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Abstract
SnO2 nanoparticles (NPs) were synthesized by facile hydrothermal method in the presence of polyethylene glycol (PEG), 
cetyl trimethylammonium bromide (CTAB) and sodium hexametaphosphate (SHMP) as surfactant. The synthesized samples 
were characterized by X-ray powder diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), high resolution 
scanning electron microscopy (HRSEM), high resolution transmission electron microscopy (HRTEM), selected area elec-
tron diffraction (SAED), UV–visible diffuse reflectance spectroscopy (UV–visible DRS) and photoluminescence (PL). The 
XRD studies revealed that the position of diffraction peaks agreed well with the reflection of a tetragonal structure of  SnO2 
phase. The structure of the  SnO2 did not change by introducing surfactants but the crystallite size was decreased. The optical 
studies revealed a clear blue shift in the band gap energy (Eg) with a decrease in particle size. The PL intensity of SHMP 
assisted NPs is lower than that of bare  SnO2 and other surfactant assisted  SnO2 NPs, which indicated the suppression of 
the recombination of the photogenerated carriers. These results reveal that SHMP assisted  SnO2 NPs is suitable for further 
electrochemical and photocatalytic activity. The surfactant (SHMP) assisted  SnO2 photocatalyst exhibited the increased pho-
tocatalytic activities compared with the bare  SnO2 photocatalyst. Furthermore, the SHMP assisted  SnO2 electrode exhibited 
the increased supercapacitor performances.

1 Introduction

Past few years, the major problem is the environmental 
pollution through the water contamination and energy defi-
ciency. To over this problem, the contamination in waste 
water from the industries should be removed and also 
develop high and large power density energy storage devices 
to solve many environmental issues. In the recent years, 
supercapacitors (SCs)/electrochemical capacitors (ECs) have 
become popular energy storage devices because they can 
produce a huge amount of energy in a short span of period 
and large power density. They have excellent cyclability and 
extraordinary performance compare to fuel cells and com-
mercial batteries [1–5].

The waste water from industries have contaminated vari-
ous organic and metallic ions. High toxic dyes are used in 
different industries like textile, dying, biomedical and food-
stuff. The water is contaminated by the waste water from 
these industries. These contaminants result in a high bio-
chemical oxygen demand (BOD), high chemical oxygen 
demand (COD), bad smell, toxicity and exceed the toler-
ance limits in water. Hence, the dyes must be completely 
removed from industrial waste water. Recently, photocata-
lysts have been proposed as an alternative to the conven-
tional approaches to eliminate the contamination from the 
industrial waste water. Dye molecules are converted into 
non-hazardous compounds by the photodegradation process. 
Therefore, efforts are taken to establish novel metal oxide 
semiconductor photocatalysts for the degradation of such 
organic pollutants [6–10].

The engineering of inorganic semiconducting nano-
structures attracts interest in various fields by their unique 
properties such as, structural, optical, magnetic electronic 
and catalytic, which differs significantly from those of their 
bulk counterparts. Recent researches targeted on the syn-
thesis and characterization of semiconductor nanostructures 

 * S. Dhanapandian 
 professordhana10@gmail.com

1 Department of Physics, Annamalai University, 
Annamalainagar, Chidambaram, Tamilnadu 608 002, India

2 Department of Nanoscience and Technology, Bharathiar 
University, Coimbatore, Tamilnadu 641 046, India

http://crossmark.crossref.org/dialog/?doi=10.1007/s10854-019-01681-7&domain=pdf


13175Journal of Materials Science: Materials in Electronics (2019) 30:13174–13190 

1 3

with well defined morphologies and accurately tunable size. 
These act as promising agents for energy and environmental 
applications like, lithium-ion battery, Microwave absorbing 
materials, photocatalytic water splitting for hydrogen pro-
duction, sensors, dye-sensitized solar cells and photocata-
lytic remediation of organic pollutants from air and water 
[11–19].

Several semiconductors such as,  MnO2,  TiO2,  V2O5, 
 Fe2O3, CdS and  SnO2 are deeply explored as novel elec-
trode materials for electrochemical as well as photocatalytic 
applications because of their special architecture and high 
catalytic activities [20–28]. Among the various semiconduc-
tors,  SnO2 has attracted material owing due to its abundance, 
non-toxicity, low cost, harmless and outstanding physical 
and chemical properties and also it has great flexibility in 
structure and morphology.  SnO2 is a typical n-type semicon-
ductor with a band gap energy (Eg) of 3.6 eV. This is mainly 
used in gas sensors [29, 30], dye-based solar cells [31], 
rechargeable lithium batteries [32], transparent conducting 
electrode [33], optoelectronic devices [34], photocatalytic 
application [35, 36] and energy storage devices [37, 38]. 
In this regard, several approaches are proposed to increase 
the electrochemical performance and photocatalytic activ-
ity by synthesizing the desired nanostructures by reducing 
the crystalline size and preventing agglomeration. Hence, 
the surfactant molecules are used to provide electronic and 
chemical passivation of the surface dangling bonds. They 
arrest agglomeration and uncontrolled growth of the NPs. 
Further, these capping molecules permit chemical manipu-
lations of the NPs similar to that of large molecules which 
have their solubility and reactivity determined by the nature 
of the surface ligands. It is well clear that surfactants have 
the ability to change the intrinsic properties of materials and 
to enhance the electrochemical and photocatalytic activity.

To synthesis  SnO2 NPs, different methods like co-pre-
cipitation, sputtering, green synthesis, microwave heat-
ing method, chemical vapor deposition, spray pyrolysis, 
pulsed laser deposition and hydrothermal methods are used 
[39–44]. Among them, hydrothermal method is chosen for 
the present work because of non-polluting, saves energy 
and easy control size and morphology. In this method, the 
oxygen vacancies are generated in  SnO2 NPs and these can 
instigate the formation of new energy levels in the band gap. 
When Sn(OH)4 is heated the hydroxyls remain in the same 
structure and will generate more water, when the lattice oxy-
gen is released. It position has neutral vacancy. Moreover, in 
the hydrothermal process high pressure is generated and it is 
favorable to remove hydroxyls and producing oxygen vacan-
cies. The insoluble species are dissolved or recrystallized in 
a high-pressure atmosphere. The rate of chemical reaction 
in the hydrothermal process is faster since it has smaller 
crystallite size and subsequently a higher electrochemical 
and photocatalytic activity.

In this work,  SnO2 NPs with reduced crystallite size 
have been successfully synthesized through facile hydro-
thermal method using non-ionic surfactant PEG, cationic 
surfactant CTAB and anionic surfactant SHMP. The size, 
morphology and optical properties of  SnO2 NPs are studied 
by the influence of surfactants. In the present work, SHMP 
assisted  SnO2 NPs are used for the degradation of methyl 
violet (MV) dye. Further, the electrochemical performance 
of SHMP assisted  SnO2 NPs are found to be suitable as 
supercapacitor electrode materials.

2  Materials and methods

2.1  Materials

Tin (IV) chloride pentahydrate  (SnCl4.5H2O), sodium 
hydroxide (NaOH), polyethylene glycol, cetyl trimethyl-
ammonium bromide, and sodium hexametaphosphate were 
selected as starting materials. All chemical reagents were 
analytical graded with 99.99% so further purification was 
not necessary. Distilled water was used for the synthesis of 
 SnO2 NPs.

2.2  Synthesis of bare and surfactants (PEG, CTAB 
and SHMP) assisted  SnO2 NPs

For the synthesis of  SnO2 NPs, 0.26 M  SnCl4.5H2O was 
dissolved in 50 ml of distilled water. Subsequently 1.30 M 
NaOH pellets were dissolved in 50 ml of distilled water and 
it was added drop wise into 50 ml of  SnCl4 solution and a 
white precipitate was formed. This was stirred continuously 
for 45 min to obtain homogeneous solution. In a similar 
manner, surfactant assisted  SnO2 NPs were synthesized by 
treating 1 g of nonionic surfactant (PEG), I g of cationic 
surfactant (CTAB) and 1 g of anionic surfactant (SHMP) 
was added drop wise into the above mixture and stirred for 
another half an hour to form a homogeneous solution. Fur-
ther, the above solutions were shifted to 150 ml autoclave 
made of Teflon-lined stainless steel. The sealed autoclave 
was kept in the oven and maintained at 160 °C for 12 h and 
then cooled naturally at room temperature. After reaction, 
the resulting products were filtered by washing thoroughly 
with ethanol and distilled water to remove moisture and then 
collected. Finally, the samples were dried at 100 °C for 6 h, 
followed by calcinations at 500 °C for 3 h to get the final 
bare and surfactant assisted  SnO2 NPs.

2.3  Characterization techniques

The crystalline structure and crystallite sizes of the samples 
were studied by recording using XRD (X’PERT PRO dif-
fractometer) with Cu Kα radiation of wavelength 1.5418 Å. 
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The chemical bonding existing in samples were recorded 
with RX I Perkin Elmer FTIR spectrometer over a wave 
number range from 4000 to 400 cm−1. The morphology of 
the samples was monitored by a HRSEM (FET Quanta FEG 
200 spectrometer) and HRTEM (JEM-2100). The optical 
properties were determined using UV–Vis DRS (VAR-
IAN Carry 5000) in the wavelength ranging from 300 to 
700 nm. The emission spectra of the samples were recorded 
with the help of a Jobin–Yvon, FLUOROLOG-FL3-11 
spectrofluorometer.

2.4  Photocatalytic experiments

The photocatalytic activity of bare  SnO2 and SHMP assisted 
NPs for the degradation of MV was examined under sunlight 
irradiation. In this experiment, 5 mg of  SnO2 photocata-
lyst was dispersed in 200 ml of aqueous suspensions of MV 
with an initial concentration of 1 × 10−4 mol  L−1 for irradia-
tion experiments. The suspension mixture was stirred in the 
dark for about 30 min prior to irradiation, to achieve good 
dispersion and reach an adsorption–desorption equilibrium 
between methyl violet dye and catalytic surface. The suspen-
sion mixture was then exposed to sunlight irradiation and 
stirred continuous. Five milliliters aliquot was withdrawn 
through a pipette for every 10 min from a reaction mixture. 
Before analyzing, to remove solid catalyst particles the sus-
pension was centrifuged. Degradation of organic dye was 
investigated by using UV–visible spectrometer (VARIAN 
Carry 5000) at different time intervals. The experiment 
processes was taken place on a sunnyday (April) at Anna-
malainagar, Tamilnadu between 11 a.m–2 p.m (outside tem-
perature 35 °C to 40 °C).

2.5  Electrochemical performance

The electrochemical performance of the bare  SnO2 and 
SHMP assisted NPs were examined in an electrochemical 
analyzer (Versa STAT Princeton Applied Research – AME-
TEK model) using three-electrode system containing Plat-
inum foil as a counter electrode, Ag/AgCl as a reference 
electrode and  SnO2 as a working electrode. The series of 
experiments were carried out in 6 M KOH as an electrolyte. 
The electrochemical performance was evaluated by using 
cyclic voltammetry (CVs), galvanostatic charge/discharge 
(GCD) and electrochemical impedance spectroscopy (EIS).

3  Results and discussion

3.1  Structural analysis

The powder XRD helps to identify the phase structure and 
purity of the  SnO2 NPs. Figure 1 represents the XRD patterns 

of the bare and surfactant assisted  SnO2 NPs. Both (bare and 
surfactant assisted  SnO2) NPs exhibit a similar XRD patterns 
that can be assigned to tetragonal structure of  SnO2 with lattice 
constant of a = b = 4.738 and c = 3.187 (JCPDS card number 
41-1445) [45]. The absence of additional peaks in the XRD 
results confirms that the synthesized NPs have high phase 
purity. The diffraction peaks of surfactants assisted  SnO2 
samples are quite broad due to the small crystallite size. From 
the XRD data, average crystallite sizes of the both NPs can be 
calculated using the Scherrer equation [46, 47].

where D is the crystallite size, k is the shape factor, λ is the 
wavelength of the X-ray (λ = 1.5406 Å), � is the full width 
at half maximum (FWHM) of the peak and � is the angle of 
the diffraction. The lattice parameters for tetragonal structure 
 SnO2 NPs are calculated from the following equation [48].

where a and c are the lattice constants h, k and l are the 
miller indices. Dislocation density ( � ) is determined by 
using following relation [49].

(1)D =
k�

�cos�

(2)
1

d2
=

(

h2 + k2

a2

)

+

(

l2

c2

)

(3)� =
1

D2

Fig. 1  XRD pattern of synthesized  SnO2 nanoparticles a Bare, b PEG 
assisted, c CTAB assisted and d SHMP assisted
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The micro strain ( � ) can be calculated using the formula 
[48]

All calculated values are presented in Table 1.
The crystallite size of bare  SnO2 NPs is found to be about 

5.3 nm. Further, the crystallite size of PEG, CTAB and 
SHMP assisted  SnO2 NPs are calculated using Eq. (1) are 
4.44, 4.31 and 3.33 nm, respectively. Hence, the XRD results 
reveal that the crystallite size of  SnO2 NPs can be tuned by 
adding surfactants as capping agents. The above equations 
are used to evaluate the crystallite size, dislocation density, 
lattice parameters and micro strain of the synthesized  SnO2 
NPs and it is given in Table 1. In addition, it can be seen 
that the dislocation density and micro strain increase with 
respect to adding surfactants. Hence, from the XRD studies 
it is confirmed that the crystallite size of the NPs can be 
reduced by introducing surfactants.

3.2  Functional group analysis

FTIR spectroscopy is a vibrational spectroscopic tech-
nique, which is used to investigate the presence of func-
tional groups of the samples. The FTIR spectra of both 
NPs are recorded in the range of 4000 to 400 cm−1 and 
are presented in Fig.  2. As seen from the FTIR spec-
tra, the appearance of broad absorption band around 
3415 cm−1 is assigned to the O–H stretching vibration of 
surface hydroxyl groups [50]. The weak absorption band 
around 2978 cm−1 indicated the presence of asymmet-
ric stretching vibrations of C-H bond [50–52]. The band 
around 1570  cm−1 is ascribed to the stretching vibra-
tion of C=C [53]. The absorption bands located in the 
region 1420–1400 cm−1 are attributed to the asymmetric 
and symmetrical stretching vibrations of C-O because of 
the COOH groups. The medium absorption band located 
around 1020 cm−1 is assigned to the C–O–C symmetri-
cal stretching vibration [54]. The characteristics observed 
below 800 cm−1 is very important because they indicate 
the presence of Sn–O bands and their functional group. 
The sharp and broad absorption band noticed around 
650 cm−1 is attributed to lattice mode of  SnO2 and the 

(4)� =
�cos�

4

infrared band located around 510 cm−1 is associated with 
the Sn–O stretching vibration [55–57]. None of the bands 
are seen in the spectra except metal and oxygen functional 
groups.

3.3  Morphological studies

The morphology of the  SnO2 NPs are investigated by 
HRSEM. Figure 3 depicts the HRSEM images of the both 
NPs. As seen in the Fig. 3a, b the agglomerated spherical 
like morphologies are observed in the low and high magni-
fication of the bare  SnO2 NPs. However, from the HRSEM 
images (Fig. 3c–h), it is evident that well-dispersed spheri-
cal NPs are observed in the surfactants assisted NPs. These 
results clearly reveal that the surfactants do not involve 
in changing the shape of the  SnO2 NPs but influence in 
reducing the crystallite size and arrest the agglomeration 
of the particles.

Table 1  Structural parameters 
of bare and surfactant assisted 
 SnO2 nanoparticles

Surfactant Crystallite size 
(nm)

Dislocation density 
(�) × 10

14 lines/m2
Lattice parameters (Å) Micro strain 

(�) × 10
−3

a = b c

Without surfactant 5.3 355.9 4.739 3.189 6.517
PEG 4.44 507.2 4.728 3.184 7.866
CTAB 4.31 538.3 4.723 3.159 8.080
SHMP 3.33 901.8 4.750 3.193 10.502

Fig. 2  FTIR spectra of synthesized  SnO2 nanoparticles a Bare, b PEG 
assisted, c CTAB assisted and d SHMP assisted
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Fig. 3  HRSEM images of 
synthesized  SnO2 nanoparticles 
a, b Bare, c, d PEG assisted, e, f 
CTAB assisted and g, h SHMP 
assisted
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3.4  TEM analysis

The morphology and average particle size of the bare 
 SnO2 NPs can be depicted from the TEM images. By 
using HRTEM the microstructure of the bare  SnO2 NPs is 
examined. The HRTEM image and SAED pattern of the 
bare  SnO2 NPs are shown in Fig. 4c and d. From the TEM 
images (Fig. 4a, b), it is clearly seen that spherical structured 
 SnO2 NPs are formed. It is well accordant with the HRSEM 
images. The lattice spacing is calculated from the HRTEM 
image and found to be 0.26 nm which corresponds to (101) 
lattice plane [59].The SAED pattern indicates that the syn-
thesized bare  SnO2 NPs are polycrystalline in nature. The 
diffraction ring in Fig. 4d corresponds to the (110), (101), 
(200) and (211) lattice planes for tetragonal structure of 
 SnO2 [58]. The SAED patterns match well with the XRD 
results. The size distribution histogram is clearly shown in 
Fig. 8a and the particle size is found to be 5.93 nm.

Figure 5 shows the TEM, HRTEM and SAED patterns 
of the PEG assisted  SnO2 NPs. TEM images (Fig. 5a-b) 
show the spherical like  SnO2 NPs, which coincides with the 
obtained HRSEM images. The lattice spacing is calculated 

from the HRTEM image (Fig. 5c) and it is found to be 
0.33 nm which correspond to (110) lattice plane of  SnO2 
[60]. The SAED patterns of the  SnO2 NPs show defined 
rings, which could be attributed to the polycrystalline nature 
of PEG assisted  SnO2 NPs. The diffraction ring in Fig. 5d 
corresponds to the lattice plane (110), (101), (200) and 
(211), respectively [59]. Further, the particle size distribu-
tion histogram is clearly shown and the particle size is found 
to be 4.03 nm (Fig. 5b).

Figure 6 shows the TEM, HRTEM and SAED patterns 
of the CTAB assisted  SnO2 NPs. From the TEM images 
(Fig. 6a, b), it can be clearly seen that spherical structures 
of  SnO2 NPs are formed. The similar morphology is also 
obtained from the HRSEM images. From the HRSEM 
images the distances of the lattice fringes can be calculated 
and it is shown in Fig. 6c. They are found to be 0.33 nm, 
which corresponds to (110) lattice plane [60].The SAED 
patterns of  SnO2 NPs with CTAB show well defined rings, 
which demonstrate the polycrystalline nature of synthesized 
 SnO2 NPs. The diffraction ring in Fig. 6d corresponds to the 
lattice plane (110), (101), (200) and (211), respectively [58]. 
The particle size can be calculated from the TEM images 

Fig. 4  a and b TEM images of 
synthesized bare  SnO2 nano-
particles, c HRTEM images 
of synthesized bare  SnO2 
nanoparticles and d SAED pat-
tern of synthesized bare  SnO2 
nanoparticles
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and are shown in the Fig. 8c. The size distribution histogram 
shows the mean diameter of 4.22 nm.

Figure 7a, b and d shows the TEM images and SAED pat-
tern of SHMP assisted  SnO2 NPs. The large quantities of uni-
formly sized and well dispersed spherical NPs are observed. 
The similar morphology is obtained from the HRSEM images. 
In Fig. 7c, HRTEM images of the spherical NPs are depicted. 
From the HRTEM images the lattice spacing of the NPs can 
be calculated. They are found to be 0.21 and 0.23 nm, which 
corresponds to (210) and (200) lattice planes, respectively. The 
SAED pattern reveals a polycrystalline nature of the  SnO2 NPs 
and diffraction rings can be indexed as (110), (101), (200) and 
(211) planes [58]. The particle size can be calculated from the 
TEM images and are shown in the Fig. 8d. The size distribu-
tion histogram clearly shown that the particle size is 3.60 nm. 
Hence, it is clearly seen that the surfactants are introduced as 
capping agents to decrease the particle size of  SnO2 NPs. Fur-
thermore, the particle size of  SnO2 NPs are formed by using 
anionic surfactant (SHMP) and it is smaller than that of  SnO2 
NPs formed by using non-ionic (PEG) and cationic surfactant 
(CTAB). Moreover, the results obtained from TEM images 

and SAED patterns are in excellent agreement with the XRD 
results.

3.5  Optical properties

In order to investigate the optical properties, the reflec-
tance spectra of the both NPs are recorded in the range of 
200–800 nm and are shown in Fig.  9. As seen from the 
Fig. 9a–d it is apparent that all the synthesized products have 
exhibited a good optical quality in the visible region since the 
complete reflectance obtained in the range of around 400 nm. 
However, the absorption edges of the surfactants assisted 
 SnO2 NPs exhibit an obvious blue shift and this suggests an 
increase of the energy band gap. This result further indicates 
the decrease in particle sizes of surfactants assisted  SnO2 NPs.

The Eg can be calculated by the Kubelka–Munk function 
[61] 

(5)F(R) =
(1 − R)2

2R

Fig. 5  a and b TEM images 
of synthesized PEG assisted 
 SnO2 nanoparticles, c HRTEM 
images of synthesized PEG 
assisted  SnO2 nanoparticles and 
d SAED pattern of synthesized 
PEG assisted  SnO2 nanopar-
ticles
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where F(R) is the Kubelka–Munk function, which corre-
sponds to absorbance and R is reflectance of the samples. 
The band gap energy  (Eg) of both NPs are estimated by 
extrapolating of the linear portion of the (F(R) × hν)1/2 versus 
hν and are shown in Fig. 10a–d. The band gap energy has 
been found to be 3.92, 3.93, 3.94 and 3.95 eV for the sample 
with bare and surfactant assisted namely PEG, CTAB and 
SHMP assisted  SnO2 NPs, respectively. The Eg of  SnO2 
NPs is found to be higher than the bulk  SnO2 (3.6 eV) and 
their absorption edges showed a blue shift with a decrease 
in particle size and it is shown in Fig. 10b–d. This apparent 
blue shift of the band gap represents the position dependent 
quantum effect of the NPs.

3.6  Photoluminescence

Photoluminescence study is important to investigate the 
structural defects such as oxygen vacancies, impurity and 
charge carrier interaction. Figure 11 depicts the PL spectra 
of both  SnO2 NPs. The PL spectra are recorded at the exci-
tation wavelength at 300 nm. In general, the position and 
the intensity of the PL emissions are found to be strongly 

surfactant dependent due to the nature of the functional 
group in the surfactant head group and also the strength of 
the surfactant–NPs interactions. As seen in Fig. 11, two UV 
and three visible peaks are observed at 327 nm, 386 nm, 
451 nm, 467 nm, and 500 nm, respectively. The emission 
spectra are found to be similar for bare and all surfactant 
assisted  SnO2 NPs, with minor variation. The UV emission 
peak at 386 nm is assigned to the direct recombination of 
electron from conduction band to the holes in valance band. 
The visible emission peaks are observed at 451 nm, 467 nm, 
and 500 nm, and they cannot be assigned to direct recombi-
nation. The recombination is very important in determining 
the defects like oxygen and tin impurities and sometimes it 
is used to estimate the efficiency of charge transfer within 
the material system. Further, the green emission observed 
at 500 nm is attributed to the presence of oxygen vacan-
cies in the synthesized  SnO2 NPs. The photoluminescence 
intensity of SHMP assisted  SnO2 NPs are found to be lower 
than that of bare and other surfactant assisted  SnO2 NPs. 
This specifies as PL restricts electron hole radiative recom-
bination. Due to this it has longer life time of the photogen-
erated carriers. Further, these results will favor the increased 

Fig. 6  a and b TEM images 
of synthesized CTAB assisted 
 SnO2 nanoparticles, c HRTEM 
images of synthesized CTAB 
assisted  SnO2 nanoparticles 
and d SAED pattern of CTAB 
assisted synthesized  SnO2 
nanoparticles
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photocatalytic activity [62]. Therefore, in the present work, 
the SHMP assisted  SnO2 NPs are mainly studied for the 
applications of photocatalytic activity and electrochemical 
performance.

3.7  Evaluation of the photocatalytic activity 
of synthesized bare  SnO2 and surfactant (SHMP) 
assisted  SnO2 NPs

Methyl violet (MV) dye is a water-soluble dye which is used 
in textile industries, paper dyeing, paints, and biomedical 
field. MV may cause severe skin and eye irritation. If MV 
is inhaled the respiratory tract and the gastrointestinal tract 
will be damaged. Hence, dye removal is of enormous value. 
In the present work, methyl violet dye is chosen for evalu-
ating the photocatalytic activity of  SnO2 NPs. Figure 12a 
represents the absorption spectra of an aqueous MV solu-
tion in the absence of catalyst under the sunlight irradiation. 
The experimental data shows the degradation rate of MV is 
about 13% after 120 min, as shown in Fig. 14. The result 
shows that MV in aqueous solution is degraded sparingly 
under sunlight irradiation without the catalyst. The MV has 

a strong absorption peak at 573 nm, and this peak position 
is chosen to monitor the photocatalytic degradation process. 
Figure 12b shows photocatalytic experiments are carried out 
in the presence of bare  SnO2. Figure 12c exhibits SHMP 
assisted  SnO2 catalyst on the photodegradation of MV in 
aqueous solution under sunlight irradiation. The absorption 
band of MV solution at 573 nm indicate a steady increase 
with increase of light irradiation time.The strong absorption 
band completely disappears after 120 min, which indicates 
the complete decomposition of MV from violet to colorless.

The investigations are also performed using SHMP 
assisted  SnO2 as a photocatalyst for the photodegradation of 
MV under the sunlight irradiation. The absorption spectra of 
photocatalytic degradation of MV dye using SHMP assisted 
 SnO2 NPs under direct sunlight is depicted in Fig. 12c. The 
absorption spectra of the dye (MV) show a strong absorp-
tion band around 573 nm. As SHMP assisted  SnO2 NPs are 
added the absorption band is decreased when irradiation 
time is increased. The strong absorption band is disappeared 
within 120 min and the color of the MV solution also faded 
away. This result indicates the complete destruction of the 
MV dye.

Fig. 7  a and b TEM images 
of synthesized SHMP assisted 
 SnO2 nanoparticles, c HRTEM 
images of synthesized SHMP 
assisted  SnO2 nanoparticles and 
d SAED pattern of synthesized 
SHMP assisted  SnO2 nanopar-
ticles
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Fig. 8  The size distribution his-
tograms in  SnO2 nanoparticles a 
Bare, b PEG assisted, c CTAB 
assisted and d SHMP assisted

Fig. 9  UV–Vis diffuses reflectance spectra of synthesized  SnO2 
nanoparticles a Bare, b PEG assisted, c CTAB assisted and d SHMP 
assisted

Fig. 10  Plot of direct band gap energy for synthesized sample a Bare, 
b PEG assisted, c CTAB assisted and d SHMP assisted
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It has been proved that the degradation of MV dye follows 
Pseudo–first order reaction and its kinetics can be deter-
mined by the following expression [63],

where K is the apparent first-order rate constant, C0 is the 
concentration of before degradation of dye and C is the con-
centration of after degradation of dye. Figure 13 depicted 
the plot of ln 

(

C0

C

)

 versus irradiation time (t) for photodeg-
radation of MV dye using synthesized bare  SnO2 NPs and 
SHMP assisted  SnO2 NPs. The plot gives a linear relation-
ship between ln 

(

C0

C

)

 and time. The rate constant was calcu-

lated from the slope of the plot of ln 
(

C0

C

)

 versus time.The 
values of rate constants are found to be 0.01364 min−1 and 
0.01962 min−1 for bare and SHMP assisted  SnO2 NPs, 
respectively. The increased K values suggest the improved 
photocatalytic activity of SHMP assisted  SnO2 NPs. The 
photodegradation percentage of MV dye in the presence of 
bare and SHMP assisted  SnO2 NPs can be calculated from 
the following equation [64].

(6)ln

(

C0

C

)

= Kt

Fig. 11  PL spectra of synthesized  SnO2 nanoparticles a Bare, b PEG 
assisted, c CTAB assisted and d SHMP assisted

Fig. 12  a UV–Vis absorption 
spectra of MV at different times 
in the absence of catalyst, b 
UV–Vis absorption spectra 
of MV at different times in 
the presence of the bare  SnO2 
catalyst, c UV-Vis absorption 
spectra of MV at different times 
in the presence of the SHMP 
assisted  SnO2 catalyst
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where  C0 is the initial concentration of the dye and  C−t is the 
concentration of dye after irradiation in selected time inter-
val. The percentage efficiency for photodegradation of MV 
dye was displayed graphically in Fig. 14. From the graph, it 
is observed that 80% of the dye degraded photochemically 
within 120 min under direct sunlight using  SnO2 NPs and 

(7)X =

[

C0 − Ct

C0

]

× 100

about 90% of MV degraded within 120 min under direct 
sunlight using SHMP assisted  SnO2 NPs. In the presence 
of sunlight from the aqueous solution the MV dye is pho-
todegraded and this indicates that the SHMP assisted  SnO2 
NPs have higher efficiency compare to bare  SnO2 NPs. The 
enhanced photocatalytic activity may be due to the fact that 
SHMP assisted  SnO2 NPs have a greater uniformity in parti-
cle size distribution, lower PL intensity and the inhibition of 
electron–hole recombination. Moreover, the uniform smaller 
size and well dispersed spherical shape of SHMP assisted 
 SnO2 photocatalyst also favors the transfer of both electrons 
and holes generated inside the crystal lattice and facilitates 
the degradation of MV solutions.

3.8  Mechanism of photodegradation of MV using 
synthesised  SnO2 NPs

The detailed mechanism of photocatalysis can be discussed 
as follows: When the surface of  SnO2 NPs is irradiated 
with sunlight,  SnO2 NPs absorb the light photons. As the 
absorbed photon of energy is greater than its band gap 
energy of  SnO2, electrons  (e−) are excited from the valence 
band to the conduction band, electrons-hole pairs are gener-
ated. The formation of holes  (h+) stay in the valence band 
and electron  (e−) stay in the conduction band (Eq. 8). The 
holes  (h+) act as an oxidizing agent, and react with the pol-
lutant directly (or) with hydroxyl groups and water mole-
cules to produce hydroxyl radicals  (OH·), (Eqs. 9, 10). This 
is an extremely strong oxidizing agent for complete decom-
position of MV molecules. The electron  (e−) reacts on the 
oxygen as a reducing agent to produce superoxide radical 
anion (·O2

−) (Eq. 11). The mechanisms for the photocatalytic 
degradation of dye molecules under the sunlight irradiation 
are summarized in (Eqs. 12–14).

The degradation mechanism of MV on  SnO2 nanocatalyst 
is as follows [51].

3.9  Cyclic voltammetry study (CV)

To investigate the electrochemical performance of the 
bare  SnO2 and SHMP assisted  SnO2 electrodes, cyclic 

(8)SnO2 + h� → SnO2

(

e
−

CB
+ h

+

VB

)

(9)h+ + H2O → SnO2 + H+ + OH⋅

(10)h+ + OH−
→ SnO2 + OH⋅

(11)e
− + O2 → SnO2 +

⋅ O−

2

(12)MV + OH⋅

→ degradation products

(13)MV + h+ → Oxidation products

(14)MV + e− → reduction products

Fig. 13  Pseudo-first-order reaction kinetic linear relationship curves 
for different photocatalysts

Fig. 14  Percentage of photocatalytic degradation curves for different 
photocatalysts



13186 Journal of Materials Science: Materials in Electronics (2019) 30:13174–13190

1 3

voltammetry experiment is performed within the potential 
range from -0.4 to 0.4 V at different scan rates of 5, 10, 20 
and 50  mVs−1. In this work, the  SnO2 electrode was per-
formed in 6 M KOH electrolyte.

Figures 15 and 16 depict the CV curve of bare and SHMP 
assisted  SnO2 NPs. The CV curves of these both NPs display 
a quasi-rectangular shape without any obvious redox peaks, 
which indicate the ideal EDLC behavior. With the increase 
in scan rates, CV curves of bare and SHMP assisted NPs 
still maintain the nearly rectangular shapes demonstrating a 
favorable high-rate performance. The scan rate is increased 
from 5 to 50  mVS−1, the shape of the CV curve shows a lit-
tle evaluation which indicate the good kinetic electrochemi-
cal reversibility and it is seen in Figs. 15 and 16. The spe-
cific capacitance of both electrodes (bare  SnO2 and SHMP 
assisted  SnO2) is calculated from the CV curves according 
to the following equation [65].

where Cs is the specific capacitance, Q is the anodic and 
cathodic charges on each scanning, m is the mass of the 
active material (mg) in the electrode and ∆V is the scan 
rate  (mVs−1). Based on the above equation, the bare  SnO2 
electrode exhibit the specific capacitance of 87, 81, 78 and 
71  Fg−1, respectively for different scan rates 5, 10, 20 and 50 
 mVs−1, whereas the SHMP assisted  SnO2 electrode exhibit 
the specific capacitance of 115, 103, 96 and 80  Fg−1, respec-
tively for different scan rates 5, 10, 20 and 50  mVs−1. It is 
obvious that the scan rate from increases 5  mVs−1 to 50 
 mVs−1, the specific capacitance of all the electrode material 
decreases, which is attributed to the diffusion effect. The 

(15)Cs =
Q

ΔVm

specific capacitances is calculated from the CV curve and the 
graph is drawn between capacitance and scan rate (Fig. 17). 
The highest specific capacitance 115  Fg−1 is observed for 
SHMP assisted  SnO2 at 5  mVs−1 scan rate, whereas at the 
same scan rate the bare  SnO2 has a maximum specific capac-
itance of 87  Fg−1, which is lower than that of the SHMP 
assisted  SnO2 electrode. As the scan rate increases from 5 
to 50  mVS−1, the specific capacity of both electrode material 
(bare and SHMP assisted  SnO2) decreases. The reduction 
in the capacity at higher scan rates is assisted to the ion 
exchange mechanism. At the lower scan rates, electrolyte 

Fig. 15  CV curve of bare  SnO2 at different scan rates

Fig. 16  CV curve of SHMP assisted  SnO2 at different scan rates

Fig. 17  Variations of specific capacitances at different scan rates
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ions find sufficient time to intercalate/deintercalate with the 
interior (active sites) of the electrode material, but at higher 
scan rates, the electrolyte ions could intercalate/deintercalate 
mostly on the surface.

3.10  Galvanostatic charge–discharge studies (GCD)

Figures 18 and 19 depict the galvanostatic charge–discharge 
curve of bare and SHMP assisted  SnO2 NPs, at different 
current densities of 0.05, 0.1, 0.2 and 0.3  Ag−1, within the 
potential range between − 0.4 V and 0.4 V. The galvanostatic 
charge–discharge curves are recorded in the potential range 
selected from the CV curve. The specific capacitance (Cs) 
of the electrode can be calculated using the following equa-
tion [65].

where ∆t is the discharge time, i is the discharge current, 
∆V is the potential change during the discharge and m rep-
resents the mass of active material in  SnO2 electrode. The 
specific capacitance values of the  SnO2 electrode obtained 
from the discharge curves are 69, 54, 46 and 26  Fg−1 at the 
current densities of 0.05, 0.1, 0.2 and 0.3  Ag−1, respectively 
(Fig. 20). Further, the specific capacitance values of the 
SHMP assisted  SnO2 electrode obtained from the discharge 
curves are 98, 81, 72 and 65  Fg−1 at the current densities of 
0.05, 0.1, 0.2 and 0.3  Ag−1, respectively. In both electrodes 
(bare and SHMP assisted  SnO2), all the current densities are 
found to be increased but specific capacitance is decreased. 
As the current densities are increased from 0.05 to 0.3  Ag−1, 

(16)Cs =
iΔt

ΔVm

the specific capacitance values are decreased owing to the 
limited movement of electrolyte ions through the electrode 
material. At lower current density, the higher specific capac-
itance of SHMP assisted  SnO2 is obtained which is superior 
than bare  SnO2 electrode. These results indicate the suffi-
cient transfer time for ions between the electrolyte and the 
electrode.

Fig. 18  Galvanostatic charging/discharging curves of bare  SnO2 at 
different current densities

Fig. 19  Galvanostatic charging/discharging curves of SHMP assisted 
 SnO2 at different current densities

Fig. 20  Variations of specific capacitances at different current densi-
ties
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3.11  Electrochemical impedance analysis (EIS)

The EIS is performed to investigate the electrochemical 
behavior of the bare and SHMP assisted  SnO2 electrode 
materials. The impedance of both electrodes are measured 
in the frequency range 100 kHz to 0.1 Hz. Nyquist plots of 
bare  SnO2 and SHMP assisted  SnO2 electrodes are shown in 
Fig. 21a, b. Partial semicircle in the high frequency region 
and a straight line in the low-frequency region is seen in 
the plots. The high frequency arc is related to the charge 
transfer resistance (Rct) between the electroactive material 
and electrolyte interface.At 45° angle with the real axis, the 
Warburg line is obtained at low frequency region and it is 
a result of the frequency dependence of ion diffusion at the 
electrolyte–electrode interface. This line is parallel to the 
imaginary axis indicating an ideal behavior. It represents the 
ion diffusion in the structure of the electrode materials. After 
adding SHMP, the conductivity of the electrode is increased, 
and therefore the radius of the semicircular is decreased, and 
a smaller semicircle means smaller charge transfer resist-
ance. In the low-frequency region, the impedance plot of 
SHMP assisted  SnO2 electrode exhibits a nearly straight 
line of a limiting diffusion process, which is a characteristic 
feature of pure capacitive behavior. The EIS results suggest 
that the capacitive behavior of SHMP assisted  SnO2 is better 
than bare  SnO2.

4  Conclusions

Bare and surfactant assisted  SnO2 NPs were synthesized by 
a facile and cost effective hydrothermal method. The XRD 
and SAED patterns of  SnO2, NPs revealed the tetragonal 
structure. From the TEM and HRSEM it is apparent that 
the bare, PEG, CTAB and SHMP assisted  SnO2 NPs are 
spherical, with an average particle size of 5.3, 4.44, 4.31 and 
3.33 nm respectively. The particle size obtained from the 
TEM images are also in good agreement with XRD pattern. 

The band gap energy of synthesized bare, PEG, CTAB, and 
SHMP assisted  SnO2 NPs are found to be 3.92, 3.93, 3.94 
and 3.95 eV, respectively. The particle size decreased from 
5.3 nm to 3.33 nm. For the SHMP assisted  SnO2 NPs the 
PL spectra reflected the suppression of the recombination 
of the photogenerated carriers. For the photodegradation 
of MV under direct sunlight irradiation from 0 to 120 min, 
the SHMP assisted  SnO2 NPs revealed better photocatalytic 
activity as compared to bare  SnO2. The electrochemical per-
formance of the SHMP assisted  SnO2 electrode reached a 
maximum of specific capacitance up to 115  Fg−1. Hence, it 
is suggested that bare and SHMP assisted  SnO2 are suitable 
as electrode material for supercapacitor applications.
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