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Abstract—Silver sulfide powders and colloidal solutions were synthesized by chemical deposition from aque-
ous solutions of silver nitrate and sodium sulfide in the presence of sodium citrate as a stabilizing agent. X-ray
diffraction, electronic microscopy, the Brunauer–Emmett–Teller method, and dynamic light scattering were
used to determine nanoparticle sizes in the deposited powders and colloidal solutions. The varying reagent
concentrations in the reaction mixture provided nanopowders with average particle sizes ranging from ~1000
to ~40–50 nm. Silver sulfide nanoparticles in colloidal solutions have sizes of 15–20 nm. A qualitative cor-
relation is found between the silver sulfide particle size and the supersaturation of the solutions used in the
synthesis.
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INTRODUCTION
Sulfide semiconductors are known to change their

physical and chemical properties when their particle
sizes are reduced to the nanometer scale. The size
effect in semiconductors is the manifested most
strongly in their electronic properties when the parti-
cle size becomes smaller than the exciton size [1]. Not
only extensive studies of nanocrystalline silver sulfide
Ag2S are now underway [2–5], just as for ZnS, CdS,
PbS, Cu2S, and Hg2S [6–10], but it has already found
application. This is due to an option to modify the
properties of Ag2S, especially electronic and optical
properties, by changing nanoparticle (crystallite)
sizes.

Bulk silver sulfide with particle sizes greater than
500 nm is a semiconductor with the bandgap Eg ~
0.88–0.90 eV at 300 K [11]. According to [12], the
decreasing particle sizes of silver sulfide broaden the
bandgap, and the Eg of Ag2S nanoparticles sized ~ 8 nm
is 2.85 eV.

Nanocrystalline silver sulfide can be prepared by
various chemical and physical methods. According to
[13], bottom–up approach syntheses are the best for
preparing nanostructured silver sulfides. Of them,
chemical deposition from aqueous solutions is
regarded to be efficient for preparing nanocrystals
with tailored sizes and a small size variance [14–16].
Sulfides Ag2S, CdS, Cu2S, Hg2S, PbS, ZnS are nearly
water-insoluble (their solubility products range from
10–24 to 10–50), so the aqueous solutions useful for the

deposition of sulfides, including Ag2S, are, as a rule,
supersaturated in the sulfide. However, a correlation
between the supersaturation and Ag2S nanoparticle
size has yet not been discussed anyhow.

In this paper, we systematize the hydrochemical
deposition parameters to prepare silver sulfide in the
form of nanocrystalline powders and colloidal solu-
tions with various nanoparticle sizes, and we are the
first to match the silver sulfide nanoparticle size and
the supersaturation of the reaction mixture used in the
synthesis.

EXPERIMENTAL
Powders and colloidal solutions of silver sulfide

Ag2S were prepared by chemical deposition from
aqueous solutions of silver nitrate AgNO3, sodium sul-
fide Na2S, and sodium citrate Na3C6H5O7 (Na3Cit).
The synthesis was carried out at 298 K in the dark.
Sodium citrate does not form complexes with silver,
but in the synthesis it plays the role of a stabilizing
agent to prevent nanoparticle growth. Sodium citrate
is an electrostatic stabilizing agent. Citrate ion

 has three negatively charged oxygen ions O–.
When citrate is added to an aqueous solution contain-
ing silver sulfide particles, citrate ions are attached to
particle surfaces via one O– ion, while the other two of
the negatively charged ions are directed inward the
solution. As a result, every silver sulfide particle is sur-
rounded by a negatively charged citrate layer, and this
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1310 SADOVNIKOV
layer keeps sulfide particles from coming together and
stabilizes their sizes [17–19].

Since sodium citrate in aqueous solutions with low
S2– ion concentrations can reduce Ag+ ions to form sil-
ver metal nanoparticles, for depositing Ag-free silver
sulfide we used reaction mixtures with a small relative
excess of sodium sulfide Na2S. The deposition of
nanocrystalline silver sulfide occurred in the dark in a
neutral medium at pH ∼ 7 by the following reaction
scheme:

(1)

To obtain Ag-free colloidal solutions and nano-
powders, we carried out the synthesis with a small
excess (0.01 ≥ δ ≥ 0.5) of sodium sulfide; that is, if
reaction (1) is written with stoichiometric coefficients,
there were (1 + δ) Na2S molecules, instead of one, per
every two AgNO3 molecules. So, the sulfide ion S2–

and silver ion Ag+ concentrations in the synthesis were
related as 

The pH in solutions was monitored on an Hanna
Instruments™ HI73127 ion meter. Bidistilled water
(pH 6.7–6.9) was used to prepare the initial solutions
and to synthesize nanoparticles. Reagent concentra-
tions in the synthesis of colloidal silver sulfide solu-
tions are so low that the pH change in aqueous solu-
tions relative to the neutral solvent (water) falls within
the measurement error of the ion meter.

Beforehand prepared and fully equilibrated aque-
ous solutions of AgNO3, Na2S, and Na3Cit were used
in the synthesis. First, to 50 mL of the silver nitrate
solution, added was 50 mL of the sodium citrate (sta-
bilizer) solution; then, the thus-prepared solution was
mixed with 100 mL of the Na2S solution. Since the
reagents were combined, the reaction mixture dark-
ened rapidly (in several seconds), indicating the for-
mation of a silver sulfide supersaturated solution.
Then, Ag2S particles settled down, and in 30–60 min
solution became clear. For complete sulfiding to be
provided, the deposit was allowed to stand in contact
with the solution for 24 h. The deposited Ag2S powder
was at least four times washed with distilled water by
decantation, filtered, and then air-dried at 323 K.

Nanocrystalline Ag2S powders with particles sizes
≤60 nm were deposited from reaction mixtures where
the AgNO3 and Na2S concentrations were 50 and
25 mmol/L, respectively (Table 1). Na3Cit concentra-
tions varied from 5 to 100 mmol/L. The increasing
Na3Cit concentrations decreased Ag2S particle sizes.
We failed to deposit an Ag2S nanopowder with particle
sizes less than 20 nm, due to ≤20-nm nanoparticles
forming a stable colloidal solution and not settling for
several years. Such the stable colloidal silver sulfide
solutions were prepared from reaction mixtures 8–19
where the silver nitrate was ≤2.5 mmol/L.

3 6 5 7

3 2
H

3
C  

2
Na O

2AgNO Na S 
Ag S 2NaNO .⎯ ↓ +⎯⎯⎯⎯→

+

− += + δ2S Ag(1 ) 2.C C
RUSSIAN JOURNAL OF
The X-ray diffraction measurements of deposited
powders were in the angle range 2θ = 20°–95° with the
step Δ(2θ) = 0.02° on a Shimadzu XRD-7000 diffrac-
tometer using CuKα1,2 radiation. The exposure time
per point was 10 s. The structure of the prepared silver
sulfide powders was refined in the X’Pert HighScore
Plus program package [20]. The average particle size D
(more exactly, the average coherent scattering length)
in the prepared silver sulfide nanopowders was found
by the Williamson–Hall method from the broadening
of diffraction reflection, using the relationship
between the normalized reflection broadening β*(2θ) =
[β(2θ)cosθ]/λ and the scattering vector s = (2sinθ)/λ
[21, 22]. In order to determine the broadening β(2θ),
the experimentally measured full width at half-maxi-
mum FWHMexp of each diffraction reflection was
compared to the instrumental resolution function of
the diffractometer preliminarily measured on a refer-
ence lanthanum hexaboride LaB6 sample (NIST
Standard Reference Powder 660a; the unit cell period
a = 0.415692 nm). In a well-annealed homogeneous
bulk LaB6 powder with the average particle size 5 μm,
there are no reasons (such as small particle sizes,
microstresses, and nonhomogeneity) that would have
caused the physical broadening of diffraction reflec-
tions, and the instrumental broadening of diffraction
reflections is only observed in it.

The instruments used to study the microstructure,
particle size, and elemental chemical composition of
Ag2S powders were a JEOL-JSM LA 6390 scanning
electron microscope (SEM) equipped with a JED
2300 Energy Dispersive X-ray (EDX) Analyzer and a
JEOL JEM-2010 transmission electron microscope,
the letter used to record transmission electron micro-
scopic (TEM) images in order for determining silver
sulfide nanoparticle sizes in colloidal solutions.

The elemental chemical composition of the pre-
pared silver sulfide powders was also determined by
X-ray f luorescence spectroscopy (XPS) on an S4
EXPLORER (Bruker) X-ray f luorescence analyzer.
All measurements were carried out in vacuo in the
high-sensitivity mode with automatically selected
radiation filters. The test samples were pellets 18 mm
in diameter pressed of test powders on a Licowax C
micropowder amide wax substrate. The silver and sul-
fur as the major elements were quantified from the
intensities of the AgKα1 and SKα1 lines with the bind-
ing energies 22.16292 and 2.30784 keV and the Kα2 and
Kβ1 lines of silver and sulfur. The other elements were
quantified from the intensities of their respective lines
Kα1, Kα2, and Kβ1.

The average particle size of Ag2S was also estimated
from Ssp, the specific surface area of the prepared pow-
der, as D = 6/ρSsp (ρ = 7.25 g/cm–3 is the silver sulfide
density). The specific surface area was found experi-
mentally by the Brunauer–Emmett–Teller (BET)
method on a Gemini VII 2390t Surface Area Analyzer.
 INORGANIC CHEMISTRY  Vol. 64  No. 10  2019
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Table 1. Reaction mixtures, specific surface areas Ssp of powders, and average particle sizes D in silver sulfide powders and
colloidal solutions

Silver sulfide No.

Concentration in the reaction mixture, 
mmol /L Ssp,

m2/g

D, nm

in deposited powders in colloidal
solutions

AgNO3 Na2S Na3Cit BET X-rays DLS TEM

Bulk powder 1 50 200 0 0.82 ± 0.02 1008 – – –
2 50 500 5 1.6 ± 0.1 515 – – –
3 50 100 25 1.9 ± 0.1 430 – – –
4 50 50 100 5.1 ± 0.1 163 85 ± 7 – –

Nanoparticles 5 50 25.5 12.5 14.9 ± 0.2 56 ± 5 46 ± 8 55 ± 10 –
6 50 25.4 25 19.0 ± 0.2 44 ± 5 43 ± 6 60 ± 10 –
7 50 25.1 100 15.6 ± 0.2 53 ± 5 49 ± 8 66 ± 10 –

Quantum dots 8 0.3125 0.165 5 – No deposite 2.3 ± 1 2–3
9 0.3125 0.168 2.5 – " 2.7 ± 1 2–3

10 0.3125 0.170 1 – " 3.1 ± 1 2–4
11 0.625 0.313 5 – " 4.2 ± 2 3–4
12 0.625 0.325 3.75 – " 5.6 ± 2 5–6
13 2.5 1.30 1 – " 8.0 ± 2 8–10
14 1.25 0.635 1.25 – " 8.2 ± 2 8–10
15 0.625 0.330 2.5 – " 9.2 ± 2 8–10
16 0.625 0.335 1.25 – " 10.0 ± 2 9–11
17 2.5 1.35 2.5 – " 15.0 ± 3 11–12
18 0.625 0.350 15 – " 16.0 ± 4 10–12
19 1.25 0.630 7.5 – " 17.0 ± 5 12–15
The Ag2S nanoparticle size D was determined
immediately in colloidal solutions by dynamic light
scattering (DLS) on a Zetasizer Nano ZS (Malvern
Instruments) particle size analyzer at 298 K using a
He–Ne laser. At least three replica particle size mea-
surements were done in each solution.

RESULTS AND DISCUSSION

The silver and sulfur in silver sulfide powders as mea-
sured by XPS amount to 79.5 ± 0.5 and 12.0 ± 0.5 wt %,
respectively, and these values correspond to
Ag2.00 ± 0.06S1.00 ± 0.03 (Fig. 1). The prepared powders
also contain 0.3 to 0.5 wt % Na, whose source is the
sodium citrate Na3Cit adsorbed on the surface of sul-
fide powders, and ∼7.5 wt % impurity oxygen, also
adsorbed on the surface of sulfide powders. Long-
term high-vacuum annealing of powders decreased
the adsorbed oxygen to 1.5–2.0 wt %.

The X-ray diffraction patterns of powders depos-
ited from reaction mixtures 2 and 6 (Table 1) shown in
Fig. 2 exemplify the patterns of silver sulfide Ag2S
powders. The particle sizes D of bulk powders 1–3
were found from the measured surface areas Ssp, which
RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vo
ranged from ~0.82 to ~1.61 m2/g. X-ray diffraction
pattern 2 in Fig. 2 was used in crystal structure refine-
ment for bulk powders. From the quantitative refine-
ment of X-ray diffraction pattern 2 and a comparison
with reported data [23], it f lows that the observed dif-
fraction reflections correspond to the single-phase
monoclinic (space group P21/c) stoichiometric silver
sulfide having the acanthite α-Ag2S structure. The
unit cell parameters of bulk monoclinic acanthite
α-Ag2S as derived from experimental diffraction data
are a = 0.42264(2) nm, b = 0.69282(3) nm, c =
0.95317(3) nm, β = 125.554(2)○.

The Ag and S contents of an air-dried bulk silver
sulfide powders having the average particle size ~500 nm
as probed by EDX are 86.8 ± 0.4 and 12.9 ± 0.1 wt %,
respectively. This values correspond to stoichiometric
Ag2S within the measurement error and agree with
XPS data.

The X-ray diffraction patterns of silver sulfide
nanopowders having average particle sizes from ~40 to
~50 nm, deposited from reaction mixtures 5, 6, and 7,
are similar to one another. These patterns are exempli-
fied by the X-ray diffraction pattern of nanopowder 6
shown in Fig. 2. The quantitative refinement of the
l. 64  No. 10  2019
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Fig. 1. X-ray fluorescence analysis of silver sulfide nanopowders. The lines SKα1 and AgKα1 were recorded in the high-sensitivity
mode with a CuLiF200 filter. The intensities and energies are on the logarithmic scale.
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Fig. 2. X-ray powder diffraction patterns of silver sulfide powders deposited from reaction mixtures 2 and 6 (Table 1). Bulk powder
2 having the average particle size ~500 nm has the Ag2S stoichiometry. Nanopowder 6 having the average particle size ~43 nm is
nonstoichiometric and has the composition ~Ag1.93S. Both powders have an acanthite-type monoclinic structure (space group
P21/c). X-ray diffraction patterns are recorded using CuKα1,2 radiation.
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X-ray diffraction patterns of nanopowders took into
account the varying occupancies of crystallographic
positions for silver and sulfur atoms, so the conver-
gence was noticeably enhanced. Structure refinement
for silver sulfide nanopowders in comparison to the
reported values [24] implies that the observed set of
diffraction reflections corresponds to monoclinic
(space group P21/c) silver sulfide, the Ag and S atomic
coordinates and unit cell parameters of the nanopow-
RUSSIAN JOURNAL OF
ders being close to the respective values for bulk Ag2S.
However, the 4e site occupancy for the atoms Ag(1)
and Ag(2) in nanopowders appeared to be slightly less
than unity. For nanopowder 6, in particular, the 4e site
occupancy for the atoms Ag(1) and Ag(2) is ~0.97 and
~0.96, respectively. This means that silver sulfide
nanoparticles with sizes smaller than ~50–60 nm have
vacant sites in the metal sublattice, are nonstoichio-
metric, and their composition is ~Ag1.93S. The Riet-
 INORGANIC CHEMISTRY  Vol. 64  No. 10  2019
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Fig. 3. (a) SEM image of bulk powder 2 and (b) TEM image of silver sulfide nanopowder 5.

2 μm(а) 200 nm(b)

Fig. 4. Silver sulfide particle size distribution in colloidal
solutions 8–19 as measured by DLS (Table 1). Size D is on
the logarithmic scale.
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veld convergence factors were RI (RB) = 0.0555, Rp =

0.1165, and ωRp = 0.1431. According to the calcula-

tions, a Ag1.93S nanocrystalline powder has a mono-

clinic (space group P21/c) acanthite-type structure

with the following unit cell parameters: a =
0.4234(3) nm, b = 0.6949(3) nm, c = 0.9549(5) nm,

β = 125.43(6)○. One can see that the unit cell parame-
ters of bulk and nanocrystalline monoclinic silver sul-
fides only slightly differ from each other.

The refinement of X-ray diffraction patterns
showed that the nanopowders are nonstoichiometric
and have compositions ranging from Ag1.93S to Ag1.97S.

The diffraction reflections of the nanopowders are
broadened, so closely spaced reflections are overlap-
ping. The inset to the X-ray diffraction pattern of
nanopowder 6 shows the average coherent scattering
length sizes D as evaluated from the broadening of
nonoverlapping diffraction reflections (–1 0 2), (1 1 0),
(−1 1 3), (–1 0 4), (0 3 1), and (0 1 4). According to
this evaluation, the average nanoparticle size D in
nanopowder 6 is 43 ± 6 nm. Similar evaluation gives
the values of 46 ± 8 and 49 ± 8 nm for the average
nanoparticle sizes D in silver sulfide nanopowders 5 and 6,
respectively. The silver sulfide nanoparticle sizes
derived from diffraction reflection broadening agrees
with the BET estimates of particle sizes (Table 1).

The BET and X-ray diffraction estimates of average
particle sizes are verified by electron microscopic data.
Figure 3 shows a SEM image of bulk powder 2 and a
TEM image of nanopowder 5. The particle sizes in
bulk powder 2 are 400–500 nm, and in nanopowder 5,
from 40 to 60 nm.

The Ag2S nanoparticle sizes in colloidal solutions

8–19 as probed by DLS do not exceed 20 nm (Fig. 4),
and these nanoparticles may be treated as quantum
dots, i.e., as particles whose semiconductor properties
can feature quantum size effects.

The TEM images of colloidal solutions 13 and 17
shown in Fig. 5 by the way of example, as well as the
RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vo
nanoparticle sizes listed in Table 1 (derived from TEM
images), support the results of DLS particle size mea-
surements.

In the direct transmitted light the prepared colloi-
dal solutions are whity brown and completely trans-
parent, but when viewed from the side, they look
semitransparent and bluish, signifying their opales-
cence. The observed opalescence of a solution is a
consequence of density f luctuations on which the light
is scattered and which arise from the absence of small
(<20 nm) particles in the solution.

The stability of the prepared colloidal solutions can
be elucidated by measuring the ζ potential of nanopar-
ticles in the solution. The signature of an electrostatic
stability of a colloidal solution is the absolute value of
the ζ potential falling within the range from –35 ± 15
to +35 ± 15 mV. The DLS measurements of the ζ
potential and particle sizes of the nanoparticles
showed that, in 3 days after solutions 8–19 were pre-
l. 64  No. 10  2019
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Fig. 5. TEM image of colloidal solutions (a) 17 and (b) 13
(Table 1). 

20 nm(а)

10 nm(b)
pared, their ζ potentials ranged from –45 to –28 mV
and nanoparticle sizes were 2–13 nm. In 100 days after
the synthesis, both the ζ potential and Ag2S nanopar-

ticle size remained nearly unchanged. The great negative
values of the ζ potential in colloidal solutions 8–19 and
their weak variations upon long-term storage prove the
stability of these solutions.

Silver sulfide Ag2S has one of the least values of sol-

ubility product Ksp, equal to 6.3 × 10–50 at 298 K [25,

26]. This is about 1023–28 times lower than any one of
the solubility products of cadmium, lead, and zinc sul-

fides, which are 7.9 × 10–27, 2.5 × 10–27, and 2.5 × 10–22,
respectively [25]. With this negligible solubility, Ag2S

deposition occurs very rapidly, in few seconds, given a
sufficient Na2S concentration in the batch.

Silver sulfide formation is possible and indeed
occurs if its ion product

 is greater than the sol-

ubility product Ksp. It is due to the small value of the

solubility product that the batches used to prepare
powders and colloidal solutions with silver sulfide

+ − + + − −= = γ γ2 2 2

2 2 2

Ag S Ag Ag S S
IP  a a C C
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quantum dots are supersaturated in silver sulfide. The
supersaturation Δss, whose value characterizes the

excess of the ion product of a compound over its solu-
bility product, is determined as

(2)

When the ionic strength I in the solution is greater
than zero (I > 0), ion product calculations should take
into account the activity coefficients γi of the respec-

tive ions. A model taking into account ionic interac-
tions can be found in [27]. It is shown therein that
coefficients γi are presented as

(3)

where m is molal concentration, 

 is the activity coefficient obtained from the
Debye–Hückel equation, zi is the ion charge, A is a

constant; εij(I), and cijk stands for decomposition coef-

ficients, the first being dependent on, and the second
independent of, the ionic strength of the solution. For
most ions, however, εij(I) and cijk are unknown, so

Eq. (3) is actually inapplicable for estimating activity
coefficients.

The activity of silver ions, i.e., the fraction of
uncomplexed silver ions that are capable of reacting
with sulfur ions, may be estimated using the instability
constants of silver species. The analytical chemistry
reference books, either in Russia or abroad, are silent
about complexation between silver ions and citrate
ions. In aqueous solutions, however, silver forms
mono-, di-, and trihydroxo complexes Ag(OH),

, and , whose instability constants

K (pK = –logK) are  = 5 × 10–3,

 = 1 × 10–4, and  =

6.3 × 10–6 (pK11 = 2.3, pK12 = 4.0, and pK13 = 5.2) [25].

The appearance of hydroxo complexes reduces the

amount of free Ag+ ions in the solution. If СAg,Σ =

[Ag+] + [Ag(OH)] +  is the
overall concentration of all soluble silver species (free
silver ions and silver hydroxo complexes), then after
simple transformations with account to instability
constants, it will be

(4)

[OH–] = [H+] = 10–7 in a neutral medium, so

replacing [OH–] in (4) by [H+], we obtain, in accor-
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Fig. 6. Silver sulfide particle size in (a) colloidal solutions
and (b) powders versus supersaturation Δss in the reaction
mixture (supersaturation Δss is on the logarithmic scale).
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dance with (4), the silver ion concentration [Ag+]

involved in Ag2S formation as

(5)

Since the deposition of nanocrystalline silver sul-

fide occurs in a neutral medium at pH 7, from Eq. (5)

we arrive at 

Sulfur ions exist in aqueous solutions in the form of

S2–, HS–, and H2S. According to the ion equilibrium

diagram in the S2––H2O system, which is available in

the electronic form [28], the fractional concentration

 of S2– ions in the region of pH 7 is ∼0.01 of the

cS,Σ.

Silver does not form citrate complexes, so we used

reference values of activity coefficients in Eq. (2) of

this work to go from concentrations  and  to

the activities of free ions Ag+ and S2–.

The ionic strength of the used solutions, estimated

as  where ci is the concentration of the

ith ion, varies only weakly, from 0.03 to 0.12, and aver-

ages ~0.1. The activity coefficients at this ionic

strength are  = 0.75 and  = 0.38 [25].

The supersaturations Δss calculated from Eq. (2)

with   ≈ 0.01CS,Σ,  = 0.75, and

 = 0.38, are approximates, but they qualitatively

show the effect of supersaturation on the particle sizes

of silver sulfide powders and colloidal solutions. Fig-

ure 6 shows a particle size (D) versus supersaturation

(Δss) plot for silver sulfide powders and colloidal solu-

tions (supersaturation is on the logarithmic scale).

Despite a great scatter, the silver sulfide particle size

evidently increases with rising supersaturation in the

reaction mixture.

The effect on silver sulfide particle sizes caused by

the sodium citrate concentration as a stabilizing agent

is well-defined in colloidal solutions where the AgNO3

concentration is fixed and the sodium citrate concen-

tration is variable. In solutions 11, 12, 15, and 16
(Table 1), for example, a reduction in Na3Cit concen-

tration from 5 to 3.75, 2.5, and 1.25 mmol/L leads to a

rise in quantum dots from 4.2 to 5.6, 9.2 and 10.0 nm,

respectively, due to the decreasing stabilizing effect of

sodium citrate. The same is observed in colloidal solu-

tions 8, 9, and 10. Thus, in the range  ≤ 5 mmol/L,

the increasing sodium citrate amount in the reaction

mixture favors the synthesis of smaller silver sulfide

particle sizes.

+ Σ
+ + +=

+ + +
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2 3

11 12 13

[Ag ] .
1 [H ] [H ] [H ]
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K K K

+
+
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−γ 2
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CONCLUSIONS

Single-phase silver sulfide powders having the
acanthite-type (α-Ag2S) monoclinic structure (space

group P21/c) have been deposited from aqueous solu-

tions of silver nitrate, sodium sulfide, and sodium
citrate. A gradually change in the ratio between
reagent concentrations offers a means for depositing
Ag2S particles with the tailored average sizes ranging

from ~1000 to 40–50 nm. Silver sulfide with particle
sizes greater than 100 nm has the Ag2S stoichiometry.

Nanocrystalline silver sulfide with particle sizes
smaller than 60 nm contains structural vacancies in
the metal sublattice; that is, it is nonstoichiometric
and its composition is Ag1.93–1.97S.

Aqueous colloidal solutions of silver sulfide quan-
tum dots having sizes from 2–3 to 15–20 nm remain
stable for more than three years.

The particle size in silver sulfide powders and colloi-
dal solutions is related to the supersaturation of reaction
mixtures in silver and sulfur ions. At low concentrations,
the increasing sodium citrate amount in the reaction
l. 64  No. 10  2019
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mixture stabilizes nanoparticles and favors the synthesis
of smaller silver sulfide particle sizes.
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