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Abstract 

We have adopted a solution plasma synthesis for preparing Sn nanoparticles (Sn-NPs) 

directly from metallic Sn electrode. The Sn-NPs were synthesized in the presence of the 

surfactant, cetyltrimethylammonium bromide (CTAB), and the effect of the 

concentration of CTAB on the Sn-NPs was investigated. Without CTAB addition, SnO 

plates were precipitated. Sn-NPs with less than 200 nm were synthesized at a high 

concentration of 200 × 10-6 g·ml-1 of CTAB. Electrochemical properties of SnO plates 

and Sn-NPs were analyzed for use as an anode material in Li-ion batteries. A composite 

of Sn-NPs and graphite enhanced the cyclic stability owing to the buffer space provided 

by the graphite for volume expansion. In the case of the 30 wt% loaded Sn-NPs, the 

capacity was measured to be 414 mAh·g-1 after 20 cycles. 
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1. Introduction 

During the last two decades, lithium ion (Li-ion) batteries have been widely used as 

energy storage devices for applications, such as portable electronic devices and electric 

vehicles. Current Li-ion batteries, with graphite and other carbonaceous materials as 

standard anode materials, have a maximum theoretical capacity of 372 mAh·g-1. 

Although this capacity is not considered very low, new anode materials with higher 

capacities are required to produce lightweight batteries with high energy density. 

Recently, Sn anodes have attracted much attention because of their high theoretical 

capacity of 992 mAh·g-1 to form a Li4.4Sn alloy1-3. However, during lithium 

insertion/extraction process, a large volume change (>300%) inevitably occurs. This 

leads to pulverization of the tin anode and loss of electric contact to current collector, 

resulting in poor cycling performance4,5. Consequently, several strategies, including the 

formation of tin-based alloy6,7, reducing the particle size to nanoscale, and dispersion of 

nano-Sn in conductive carbon matrix to form tin/carbon composite8-18, have been 

proposed to mitigate this volume change issue.  

In this study, we have adopted a novel solution plasma technique for preparing 

Sn-NPs. In this solution plasma technique19-20, an electrode was used as the raw material 

for the preparation of nanocrystals. Various nanoparticles such as Ni19,20, Au20,21, ZnO22 



have been synthesized via solution plasma. In general, the solution plasma technique 

offers many advantages, such as (1) simple experimental setup, (2) no requirement for 

gas supply, (3) higher productivity than conventional solution processes, and (4) 

applicability to mass production. Recently, our research group demonstrated the 

synthesis of SnO plates by solution plasma technique, reported by us elsewhere23. In 

that study, we observed that the addition of surfactant CTAB to the electrolyte resulted 

in the formation of small amount of Sn phase. However, to the best of our knowledge, 

synthesis of Sn-NPs during solution plasma has not yet been reported. Therefore, in this 

study, we have analyzed the effect of CTAB concentration on the synthesis of Sn-NPs 

via solution plasma method. Further, we have evaluated the electrochemical 

performance as anode material for Li-ion battery. 

 

2. Experimental 

2.1. Synthesis and characterization of Sn nanoparticles 

The setup consisted of two electrodes in a glass cell, the details of which has been 

reported previously23. Sn wire of diameter 2.0 mm and 99.9 mass% purity, which was 

used as the cathode, was placed at the center of the glass cell. Subsequently, the 

electrolysis was performed by applying a voltage of 250 V using a direct-current 

power-supply (ZX800H, Takasago). 300 ml of 0.005 M K2CO3 solution was used as the 



electrolyte. Besides, the effect of surfactant (CTAB) concentration was analyzed by 

adding CTAB of concentration ranging from 0 to 200 × 10-6 g·ml-1 to the electrolyte 

solution. Before electrolysis, the solution was heated over 60 °C. During electrolysis, 

the solution was stirred using a magnetic stirrer at a rate of 1000 rpm. Powder X-ray 

diffraction (XRD, Miniflex, Rigaku, Cu-Kα), scanning electron microscopy (SEM, 

JSM-7001FA, JEOL) and transmission electron microscopy (TEM, JEM-2010F, JEOL) 

were used to analyze the prepared samples. Sn-NP/graphite composites were prepared 

by adding graphite powder of diameter 15 µm (Expanded Graphite EC1000, Ito 

Kokuen) to the Sn-NP-dispersed solution. 

2.2. Preparation of cell and electrochemical measurements 

The electrochemical characterizations were carried out in two-electrode 

Swagelok-type cells24,25. The working electrode consisted of an active material, 

conductive carbon (acetylene black), and a polymer binder (polyvinyl alcohol) in the 

weight ratio of 75:15:10. The well-blended slurry was pasted onto a copper foil and 

dried at 60 °C for 12 h in vacuum. The dried electrode was punched into a disc of 

diameter 10 mm and pressed under a pressure of 20 MPa. A metallic lithium disc of 

diameter 10 mm was used as the counter and reference electrode. The cells were 

assembled in an Ar-filled glove box (UNICO), using a solution of 1 M LiPF6 dissolved 



in ethylene carbonate (EC)/dimethyl carbonate (DMC) (1:1 v/v) as electrolyte and 

polypropylene membrane as a separator. The cells were galvanostatically cycled from 

0.01 to 2.0 V versus Li/Li+ at 0.2 C in the constant current mode using a battery tester 

(PFX2011, Kikusui). Cycling voltammograms (CV) were measured at a scanning rate 

of 0.1 mV·s-1 using a potentiostat (PGSTAT 128N, Metrohm Autolab). 

 

3. Results and discussions 

3.1. Effect of the CTAB concentration 

Figure 1 shows the XRD patterns of the different samples (Sn-NPs) prepared with 

various concentrations of CTAB. Figure 2 shows the corresponding microstructural 

analysis performed using SEM. In case of sample prepared without the addition of 

CTAB (labeled as “CTAB-0” in Fig. 1), the XRD pattern revealed the formation of SnO 

plates containing Sn6O4(OH)4 particles. The TEM observation of this sample, reported 

by us elsewhere21, indicated the formation of single-crystalline tetragonal SnO plates, 

with the plate faces on the (001) plane. In addition, the systematic characterization 

revealed that the SnO plates and Sn6O4(OH)4 particles were precipitated from Sn(OH)3
- 

ions, as described by the following equations: 

6Sn(OH)3
- → Sn6O4(OH)4 + 4H2O + 6(OH)- (1) 

Sn(OH)3
- → SnO + H2O + (OH)-   (2) 



In case of sample synthesized in the presence of 10 and 30 × 10-6 g·ml-1 of CTAB, the 

size of the SnO plates was found to decrease, with the formation of a small amount of 

metallic Sn. On further increasing the CTAB concentration to 200 × 10-6 g·ml-1, we 

could obtain 150 mg of Sn nanoparticles (Sn-NPs) of diameter <200 nm, upon 7 min of 

electrolysis with average current of 0.43 A. Furthermore, the crystal structure of the 

prepared Sn-NPs was analyzed by using TEM to clarify the location of the oxide SnO2. 

Figure 3(a) shows the bright-field TEM image of the prepared Sn-NPs and Fig. 3(b) 

shows the selected area electron diffraction (SAED) pattern corresponding to the area 

(b), shown with a dotted line in Fig. 3 (a). From TEM images, the mean diameter of the 

Sn-NPs was 48 nm. The SAED pattern confirmed the formation of single-crystalline 

tetragonal Sn-NPs. Besides, we could also observe the formation of multi-crystalline Sn 

particles and colloidal SnO2 particles of diameter of <10 nm. Figures 3(c) and (d) show 

the high-resolution TEM images taken from the area (c) and (d) shown with a solid line 

in Fig. 3(a). As evidenced from Fig. 3(d), an oxide layer was formed on the surface of 

Sn particles. These SnO2 phases were probably produced as a result of the 

high-temperature atmosphere surrounding the Sn electrode surface. After the 

experiments, the oxide phase might have been formed during the drying process. 



Fig. 4 shows the possible formation mechanism underlying the formation of Sn-NPs 

upon the addition of CTAB. The solution near the cathodic plasma is heated to the 

boiling point and a vapor was generated. When the sample was synthesized without 

CTAB, the resulting sample was SnO plates, which was precipitated from Sn(OH)3
- 

ions formed from the oxidation and ionization of Sn-NPs. On the other hand, when the 

sample was synthesized with CTAB, Sn-NPs were formed in addition to SnO plates. 

This could be attributed as the effect of CTAB, explained as follows. CTAB is a 

cationic surfactant, which ionizes completely in water to form CTA+. The CTA+ formed 

in the aqueous solution might have probably attached to the surface of Sn-NPs, to 

stabilize the metallic particles. If the solution contains large quantities of CTAB 

sufficient to cover whole surface of Sn-NPs, the formation of Sn(OH)3
- ions on the 

Sn-NPs surface is prevented. According to our experiments, 1 mg of CTAB was needed 

to produce 1 g of Sn-NPs. In addition, the optimum temperature range was determined 

to be 70–84 °C. 

The surface area of particles and adsorption area of CTAB molecules were calculated 

for comparison. When all particles are spheres with 48 nm diameter, surface area of 

these particles can be calculated from amount of production and density of metallic Sn 

as shown in Table I. Actual surface area will be increased due to surface roughness of 



particles and existence of colloidal SnO2 nanoparticles shown in Fig.3 (c) with the 

particle size less than 10 nm. 

 

Table I surface area of particles calculated from the mean diameter, amount of 

production and density of metallic Sn. 

Mean diameter  48 nm 

Production amount 150 mg 

Density of metallic Sn  7.365 g·cm-

3 

Surface area of particles 2.55 m2 

 

According to the literature25, the adsorption area of one CTAB molecule is 0.35 nm2. 

On the assumption of monomolecular adsorption of CTAB, the total absorption area of 

CTAB was estimated. Table II shows the adsorption area of CTAB molecules at each 

concentration. In the case of 200 × 10-6 g·ml-1 of CTAB, the adsorption area was 34.68 

m2 which is larger than the surface area of Sn-NPs.  

 

Table II adsorption area of CTAB molecules at each concentration. 

Concentration (g·ml-1) Adsorption area (m2) 

1× 10-6 0.17 

10× 10-6 1.73 

30× 10-6   5.20 

200× 10-6 34.68 



 

 

3.2. Electrochemical properties for Li-ion batteries 

The electrochemical properties of the SnO plate, prepared without the addition of 

CTAB, were studied using constant current charge/discharge measurement. For that, the 

anode was formed by preparing a composite of SnO plates and graphite. During the first 

charge/discharge process, Li2O and metallic Sn were formed, according to the following 

equation (3). 

SnO + 2Li → Sn + Li2O (3) 

Figure 5 shows the cyclic performance of the SnO plates and SnO plate/graphite 

composite. In both the samples, the decrease in capacities was induced by large volume 

expansion during the lithium-ion insertion process, in which the SnO-plate was 

mechanically damaged, cracked, and pulverized. Inset of Fig. 5 is merely the 

corresponding SEM image of the sample. It was observed that the flat SnO plate was 

pulverized to particles after 20 cycles. These pulverized particles might have peeled 

from the electrode or lost the connection with copper collector, which lead to the 

observed decrease in capacity27.  

Furthermore, the electrochemical properties of the synthesized Sn-NP/graphite 

composite (Sn-NPs 30%) were evaluated. For comparison, the cyclic performances of 



pure graphite and pure Sn-NPs (Sn-NPs 100%) were also recorded. Figure 6 shows the 

cyclic performance of the samples. In the case of Sn-NPs 100%, the discharge capacity 

was found to decrease dramatically. The decrease in capacities was induced by large 

volume expansion during the lithium-ion insertion process. In contrast, it was found that 

the discharge capacity of Sn-NPs 30% was 414 mAh·g-1 after 20 cycles owing to the 

buffer space provided by the graphite for volume expansion. In the first cycle, the 

columbic capacity was calculated to be 66 %, based on the discharge capacity of 653 

mAh·g-1 and charge capacity of 433 mAh·g-1. This is usually due to the irreversible 

reactions, such as the formation of a solid electrolyte interface (SEI) layer and the 

decomposition of solvent in the electrolyte13. Low columbic efficiency in the first cycle 

might have been caused by the formation of SEI layer owing to the high surface area of 

Sn-NPs.  

 

Additionally, the irreversible reduction of SnO2 on the Sn-NP surface to metallic Sn 

occurred by following equation (5).  

SnO2 + 4Li → Sn + 2Li2O (5) 

In the 2nd cycle, the efficiency was increased to 93 % and above 95 % after 18 cycles. 

Compared to the theoretical capacity of 559 mAh·g-1 in Sn-NPs 30%, the discharge 



capacity after 20 cycles decreased to 414 mAh·g-1, owing to the formation of SnO2 and 

weak bonding force between Sn-NPs and graphite. According to the SEM image shown 

in Fig.6, the Sn nanoparticles attached to the graphite surface. However, in this study, 

the Sn and graphite were just simply mixed together, and they may be lack of good 

adhesion or contact. The method for composite preparation requires further 

improvement in order to enhance the capacity and cyclic properties. 

 

4. Conclusions 

Sn-NPs were synthesized by a novel surfactant-assisted solution plasma technique. 

The electrochemical performances of Sn-NPs and Sn-NP/graphite composites were 

analyzed. Based on the characterization of the prepared samples, the following 

conclusions were derived: 

(1) Sn-NPs were synthesized in the presence of different concentrations of surfactant 

(CTAB). At a high concentration of 200 × 10-6 g·ml-1 of CTAB, the yield of Sn-NPs 

was found to be 150 mg. SEM and TEM observations indicated that the diameter of 

prepared Sn-NPs was <200 nm, and the particle surface was partially oxidized. 

(2) SnO plate was pulverized to particles after 20 cycles and the discharge capacity 

was decrease dramatically. 



(3) Electrochemical studies revealed that the discharge capacity of the sample Sn-NPs 

30% was 414 mAh·g-1 after 20 cycles.  

 

We hope that these findings will lead to further developments in the use of solution 

plasma technique for the synthesis of electrode materials for batteries. The solution 

plasma technique can be extended for the synthesis of alloy nanoparticle systems, such 

as SnxSb, which might exhibit better cyclic stability owing to its low volume expansion 

during lithiation. 
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Figure captions 

 

Fig. 1. XRD patterns of the samples synthesized with different concentrations of CTAB 

(0 to 200 × 10-6 g•ml-1). 

 

Fig. 2. SEM images of samples synthesized with different concentrations of CTAB. 

 

Fig. 3. TEM images of the sample obtained by the addition of 200 × 10-6 g•ml-1 of 

CTAB.  

 

Fig. 4. Mechanism proposed for the formation of Sn nanoparticles in the presence of 

CTAB. 

 

Fig. 5. Discharge capacity of the SnO products in the range of 0.01 - 2 V at a cycling 

rate of 0.2 C with the binder of PVDF. The product of SnO –plate 30% is a mixture of 

SnO plate and graphite. Inset images show the SEM images of SnO plates of (a) 

as-prepared electrode and (b) after 20 cycles.  

 

Fig. 6. Discharge capacity of the Sn-NPs 30%, Sn-NPs 100% and graphite composite 

with the binder of PVA in the range of 0.01–2 V at a cycling rate of 0.2 C. Inset images 

show the SEM images of the composite. 
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