > 0) points in
time, respectively; K is the rate constant for the reaction; cso
(see below) and c¢s are the concentrations of Na,S at the
initial (z = 0) and arbitrary (zr > 0) points in time, respec-
tively. The amount of sulfide formed in solution during the
time interval 7 since the beginning of the reaction is
proportional to the concentration difference
cMo — M = ¢so — ¢s = x. To a first approximation, the
surface area of the sulfide particles formed (s) is propor-
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tional to (emo — em)?? = x?/3; therefore, expression (10)
can be written as follows:

o = Ksc,,Cs (11)

The formation of crystalline Ag>S in the thiocarbamide
solution proceeds more slowly than in the solution contain-
ing sodium sulfide. For instance, the formation of AgsS in
solutions with Na,S at room temperature occurs almost
immediately, whereas the process in the solutions with
N>H4CS has an induction period of the order of a few
minutes. When using N>H4CS, the degree of supersatura-
tion of the solution at the initial instant of deposition is low;
therefore, the number of nuclei is relatively small and
subsequent hydrolysis of NoH4CS leads to the growth of
the Ag,S particles rather than further nucleation of AgsS.
Thus, hydrolysis of thiocarbamide is the limiting stage of
silver sulfide deposition, just like in the case of deposition of
other sulfides, e.g., cadmium sulfide.® The growth rate of
Ag,S particles is described by Eqn (11), being proportional
to the initial reactant concentrations. In the solutions
containing NoH4CS the growth rate of nuclei of the solid
phase is hugher than the nucleation rate; this lads to
formation of larger particles compared to the solutions
with sodium sulfide.!34

The kinetics of chemical deposition of Ag>S by thiocar-
bamide from aqueous solutions containing AgNO3, NasCit
and NH4OH was analyzed.!3> The measured kinetic curves
for silver nitrate conversion to sulfide at different concen-
trations of Na3Cit and NH4OH are typical of heterogeneous
autocatalytic processes. A quantitative analysis of experi-
mental data led to the following analytical expression for
the rate of formation of Ag,S:

(12)

03
o= 1.15%10* {exp ( 37000)]3 Enit Ceit

8.31T )| ¢&.. 02
where cnit, Ceits Cthio and ca,m are the concentrations of
AgNO;3, NasCit, NoH4CS and NH4OH, respectively. As
can be seen, the activation energy for the formation of silver
sulfide during the deposition from the solutions studied in
Ref. 135 is —37 kJ mol—! and the rate of formation of
silver sulfide is proportional to the surface area of the Ag,S
solid phase being formed.

4.2. Colloidal solutions of silver sulfide

Stable silver sulfide colloidal solutions were prepared from
reaction mixtures with silver nitrate concentrations varied
from 0.3125 to 2.5 mmollitre~! (Table 1) in the
dark.122:136.137 The concentration of NasS in the reaction
mixtures was slightly higher than half the AgNO3 concen-
tration. A small excess of Na,S ensured the synthesis of
silver sulfide colloidal solutions containing no metallic
silver nanoparticles as impurity.

The colloidal solutions were characterized by the
{-potential and by the hydrodynamic diameter of the Ag,S
nanoparticles measured by contactless DLS and obtained
from turbidity measurements.

The stability of the colloidal solutions synthesized was
confirmed by the fact that their turbidity immediately after
the synthesis was equal to zero. The turbidity of the
solutions 2, 5, 8, 11, 16, 24, 32, 40, 60 and 100 days after
the synthesis was equal to zero.

Table 1. Chemical compositions of reaction mixtures and the average
size of silver sulfide quantum dots (DpLs) in colloidal solutions.!?2 137

Reaction Reactant concentrations in the reaction Dpis
mixture mixture /mmol litre ~! /nm
number

AgNO;3 Na»S NasCit
1 0.3125 0.16 + o 5 23+1
2 0.3125 0.16 + o 2.5 27+1
3 0.3125 0.16 + o 1 3.1+l
4 0.625 03125+ 6 5 4242
5 0.625 0.3125 + 6 3.75 5.6+2
6 2.5 125+ 1 8.0+2
7 1.25 0.625+ ¢ 1.25 82+£2
8 0.625 03125+ 6 2.5 9242
9 0.625 0.3125+ 6 1.25 10.0£2
10 2.5 125+ 6 2.5 15.0+3
11 0.625 03125+ 0 15 16.0+4
12 1.25 0.625 + ¢ 7.5 17.0£5

Note. § = 0.01 mmol litre ! (small excess of sodium sulfide Na,S).

According to DLS data, the size of the Ag>S nano-
particles in the colloidal solutions studied was at most
20 nm (see Table 1). Such nanoparticles do not precipitate
and their size remains almost unchanged. DLS measure-
ments confirmed that the colloidal solutions remain stable
over a long period of time. The particle size distribution
and the appearance of colloidal solutions containing Ag,S
nanoparticles of different average size are illustrated in
Fig. 9a,b.

The electrostatic stability of solutions is assessed from
the {-potential of nanoparticles. The {-potential values in
the range +(35+ 15) mV are indicative of the stability of the
colloidal solutions. Particles with higher negative or higher
positive surface electric charge are treated as stable.!’7
According to the DLS data obtained three days after the
preparation of solutions 7/— 12 (see Table 1), their {-poten-
tials were in the range between —45 and —28 mV and the
nanoparticles were 2—13 nm in size. The {-potential and
size of the Ag,S nanoparticles measured 100 days after the
preparation of the colloidal solutions remained almost
unchanged. Small variations of the {-potential and a high
negative value of this parameter during long-term storage of
these solutions confirm their stability.

Changes in the {-potential and in the average size DpLs
of quantum dots for the colloidal solutions 7—172 deter-
mined 100 days after their synthesis are shown in Fig. 9¢,
namely, Dprs varies between 2 and 17 nm while the
{-potential varies from —49 to —29 mV (average value is
—35+10 mV). It follows that the lower the {-potential in
absolute value the larger the size of the Ag,S quantum dots.

Stability studies of silver sulfide colloidal solutions were
preceded by additional filtration to remove powders depos-
ited from the reaction mixtures containing AgNOs3, Na,S
and NasCit. Figures 10 a,b present the TEM images of the
colloidal solutions containing Ag,S nanoparticles 15-35
and 12—18 nm in size, respectively. The HR TEM image of
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synthesis (c).'??

an AgsS nanoparticle from the colloidal solution shown in
Fig. 10a and its FFT pattern are shown in Fig. 10¢. The
observed diffraction reflections and interplanar distances
correspond to monoclinic acanthite.

The results of the DLS measurements in the colloidal
solutions 3¢ made it possible to establish how the particle
size depends on the storage time of the solutions.

The particle size in solutions 7 and /I with the following
reactant concentrations (mmol litre —!):

Solution AgNO; Na,S NasCit
1 50 25.1 25
1 50 25.1 12.5

a-AgyS (P24/c)

Figure 10. TEM images of colloidal solutions of Ag,S nanopar-
ticles of different size (a, b); HR TEM image of monoclinic silver
sulfide nanoparticle with acanthite structure and its fast Fourier
transform pattern along the [100] zone axis (see inset) (c).!3¢

was measured by DLS immediately after the synthesis.
Silver sulfide nanoparticles formed in the solution immedi-
ately agglomerated; since agglomerates deposited with time,
the size of the particles present in the solution changed.

Initially, bimodal agglomerate size distributions were
observed for the solutions. Three days after, most large
particles precipitated and the particle size distributions in
both solutions became monomodal. Then, the solutions
above the precipitates were decanted.

The residues were three times washed with distilled
water, aqueous suspension thus obtained was sonicated to
break down agglomerates and filtered. The filtrates repre-
sented aqueous colloidal solutions of silver sulfide nano-
particles. One day after filtration, filtrates 7 and II con-
tained nanoparticles with an average size of 60+ 10 and
55+£10 nm, respectively. The measurements carried out
eight days after filtration revealed repeated agglomeration
of nanoparticles in the solutions; however, no visible depo-
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Figure 11. Scheme for the synthesis of water-soluble MPS-termi-
nated Ag»S nanoparticles.'4?

sition was observed. Probably, the agglomerated Ag,S
particles were in a suspended state, the largest agglomerates
precipitated, but their amount was too small to be observed.
Deposition was observed visually only 30 days after filtra-
tion.

Sixty days after filtration the DLS measurements
showed that most particles in both solutions were about
50 nm in size (¢f. 60+ 10 and 55+ 10 nm for the average
particle size in solutions I and 77, respectively). The size of
the nanoparticles remaining in the aqueous colloidal sol-
ution did not change, so the solution was stable over a
period of more than three years.

The method of preparation of stable aqueous colloidal
solutions of silver sulfide '?2-13¢ was patented.!38

Hydrochemical bath deposition was used '3° to synthe-
size stable water-soluble Ag>S quantum dots from aqueous
solutions of AgNO3, NH4OH and Na,S at pH varied from
8.5 to 11.0. The average size of the Ag>S quantum dots two
and seventy days after the synthesis was ~54+2 and
33 £ 5 nm, respectively.

The addition of trimethoxy(3-sulfanylpropyl)silane to
colloidal solutions to stabilize Ag,S particles (Fig. 11)
allows one to synthesize Ag»,S nanoparticles with a stable
average size of about 15 nm.!40

4.3. Ag>S@C core —shell nanoparticles

Hybrid core—shell heteronanostructures based on semicon-
ductor compounds of silver (e.g., Ag2O@Ag>S, see Ref. 80)
make it possible to change the optical properties of semi-
conductor nanoparticles and to create a protective shell on
the nanoparticle surface. Ag>S@C core—shell nanoparticles
with the silver sulfide core and carbon-containing citrate
shell were synthesized.”% 141

An electron microscopy study of colloidal solutions
prepared by chemical deposition from aqueous solutions
of AgNO3; and Na,S without sodium citrate and in the
presence of different concentrations of this compound
revealed two types of Ag,S nanoparticles, viz., ‘bare’ ones
and those coated with amorphous carbon-containing citrate
shell.

The X-ray diffraction patterns of Ag>S nanopowders
deposited from a mixture of aqueous solutions of AgNO3
(5 mmol litre—!), NaS (2.5 mmol litre=!) and NasCit
(5 mmol litre~') are shown in Fig. 12a—d. These nano-
powders differ in the residence time in solution (from 20 to
1200 min). An analysis of the X-ray diffraction patterns

showed that the observed diffraction reflections correspond
to nonstoichiometric acanthite ~Ag; 93S.

The TEM images clearly demonstrate that silver sulfide
nanoparticles are coated with amorphous shells
(Fig. 12 e—h). Other things being equal, the shell thickness
increases with increasing residence time of the nanoparticles
in the colloidal solution containing citrate ions and with
increasing NazCit concentration in the solution. The inter-
planar distance values confirmed the monoclinic structure
of the colloidal silver sulfide nanoparticles; they are in good
agreement with published data 3 on the structure of nano-
crystalline nonstoichiometric acanthite a-Agj 93S.

The chemical composition of the core—shell nanopar-
ticles was determined from the results of EDX analysis.
Namely, the content of silver and sulfur in the nanoparticles
was shown to correspond to sulfide ~Agjo3—198S. In
addition to the peaks from silver and sulfur, the EDX
spectra exhibit a carbon K, line whose intensity increases
with increasing thickness of the amorphous shell. It follows
that one deals with the carbon-containing citrate shell of the
sulfide nanoparticle. Indeed, three carboxyl groups of
sodium citrate have a high coordination affinity towards
silver ions, which favours the attachment of citrate groups
to the surface of the silver sulfide nanoparticles and pre-
cludes their aggregation. In other words, citrate ions are
adsorbed on the nanoparticle surface and form a shell,
which hampers the growth and agglomeration of nano-
particles.

A TEM image of an Ag,S@C core—shell nanoparticle
and its schematic representation are presented in Fig. 13.
The Ag>S core nanoparticle about 37 nm in diameter is
coated with the carbon-containing shell ~3.2 nm thick. The
total diameter of the core—shell nanoparticle is ~40 nm.

The mechanism of formation of the carbon-containing
citrate shell on the Ag,S core is shown in Fig. 14. In the
solutions containing sodium citrate the C¢HsO3~ ions are
adsorbed on the surface of Ag>S nanoparticles and form a
discontinuous shell. As the residence time of Ag,S nano-
particles in the solution increases, the bare spots are
gradually covered with citrate complexes and thus a con-
tinuous C-containing shell is formed. Gradual adsorption of
citrate complexes makes the shell surface more smooth and
thick.

According to published data,!??-14! the formation of a
shell depends on the concentrations of the silver and sulfur
precursors on the one hand and on the sodium citrate
concentration on the other hand. If in solution one has
cs:- = 0.5¢cag", and cci~ < 0.25cag*, the amount of citrate
ions is insufficient to form a continuous citrate shell and a
discontinuous nonuniform coating is formed. A continuous
shell is formed at 0.25cag* < cci®™ < cag®. If the citrate
concentration is high and cci¢- >> cag*, an amorphous
citrate matrix with incorporated nanoparticles about 12 to
about 40 nm in size is formed in the solution. By varying the
initial reactant concentrations in the reaction mixture and
the deposition conditions, one can prepare Ag>S@C nano-
particles with different Ag,S core size and different con-
trolled thickness of the nontoxic carbon-containing citrate
shell.

Thus, hydrochemical bath deposition allows one to
prepare AgoS@C nanoparticles with specified core size
(from 10 to 50 nm) and shell thickness (from 1.5 to
10 nm). The method for preparation of AgrS@C nano-
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Figure 12. X-Ray diffraction patterns of monoclinic Ag>S nanoparticles deposited from the reaction mixture containing AgNO3 (5 mmol
litre— '), Na,S (2.5 mmol litre~!) and Na3Cit (5 mmol litre~!) (a—d) and the TEM images of Ag,S nanoparticles with amorphous citrate

shell kept in solution over different periods of time (e—/).”°

Time /min: 20 (a, e), 40 (b, 1), 420 (¢, g) and 1200 (d, h); the lower left inset in Fig. e shows a filtered image of region /.

particles with protective citrate shell by hydrochemical bath
deposition was patented.!4?

4.4. Ag>S/Ag heteronanostructures

Multifunctional hybrid nanocomposite systems like
Ag>S/Ag heteronanostructures comprising a semiconductor
and a noble metal are in high demand.

Hybrid (composite) semiconductor/metal heteronano-
structures offer prospects for not only combining, but also
controlling the properties of individual components. Owing
to synergistic effects resulting from the interaction between
the metal and semiconductor the hybrid heteronanostruc-

tures can possess improved properties. Possible fields of
application of the Ag,S/Ag heteronanostructures include
micro- and nanoelectronics, in particular, production
of  nonvolatile memory devices and resistive
switches, 18-20.21, 143145

The synthesis of Ag,S/Ag heteronanostructures has
been considered in detail®-143.146 and a general scheme of
transfer of transition-metal ions from aqueous solutions to
the organic phase using ethanol was proposed.

Ag>S/Ag heteronanostructures were prepared '® by the
electrochemical method using anodic aluminium oxide
(AAO) template. Silver nanowires deposited in the porous
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Figure 13. TEM image of AgaS@C core —shell nanoparticle (a) and a schematic representation (b) and section (¢) of the nanoparticle.”®
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Figure 14. Mechanism of formation of protective citrate shell on Ag,S core: a schematic.!??

AAO membrane converted into Ag,S nanotubes as a result
of electrochemical sulfidization.

A method for room-temperature synthesis of Ag>S/Ag
heterodimers was proposed.?> First, monodisperse CdS
colloidal nanospheres were synthesized in poly(ethylene
glycol). They were used as solid precursor for further
chemical transformation into Ag,S nanospheres by cation
exchange, as well as a template for the deposition of metallic
silver. As a result, a tetrahedral Ag nanocrystal grew on
each Ag,S nanosphere.

An extended array of Ag>S/Ag nanodots was fabricated
by sputtering silver onto a silicon substrate using an ultra-
thin porous AAO membrane template followed by dry
sulfidization in H,S atmosphere at room temperature.!#>
The process resulted in the formation of a dense array of
bilayer Ag>S/Ag nanodots with a characteristic size of
45 nm.

A wet chemical process was used '47 to fabricate Ag,S
flat thin films on silver electrodes utilized in fabricating an
AgrS/Ag atomic switch. Resistive-switching Ag>S/Ag nano-
clusters for memory devices were formed by sulfidization of
finely disperse silver films.?! Silver nanocluster arrays were
fabricated by thermal annealing of silver films 10 nm thick

at 500 K for 40 min immediately after vacuum thermal
evaporation. Low-temperature sulfidization to obtain
Ag>S particles was carried out in hydrogen sulfide atmos-
phere.

Monodisperse Ag>S@ Ag core—shell nanoparticles were
fabricated using laser ablation of an Ag target in an
aqueous solution containing thioacetamide and hexadecyl-
trimethylammonium bromide.#8

Ag>S/Ag heteronanostructures were synthesized by dep-
osition from aqueous solutions of AgNOj;, Na,S and
NasCit at a reduced concentration of sodium sulfide
(cNass < 0.5 cagno,) under irradiation at 450 nm using a
light-emitting diode (irradiation power was 15 mW cm~—?2).
The structure and properties of the solutions were
studied.’#®~ 152 Such mixtures are characterized by simulta-
neous occurrence of two processes, namely, the formation
of AgsS and the formation of silver nanoparticles as a result
of photochemical reduction of Ag?™ ions by the citrate ions.
Under certain synthesis conditions, the Ag and Ag,S nano-
particles become in immediate contact, thus forming the
Ag>S/Ag nanocomposite. The TEM and SEM images of
AgrS, Ag and AgrS/Ag particles and the corresponding
FFT patterns are shown in Fig. 15.
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Figure 15. Hydrochemical bath deposition of Ag,S/Ag heteronanostructures. % 151
TEM images and SEM images (see insets) of Ag>S (a) and Ag nanoparticles (b) and AgrS/Ag heteronanostructures (¢); fast Fourier
transform patterns of the TEM images shown in Fig. a—c, respectively (d—f).

The synthesis was carried out as follows. The complex-
forming agent was added to an aqueous solution of silver
nitrate in the dark and then an aqueous solution of Na,S
was added. This led to deposition of silver sulfide nano-
particles (see Fig. 15a). Then, the solution was irradiated
with monochromatic light at 450 nm. In accordance with
the photochemical reaction (9), in aqueous solutions Ag™
cations are reduced by C6H5037 ions to metallic silver
nanoparticles (see Fig. 155b). Reduction of silver on the
surface of the Ag>S nanoparticles leads to formation of
Ag>S/Ag heteronanostructures (see Fig. 15¢).

The diffraction reflections in the FFT pattern
(Fig. 15d) and the interplanar distances for the silver
sulfide nanoparticle correspond to monoclinic nanocrystal-
line acanthite o-Ag;93S.9> The silver nanoparticle with
cubic (space group Fm3m) structure clearly demonstrates
microtwinning along the direction of the (111) planes, which
is confirmed by the FFT pattern (see Fig. 15¢). The FFT
pattern (see Fig. 15 f) of the TEM image of the Ag,S/Ag
heteronanostructure (see Fig. 15 ¢) exhibits reflections from
monoclinic silver sulfide and twinning reflections from
cubic silver. According to EDX analysis data, the contents
of Ag (~86.3+0.4 mass%) and S (~12.9£0.1 mass %)
in the AgS nanoparticle correspond to sulfide
~Agi93_198S. The Ag nanoparticle contains silver only,
while the Ag,S/Ag heteronanostructure contains Ag
(~87.8 mass %) and S (~11.5 mass %).

Figure 16 presents a TEM image of a typical Ag>S/Ag
heteronanostructure formed in a colloidal solution resulting
from a mixture of aqueous solutions of AgNO;
(50 mmol litre=1!), Na,S (24.5 mmol litre~!) and NasCit
(12.5 mmol litre=!). One can see that the Ag,S and Ag
nanoparticles are in immediate contact. The Ag nanopar-
ticle also clearly demonstrates microtwinning along the

(1)

L (1-1)

moenp— |
01020304050607.080 |

keV

Ag [101]+[101]*

Figure 16. TEM image of Ag>S/Ag heteronanostructure.!?2 131

A monoclinic (space group P2,/c) silver sulfide nanoparticle with
the acanthite structure (upper left corner) is in contact with the
cubic (space group Fm3m) silver nanoparticle. Lower left insets: a
fast Fourier transform pattern of the TEM image of the silver
nanoparticle and the corresponding cumulative elemental EDX
pattern.

direction of the (111) planes, confirmed by the FFT pattern
of the TEM image. According to EDX analysis data, this
nanoparticle contains silver only. The interplanar distances
determined for the silver sulfide nanoparticle correspond to
monoclinic acanthite. The zone axis of the Ag>S nano-
particle matrix is [101]pq, .
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Figure 17. Bimodal nanoparticle size distributions for colloidal solutions of Ag,S nanoparticles synthesized from reaction mixtures
containing AgNO; (50 mmol litre—!), NasS (24.5 mmol litre— ') and Na;Cit at NasCit concentrations of 100 (a), 25 (b) and 12.5 mmol

litre—l (C).122, 151

The distribution maxima at ~7—15 nm and at 20—50 nm mainly correspond to Ag and Ag>S nanoparticles, respectively.

DLS measurements of the particle size in the colloidal
solutions synthesized from mixtures of aqueous solutions of
AgNO; (50 mmol litre ') and Na,S (24.5 mmol litre—!) at
NasCit concentrations of 100, 25 and 12.5 mmol litre !
revealed bimodal particle size and volume distributions
(Fig. 17). It follows that these colloidal solutions contain
two types of particles, namely, smaller and larger ones.
Taking account of the TEM data for the Ag,S/Ag hetero-
nanostructures, one can assume that the smaller particles
are silver, while the larger particles are Ag,S. The silver
particles are two to three times smaller in size than the Ag>S
particles; therefore, the volume of an Ag particle is about
10—-20 times smaller than that of an Ag,S particle. Accord-
ing to DLS data, the volume fraction of the small particles is
much lower than that of the large particles; however, the

number of the Ag particles is comparable with that of the
AgsS particles owing to the small volume of the former.
This version of the method of hydrochemical bath
deposition of Ag,S/Ag heteronanostructures with con-
trolled size of Ag,S and Ag nanoparticles from aqueous
solutions of AgNO3, Na,S and Na;Cit was patented.!>3

5. Advantages and drawbacks of various methods
for synthesis of nanostructured silver sulfide

The advantages and drawbacks of the main methods for the
synthesis of various forms of nanostructured Ag,S and
heteronanostructures based on it have been analyzed !4
and summarized in Table 2.

Table 2. Methods for the synthesis of various forms of nanostructured silver sulfide.

Main reactants Form of nanostructured Ag,S Advantages Drawbacks Ref.
Hydrothermal synthesis
AgNOs, CS;, Na,S, NH4OH, Leaf-like nanosheets, nanocubes, Wide range of products Complex processes 99, 101,
N>H4CS, Ci9H4BrN, N»S,03,  hollow nanohexagons, tetrahedral and equipment, 103,104,
Ag[S,P(OR)>] (R = C,H2,+1),  and rice-shaped nanoparticles nonuniform nanoparticle 106

l’l—C] 3H25SH, PVP

AgNO3, Nazs, C3H(,OQS,
AcOH, NaOH

Quantum dots

size distribution, hazardous
reactants

Controlled small size 121
and narrow quantum dot

size distribution

Multistage process

Solvothermal synthesis

AgNO;, CS,, NH4OH,
EtOH, PVP

Flakes and star-shaped
nanoparticles

AgNOs3, n-CgH37NH> Ultralong nanowires

AgNO3 N C13H1 1NS,
C19H42BI'N, Bu"OH

Nanospheres

Cheap reactants Complex equipment, 98
large nanoparticles,
nonuniform nanoparticle

size distribution, hazardous

reactants

High aspect ratio, 111

single-crystalline nanowires

Complex equipment

Good reproducibility 118

of synthesis

Complex equipment,
nonuniform nanoparticle
size distribution



S.I.Sadovnikov, A.A.Rempel, A.I.Gusev  Russ. Chem. Rev., 2018, 87 (4) 303-327 321
Table 2 (continued).
Main reactants Form of nanostructured Ag,S Advantages Drawbacks Ref.
Solvothermal synthesis
Ci3H31Ag0,, CisH3,0,, Monodisperse nanoparticles Small size, uniform Complex equipment 119
EtOH nanoparticle size
distribution
Hydrochemical bath deposition
AgNO3;, NH4OH, Na,S,03, Rod-like nanocrystallites, Simplicity, high yield, Nonuniform nanoparticle 97, 100
N>H4CS nanowires, worm-like nanoparticles, reproducible synthesis size distribution
nanopolyhedra
AgNOs3, Na,S, NasCit Nanoparticles, quantum dots Wide range of products, Possible presence of 69, 70,
or Trilon B controlled nanoparticle size, metallic Ag impurity 136,150
simple synthesis, safe in Ag,S
reactants
AgNOs3, Na,S, Na;Cit Heteronanostructure Controlled product size, Low yield 150, 151
safe reactants, safety
Template synthesis
AgNO3, C4HO2, Na,S,0s, Microspheres with flower-like Controlled product size Complex multistage 102, 105
(NH4)2S206(02), n-heptane, surface structure, hollow and morphology process
Ci19H4:BrN, CS; nanospheres
Thermal decomposition (hot injection)
C7HsAgOS, Cx4Hs5, P, Nanocubes and nanospheres Controlled size and Complex equipment, 8,
Et,NCS,Ag, silver xanthate morphology nanoparticles;  multistage process 93-95
simplicity, safe reactants
Pyrolysis
AgNOs, S, n-CsH3sNH> Nanoparticles Uniform nanoparticle size Low yield 117
Thermal decomposition
Et:2NCS>Ag, Quantum dots Controlled small size Complex multistage 120
n-CoH»>sSH and narrow quantum process
dot size distribution
Gas—solid reaction on Ag substrate
Ag foil and H2S + O3 Nanowires High aspect ratio, Complex equipment 109
gas mixture (atmosphere) single-crystalline nanowires  and process
Template solvothermal synthesis with cation exchange
S, Cd(OAc),, CuCl, Nanowires Controlled phase Complex equipment, 112,113
AgNOs3, (CH20H),, composition of nanowires multistage process
anhydrous EtOH,
NH,CH,CH,NH,
Hydrothermal synthesis with cation exchange
AgNOs3, Na,S, Na;Cit, Heteronanostructure Controlled heteronano- Complex process 9, 146
C13H7K,05PS,» structure size
Cation exchange
Cd(NOs3)2, AgNOs3, NasCit, Heteronanostructure Controlled heteronano- Complex multistage 25
N,H,4CS, EtOH structure size process
C3H¢O, PVP
Laser ablation
Ag, n-C;sH33NMesBr, Heteronanostructure Controlled heteronano- Complex process, 148

CoHsNS

structure size

high cost
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A comparison of methods for the synthesis of nano-
structured silver sulfide revealed versatile character of the
method of hydrochemical bath deposition. This approach
allows one to synthesize colloidal solutions of Ag,S nano-
particles, isolated Ag>S nanoparticles and quantum dots
with protective shell, heteronanostructures based on silver
sulfide, as well as nanocrystalline and coarse-crystalline
AgrS powders. All forms of nanostructured silver sulfide
with controlled particle size can be obtained by varying the
reactant concentrations in solution and the synthesis con-
ditions. Preparation of colloidal solutions and deposition of
silver sulfide powders without metallic Ag impurity requires
the use of reaction mixtures with an excess concentration of
Na,S. An important advantage of hydrochemical bath
deposition over other methods is utilization of environ-
mentally safe reactants and the absence of hazardous sub-
stances among products. Yet another advantage is the
reproducibility of results.

Both hydrothermal and solvothermal methods allow one
to synthesize rather large silver sulfide particles of different
morphology (nanosheets, flakes or star-shaped crystallites,
faceted crystals, hollow particles, etc.) and size varied from
hundreds of nanometres to tens of micrometres.

The most preferred method for the preparation of Ag,S
nanowires with a high aspect ratio is template synthesis
using silver foil or alumina templates.

Being a versatile method, hydrochemical bath deposi-
tion can be used to synthesize all types of other nano-
structured metal sulfides (Cd, Zn, Pb and Cu) by replacing
the silver precursor by the desired metal precursor.

6. Applications of nanostructured silver sulfide

Main fields of application of nanostructured silver sulfide
include micro- and nanoelectronics, biosensorics and cata-
lysis.

An issue in present-day electronics is to develop non-
volatile memory devices. At present, the most widely used
nonvolatile memory devices suitable for physical data trans-
fer and(or) storage are compact USB flash drives rather
than diskettes and CD-ROM. Progress in electronics is
aimed to provide further miniaturization, improved per-
formance and increased storage capacity of such devices.

High-performance atomic resistive switches are a prom-
ising type of nonvolatile memory devices; here, read/write
operations are implemented involving ion exchange.!33 156
In the case of cation migration, silver and silver sulfide
heteronanostructures are most widely used.'”-2! The
Ag>S/Ag heteronanostructures combine the sulfide (semi-
conductor or ionic conductor depending on the structure)
and silver (electronic conductor). Application of nanostruc-
tured silver sulfide for fabrication of heteronanostructures
for nanoelectronics offers the greatest promise for this
substance.

The operation of Ag,S/Ag heteronanostructures as
resistive switches is based on the phase transformation of
acanthite a-Ag,S (insulator) to argentite B-Ag>S (superionic
conductor). Transition to the high-conductivity state is due
to abrupt disordering of the cation sublattice. The high-
conductivity state of a crystal can be achieved by electric
field induced ‘melting’ of the cation sublattice which occurs
without heating of the crystal.!>7-15% Such a transformation
of nanocrystalline silver sulfide under the action of external
electric field was confirmed in a number of studies.!?~21- 143
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Figure 18. Two-input nonvolatile 1 kB memory device with atomic
switches based on AgxS/Ag heteronanostructures.'>®

This allows the superionic state of silver sulfide to be
achieved at room temperature, which offers great prospects
for practical application of the material.

There is considerable literature on Ag>S/Ag heterona-
nostructures and their application as resistive switches and
nonvolatile memory devices. For instance, an Ag,S/Ag
heteronanostructure with a nanodot density of
10'9 Gbit cm—2 (60 Gbit inch—?2) was fabricated on a sili-
con substrate.!4’

Besides, fabrication of Ag,S/Ag heteronanostructures
was followed by the design of switches and memory devices
for new-generation electronics.!>®~1%4 As an example,
Fig. 18 presents a 1 kByte nonvolatile memory chip based
on Ag,S/Ag heteronanostructures that act as atomic
switches. 16!

The operation of the Ag,S/Ag resistive atomic switches
is based on control of the motion of silver atoms and cations
and reduction of the latter to form a conductive channel.
Atomic switches are characterized by low power consump-
tion, very low resistance and high performance. The unique
operating mechanism of these devices makes it possible to
develop various types of atomic switches (two- and three-
terminal ones), which equates the atomic switching technol-
ogy with such a versatile technology as the use of transistors
as elements for memory and logic devices. Note that recent
research activity in the field of fast switches for modern
electronics led to emergence of a new investigation line
called molecular switches.163

Design of fluorescent labels (biolabels, biomarkers)
based on Ag>S quantum dots for applications in biology
and medicine seems to be quite promising.2%-27-166-171 The
advantages of silver sulfide quantum dots over organic dyes
include the possibility to control the luminescence wave-
length, the high extinction coefficient, the solubility in
various solvents, the stability of luminescence against envi-
ronmental factors and high photostability. The photolumi-
nescence brightness is much higher than that of conven-
tional organic fluorescent dyes. The surface of Ag>S quan-
tum dots can be modified with various agents (see Fig. 11)
that enable selective binding to biological objects. As an
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Figure 19. Daylight images of Ag,S colloidal solutions (a) and their near-IR fluorescence at 808 nm (b) 7! and a fluorescent image of a
mouse after i.v. injection of Ag,S colloidal solution under irradiation at 808 nm (c).?’
(a) Numbers denote the size of Ag>S quantum dots (in nm); the Dye-26 solution is shown for comparison.

example, Fig. 19 presents the images of colloidal solutions
containing Ag>S quantum dots of different size, their near-
IR fluorescence after excitation at 808 nm and a fluorescent
image of a mouse after i.v. injection of a colloidal solution
of water-soluble Ag>S quantum dots that luminesce in the
visible region.

The antibacterial activity of Ag,S colloidal solutions,
nanoparticles and Ag,S-based heteronanostructures can be
used for deactivation of various types of bacte-
ria.24-25. 136,168,172 Unjque optical properties of semicon-
ductor Ag,S quantum dots offer additional prospects for
application in medicine, e.g., in the design of optical
sensors, fluorescent markers and photosensitizers.

Semiconductor nanomaterials are widely used in various
photocatalytic processes. Nanostructured silver sulfide and
heteronanostructures based on this substance are treated as
promising materials for catalysis and photocataly-
sis.?29-131.173-177 Monodisperse hybrid nanocomposites
Ag>S@Ag can be used for removal of organic pollutants,
e.g., Methyl Blue and Methyl Orange dyes from waste-
water. 148

Photocatalytic splitting of water in the presence of
heterogeneous nanocrystalline photocatalysts!7® has been
intensively studied as potential method for hydrogen pro-
duction from water under solar irradiation. Hybrid nano-
structures Agr_sS/Ag possess improved photocatalytic
properties since by varying the composition of the non-
stoichiometric sulfide Ag,_sS (6 > 0), one can control the
optical properties of the composite materials and enhance
their photocatalytic activity under the irradiation condi-
tions.!3!-176¢ Emphasize that vacancies are also active sites
for charge recombination.

Photocatalytic evolution of hydrogen over silver sulfide
was studied taking aqueous solutions of Na,S—Na>SOs3
under irradiation with light at 450 nm as examples.!7% 180
Nonstoichiometric sulfide (Ag;93S) nanoparticles and
Ag>S/Ag heteronanostructures were synthesized by hydro-
chemical bath deposition. The highest hydrogen evolution
was observed for the hybrid catalyst Ag,_sS/Ag consisting
of nonstoichiometric sulfide Ag; 93S and metallic silver. The
rate of hydrogen evolution was 2.04 £ 0.04 pmol h—!, being
nearly six times higher than in the experiments with a
commercially available Degussa P25 TiO, catalyst
(0.36 umol h—!) under identical conditions.!8! A scheme of
molecular hydrogen evolution from aqueous solutions of

Na>S—Na»SO3 over Agr_sS/Ag photocatalyst is shown in
Fig. 20.

A detailed analysis of modern concepts of heterogene-
ous photocatalysts for molecular hydrogen production from
water and aqueous solutions under visible-light and near-
UV irradiation is available.!8? The emphasis was placed on
the development and application of visible-light-responsive
photocatalysts based on semiconductor sulfides.

Recently, nanostructured silver sulfide has also been
considered as a promising thermoelectric material.?® When

DVQ hv

2H* +2e~ > H,

S2- +2ht

Figure 20. Molecular hydrogen evolution over Ag>_sS/Ag photo-
catalyst: a schematic.!”?

CB stands for conduction band and VB stands for valence band.
Visible light excites electrons e~ in the conduction band of Ag
nanoparticles, the electrons are transferred to the conduction band
of Ags_sS nanoparticles where H™" ions are reduced and molecular
hydrogen is thus formed. Simultaneously, photogenerated holes h*
oxidize S?~ ions. Electron transfer between Ag and AgsS, i.e., the
presence of a heterojunction between Ag>S nanoparticles and Ag, is
the reason for enhanced evolution of hydrogen over Ag,S/Ag
photocatalyst compared to pure silver sulfide. The presence of
vacancies in the metal sublattice of Ago_sS (nonstoichiometry of
silver sulfide) also favours the observed enhancement of photo-
catalytic activity of the Ag>S/Ag photocatalyst.
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two different semiconductors or a semiconductor and a
conductor become in immediate contact, thermoelectric
effects related to conversion of heat into electricity occur
in the electric circuit. Semiconductor thermoelements are
characterized by higher efficiency of heat conversion into
electricity compared to metallic thermocouples. Silver sul-
fide is of interest as thermoelectric material owing to the
reversible transition between the monoclinic semiconduct-
ing (-Ag:S) and cubic superionic (B-Ag>S) phases. This
allows the thermoelectric effect in Ag,S to be realized near
the phase transition temperature with silver sulfide acting as
thermoelement. The efficiency of a thermoelectric material
is characterized by its dimensionless figure of merit (Z7),
defined as ZT = ¢S?T/x, where ¢ is the specific conductiv-
ity, S is the Seebeck coefficient, 7" is absolute temperature
and « is the specific thermal conductivity. The most efficient
thermoelectrics have ZT = 1.8—2.0 and their efficiency in
heat conversion into electricity is 15% —20%.'%3 In the
experiments 28 with nanostructured Ag,S (particle size
~10 nm) the temperature dependences o(7), x(T) and
S(T) were optimized in such a manner that the maximum
dimensionless figure of merit was observed just at the
transition temperature. Since the Seebeck coefficient of a
nanocrystalline Ag,S filmis —198 pV K~ at 400 K,!84 one
can expect even greater dimensionless figure of merit for the
nanofilm. It is believed ?® that joint contribution of the
phase transition, small particle size and possibility of
doping opens a new approach to the design of sulfide
nanomaterials with optimum thermoelectric properties.

By and large, the properties of nanostructured silver
sulfide imply a great potential of the material for practical
applications.

7. Conclusion

Modern progress in science and technology is advanced by
electronics as well as computer, bio- and nanotechnologies.
In the last two decades, research into nanomaterials and
nanotechnologies of semiconductor chalcogenides including
sulfides has been most actively developed. Major efforts are
aimed to develop methods for the synthesis of nanostruc-
tured sulfides with controlled geometry and morphology.

Interest in silver has sulfide has persisted for more than
150 years due to the potential of this compound for
application in optoelectronics, power engineering, fabrica-
tion of hybrid nanocomposite materials, biology and med-
icine. A specific feature of coarse-crystalline silver sulfide
compared to other sulfides is oxidative stability, viz., heat-
ing in air causes dissociation of Ag,S into metallic silver and
sulfur rather than oxidation. This is also characteristic of
nanostructured silver sulfide, although to a lesser extent,
namely, heating of Ag,S even in protective atmosphere or
in vacuo can be accompanied by not only growth of nano-
particles, but also partial dissociation, oxidation of elemen-
tal sulfur and changes in the phase composition.

Materials presented in this review demonstrate that
nanostructured silver sulfide can be synthesized using var-
ious methods. Nanostructured Ag,S with specified proper-
ties can be synthesized using a method which provides
control of nanoparticle size and surface protection. This
can be done by, e.g., the deposition from aqueous solutions
which can give various forms of nanostructured silver
sulfide. The synthesis in water excludes the influence of
toxic organic ligands or toxic organic media on biological

objects. One can expect that further progress in methods for
the synthesis of Ag>S nanoparticles with specified size and
shape will extend the application of the material in opto-
electronics, biology and medicine.

At the same time, certain issues in the hydrochemical
synthesis of nanostructured silver sulfide are still to be
solved.

Stable colloidal solutions contain the smallest Ag,S
nanoparticles (8 —16 nm in size), but their concentration is
very low (0.01-0.02 mg ml—"). Therefore, an important
problem in the synthesis of various forms of nanostructured
silver sulfide is to prepare more saturated (concentrated)
colloidal solutions with retention of long-term stability and
small nanoparticle size.

Yet another topical issue is to obtain a narrow size
distribution of nanoparticles, i.e., to synthesize monodis-
perse nanoparticles. Indeed, the synthesis of monodisperse
Ag>S nanoparticles with a size scatter of at most 5% is of
great importance because the properties of nanoparticles
depend strongly on their size and degree of monodispersity.
Prevenition of additional nucleation during the growth or,
in other words, a complete separation of nucleation and
growth is critical to successful synthesis of monodisperse
nanoparticles without subsequent size separation.

Acceptance of the importance of these issues is a
necessary step on the way to environmentally safe indus-
trial-scale production of high-quality materials and devices
based on nanostructured silver sulfide.
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