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Abstract
The effect of hydrothermal reaction time on the structural, optical, and catalytic properties was investigated for the tin oxide 
 (SnO2) nanoparticles synthesized by employing a surfactant-free hydrothermal process. The formation of pure  SnO2 nano-
particles having tetragonal rutile structures was confirmed from the structural analysis using X-ray diffraction. The existence 
of direct relation between crystallinity and hydrothermal reaction time was evidenced from the observed higher crystallinity 
and larger crystalline size for the nanoparticles synthesized at longer hydrothermal reaction time. The morphological investi-
gation using SEM analysis showed nanoparticles with nearly spherical shaped morphology with agglomeration. The optical 
analysis using UV–visible absorption spectra indicated slight blue shift in optical band gap energy values. Reduction in the 
intensity of visible emission PL band for the sample synthesized at longer hydrothermal reaction time further confirmed the 
formation of higher crystalline samples.  H2O2-assisted catalytic degradation of crystal violet dye carried out under ambi-
ent conditions showed a maximum degradation efficiency for the sample synthesized at longer hydrothermal reaction time.
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1 Introduction

Crystal violet dye was used as a model pollutant to study 
the catalytic degradation efficiency of metal oxides since it 
is mutagenic, unsafe, and carcinogenic in nature. A mini-
mum concentration of < 1 ppm can have adverse effect on 
photosynthesis. Even inhalation of crystal violet dye can 
cause painful sensitization and horrible irritation due to its 
triphenylmethane structure. Although crystal violet dye is 
toxic to human health, plants, and aquatic life, it is produced 
and consumed in various fields including textile industry, 
biological staining, and dermatological agent in veterinary 
medicine. Hence, there is an emerging need to treat it prop-
erly before discharging it into the environment. Numerous 

techniques are available for removing the organic pollutants 
in aqueous medium including precipitation, electrochemical, 
coagulation and flocculation, and adsorption [1, 2]. Since 
these methods are quite expensive and produce secondary 
pollutants, advanced oxidation processes (AOP) act as a 
suitable alternative technique for the degradation of organic 
dyes from waste water. AOP offers efficient results due to 
the powerful generation of hydroxyl radical with low cost 
and environmental benignity. Various iron free catalysts such 
as copper oxide, manganese oxide, magnesium oxide, zinc 
oxide, and graphene oxide–based materials were used to 
activate  H2O2 into reactive oxygen radicals for the degrada-
tion of organic pollutants [3–8].

Extensive research reports were available on degradation 
of toxic dyes by semiconductor metal oxide nanoparticles 
or composites using advanced oxidation processes. Among 
them,  SnO2 nanoparticles are found to be very promising 
due to their unique properties such as high surface reac-
tivity, presence of more active sites, and high absorption 
power of light radiation [9]. It is well known that the reaction 
parameters such as reaction time, temperature, pH of the 
solution, pressure, solvent, and the addition of surfactant/
capping agent have shown strong influence on the structural, 
optical, and chemical properties of the nanoparticles. Zhang 
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et al. have reported the formation of spherical and flower like 
nanoparticles on varying the hydrothermal reaction time and 
flower-like nanoparticles exhibited excellent sensing perfor-
mance towards the ethanol gas [10]. Liu et al. proposed the 
optimized synthesis conditions such as reaction time and 
temperature during the hydrothermal process to produce 
urchin like  SnO2 nanocatalysts and reported the exhibition 
of significant improvement in electrochemical reduction of 
 CO2 by the synthesized nanocatalysts [11]. The influence 
of hydrothermal reaction time on the surface morphology 
of the  SnO2 nanostructures was investigated by Arote et al. 
[12]. It was reported that the reaction time significantly 
influenced the morphology with the formation of nanoflow-
ers with self-assembled  SnO2 nanopetals showing enhanced 
photovoltaic performance. Thus, it was expected that hydro-
thermal reaction time will greatly influence the structural, 
optical, and catalytic properties of  SnO2 nanostructures. In 
the present work, we have studied the effect of hydrothermal 
reaction time on the structural, morphological, optical, and 
catalytic dye degradation properties of  SnO2 nanoparticles. 
The fast recombination rate of electron–hole pairs in most 
of the catalytic nanomaterials retards the efficiency of dye 
degradation, and it has been shown that  H2O2-assisted cata-
lytic degradation process can reduce the electron–hole pair 
recombination rate for enhanced catalytic efficiency [13]. 
Hence, we have adopted  H2O2-assisted catalytic degradation 
process to investigate the degradation efficiency of synthe-
sized  SnO2 nanoparticles towards crystal violet dye.

2  Experimental Procedures

2.1  Materials

For the synthesis of  SnO2 nanoparticles, the following chem-
icals, tin (IV) chloride pentahydrate  (SnCl4

.5H2O), sodium 
hydroxide (NaOH), and methanol  (CH3OH), were used. All 
the chemicals were used as received without any further 
purification. Double distilled water was used as a solvent.

2.2  Synthesis of  SnO2 Nanoparticles

An aqueous solution of tin chloride was obtained by dissolv-
ing 7.012 g  SnCl4.5H2O in 50 ml of double-distilled water. In 
order to adjust the pH value close to 10, NaOH solution was 
added drop-wise into the above solution under continuous 
stirring. The solution was stirred for about 30 min at room 
temperature after the solution became milky white in color. 
The milky white suspension was then transferred into a Tef-
lon lined stainless steel autoclave and subjected to hydro-
thermal process at 150 °C for different reaction times 6 h, 
12 h, and 18 h. After the completion of reaction, the auto-
clave cooled naturally and reached the room temperature. 

The resultant precipitate was obtained by centrifuging and 
washing several times with distilled water and methanol to 
remove the unreacted impurities. The final products were 
dried at 80 °C for 12 h and calcined at 600 °C for 3 h. The 
reaction mechanism for the synthesis of  SnO2 nanoparticles 
is explained based on the following reactions [14]

When tin chloride reacts with NaOH, the  Cl− ions sur-
rounding the Sn atoms will be replaced by  OH− ions to form 
tin (IV) hydroxide and NaCl. The produced NaCl will be 
removed after several washing. Finally, the  SnO2 nanopar-
ticles can be obtained after the annealing process.

2.3  Characterization Techniques

The X-ray diffraction measurements were carried out 
using XPERT PRO diffractometer with CuKα radiation 
(� = 1.54A◦) . The optical properties such as optical absorb-
ance and photoluminescence were studied using UV–visible 
absorption spectrometer (JASCO UV V-770) and photolumi-
nescence spectrometer (JASCO FP-8300) with an excitation 
wavelength of 250 nm and Xenon lamp as the light source, 
respectively. The surface morphology of the nanoparticles 
was analyzed using a scanning electron microscope (VEGA3 
TESCAN). Degradation efficiency of the synthesized  SnO2 
nanoparticles was investigated by observing the degrada-
tion of crystal violet dye in the presence of  H2O2 at room 
temperature under normal light conditions, and the measure-
ments were carried out using a UV–visible spectrophotom-
eter (SCHIMADZU UV-1800).

3  Results and Discussion

3.1  X‑Ray Diffraction Analysis

X-ray diffraction patterns of  SnO2 nanoparticles synthe-
sized at different reaction times were shown in Fig. 1. The 
peaks observed at 26.56°, 33.92°, 37.82°, 51.79°, 54.84°, 
57.98°, 61.86°, 65.33°, 71.26°, and 78.85° correspond to 
diffraction peaks obtained from the crystalline planes (110), 
(101), (200), (211), (220), (002), (310), (301), (202), and 
(321) respectively. These results were in accordance with 
the standard JCPDS data no. 41-1445 and confirmed the 
formation of tetragonal crystal system with P42/mnm space 
group. Any other peaks related to the impurity or second-
ary phases were not observed in the spectra. On observing 
these XRD patterns, it has been noted that the intensity of 
the peak increases with increase in reaction time and the 

(1)SnC14.5H2O + 4NaOH → Sn(OH)4 + 4NaCl + 5H2O

(2)Sn(OH)4(600
◦C for 3◦h) → SnO2 + 2H2O
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sample synthesized at 18 h showed sharp and intense peaks 
indicating good crystalline nature. A similar observation 
of increasing intensity with increase in duration of hydro-
thermal reaction was reported earlier by Akhir et al. for tin 
oxide nanostructures [15]. The average crystallite size of 
the nanoparticles was calculated from Debye–Scherrer’s 
formula, whereas the dislocation density and micro-strain 
values were obtained from the Williamson and Small man’s 
formula. The calculated values of crystalline size, disloca-
tion density, and micro-strain were given in Table 1. The 
minimum dislocation density and micro-strain values were 
obtained for the  SnO2 nanoparticles synthesized at a longer 
hydrothermal reaction time of 18 h. The values listed in 
the Table 1 clearly indicate increase of crystallinity of the 
samples with the increase of hydrothermal reaction time. 
During longer hydrothermal reaction time, the particles will 
have increased contact time with each other favoring greater 
coalescence and also have sufficient time to control the 
nanocrystal growth. Thus, the observed results confirmed 
the evidence of direct relation between the crystallinity and 
the duration of hydrothermal reaction.

3.2  Surface Morphology

The surface morphology of the nanoparticles synthesized at 
different hydrothermal reaction times (12 and 18 h) analyzed 
using SEM micrographs were shown in Fig. 2a, b. The SEM 
micrograph (Fig. 2b) obtained for the nanoparticles synthe-
sized at longer hydrothermal reaction time clearly indicated 
the formation of nearly spherical shaped nanoparticles with 
agglomeration of particles. At longer reaction time (18 h), 
the particles were uniform and larger in size when compared 
to the shorter reaction time (12 h). At shorter duration, the 
agglomeration of particles tends to be more.

3.3  UV‑Visible Absorption Spectroscopy

The UV–visible absorption spectra of  SnO2 nanoparticles 
recorded in the range 200–800 nm were shown in Fig. 3. It 
was found that the synthesized nanoparticles absorb mainly 
in the UV region due to the wide band gap of  SnO2. Similar 
absorption spectra were observed for the  SnO2 nanomateri-
als synthesized via sol–gel method [16] and also using elec-
trochemically active biofilm [17]. The absorption band edges 
were found to have slight red shift with increasing reaction 
time resulting in the decrease of band gap energy values. 
The band gap energy of the synthesized nanoparticles can 
be calculated by using Tauc-Lorentz relation [18]

where α is the absorption coefficient and hѵ is the photon 
energy and n is a constant which depends on the nature 
of electronic transitions.  SnO2 is a direct band gap mate-
rial; hence, we have chosen n = 1/2. The band gap can be 
obtained by extrapolating the linear portion of (αhѵ)2 on 
energy axis (hѵ) shown in the inset of Fig. 3. In general, the 
band gap of nanoparticle depends largely on crystal size, 
morphology, and specific surface area [19]. The band gap 
values of  SnO2 nanoparticles synthesized at different reac-
tion time were found to be 2.85 eV (6 h), 2.76 eV (12 h), 
and 2.69 eV (18 h). The blue shift in band gap energy values 
observed with the increase in reaction time may be due to 
increase in crystallinity. Improvement in crystalline quality 
ultimately leads to decrease of defects present in the  SnO2 
nanoparticles. It is prominent that the defects present in 
 SnO2 nanoparticles can form Fermi level inside the conduc-
tion band and leads to the increase in band gap. Hence, the 
observed decrease in band gap energy indicates the reduction 
of defects present inside the  SnO2 lattice [20]. This result 
was further confirmed from the crystalline size, dislocation 
density, and micro-strain values calculated from the XRD  
analysis.

(3)(�hv) = B
(

hv − Eg

)n

Fig. 1  XRD patterns of  SnO2 nanoparticles synthesized at different 
hydrothermal reaction times

Table 1  Structural parameters of  SnO2 nanoparticles calculated from 
the XRD patterns

Reaction dura-
tion (h)

Crystalline size 
(nm)

Dislocation density 
(lines/m2)

Micro-strain

6 4.47 0.050 0.7123
12 4.68 0.045 0.4486
18 5.85 0.029 0.3575
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3.4  Photoluminescence Spectroscopy

The room temperature photoluminescence spectra recorded in 
the range between 270 and 700 nm with an excitation wave-
length of 250 nm were depicted in Fig. 4. A sharp UV emis-
sion peak at ~ 291 nm and broad emission band in the visible 
region was observed. The UV emission was attributed due to 
near band edge emission, whereas the broad visible emission 
peak was due to transition of electrons from defect states such 
as oxygen vacancies present in the material [21]. The emission 
peak obtained at ~ 291 nm showed a red shift on increasing 
reaction time. This shift in peak position can be related to the 
variation in size of the particles. The reduction in intensity of 
visible emission peak indicates the presence of fewer defects 
which is consistent with the results obtained from X-ray analysis 
and UV–visible absorption spectra. The observed minimum PL 
intensity for the sample synthesized under longer reaction time 
indicates that the electron hole pair recombination rate was slow 
which could be more favorable for the dye degradation process.

3.5  Catalytic Dye Degradation

The catalytic degradation of crystal violet dye was carried out for 
the  SnO2 nanoparticles using  H2O2-assisted advanced oxidation 
process. The dye degradation experiment was performed under 
normal daylight conditions without the aid of any focused light 
sources to initiate the reaction. Initially, a dye solution was pre-
pared for the required ppm, and then, the specific dose of catalyst 

Fig. 2  SEM micrographs of 
 SnO2 nanoparticles synthesized 
at different hydrothermal reac-
tion times (a) 12 h and (b) 18 h

Fig. 3  UV–visible absorption spectra and Tauc’s plot of  SnO2 nano-
particles synthesized at different hydrothermal reaction times

Fig. 4  PL spectra of  SnO2 nanoparticles synthesized at different 
hydrothermal reaction times
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material (20 mg) was added to the dye solution and stirred con-
tinuously at room temperature. An appropriate amount of  H2O2 
(0.5 ml) is added to the dye solution under continuous stirring to 
initiate the catalytic reaction. At regular intervals of time, 4 ml 
of the solution is taken to determine the concentration of the dye 
solution using a UV–visible spectrophotometer.

Figure 5a-c shows the UV–visible absorption spectra of 
crystal violet dye solution at regular intervals during the 
catalytic degradation using  SnO2 nanoparticles synthesized 
under different reaction time 6, 12, and 18 h, respectively. 
It is found that the characteristic absorption band of crys-
tal violet dye at 590 nm gradually decreased with increas-
ing time with a change in color of the dye, indicating the 
chromophoric decomposition of the dye. The degradation 
time decreases on increasing the hydrothermal reaction 
time and the dye solution became colourless within 10 min 
for sample synthesized at 18 h hydrothermal reaction. 
This can be attributed due to the retardation of electron  

hole recombination rate, and the same was evidenced 
from photoluminescence spectra. The possible degrada-
tion mechanism can be simply explained by a Fenton-like 
catalytic process. When the catalyst material is added to 
the dye solution, the catalyst material will be adsorbed on 
the organic dye molecules. When  H2O2 is added into the 
crystal violet dye solution, hydroxyl radicals  (OH–) will 
be formed due to the catalytic reaction of  SnO2 nanoparti-
cles at the liquid–solid interface. The generated OH radi-
cals degrade the dye solution, resulting in oxidation, and 
the degradation reaction will take place until the  H2O2 is 
exhausted. A similar Fenton-like catalytic process has been 
reported for the degradation of Rhodamine B using free 
standing and flexible Cu@CuO nanowires [3]. The degra-
dation efficiency is calculated by using the relation.

Degradation Efficiency =

[

1 −
A

AO

]

× 100

Fig. 5  Degradation of crystal violet dye using  SnO2 nanoparticles synthesized at different hydrothermal reaction times (a) 6 h, (b) 12 h, and (c) 
18 h, and (d) dye degradation efficiency
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where A0 is the initial absorbance of the dye solution and 
A is the absorbance of the dye solution after catalytic deg-
radation at regular intervals of time. The degradation effi-
ciency of the  SnO2 nanoparticle catalyst with time for dif-
ferent hydrothermal reaction time was shown in Fig. 5d. A 
maximum degradation efficiency of 100% was observed for 
the  SnO2 nanoparticles synthesized at longer hydrothermal 
reaction time.

4  Conclusion

In summary, we have studied the effect of varying the duration 
of hydrothermal reaction on synthesis of  SnO2 nanoparticles 
without using any surfactant. XRD patterns confirmed the for-
mation of tetragonal rutile structure with high crystalline qual-
ity for the  SnO2 nanoparticles synthesized at 18 h. SEM micro-
graphs indicated that the size of the nanoparticles increased 
with increase in hydrothermal reaction time and seems to be 
uniform at longer reaction time. The formation of defect-less 
nanoparticles was confirmed from the XRD, UV, and PL analy-
ses for the sample synthesized at longer hydrothermal reaction 
time. The nanoparticles synthesized at 18 h showed complete 
degradation of crystal violet dye for minimum dosage of cata-
lyst (20 mg) in 10 min under normal light conditions.
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