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Abstract A simple galvanic cell was developed to pro-
duce rod-shaped PbS crystals with lead and gold as
negative and positive electrodes. The electrolyte solution
contains sodium thiosulfate, sodium sulfate, and
1-thioglycerol (TG). It was found out that lead dissolved
spontaneously and produced PbS crystals in the elec-
trolyte solution immediately after assembling the cell.
Further study shows that TG catalyzes the oxidation of
lead into Pb*" and the reduction of thiosulfate into S*~.
The produced rod-shaped PbS crystals are 140~350 nm
in diameter and 1~3 pm in length after 4 h of reaction.

Keywords Electrochemistry - Galvanic cell -
Nanorods - Lead sulfide - Semiconductor

Introduction

PbS is a typical narrow band gap semiconductor. It is
one of the most attractive metal sulfide semiconductors
for a wide variety of applications. Although numerous
methods such as micelles [1, 2], polymers [3, 4], sol-gel
technique [5], hydrothermal technique [6], electrochem-
istry [7], microwave irradiation, and ultrasonic irradia-
tion [8] have been developed to fabricate PDbS
nanoparticles. So far, very few work has been done on
the synthesis of rod-shaped PbS crystals except those
which prepare rod-shaped PbS crystals in systems con-
taining organic polyamines with N-chelation properties,
such as triethylenetetramine [9] and ethylenedimine [10],
respectively. However, a rather long reaction time was
needed.

In this report, a novel galvanic cell was developed
with lead as anode and gold as cathode in a one-com-
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partment cell. The galvanic process has been applied
earlier in the electroless deposition of Cu,Se film on
copper foil in sodium selenosulfate solution [11]. We
discovered a similar reaction between lead foil and so-
dium thiosulfate solution. Rod-shaped PbS crystals were
produced upon the immersion of both lead and gold
electrodes in the electrolyte solution containing sodium
thiosulfate, sodium sulfate, and 1-thioglycerol (TG).

Materials and methods

A lead foil was degreased with acetone, cleaned with
diluted nitric acid to remove the oxide layer, polished
with soft tissue paper, rinsed with deionised water for
several times, and dried with high purity nitrogen gas. A
gold foil was polished to mirror-like surface with 0.3 um
alumina slurry, electrochemically polished in 1 M sul-
furic acid, and rinsed with distilled water for several
times. The galvanic cell was set up as shown in Fig. 1.
The lead foil was used as anode (negative electrode) and
gold foil as cathode (positive electrode). The lead and
gold foils were connected with a conductive wire and
immersed in 0.03 M sodium thiosulfate, 0.1 M sodium
sulfate, and 0.01 M TG aqueous solution under stirring.

Optical absorption spectrum was recorded using a
Shimadzu UV-vis 265 spectrophotometer in the wave-
length range of 250~500 nm at room temperature. X-
ray powder diffraction (XRD) patterns were recorded
using a SIEMENS X-ray diffractometer equipped with
graphite monochromatized Cu Ko radiation source
(A=0.154178 nm). A scanning rate of 0.02 °/s in 20
ranges from 10° to 90° was used. Scanning electron
microscope (SEM) images were carried out with a
JEOL, JEM-6700 SEM. Transmission electron micro-
scope (TEM) experiments were carried out employing
Philips CM10 TEM, using an accelerating voltage of
100 kV. The samples used for TEM were prepared by
dispersing some products in ethanol followed by ultra-
sonic vibration for 15 min. Fourier transform infrared
(FT-IR) spectra were recorded at room temperature on
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Fig. 1 The setup of the galvanic cell. The composition of the
electrolyte solution: 0.03 M sodium thiosulfate, 0.1 M sodium
sulfate, and 0.01 M 1-thioglycerol (TG) aqueous solution

a BioRad FTS 575C FT-IR instrument. The KBr pellets
were used as supporting materials for analysis. A pow-
der specimen was used for recording spectra of rod-
shaped PbS crystals.

Results and discussion

The electrolyte solution changed from colorless to
brown immediately at room temperature as both of gold
(1x4 cm?) and lead (1x4 cm?) electrodes were immersed
in 100 mL 0.03 M sodium thiosulfate, 0.1 M sodium
sulfate, and 0.01 M TG aqueous solution. With the
distance between lead and gold electrodes kept at 5 cm,
0.060 g PbS was finally obtained after 4 h of reaction
under magnetic stirring with a PbS thin film deposited
on the lead electrode surface. Investigation on the
reaction mechanism reveals that TG catalyzes this gal-
vanic reaction and no reaction will take place without
the addition of TG.

At first, only very small PbS crystals were produced,
which was confirmed by the UV-vis absorption spectrum
of the produced PbS crystals after different reaction
time. UV-vis has been used to determine both particle
size and the degree of particles aggregation in the sam-
ple. As the particle size decreases, the A, shifts to
shorter wavelengths due to the band gap increase of the
smaller-sized particles [12, 13]. As shown in Fig. 2, well-
defined absorption features were exhibited, which is due
to UV absorption of the produced PbS crystals after 15
and 30 min of reaction.

The UV-vis absorption edge of these PbS crystals
shows a very significant blue shift from the bulk PbS. As
the reaction time was increased from 15 to 30 min, the
absorption edge of PbS crystals shifted from 310 to
330 nm. This red shift is due to the growth of small PbS
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Fig. 2 UV-vis absorption spectrum of the PbS crystals produced
after 15 (a), 30 (b) minutes of reaction in 0.03 M sodium
thiosulfate, 0.1 M sodium sulfate, and 0.01 M TG aqueous
solution

crystals into larger ones during the reaction. No
absorption feature of PbS can be observed after 1 h of
reaction. However, small crystals gradually grew into
larger ones and eventually lead to the formation of large
rod-shaped PbS crystals after 4 h of reaction.

X-ray diffraction (XRD) analysis was used to exam-
ine the crystal structure of the products. The XRD
pattern of the as-synthesized PbS is shown in Fig. 3. All
the diffraction peaks can be indexed to the cubic rock
salt structure of PbS with lattice constant a=15.9348 A,
which is in good agreement with the literature value
(JCPDS No. 5-592). The strong and sharp peaks indi-
cate that rod-shaped PbS crystals are highly crystalline.

The FT-IR spectrum of the produced rod-shaped PbS
crystals in Fig. 4 shows a strong and broad O-H
stretching band at 3,500 cm™' and a strong C-O
stretching band at 1,100 cm™'. The FT-IR spectra con-
firm (a) that the PbS crystals were capped with TG and

300+

o
o
N

250—-
200-
150-
100—.

50 4

Intensity/counts

0 20 40 60 80 100

20 scale

Fig. 3 X-ray diffraction pattern of the rod-shaped PbS crystals
synthesized in 0.03 M sodium thiosulfate, 0.1 M sodium sulfate,
and 0.01 M TG under stirring for 4 h
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Fig. 4 Fourier transform infrared spectra of TG protected rod-
shaped PbS crystals

Table 1 The yield of PbS after 4 h of reaction in 100 mL 0.03 M
sodium thiosulfate and 0.1 M sodium sulfate aqueous solution
under stirring with different concentration of TG in the solution

Concentration 0.01 0.02 0.05 0.07 0.10
of TG (M)
Yield of PbS (g) 0.060 0.0108 0.0435 0.0757 0.098

(b) that the TG molecule is not leached out during
several washings of the PbS crystals.

Not only acting as the capping agent of PbS crystals,
TG also catalyzes the reaction between lead and thio-
sulfate (Table 1). Our experiment indicates that no
reaction occurs without the addition of TG and TG
cannot react with lead foil to produce PbS directly
without the addition of sodium thiosulfate. Further
study shows that the yield of PbS after 4 h of reaction
increased almost linearly (Fig. 5) with the increasing
concentration of TG. It can be concluded that the
reaction rate is controlled by the concentration of TG.
The higher the concentration of TG, the higher the
reaction rate and more PbS were produced after the
same reaction time.

The proposed reaction mechanism consists of anodic
lead oxidation coupled to cathodic generation of sulfide
anions. The lead foil was used as a sacrificing anode and
gold foil as a cathode. It is composed of two half-cell
reactions:

On the lead anode, oxidation takes place.

Pb+ TG — Pb* (TG)gpmpies 26 (1)

TG facilitates the lost of electrons and complexes
with the produced lead cations.

On the gold cathode, reduction takes place.

$,03 +2¢” — S03 + 8> (2)
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Fig. 5 The linear relationship between the concentration of TG
and the yield of PbS after 4 h of reaction in 0.03 M sodium
thiosulfate and 0.1 M sodium sulfate aqueous solution under
stirring
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Finally, S~ reacted with Pb*>*(TG) to form PbS.

Pb>*(TG) +8> - PbS | +TG (3)

complex
The total reaction can be written as:
Pb + N3282O3 — Nast3 + PbS l (4)

With the two half-cell reactions occurring in the same
electrolyte solution, it is unavoidable to prevent the
formation of PbS on the lead surface. PbS thin film was
still observed although the stirring helps to remove the
PbS from the lead electrode surface (Fig. 6). The PbS
thin film on the lead is composed of cube-shaped PbS
crystals in the size of 100~150 nm. The PbS crystals
produced in the electrolyte solution have a different
morphology than those formed on the electrode surface.
Figure 7 shows the TEM image of rod-shaped PbS
crystals as precipitated from the electrolyte solution
when the galvanic reaction proceeded under stirring for
4 h with 0.01 M TG in the solution. Although some very
large crystals did exist, most of the produced rod-shaped
PDbS crystals were around 200 nm in diameter and their
lengths are in the range of 1~3 um.

Conclusions

A novel galvanic reaction has been discovered. With
lead as anode and gold as cathode, lead spontaneously
dissolved and rod-like PbS crystals were produced in the
sodium thiosulfate, sodium sulfate, and 1-thioglycerol
aqueous solution. TG was discovered to catalyze this
reaction. This galvanic reaction can be written as Pb +
Na,S,0; — Na,SO; + PbS|. However, direct evi-
dence is still needed to support the proposed mechanism.
This galvanic synthetic technique may be a cheap, con-



Fig. 6 Scanning electron
microscope images of lead
electrode surface after the
reaction in 0.03 M sodium
thiosulfate, 0.1 M sodium
sulfate, and 0.01 M TG
aqueous solution under stirring
for 4 h, then a washed with
deionised water; b washed with
deionised water, and cleaned in
ultrasonic bath for half an hour
subsequently

Fig. 7 Transmission electron microscope image of rod-shaped PbS
crystals precipitate in the electrolyte solution after the reaction in
0.03 M sodium thiosulfate, 0.1 M sodium sulfate, and 0.01 M TG
aqueous solution under stirring for 4 h

venient, and quick method to prepare PbS rod-shaped
crystals. Our further study suggests the possibility of
tuning the morphology of the produced PbS crystals by
the addition of shape-driving agents and the adjusting of
reaction time. The catalytic effect of TG on other metals
in similar galvanic cell assemblies is currently under
investigation in my lab.
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