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Abstract—Nanocrystalline powders of lead sulfide with particle size from 5 to 105 nm have been synthesized
by chemical deposition from aqueous solutions of lead acetate or nitrate using sodium sulfide as sulfidizing
agent and in the presence of sodium citrate or Trilon B as complexing agents. The exposure of the nanopow-
ders to air for six years has shown that PbS nanopowders obtained in the presence of sodium citrate Na3Cit,
which behaves as both complexing and stabilizing agent, display the largest stability of phase composition.
The stabilizing role of Na3Cit is due to its ability to form a shell on nanoparticle surface to prevent lead sulfide
oxidation. It has been established that nanoparticle size remains constant and stable upon long-term keeping
in air. The phase composition of PbS nanopowders prepared using Trilon B gradually changes owing to oxi-
dation into lead sulfate upon long-term exposure to air.
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INTRODUCTION
Under common conditions, bulk lead sulfide PbS

is a narrow-band semiconductor with cubic (space
group ) structure B1 [1] and band gap width of
~0.41 eV [2, 3]. The electronic properties of nanocrys-
talline PbS [3, 4], like the properties of other sulfide
semiconductors, considerably differ from those of
macrocrystalline analogs [5]. This fact caused
increased interest in nanosized lead sulfide because
PbS nanofilms and nanopowders can be used to
extend the spectral range of infrared (IR) detectors, in
lasers of near IR radiation, and solar cells. Nanocrys-
talline lead sulfide can be used in superfast optical
switches and routers [6–8]. The most common
devices based on macrocrystalline PbS are fire detec-
tors, thermal source systems (night viewing devices)
[8–11], therefore, the stability of size and phase com-
position of PbS nanoparticles in time is very important
for the possible application of nanocrystalline PbS in
such devices. Along with structural and phase trans-
formations [12, 13], nanocrystalline lead sulfide
undergoes oxidation and recrystallization [3, 4, 14].
Therefore, the wide application of nanocrystalline
lead sulfide in equipment and devices requires to know
the stability of size and phase composition of PbS
nanoparticles on long-term use in air under common
conditions. There is no this information in the litera-
ture.

In this work, we studied for the first time the effect
of long-term (up to 6 years and longer) exposure to air

on the phase composition and size of lead sulfide
nanoparticles prepared from lead acetate or nitrate in
the presence of sodium citrate Na3Cit or Trilon B as
complexing agents.

EXPERIMENTAL

Nanocrystalline powders of lead sulfide PbS were
obtained by chemical deposition from aqueous solu-
tions of lead salts and sulfidizing agent. Lead acetate
Pb(CH3COO)2 (Pb(AcO)2) or nitrate Pb(NO3)2 were
used as a source of lead ions Pb2+, while sodium sulfide
Na2S was used as a source of sulfide ions S2–. Sodium
citrate Na3C6H5O7 (Na3Cit) or disodium ethylenedi-
aminetetraacetate Na2H2-EDTA (C10H18N2Na2O10,
Trilon B) were used as complexing and stabilizing
agents. The synthesis using Trilon B was carried out
with addition or in the absence of acetic acid
(CH3COOH). All solutions were prepared from bidis-
tilled water with pH 6.7–6.9. The synthesis of PbS
nanoparticles was conducted at 298 K, pH of reaction
mixtures was from 3.00 to 6.25. The pH value was
monitored with a Hanna Instruments™ HI73127 pH
meter.

Lead sulfide deposition was carried out according
to the reaction schemes:
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(2)

The synthesis was conducted in the following
order: complexing agent was added to lead acetate or
nitrate, next, the mixture was diluted to 100 mL, and
the resultant solution was mixed with 100 mL of Na2S
solution.

Due to low value of solubility product Ksp for lead
sulfide PbS (at 298 K Ksp = 2.5 × 10–27 [15] or 8.0 ×
10–28 [16]) the formation of PbS at sufficient content
of Na2S in reaction mixture proceeds very fast (over
1–2 s). As a result, reaction mixture first becomes
black and next PbS particles deposite over several min-
utes and solution becomes transparent. Synthesis
duration to provide lead sulfide deposition is 5 min.
Immediately after deposition, the resultant PbS
deposite was triply washed with distilled water by
decantation, separated by filtration, and dried in air at
323 K.

The phase composition and average particle size of
nanopowders was determined by X-ray diffraction [17,
18]. X-ray measurements were performed on a Shi-
madzu XRD-7000 diffractometer using the Bragg–
Brentano geometry and CuKα1.2 radiation in 2θ angu-
lar range from 18° to 90° with a step size of Δ(2θ) =
0.03° and step time of 10 s. X-ray diffraction patterns
were numerically analyzed using HighScore Plus soft-
ware package [19]. Diffraction reflections were
described by pseudo Voigt function. The broadening
of diffraction reflection β(2θ) was determined as β(2θ) =
[(FWHMexp)2 – (FWHMR)2]1/2, where FWHMexp is
the full width of experimental diffraction reflection at
the half height, FWHMR is the instrumental function
of angle resolution of diffractometer. Resolution func-
tion FWHMR(2θ) =  for the
Shimadzu XRD-7000 diffractometer was determined
in a special diffraction experiment on a standard sam-
ple of cubic lanthanum hexaboride LaB6 (NIST Stan-
dard Reference Powder 660a).

The average size D of particles (more strictly, aver-
age size of coherent scattering domains) of prepared
lead sulfide powders and the same powders after keep-
ing (storage) in air was assessed by the broadening of
diffraction reflections from the dependence of
reduced broadening β*(2θ) = [β(2θ)cosθ]/λ of reflec-
tions on scattering vector s = (2sinθ)/λ. Let us note
that allowance made for instrumental function
FWHMR is important in the study of nanoparticles
larger than 40 nm, for which FWHMexp value is rela-
tively low. For nanoparticles smaller than 30 nm,
FWHMexp  FWHMR, therefore allowance for instru-
mental error is within the size determination error D.

Lead sulfide nanopowders were stored in a San-
platec MB desiccator under residual air pressure of
0.2 atm (2 × 104 Pa) to prevent moisture adsorption.
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The full shelf life was up to 6 years with occasional
control of phase composition and nanoparticle size.

The phase composition of the prepared PbS nano-
powders after keeping for ~1000–1300 and ~2000–
2300 days was determined from X-ray diffraction data
using Match! ©Crystal Impact software package [20].
The microstructure and elemental chemical composi-
tion of PbS powders were studied by scanning electron
microscopy using a JEOL-JSM LA 6390 microscope
with a JED 2300 Energy Dispersive X-ray Analyzer.
To study PbS nanoparticles, we also used a JEOL
JEM-2010 transmission electron microscope.

RESULTS AND DISCUSSION
Reagent concentrations in reaction mixtures used

for the synthesis of lead sulfide nanopowders and the
size of PbS nanoparticles in the powders are presented
in Table 1.

According to X-ray diffraction data, all nanocrys-
talline powders obtained by the deposition of colloidal
PbS particles have cubic (space group ) lattice of
type B1 with period aB1 from 0.5934 to 0.5938 nm
(Table 1).

According to the results of energy dispersive X-ray
analysis (EDX), the content of Pb, S, and O in the pre-
pared dried monophasic powders of lead sulfide is
86 ± 2, 13 ± 1, and 1.0 ± 0.5 wt % (Fig. 1). According
to EDX data, admixture oxygen is distributed over the
surface of agglomerated nanoparticles. Water was
removed from the nanopowders upon annealing;
therefore, we can suppose that the main part of admix-
ture oxygen belongs to adsorbed moisture, while
remaining oxygen is in chemosorbed state. The syn-
thesis was carried out in acidic reaction mixtures at
pH < 6.25. The formation of lead hydroxo complexes
under these experimental conditions is negligible; they
appear in alkaline media at pH > 9 [3, 4].

The synthesis of lead sulfide nanopowders 1–4
from aqueous solutions of lead acetate Pb(OAc)2 or
nitrate Pb(NO3)2 with sodium sulfide Na2S in the
presence of sodium citrate Na3Cit as a complexing
agent allowed preparation of PbS nanoparticles with
size from 5 to 7 nm. Figure 2 shows the typical X-ray
diffraction patterns of PbS nanopowders obtained from
reaction mixtures 1 and 3 containing Pb(AcO)2 or
Pb(NO3)2, Na2S, and Na3Cit, and the same nanopow-
ders after storage for 1010–1300 and 2030–2325 days.

The average size D of PbS nanoparticles deposited
from reaction mixture 1 with Pb(AcO)2, Na2S, and
Na3Cit concentrations of 50, 50, and 25 mmol/L is 5–
6 nm. The replacement of lead acetate Pb(OAc)2 by
nitrate Pb(NO3)2 in reaction mixture 3 allowed prepa-
ration of PbS nanopowders with average particle size
of ∼7 nm (Table 1). Let us note that change in Na3Cit
concentration in reaction mixtures 1–4 from 25 to
12.5 mmol/L did not lead to change in the X-ray dif-

3Fm m
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Table 1. Reaction mixture composition, lattice period (a) and average size (D) of lead sulfide PbS particles in the prepared
nanopowders

*Reaction mixture was exposed to ultrasound in a Reltec ultrasonic bath USB-1/100-TH.

Mixture no.
Reagent concentration in reaction mixtures, mmol/L

aB1, nm D, nm
Pb(OAc)2 Pb(NO3)2 Na2S Na3Cit Na2H2-EDTA CH3COOH

1 25 – 25 25 – – 0.5937 5 ± 1
2 25 – 25 12.5 – – 0.5937 5 ± 1
3 – 50 50 20 – – 0.5938 6 ± 1
4 – 50 50 12.5 – – 0.5938 5 ± 1
5 50 – 50 – 50 – 0.5934 35 ± 7
6 50 – 50 – 33 – 0.5934 19 ± 2
7 – 50 50 – 25 – 0.5936 11 ± 1
8 – 50 50 – 35 – 0.5936 15 ± 1
9* – 50 50 – 35 – 0.5936 11 ± 1

10 50 – 100 – 100 – 0.5935 28 ± 3
11 50 – 50 – 35 – 0.5936 38 ± 3
12 50 – 50 – 50 250 0.5935 45 ± 5
13 50 – 50 – 65 50 0.5935 70 ± 5
14 50 – 50 – 100 50 0.5936 105 ± 10
fraction patterns and phase composition of PbS
nanoparticles.

The X-ray diffraction patterns of powder 1 (Fig. 2a)
deposited from lead acetate, sodium sulfide, and
sodium citrate solutions registered after its exposure to
air for 1300 and 2325 days still contained only diffrac-
tion reflections of cubic (space group ) lead sul-3Fm m
RUSSIAN JOURNAL O

Fig. 1. Elemental EDX analysis for PbS nanopow
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fide PbS, no change in the phase composition and size
of nanoparticles took place.

The X-ray diffraction patterns of nanopowder 3
(Fig. 2b) deposited from lead nitrate, sodium sulfide, and
sodium citrate solutions after storage for 1010 days
showed weak diffraction reflections corresponding to
orthorhombic (space group Pnma) lead sulfate PbSO4
F INORGANIC CHEMISTRY  Vol. 65  No. 6  2020

der prepared from Pb(AcO)2, Na2S, and Trilon B.
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Fig. 2. Effect of exposure to air on the phase composition
of nanopowders deposited from reaction mixtures 1 and 3
(Table 1) with sodium citrate: (a): (1) nanopowder 1, D =
5 ± 1 nm; (2) exposure to air for 1300 days, 100 wt % PbS;
(3) exposure to air for 2325 days, 100 wt % PbS. (b):
(4) nanopowder 3, D = 7 nm; (5) exposure to air for
1010 days, 95 wt % PbS + 5 wt % PbSO4; (6) exposure
to air for 2030 days, 82 wt % PbS + 18 wt % PbSO4.
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along with reflections of cubic lead sulfide. Thus,
nanopowder 3 showed emergence of PbSO4 particles,
lead sulfate content is ~5 wt %. After 2030-day storage,
this nanopowder contained ~18 wt % PbSO4. We
detected no particles of mixed composition.

Nanopowders 1 and 2 prepared from lead acetate,
sodium sulfide, and Na3Cit after more than six year
storage (2325 days) retained size and phase composi-
tion of PbS nanoparticles. This fact seems to be due to
formation of protective carbon-containing shell that
prevents oxidation of the surface of PbS nanoparticles.
In the synthesis from lead nitrate (nanopowders 3 and
4), the content of sodium citrate in reaction mixtures
proved to be insufficient to form continuous citrate
shell on nanoparticles, therefore, their gradual oxida-
tion began upon long-term storage.

Sodium citrate in the synthesis of lead sulfide
behaves as complexing and stabilizing agent that pre-
RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vo
vents nanoparticle growth. Citrate ion  con-
tains three negatively charged oxygen ions O–. The
introduction of citrate in aqueous solution with sulfide
particles, citrate ions fix on particle surface via one of
O– ions, whereas two other negatively charged ions are
directed to solution [21, 22]. As a result, a negatively
charged citrate layer forms around each nanoparticle
thus preventing coalescence of sulfide particles, stabi-
lizing their size, and precluding oxidation.

Indeed, transmission electron microscopy revealed
an amorphous shell (Fig. 3) on lead sulfide nanoparti-
cles deposited from reaction mixture 1 (Table 1). It
was found experimentally earlier that such carbon-
containing shell forms on the nanoparticles of silver
sulfide Ag2S [23, 24] and Ag@Ag2S [25]. No protective
shell was detected on the surface of nanoparticles iso-
lated from solutions containing Trilon B [26].

The average particle size D and phase composition
of powders 1–4 (Table 2) deposited with sodium
citrate not changed upon long-term storage.

To elucidate the role of complexing agent, we stud-
ied nanopowders 5–9 deposited from aqueous solu-
tions of lead acetate Pb(OAc)2 or lead nitrate
Pb(NO3)2, and sodium sulfide Na2S using Trilon B
after their long-term storage. Figure 4 exemplifies the
typical X-ray diffraction patterns of PbS nanopowders
prepared from reaction mixtures 6 and 8 containing
Pb(AcO)2 or Pb(NO3)2, Na2S, and Trilon B and the
same nanopowders after keeping.

The average size of PbS nanoparticles in nanopow-
ders 6 and 8 obtained with Trilon B (Table 1) is 19 ± 2
and 15 ± 1 nm respectively. This is 10–12 nm larger
than particle size in nanopowders 1 and 3 prepared
with sodium citrate.

The X-ray diffraction patterns of nanopowder 6
(Fig. 4a) after its exposure to air for 1050 and
2070 days show diffraction reflections of orthorhom-
bic lead sulfate PbSO4 along with reflections of cubic
PbS. The content of sulfate PbSO4 in nanopowder 6
after 1050- and 2070-day exposure was 64 and 84 wt %,
respectively

The X-ray diffraction patterns of nanopowder 8
(Fig. 4b) deposited from solutions of lead nitrate,
sodium sulfide, and Trilon B after its exposure to air
for 1000 and 2030 days also contain reflections of ort-
horhombic sulfate PbSO4 along with the weak reflec-
tions of cubic sulfide PbS. The content of sulfate
PbSO4 in nanopowder 8 after 1000 and 2030-day
exposure is 82 and 88 wt %, respectively.

The comparison of phase composition changes for
nanopowders 1–4 obtained with sodium citrate and
nanopowders 5–9 obtained with Trilon B shows that,
other conditions being equal, sodium citrate provides
higher stability of phase composition of nanocrystal-
line lead sulfide on exposure to air than Trilon B. Let
us note that lead nitrate Pb(NO3)2 is most frequently

3
6 5 7C H O −
l. 65  No. 6  2020



816 SADOVNIKOV

Fig. 3. TEM image of lead sulfide nanoparticle with citrate
carbon-containing shell.

5 nm
used for the preparation of nanostructured PbS with
different morphology of rather large particles [27, 28].
The influence of morphology and size of nanoparti-
cles on properties of related cubic titanium monoxide
has been  demonstrated in [29].

The synthesis of lead sulfide nanopowders 10–14
using Pb(OAc)2, Na2S, and Trilon B as complexing
agent allows preparation of PbS nanoparticles in a
wide size range (from 25 to 100 nm and more). Figure 5
represents the X-ray diffraction patterns of PbS nano-
powders obtained from reaction mixtures 11, 13, and
14 and the same nanopowders after long-term storage.

Nanopowder 11 deposited from equimolar solu-
tions of Pb(OAc)2 and Na2S with Trilon B contained
only cubic (space group ) lead sulfide PbS
(Fig. 5a). After its storage for 1010 days, X-ray diffrac-
tion pattern displays, along with diffraction reflections
of PbS, the reflections of orthorhombic sulfate phase
PbSO4, whose content was ~31 wt %. After storage of
this nanopowder for 2040 days, the content of lead
sulfate PbSO4 increased to ~60 wt %. Addition of ace-
tic acid in reaction mixture favors the long-term stabil-
ity of phase composition of nanopowders 13 and 14
prepared from Pb(OAc)2 and Na2S with Trilon B. The
addition of acetic acid that reduces solution pH seems
to decrease the possibility of formation of hydroxo
complexes and consequently decreases the amount of
admixture oxygen and increases the stability of parti-

3Fm m
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Table 2. The size (D) of nanoparticles for lead sulfide PbS an
ders after exposure to air

*No lead sulfate in the prepared samples. 
**The size was assessed from two diffraction reflections of PbSO4.

Mixture no. PbS

synthesis keeping 
for 1000–1300 days

1 5 ± 1 6 ± 1
2 5 ± 1 6 ± 1
3 6 ± 1 6 ± 1
4 5 ± 1 6 ± 1
5 35 ± 7 35 ± 7
6 19 ± 2 20 ± 2
7 11 ± 1 10 ± 1
8 15 ± 1 17 ± 2
9 11 ± 1 11 ± 1

10 28 ± 3 26 ± 3
11 38 ± 3 38 ± 4
12 45 ± 5 44 ± 5
13 70 ± 5 70 ± 6
14 105 ± 10 100 ± 10
cle phase composition. The growth of Trilon B con-
centration in reaction mixtures 13 and 14 from 65 to
100 mmol/L considerably enhanced the stability of
PbS powders. Powder 13 after keeping for 1020 and
2010 days contained ~27 and ~37 wt % PbSO4, respec-
tively (Fig. 5b). Powder 14 prepared using 100 mmol/L
Trilon B after keeping for 1000 and 2010 days con-
tained less than ~2 and less than ~10 wt % lead sulfate
PbSO4, respectively (Fig. 5c).
F INORGANIC CHEMISTRY  Vol. 65  No. 6  2020

d sulfate PbSO4 in the prepared nanopowders* and nanopow-

D, nm

PbSO4

keeping 
for 2000–2300 days

keeping 
for 1000–1300 days

keeping 
for 2000–2300 days

6 ± 1 – –
6 ± 1 – –
6 ± 1 ~10** ~10**
6 ± 1 <10 10 ± 2

35 ± 7 45 ± 5 53 ± 5
18 ± 2 57 ± 6 67 ± 6
10 ± 1 55 ± 5 70 ± 7
14 ± 2 44 ± 5 50 ± 5
11 ± 1 45 ± 5 65 ± 5
22 ± 3 35 ± 5 35 ± 5
36 ± 4 48 ± 5 56 ± 5
44 ± 5 35 ± 5 35 ± 5
69 ± 6 30 ± 5 40 ± 5
80 ± 10 No determined 12 ± 2
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Fig. 4. Effect of exposure to air duration on the phase com-
position of nanopowders deposited from reaction mixtures
6 and 8 (Table 1) with Trilon B. (a): (1) nanopowder 6, D =
19 ± 2 nm; (2) exposure to air for 1050 days, 36 wt % PbS +
64 wt % PbSO4; (3) exposure to air for 2070 days, 16 wt %
PbS + 84 wt % PbSO4. (b): (4) nanopowder 8, D = 15 ± 1 nm;
(5) exposure to air for 1000 days, 18 wt % PbS + 82 wt %
PbSO4; (6) exposure to air for 2030 days, 12 wt % PbS +
88 wt % PbSO4.
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Fig. 5. Effect of duration for exposure to air on the phase
composition of nanopowders deposited from reaction
mixtures 11, 13, and 14 (Table 1) with Trilon B. (a):
(1) nanopowder 11, D = 38 ± 3 nm; (2) exposure to air for
1010 days, 69 wt % PbS + 31 wt % PbSO4; (3) exposure to
air for 2040 days, 40 wt % PbS + 60 wt % PbSO4. (b):
(4) nanopowder 13, D = 70 ± 5 nm; (5) exposure to air for
1020 days, 73 wt % PbS + 27 wt % PbSO4; (6) exposure to
air for 2010 days, 63 wt % PbS + 37 wt % PbSO4. (c):
(7) nanopowder 14, D = 90 ± 10 nm; (8) exposure to air for
1000 days, 98 wt % PbS + 2 wt % PbSO4; (9) exposure to
air for 2010 days, 90 wt % PbS + 10 wt % PbSO4.
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The comparison of the character of changes in

X-ray diffraction patterns for PbS nanopowders depos-
ited from reaction mixtures Pb(OAc)2 and Na2S with
Trilon B displays that smaller lead sulfide nanoparti-
cles are less stable, i.e., undergo oxidation over shorter
time. This is caused by the lack of amorphous protec-
tive shell on nanoparticles prepared with Trilon B.

Figure 6 exemplifies the change in phase composi-
tion of nanopowders 1 and 10 (Table 1) depending on
keeping duration. Both nanopowders were obtained by
deposition from aqueous solutions of lead acetate and
sodium sulfide, but complexing agent used was sodium
citrate (Na3Cit) for nanopowder 1 and Trilon B for
nanopowder 10. The figure shows that nanopowder 1
prepared with sodium citrate retains its phase compo-
sition on storage in air and contains only PbS. Nano-
powder 1 prepared with Trilon B upon long-term
exposure to air undergoes gradual oxidation to change
RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vo
composition from initial PbS to PbSO4 on keeping
longer than 2500 days.

Let us note that only lead sulfate PbSO4 was detected
as oxidation product after long-term exposure of lead sul-
l. 65  No. 6  2020



818 SADOVNIKOV

Fig. 6. Change in the phase composition of nanopowders 1 and 10 (Table 1), deposited from aqueous solutions of lead acetate
and sodium sulfide with sodium citrate Na3Cit or Trilon B, respectively, on exposure to air duration.
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10, DPbS = 28 ± 3 nm
fide nanopowders to air, while PbSO3 and PbO ∙ PbSO4
phases were not observed. The formation of PbSO3 and
PbO ∙ PbSO4 phases proceeds only on heating lead sul-
fide nanopowders to 423–523 K [4].

The average size D of nanoparticles for powders 5–
14 slightly changed upon long-term storage due to oxi-
dation (Table 2). The size of lead sulfate nanoparticles
(DPbS) slightly decreased on storage, while the size of
resultant lead sulfate PbSO4 nanoparticles is larger
than DPbS, and slightly rises upon increase in keeping
duration. As a whole, the change in size for PbS
nanoparticles upon exposure to air is small (±2 nm)
and indicates the stability in their size. This feature
agrees well with the conclusions of work [14] on the
high stability of size for lead sulfide nanoparticles.

CONCLUSIONS
Thus, the study of stability of PbS nanopowders

upon long-term exposure to air has shown that the size
of nanoparticles remains almost constant and stable.
Effect of exposure to air on the size of nanoparticles of
other sulfide nanopowders requires an independent
study.

Lead sulfide nanopowders prepared using sodium
citrate Na3Cit, which behaves as both complexing and
stabilizing agent, have the most stable phase composi-
tion. The stabilizing role of Na3Cit is due to its ability
to form a shell on the surface of nanoparticles that pre-
vents lead sulfide oxidation. The phase composition of
PbS nanoparticles prepared with sodium citrate
remains unchanged for about six years.

The phase composition of PbS nanopowders pre-
pared with Trilon B upon exposure to air changes
owing to gradual oxidation of lead sulfide into lead sul-
fate.

Lead sulfide nanopowders prepared with sodium
citrate due to stability of their size and phase composi-
RUSSIAN JOURNAL O
tion upon long-term keeping in air are preferable for
possible application in devices and equipment based
on nanostructured PbS.
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