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In this paper, tin sulfide-tin dioxide nanocomposites were synthesized by the pulsed-current
electrochemical method on the surface of tin substrate in Na,S solution. To obtain uniform
morphology, narrowest size distribution, and the best composition of sample, the effects of
experimental variables such as sodium sulfide concentration, types and concentration of synthesis
additives, pH, bath temperatures, pulse frequency, and pulse height (current amount) are investigated
and optimized. The prepared samples are characterized by scanning electron microscopy (SEM),
transmission electron microscopy (TEM), and X-ray diffraction (XRD) techniques. The optimized
conditions include 92 mA.cm™ current density, 13 Hz pulse frequency, 0.008 M sodium sulfide, pH
12.5, and 25 °C electrocrystallization temperature. In optimum conditions, uniform SnS-SnO2
nanocomposite in orthothombic nanorod form with 30 nm average diameter and 200 nm average
length are synthesized.
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1. INTRODUCTION

During last decade, nanomaterials have attracted much attention in various fields of science and
technology [1-2]. The nanostructured materials were synthesized by a variety of physicochemical
methods, including metal evaporation [3], spray pyyrolysis [4], sol-gel [5] and electrochemical
methods [6]. The electrosynthesis of nanomaterials has received a great deal of attention in the past
several years. This is probably because electrochemical synthesis methods is a low cost and the
reaction conditions in these methods that can be carried out under mild conditions and the properties of
nanoparticles can be controlled by several parameters such as current density, applied potential,
reaction temperature, and solution composition. In the recent years, a lot of nanostructures have been
synthesized by the electrochemical methods such as cyclic voltammetry [7-10], potentioastatic [11-15],
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galvanostatic [16-17], and pulsed-current [18-22] methods. Compared with conventional galvanostatic
method, pulse galvanostatic method is a modified, simple, and controllable method. In the pulsed-
current method, nanostructured materials can be synthesized on the electrode surface by controlling
pulse variables such as pulse height (current density), pulse time, and relaxation time. There are many
reports which show that the pulsed- current electrosynthesis is more efficient than the direct current
[23-26].

SnS and SnO, are two important IV-VI group semiconductors, with a band gaps 1.48 (or
smaller) and 4.08 eV (or smaller), respectively. Different morphologies can play roles in the
properties. They include nanoparticles [27-30], nanostructures [31], nanoholes [32], nanorods [33],
nanoplanes [34], nanowires [35-37], nanodiscs [38-40], and orthorhombic structures [41]. All can be
prepared by different methods, such as solvothermal [42], vapor deposition [43-48], electrochemical
deposition [49-51], aqueous solution methods [52], and spray pyyrolysis [53]. Tin sulfide and tin
dioxide nanoparticles have wide applications in many fields such as solar cells, lithium ion batteries,
semiconductors, photocatalysts, photovoltaic materials, and also as gas- sensing agents in the solid-
state sensors [54-56].

There are a few reports about using SnS and its composites as a gas- sensing agent. Huang et
al. prepared porous flower-like tin oxide (SnO,) nanostructure by annealing of the flower-like tin
sulfur (SnS;) nanostructures [57]. These SnO; nanostructures exhibit a good response and reversibility
to some organic gases, such as ethanol and n-butanol. In addition, the sensor exhibit a good response to
methanol, 2- propanol, and acetone.

Park et al. fabricated NO, NH3, and xylene gas sensors using mixed SnO, nanoparticles with 1
%wt MWCNTs sensing materials on micro-platforms [58]. The fabricated gas sensors were
characterized to NO,, NH3, and xylene gases, respectively, as a function of concentration at 300 °C,
and temperature from 180 °C to 380 °C at constant concentration. From these results, mixed SnO,
nanoparticles with 1 %wt MWCNTSs showed good sensitivity and selectivity at low power operation
below 30 mW. Authors noted that the fabricated micro-gas sensors could be used for ubiquitous sensor
network applications to monitor environmental pollutants in the air.

Zhang et al. prepared SnS nanoparticles through directly dispersing melted tin in a sulfur-
dissolved Solvent [59]. The as-prepared SnS nanoparticles display novel blue-UV emission, promising
for applications in optical devices.

Comini et al. presented tin oxide nanobelts based gas sensor with a simple DC-resistive
measurement in 2002 [60]. A platinum interdigitated electrode was made using sputtering technique
with shadow masking on alumina substrate. Then, a bunch of nanobelts was transferred onto the
electrodes for electric conductance measurements, the gases tested were CO, NO,, and ethanol that are
important for environmental applications, for breath analyser and food quality control. CO and ethanol
were found to increase the conductivity that is common for an n-type semiconductor such as tin oxide.

Another work on SnO, 1D nanostructure, reports the effect of catalysts on nanowires sensing
properties [61]. Nanobelts and nanowires were mixed with CuO. This catalyst was chosen since it is
known in thick and thin film to enhance the sensing properties towards H,S of SnO, (an effect ascribed
to the p—n junction formation). The increase in H,S response was confirmed in 1D nanostructure, the



Int. J. Electrochem. Sci., Vol. 8, 2013 11697

detection limit reached was lower than 3 ppm. Of course the addition of a polycrystalline material
reduces the advantages of the use of single crystalline metal oxide as sensing layer.

Yu et al. recently published a contribution on tin oxide nanobelts proving their integration with
micro-machined substrate [62] which is crucial if a real application is envisaged, and showing their
sensitivity to nerve agent, an application of increasing interest for security reasons.

In this work, we describe pulsed-galvanostatic method to synthesize tin sulfide-tin dioxide
nanocomposites with different morphologies such as nanoparticles and nanorods. A series of
experiments were conducted to establish the optimum conditions to obtain uniform morphology,
narrowest size distribution, and best composition of the nanocomposite by the “one at a time” method.
An optimized SnS-SnO, nanocomposite sample was used to construct a solid- state sensor to detect
oXxygen gas.

2. EXPERIMENTAL

2.1. Materials

Sodium sulfide (Na,S), copper (I1) sulfate (CuSO,), and acetone were purchased from Merck
and were used without any purification. Sodium dodecyl sulfate (SDS), polyvinyl pyrrolidone (PVP),
glycerol, and cetyltrimethyl ammonium bromide (CTAB) were purchased from Fluka and Aldrich.
Pure tin substrate was prepared from the national iranian Simaran company. Double-distilled water
was used in all experiments.

2.2. Instrumental

The morphologies, Particles sizes and the compositions of samples were characterized by the
scanning electron microscopy (SEM, Philips, XL-30, and The Netherlands). A transmission electron
microscope (TEM, Zeiss EM900, 80 keV) was used to measure the size and shape of particles
accurately. X-ray powder diffraction (Philips X pert diffractometer using Cu [(Ka)] radiation with A=
0.15418 nm) was used to determine the composition of the samples. MPS-3010L model of a power
source, made by the Taiwan Matrix company was used for making a constant current. A home-made
electrical pulse apparatus was applied to make the reproducible current pulses. The temperature of the
synthesis solution was controlled by circulator (HAKKEL model), made by Fisons company
(Germany).

2.3. Procedures

2.3.1. Electrode preparation

In order to make tin electrodes, pure tin was melted in 400°C and was cast in a steel mould. The
structure of the electrode which obtained by the casting method is shown in Fig.1.
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Figure 1. Scheme and dimensions of the used electrode.

2.3.2. Synthesis procedure

Before each deposition, the tin electrodes were placed in the 35 %wt HNO3 for 30 s and then
rinsed with double-distillated water to remove any surface oxidized species in contact with air. Two
stainless steel cathodes coupled with the prepared tin electrode as anode of the electrochemical cell.
The electrodes were put in the synthesis solution including 0.008 M Na,S, and temperature of 25 °C.
The pH of synthesis solution was adjusted at 12.5 by adding NaOH solution. By applying current
pulse, SnS-SnO, nanocomposites were directly synthesized on the surface of tin electrode (anode) by
oxidation of the tin substrate and combination of Sn®* with sulfide and hydroxide ions to form SnS,
and Sn(OH), in composite form. Finally, Sn(OH), was dehydrated to SnO, and the SnS-SnO,
nanocomposite was formed.

In the presented method, there are some effective parameters such as sodium sulfide
concentration, pH, type and concentration of additives, solution temperature, pulse frequency, and
pulsed current amplitude which can change the morphology, particles sizes, and the composition of the
synthesized samples. The resulted precipitates were filtrated, washed two times with double-distilled
water, then with acetone, and finally were dried in an oven at 80 °C for 20 min. The amounts of
synthesis parameters were varied and optimized by the “one at a time” method to obtain a sample with
the best particle size and morphology. The morphology and particles sizes of the samples were
characterized by SEM and TEM. XRD patterns (using Cu [(K,)] radiation with 4 = 0.15418 nm) were

used to determine the composition of the samples.

3. RESULTS AND DISCUSSION

3.1. Pulse specifications

Tin sulfide-tin dioxide (SnS-SnO,) nanocomposites were directly synthesized by the pulsed
current method on the surface of tin electrode in a synthesis solution including 0.008 M sodium
sulfide, solution pH of 12.5, electro-crystallization temperature of 25 °C, pulse current of 92 mA.cm,
pulse frequency of 13 Hz. In the current study, a direct current with constant amplitude was supplied
by a common power supply instrument. The output of the power supply system (DC current) was
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connected to a home-made pulse maker apparatus. The current output of the pulse system is a pulsed
current as it has been previously explained [63]. There are 4 variable parameters for pulse system
including pulse height, pulse time, relaxation time and pulse frequency. The results of our initial
experiments indicated the desirability of relaxation time/pulse time ratio of 3 for majority of syntheses.
Therefore, the ratio of 3 was selected for further experiments. At a constant ratio of relaxation time to
pulse time, a pulse system has 3 variable parameters including pulse height, pulse time, and pulse
frequency. In the present method, there are some parameters, such as pulse current, pulse frequency,
concentration of sodium sulfide, pH, and temperature of synthesis solution which their amounts
optimized by the "one at a time" method. The synthesized samples were characterized by SEM, TEM,
and X-ray diffraction (XRD). The following sections of this paper describe the optimization
experiments of the other parameters.

After optimization of synthesis conditions, the SnS-SnO, nanocomposite was used as an
oxygen gas-sensing agent to construct a new solid-state sensor. This sensor ability for measurement of
the different gases, such as NH3, O,, H,0, CO, H,, and LPG was investigated. Variation in the sensor
resistance was used as optimizing signal. Among the cited gases, the constructed sensor showed a high
dynamic range, high sensitivity, and short response time to oxygen without any considerable
interference of the other gases.

3.1. Optimization of pulsed current amplitude
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Figure 2. SEM images of tin sulfide samples synthesized at different pulsed- current amplitudes; 6
mA.cm™ (a), 18 mA.cm™ (b), 37 mA cm™ (c), 61 mA.cm™ (d), 80 mA cm™ (e), 92 mA.cm™ (f),
104 mA cm (g), 122 mA.cm™ (h). The other experimental conditions were kept constant.
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The effects of pulsed current amplitude were investigated on the morphology and particles
sizes of the synthesized samples. The pulse height was varied from 6 mA cm™to 122 mA cm™, and the
other parameters were kept constant (a temperature of 25 °C, pulse frequency of 13 Hz, concentration
of sodium sulfide 0.008 M, a pH of 12.5). The obtained samples were studied by SEM images (Fig. 2).
As we can see in Fig. 2, any increasing in current amplitude causes a speed-up nucleation of species
thus the produced particles will be smaller. The observed effect has been previously reported for
electrochemical synthesizing of other nanoparticles [64]. The 92 mA.cm™ pulse current amplitude
makes more uniform and smaller nanoparticles than the others. Thus, the amount of 92 mA.cm™ was
selected as optimum pulsed current amplitude in SnS nanoparticles synthesis.

3.2. Optimization of pulse frequency

2.00 pm

A
| cemce—

Figure 3. SEM images of tin sulfide samples synthesized at different pulse frequencies; simple

constant current without pulse (a), 4 Hz (b), 7 Hz (c), 10 Hz (d), 11 Hz (e) 13 Hz (f), and 15 Hz
(9). The other experimental conditions were fixed.

In the present method, each pulse cycle consists of one pulse time and one relaxation time, and
the pulse frequency (f) includes numbers of pulse cycles in the time unit (). In the current work, the
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ratio of relaxation time to pulse time is kept constant of 3 therefore, the pulse time (t on ) and
relaxation time (t off ) can be easily calculated from pulse frequency (1 and 2 equations):

1
(1) ton (S) = H
3
2) tor (S) = m

To investigate the effects of pulse frequency on the morphology and particles sizes of the
synthesized nanocomposite samples, we varied the amount of this parameter from 0 to 15 Hz while the
amounts of the other parameters were kept constant. Figure 3 shows the SEM images of samples of
this experimental series. As we can see in Fig. 3, at simple DC current (without pulse), SnS-SnO2
nanocomposites are small and less uniform. At the frequency of 4 Hz, the agglomerations of particles
are seen. At the frequency of 7 Hz (Fig 3c), the nanoparticles are smaller with improper morphology.
But as it is seen in Fig. 3d, the nanoparticles are smaller and more uniform than the others at the
frequency of 10 Hz. At the frequency of 11 Hz, particle growth and agglomeration rates are more than
nucleation rate. At the frequency of 15 Hz, particles are connected to each other to make
agglomeration bulks. Therefore the frequency of 13 Hz is more efficient to obtain suitable morphology
and more uniform nanoparticles (Fig. 3f) so particle growth and nucleation processes are equivalent
and 141 nm average particle diameters can be achieved.

3.3. Effect of pH solution

Figure 4. SEM images of samples with different pHs; 8.5 (a), 10.5 (b), 12.5 (c), 13.5 (d) and 14.5 (e).
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For this propose, five samples were synthesized at pHs of 8.5, 10.5, 12.5, 13.5, and 14.5 by
adding NaOH while the other parameters were kept constant.

Figure 4 indicates that at pHs of 8.5, 10.5, and 13.5, the synthesized nanoparticles make
agglomerations with porous structures due to the releasing of H,S. Solution pH of 14.5 makes smaller
and uniform nanoparticles but formation of SnO; instead of SnS is more probable. Based on the
obtained results, at pH solution of 12.5, particle growth and nucleation rates are equivalent, so, 12.5 is
suitable pH to synthesize uniform SnS-SnO, nanoparticles with the average particle sizes of 161 nm.

3.4. Optimization of sodium sulfide concentration

To investigate the effects of sodium sulfide concentration on the morphology and particles
sizes of the synthesized SnS nanoparticles, we varied the amount of this parameter from 0.24 to 8x10™
M while the amounts of the other parameters were kept constant. Figure 5 shows the SEM images of
SnS samples that synthesized at different sodium sulfide concentrations.

Figure 5. SEM images of tin sulfide samples synthesized at different concentrations of sodium sulfide;
0.24 M (a), 0.16 M (b), 0.08 M (c), 0.04 M (d), 0.02 M (e), 0.008 M (f), 0.004 M (g), 0.003 M

(h), and 8x10™* M (i). The other experimental conditions were kept constant.



Int. J. Electrochem. Sci., Vol. 8, 2013 11703

The SEM images in Fig. 5 indicate that any decrease in sodium sulfide concentration causes a
formation of uniform SnS nanoparticles in spite of performing the synthesis in high voltages and
decreasing the number of ions. According to the XRD results, tin sulfide content of the sample
synthesized in 0.008 M sodium sulfide is the most (63.02 %wt) therefore 0.008 M is optimum
concentration for further studies but 0.004 M makes more uniform nanoparticles with angular and
aciform structures, so structurally, 0.004 M of sodium sulfide concentration can selected as optimum
value.

3.5. Effect of synthesis temperature

Figure 6. SEM images of tin sulfide samples synthesized at temperatures of 0 °C (a), 25 °C (b), 45 °C
(c), 75 °C (d), and 95 °C (e).

Among the synthesis parameters, solution temperature has more effect on the phase
composition of the SnS samples and rate constant of reaction is dependent to it. To study the effects of
temperatures, five samples were synthesized at different temperatures while amounts of the other
parameters were kept constant. The prepared samples were characterized by SEM. Figure 6 shows
SEM images of the SnS samples, which synthesized at 0, 25, 45, 75, and 90 °C. As the SEM images
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show, the rate of SnS formation is controlled via dissociation of sulfide ions. Therefore, in low
temperature due to freezing of these ions, the rate of precipitate formation is slow and consequently,
the SnS nanoparticles have unsuitable structures and morphology.
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Figure 7. XRD patterns of the samples which synthesized at different temperatures of 0 °C (a), 25 °C
(b), 45 °C (¢), 75 °C (d), and 95 °C (e).

When the electrosynthesis is performed at higher temperatures (higher than 25 °C), formation
of SnO, is more probable than SnS. Based on the obtained results, temperature of 25 °C due to
formation of uniform SnS-SnO, nanocomposites with nanorod structure (Fig. 6b) was selected as
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optimum value for the synthesis of the samples. As it is seen in Fig. 6b, the major part of the image
includes concrete and hunk structures. In fact, these collections include many adherent nanorods. In the
lower left corner of Fig. 6b, the nanorods are seen as separate and apart components.

For further study about the effect of temperature, the samples were analyzed by XRD. Figure 7
shows the XRD patterns of these samples at different temperatures. As it is seen in this figure, at all of
these temperatures, tin oxide and pure metallic tin can be seen as well as tin sulfide. In the presented
method, the samples are synthesized by direct oxidation of tin anode so it is expected that the samples
don't include any metallic tin impurity.

The observed patterns for metallic tin in Fig. 7 are due to this fact that the X-ray can transmit
from the synthesized layer and reach to the bed of the electrode. The summary of XRD data are
presented in Table 1. It should be mentioned the amounts of metallic tin in all samples were
mathematically diffracted and the weight percentages of the others compounds were recalculated.

Table 1. Summary of phase analysis based on XRD patterns for samples synthesized at different

temperatures
Compound  a (0°C) b (25 °C) c (45 °C) d (75 °C) e (95 °C)
SnO; 42 37 63 75 74
SnS 58 63 37 25 24
3t i
H i
= |

26{°C)

-
o

Intensity (a.u)

26{°%)

Figure 8. XRD patterns for the samples which synthesized at temperature of 25 °C with 0.008 M
sodium sulfide (a), 25 °C with 0.004 M sodium sulfide (b). The other experiment conditions
including pulse height, pulse frequency and solution pH were kept constant.
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Based on XRD results, the obtained crystals are orthorhombic and also tin sulfide content of
samples is decreased when the synthesis temperature is increased from 25 °C up to 95 °C. At
temperature of 25 °C, the sample has the most tin sulfide content (63 %wt). Combining of SEM and
XRD results with temperature studies shows that the sample synthesized at 25 °C has uniform
morphology with aciform structure and lower impurity. It is possible that the results of this section lead
the authors to think the amount of tin sulfide in the samples is also depend on sulfide ion concentration
in the synthesis solution. Therefore, two samples were synthesized at 25 °C while sodium sulfide
concentration was different (0.008 M and 0.004). Figure 8 shows the XRD patterns of these samples.
Based on XRD patterns, the sample synthesized in 0.008 M sodium sulfide include 63 %wt tin sulfide
and the sample synthesized in 0.004 M sodium sulfide include 35 %wt tin sulfide. It shows that the
value of 0.008 M for sodium sulfide is correctly selected as optimum value.

3.6. Effect of additive type

Based on the previous reports, some compounds such as sodium dodecyl sulfate (SDS),
polyvinyl pyrrolidone (PVP), glycerol, cetyltrimethyl ammonium bromide (CTAB), saccharin, and
diethyl sulfosuccinate (DES) [65-67] have been used as structure director to obtain more uniform
nanostructures in nano-scale synthesis to control the mechanism and kinetics of the reactions. In this
study, the effects of PVP, SDS, glycerol, and CTAB was investigated on the morphology and particles
sizes of the samples, and the amounts of the other parameters of synthesis were kept constant (Fig. 9).
As we can see in Fig. 9, additives have no significant effect on the improvement of morphology or
particles sizes.

Figure 9. SEM images of samples which synthesized in the presence of PVP (a), SDS (b), Glycerol
(c), and CTAB (d). The 0.5 % concentration of each additive was used.
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To recognize the structure and the properties of the synthesized sample in optimized
conditions, it was characterized by TEM and Energy Dispersive X-ray (EDX). Figure 10 indicates the
SEM and TEM image of the SnS-SnO, nanorods under a magnification of 60000. Based on the TEM
and SEM image, in the optimum conditions, uniform SnS nanorods with 30 average lengths and 200

nm average diameters were synthesized.

Figure 10. SEM image with 30000 magnification (a), and TEM image with 60000 magnification (b)
of the optimized SnS nanorods.

SI:'ILa
% S 8) Element Zawt
§ Sn 72
= 5 23
Pb 5

100 200 300 400 500 600 7.0 800 900 10.00 11.00
' o Energy
Figure 11. EDX patterns for SnS sample which synthesized at 92 mA.cm™ current density, 13 Hz

pulse frequency, 0.008 M sodium sulfide, solution pH of 12.5, electrocrystallization
temperature of 25 °C.
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The EDX patterns of the sample prove that the sample comprises sulfur and tin elements with
lead impurity from bed of the electrode (Fig. 11).

4. CONCLUSIONS

Pulsed- current electrochemical method can be used as a confident and controllable method to
prepare tin sulfide/tin dioxide nanocomposites on the surface of tin electrode, from a basic sodium
sulfide solution. In this method, sodium sulfide concentration, concentration of synthesis additive, pH,
bath temperature, pulse frequency, and pulse height (current amount) are effective parameters that can
change the morphology and the particles sizes of nanocomposite samples.
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