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Abstract Tin dioxide nanoparticles are prepared using a newly developed synthesis method of plasma-assisted

electrolysis. A high voltage is applied to the tin metal plate to apply a high pressure and temperature to the synthesized

oxide layer on the metal surface, producing nanoparticles in a low concentration of sulfuric acid. The particle size,

morphology, and size distribution is controlled by the concentration of electrolytes and frequency of the power supply. The

as-prepared powder of tin dioxide nanoparticles is used to fabricate a gas sensor to investigate the potential application. The

particle-based gas sensor exhibits a short response and recovery time. There is sensitivity to the reduction gas for the gas

flowing at rates of 50, 250, and 500 ppm of H2S gas.
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1. Introduction

Semiconducting oxide materials such as ZnO2, In2O3,

WO3 and SnO2 had been investigated to be used as a gas

sensor due to its sensitivity to reducing or oxidizing

gases. Among these materials, n-type semiconducting

material SnO2 has been intensively studied owing to its

high chemical stability on gas sensing condition and elec-

tron mobility [1]. Thus, there had been many researches

about gas sensing property of SnO2 with wide range of

toxic gases such as ethanol and hydrogen sulfide [2-6].

Due to its characteristic of wide band gap 3.6 eV, it also

can be used as transparent conducting oxides (TCOs) [7],

optical electronic devise [8] and lithium batteries [9].

SnO2 gas sensors were usually prepared by way of

thick and thin film on the substrate. Thin films are in

great interest due to the efficient power consumption and

high sensitivity. Nevertheless, it has poor mechanical

property and low stability [10]. To enhance this disadvan-

tage, thick films were prepared with the SnO2 nanoparti-

cles. 

The grain boundaries in the polycrystalline metal oxide

nanoparticle can trap the charge between the adjacent

grains which effected by the Schottky potential barrier [5,

11]. If the tin oxide nanoparticle is exposed to the air

ambient, the oxygen adsorbed on the grain boundaries of

the particle surface forms O2
-, O- and O2- ions. As a

result, it captures the free electrons from the oxygen

vacancy, increasing the resistivity. When the reduction

gas flows above the metal oxide such as carbon monox-

ide and ethanol, carbon dioxide and water vapor are pro-

duced due to the reaction between the oxygen ions and

the reduction gas. It contributes to decrease the resistiv-

ity of a metal oxide by releasing the free electrons from

the adsorbed O2
-, O- and O2- ions [6]. By detecting these

changes, the metal oxide can be used as a gas sensor.

SnO2 nanoparticles are usually synthesized by precipi-

tation [12], sol-gel [13], hydrothermal [14] and hydroly-

sis [15]. But these methods use chloride precursors,

ammonia or hydroxide solutions to adjust pH and to form

hydroxide nanoparticles. Thus, particle size and distribu-

tion is sensitive to the pH, using large amount of base
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solution and spend much time while reacting. To enhance

these disadvantages, the plasma-assisted electrolysis pro-

cess is adapted. Originally, this process is a method of

converting metal surface into micro scale thickness oxide

layer which is easily corroded in the air ambient such as

aluminum, magnesium and titanium [16]. By controlling

the conditions of the reaction, metal oxide nanoparticles

can be produced instead of forming layers on the metal

surface. The arc plasma forms when the current flow is

limited by produced gases on the surface of the elec-

trode. Nevertheless, some parts of the electrode are steel

contacted with the electrolyte and due to increased cur-

rent density, the local evaporating is continuously caused.

Then, the formed gases envelop the electrode and lower

the electrical conductivity. In this region, the electric field

strength is enough to ionize the vapor in the gas envelop

(106 ~ 108 V/m). Initially, sparks are rapidly formed in

gas bubbles and transform into uniform glow by the

vapor envelop. The hydrodynamic in this region is stabi-

lized and drops the current density, causing the transfor-

mation of glow into intensive arc plasma [17]. As a

result, the metal oxide is produced.

This paper focuses on controlling the particle size of a

synthesized nano-sized particles and narrowing size dis-

tribution to use as a gas sensor by applying the plasma-

assisted electrolysis process. Therefore, the concentra-

tion of electrolyte and frequency of the voltage condition

was controlled. This process is a simple process that can

reduce the environmental pollution by using small

amount of electrolyte, the reaction time and continuous

reaction is possible with the same electrolyte solution.

2. Experimental

2.1. Preparation of tin oxide nanoparticles

Tin metal plate was cut into piece (10 mm × 8 mm),

put into the solution consist of D.I water with sulfuric

acid electrolyte that can be seen in Fig. 1. The tin metal

was put on an anode, a stainless steel mesh was con-

nected to a cathode. The AC power supply (ACP-3KVA,

Unicorn TMI Co.) was connected to the two electrodes.

The stainless steel mesh (SUS 304, 60 mesh, The Nilaco

Co.) was used to supply current equally to whole metal

surface. Once the discharges were constantly produced

after initial ignition, the condition was kept while pro-

ceeding reaction. Due to its high termperature and pres-

sure during reaction, reactor was connected to the chiller

(Haake SC 100, Thermo Scientific Co.) to control the

solution temperature at 20oC effectively by cycling the

solution with pump. Every reaction was finished within 5

minutes due to the quick reaction rate. Synthesized pow-

der was gathered by centrifuge at 10,000 rpm. The pow-

der was washed with an ultrasonic vibrator in DI water

for 5 times to remove the electrolyte from the powder.

The washed powder was calcinated at 600oC for 2 hours

[18]. 

2.2. Synthesis of tin oxide gas sensor

After the calcination, the obtained powder was mixed

with α-terpineol in agate mortar for 30 minutes, mass

ratio of 1 : 1, producing paste [19]. The paste was put on

the slide glass in a line (2 mm × 20 mm), calcinated at

500oC to decompose the α-terpineol. After the calcina-

tion, the gold was sputtered above the paste to prepare

Fig. 1. Schematic diagram of plasma-assisted electrolysis process.
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the electrode (200 nm thickness). Before detecting the

sensing property, the aging at the temperature of 350oC

for 24 hours has been applied in air ambient to increase

the stability. The gas sensing property was analyzed by

current-voltage (IV) curve (NI PXle-1073, National

Instruments Corporation, USA) and mass flow controller

(Korea Instruments T&S). The crystal phase was

observed by X-ray diffractometer (Rigaku D/MAX-2500/

PC, Kits), the morphology of the powder was analyzed

by FE-SEM (Hitachi S-4800/Horiba EX-250, Rigong

Int’l Inc) and the TEM image was obtained by Analytic

STEM (JEM-2100F, Cs corrector, JEOL/CEOS).

3. Results and discussion

3.1. Growth mechanism of SnO2 nanoparticles

As mentioned above, plasma electrolysis is a method to

produce oxide layer on the metal surface to protect from

corrosion. During this reaction, at the anode surface at

low voltage, thin oxide layer is produced by anodization

and increases surface resistance with insulating layer. It

increases the voltage that applies to the anode and near

the anode surface bubbling gaseous species such as oxy-

gen, hydrogen, hydroxide and much other radical anions

are produced by high electric voltage (400~600 V) which

causes strong joul heating and electric field. Once the gas

bubble starts to produce on the anode surface, oxygen

and other gas species in gas bubble ionize and electron

avalanche zone ignite discharges between electrolyte and

metal. Then, arc or plasma discharges forms as bright

light and exited electrochemical species penetrate into the

anode and metal cations dissolves into the solution.

Because arc plasma discharges produces high pressures

and temperatures (pressure = 1 × 102 GPa, temperature

1 × 104 oC) consistently, such produced anions and cat-

ions continuously react, nucleate and grow to be synthe-

sized as nanoparticles [20]. 

3.2. Effect of electrolyte concentration

Fig. 2 and 3 shows the morphology and the XRD peak

of tin dioxide nanoparticle with the different electrolyte

concentration by 5, 7 and 10 mM of sulfuric acid under

the voltage of 500 V, 100 Hz. The peak showed almost

amorphous state due to the physically adsorbed and

chemically bonded water molecules [21]. When the con-

centration of the electrolyte changed by 5, 7 and 10 mM,

the particles size decreased from 100 to 52 nm. When the

electrolyte concentration which is sulfuric acid increases,

acidity of the solution decreases that is related to the ratio

of proton and cations. The Sn ions melted down from the

plate should react with cations in solution such as O2- to

form nanoparticles however, lower acidity indicates the

lower degree of cations. As a result, it restricts the forma-

tion of nanoparticles and reduces nanoparticles size by

increasing electrolyte concentration. For the maximiza-

tion of gas sensing property, 10 mM electrolyte concen-

Fig. 2. FE-SEM images of tin dioxide nanoparticle synthesized

by plasma-assisted electrolysis process with sulfuric acid

electrolyte, (a) 5 mM, (b) 7 mM, and (c) 10 mM.

Fig. 3. XRD patterns of tin dioxide nanoparticle by changing

the mole of electrolyte (a) 5 mM (b) 7 mM (c) 10 mM.
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tration condition was fixed for further analysis.

3.3. Effect of voltage frequency

Fig. 4 shows the morphology of the tin dioxide

nanoparticle with the different value of frequency by 50,

100, 200 Hz of the power supply in a condition of 500 V.

When the frequency increased, the particle size increased

from 40 to 76 nm. If the frequency increases, the num-

ber of spot where the plasma forms on the metal surface

also increases. It contributes the metal to melt continu-

ously without enough time for cooling. Therefore, it

could not give sufficient time to form nanoparticle by

continuous formation of plasma, resulting in an agglom-

eration, forming large particles [22]. To be used as gas

sensor with large surface area, smallest nanoparticle syn-

thesis condition which is 50 Hz was chosen for optimum

state.

3.3. Effect of calcination 

Fig. 5 and 6 shows XRD peak of synthesized tin oxide

nanoparticle and the peak after calcination of 600oC.

Synthesized tin oxide nanoparticle showed almost amor-

phous state without specific peaks. But after the calcina-

tion, the peaks perfectly match with JCPDS card no. 41-

1445 which indicates structure of tetragonal phase tin

oxide with (110), (101) and (210) respectively. At higher

temperature of calcination, the XRD peak became

sharper. It indicates that grain size and the crystallinity

can be controlled by calcination temperature.

3.4. TEM analysis

Fig. 7(a) shows the HR-TEM images of resulting tin

dioxide nanoparticles synthesized using plasma-assisted

electrolysis process with the size of 40 nm at the condi-

tion of 10 mM of sulfuric acid electrolyte, 500 V and

50 Hz. It matches with the SEM analysis of the above

results that the spherical morphology nanoparticles are

well developed with the narrow size distribution. Fig. 7

(b) shows the surface of the single nanoparticle with the

distance between the lattice fringe shows value of 0.33

and 0.26 nm corresponding to the spacing of tetragonal

tin dioxide by direction of (110) and (101) respectively.

Fig. 7 (c) shows the Fast Fourier transform (FFT) pat-

tern. The bright ring of the pattern indicates each ring is

consist of (110), (101), (211) directions. It matches with

the polycrystalline nature of nanostructure tin dioxide

particle as can be seen in Fig. 7 (b).

Fig. 4. FE-SEM images of tin dioxide nanoparticle by changing

the frequency (a) 50 Hz (b) 100 Hz (c) 200 Hz.

Fig. 5. XRD patterns of nanoparticle (a) after calcination at

600oC and (b) before calcination.

Fig. 6. FE-SEM images of synthesized nanoparticle calcinated

at 10 mM sulfuric acid (a) before calcination and (b) after

calcination at 600oC.
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3.5. Gas sensing property

The condition of synthesizing tin dioxide nanoparticle

was 500 V, 10 mM of sulfuric acid and 50 Hz for 5 min-

utes due to the smaller size of the whole condition to

increase the specific surface area. The sensing performed

at 5 V and the temperature of 350oC. The determination

of sensing response was plotted as a ratio of Ra/Rg, where

the Ra is the steady-state initial resistance and Rg is the

resistance of air-gas mixture in air ambient [23]. Fig. 8

shows the property of as-prepared tin dioxide nanoparti-

cle-based gas sensor of hydrogen sulfide. The flow rate

of the gas was 50, 250 and 500 ppm. The response and

recovery times were shorten through increasing gas flow

rate with 30 and 23, 15 and 25, 12 and 21 s respectively.

The time was determined by returning to the 90% of its

initial resistance T90%. When the gas flows, it reacts with

the oxygen ions adsorbed on the grain boundaries on the

tin dioxide nanoparticle, eliminating oxygen ions. It

releases the free electrons into the particle grain boundar-

ies which were captured by the oxygen ions. As a result,

the resistance decreases. When the gas was turned off,

the oxygen again adsorbs on the metal surface forming

oxygen ions. It caused the resistance to be increased.

When the gas flow rate increases by 50, 250 and 500

ppm, the sensor sensitivity also increased.

4. Conclusion

Tin dioxide nanoparticle could be obtained by using

newly process of plasma-assisted electrolysis. By con-

trolling the condition of the reaction such as electrolyte

concentration and frequency of the voltage, the particle

size could be controlled from 100 to 40 nm. The condi-

tion of synthesizing nanoparticles was chosen to be the

smallest nanoparticles to be used as a gas sensor which

was 500 V and 50 Hz. After the reaction, the synthesized

particle was calcinated at 600oC for 2 hours to evaporate

the bonded water molecules and increase the crystallin-

ity. This powder was mixed with terpineol to produce

paste, put on a glass and calcinated at 500oC for 2 hours

to decompose the terpineol, producing tin dioxide

nanoparticle-based gas sensor. The gas sensing per-

formed at the temperature of 350oC with hydrogen sul-

fide gas. It showed potential application as detecting

characteristic with enhancing sensitivity when the flow

rate of gas increased. By investigating the new environ-

mental friendly process of synthesizing nanoparticles, it

has shown great potential in industrial applications. 
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