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Abstract. SnO2 nanoparticles are synthesized via sol–gel method in the presence of two surfactants isopropyl alcohol
(IPA) and lauryl alcohol (LA). The synthesized nanoparticles are characterized for the microstructural features by X-ray
powder diffraction (XRD) and field-emission scanning electron micrograph. To resolve the presence of defect-related
oxygen vacancies and trapped states, optical studies such as UV–visible absorbance and Raman spectra have been carried
out. The charge transport in the material is analysed by studying the AC electrical conduction. The deposited tetragonal
rutile-phased SnO2 nanoparticles are benefited by morphological modifications along with crystallite size reduction (from
21.5 to 15.1 nm) and an increase in dislocation density on changeover from LA to IPA in the precursor. Also, a
preferential orientation of (112) plane is observed for the LA-assisted sample. The bandgap of the particles prepared via
LA addition is found to be considerably larger (3.71 eV) than that of IPA-assisted sample (3.44 eV). A detailed study of
Raman spectra elucidates the presence of defects. The AC conductivity analysis reveals that the mobility of charge
carriers is higher in LA-assisted sample, which substantiates the findings from microstructural and optical studies.
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Introduction

Tin oxide (SnO2) is a wide bandgap semiconducting
material with free carrier density owing to the oxygen
vacancies (OVs) and the incorporation of excess interstitial
tin [1]. Nanosized SnO2 has been found to be a suitable material for versatile applications, such as gas sensors,
transparent electrodes for solar cells, lithium-ion batteries,
supercapacitors, opto-electronic devices and also in catalysis [2–4]. The optical and electrical properties of SnO2 are
greatly linked to its tetragonal rutile crystallographic
structure.
Number of methods have been proposed for the
preparation of SnO2 nanoparticles with a view to control the
particle size as well to tune its physical properties. These
include hydrothermal method [5], co-precipitation method
[6], sonication [7] and sol–gel method. Among the various
methods, sol–gel method offers a comparatively low-cost
simple technique to synthesize homogeneous nanoparticles
of high purity and crystallinity at a low temperature. It has
additional advantage of lower processing temperature, better homogeneity and controlled stoichiometry and flexibility
of forming dense nanoparticles [8–10]. The extensive
properties and its wide range of applications makes SnO2
nanoparticles a prospective research frontier. In this work,
we try to tune the basic properties including surface

morphology, bandgap, defect states (including OVs),
dielectric properties, etc. of SnO2 nanoparticles via the
introduction of surfactants in the synthesis. Even though
there are a few works related to the application of surfactants in the synthesis of SnO2 nanoparticulate thin films
[11], its application in the synthesis of SnO2 nanoparticles is
relatively an unexplored frontier. Attributing to its larger
surface area, the application of SnO2 nanoparticles supersedes that of thin films and hence we propose a more
simple, efficient and cost-effective method to alter the
fundamental properties of SnO2 nanoparticles by the
introduction of surfactants in the sol–gel process. The
physical and chemical properties of nanomaterials greatly
depend on particle size and can be modulated by the addition of suitable surfactant. It has been reported that the
addition of a suitable surfactant during the preparation of
SnO2 nanoparticles can modulate the available surface
energy of the particles to decrease the surface tension;
thereby, allowing more particles to escape the aggregation
process resulting in reduced mean particle size. Thus, the
surfactant serves as micro-reactors to confine the crystal
growth and it plays an important role in the controlled
preparation of nanoparticles [12]. Further, the surfactant can
introduce some defects in the basic structure, which can
modulate the charge conduction in SnO2 and thus may
enhance its electrical properties [11,13]. In this study, we
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further explore the behaviour of different surfactants,
namely isopropyl alcohol (IPA) and lauryl alcohol (LA),
and thereby opening up a new frontier of research on
choosing surfactants judiciously to manipulate the properties of SnO2 nanoparticles. LA is classified as a surfactant,
which is effective in reducing the surface tension in a liquid,
or between a liquid and a solid. The wetting kinetics for IPA
is different from that of LA and in that sense, it cannot be
addressed as a surfactant, but it is miscible with water, and
the alcohol molecules completely dissolve in the water
enhancing the homogeneity of the precursor. In this report,
SnO2 nanoparticles are synthesized in aqueous solution in
the presence of two different surfactants, IPA and LA, using
sol–gel method. The modification in particle size and
morphology of IPA-assisted sample is compared with LAassisted one. Further, we have also tried to address the
microstructural aspects such as texture, grain features and
boundary barrier that ultimately affect the electrical conduction. Optical and dielectric features of the surfactantmodified SnO2 nanoparticles are also compared.

2.

Experimental

Analytical reagent (AR) grade tin chloride dihydrate
(SnCl22H2O) [Merck, 99.99%], and aqueous ammonia are
used for the synthesis of SnO2 nanoparticles. Initially,
11.28 g of SnCl22H2O is dissolved in 100 ml of double
distilled water in a beaker, to which 50 ml of LA [Merck,
99.99%] is added. The resultant mixture is kept for stirring
in a magnetic stirrer and while stirring, 0.1 molar aqueous
ammonia solution is added in dropwise manner to maintain
a pH of 7. The product is centrifuged and dried in hot air
oven at 600°C for 4 h, which yield LA-assisted SnO2
nanoparticles (named SnO2:LA). To prepare IPA-assisted
SnO2 (named SnO2:IPA), the same procedure is repeated
with 50 ml of IPA [Merck, 99.99%].
Structural analysis for the as-prepared samples is done
with computer-controlled Rigaku Miniflex 600 X-Ray
diffractometer with Cu-Ka radiation (c = 1.5418 Å) as
X-ray source at 40 kV and 15 mA in the scanning angle 2h
from 20° to 80°. UV–visible absorbance spectra of the
samples are recorded by Perkin Elmer Lambda 650 spectrometer in the wavelength range 280 to 800 nm. To
examine the changes in morphology of the prepared samples, field-emission scanning electron microscope (FESEM)
by Carl Zeiss SIGMA HV is taken. For dielectric characterization, the sample is made in to a pellet and AC conductivity of the nanoparticles is studied over a frequency
range of 40 Hz to 1 MHz using a precision impedance
analyzer (Agilent 4294 A) interfaced with the test system.
Raman spectroscopy (WITec TS-150) is employed to
explain the impact of surfactants on surface defects especially OVs and hence the electrical property of the samples.
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Results and discussion

3.1

Structural analysis

Figure 1 shows the XRD spectra of SnO2 particles prepared
with LA and IPA as surfactants. The definite diffraction
peaks and its corresponding Bragg angle clearly suggest the
formation of SnO2 nanoparticles in typical cassiterite
structure. The observed peak positions match with the
standard JCPDS data card 21–1250, adopted from Winchell
and Winchell [14], such that both the samples can be
indexed to the tetragonal rutile phase of SnO2 (space group
P42/mnm). Compared to LA-assisted sample, all prominent
peaks of IPA-assisted sample shows more intensity. Again,
the peaks are well defined showing the improved crystallinity. The inter planar spacing ‘d’ or rather the distance
between adjacent planes in the Miller indices set (hkl) of a
material structure and lattice parameters ‘a’, ‘b’ and ‘c’ are
related by the equation [15]:
1
h2 k 2 l 2
¼
þ þ
d2 a2 b2 c2
For tetragonal system, a = b.
Therefore,
1
h2 þ k2 l2
¼
þ 2
2
d
a2
c

Figure 1.
IPA.

XRD spectra of SnO2 particles prepared with LA and
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The tetragonal unit cell is characterized by the parameters
‘a’ and ‘c’. Similarly, Debye-Scherrer equation (D–S
equation) provides the expression for crystallite sizes as:
bcrystallite ¼

kk
;
D cos h

where k is the wavelength of the X-ray used, h the Bragg
angle, ‘D’ the average crystallite size measured in a direction perpendicular to the specimen and k a constant known
as shape factor [15,16]. The variation in lattice parameters
(‘Da’, ‘Dc’, ‘c/a’) as well as the particle size obtained from
the above mentioned D–S formulae is depicted in table 1. It
is clear from the tabulation that the particle size increases
upon the replacement of IPA with LA as the surfactant.
The dislocation density (d), which represents the number
of defects in the sample, is calculated as given below [17]:
d¼

1
nm2 ;
D2

where D is the particle size estimated from D–S formula.
The calculated values of dislocation density (d) as well as
stacking fault (SF) is given in table 1. It is clear that the
sample prepared using IPA as the surfactant induces more
defect states and displacements in its 3-dimensional
arrangement/stacking.
In order to distinguish the effect of crystallite size- and
strain-induced broadening of full-width at half-maximum of
XRD peaks, the Williamson and Hall (W–H) plot has been
performed and shown in figure 2.
bcosh ¼

kk
þ 4gsinh;
D

where b is full-width at half-maximum, D the particle size
and k the wavelength of light used. The first term on RHS
represents widths due to small crystallite sizes and the
second term represents the effect of lattice strain [18].
Upon plotting b cosh against 4sinh; we get a straight line
with slope g and intercept kk=D (figure 2). The crystallite
size D can be calculated from the Y-intercept using the
appropriate values of k and strain from the slope of the fit.
Particle sizes of 24.2 and 15.99 nm were obtained from
the W–H plots for the samples prepared using LA and IPA
as surfactants, respectively, which matches with the data we
obtained using D–S formula within the error limits.
3.1a Texture coefficient: The drastic variation in the peak
intensity observed for the two samples points towards
preferential growth of certain plains upon the introduction
Table 1.
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of specific surfactants in the synthesis of SnO2 particles,
which can be assessed by studying the texture coefficient.
Texture is the distribution of crystallographic orientations
of a polycrystalline sample. The XRD results are quantified
by defining the texture coefficient TC (hkl). The factor can
be calculated for each orientation using the formula:
I ðhklÞ
I ðhklÞ
;
I ðhklÞ
N I0 ðhklÞ

TCðhklÞ ¼ P0
1
N

where TC(hkl) is the texture coefficient of the (hkl) plane,
I(hkl) is the measured intensity, I0(hkl) is the JCPDS standard
intensity, and N the total number of reflections [19]. Figure 3
elucidates this observation by plotting the TC values. It is clear
that all the prominent planes have a higher TC value for the
sample prepared using IPA as the surfactant with the only
exception coming for the (112) plane. This suggests that the
assistance of LA as surfactant induces the preferential orientation of (112) plane, meanwhile IPA surfactant incorporates a
more uniform growth for all the prominent planes.
3.2

FESEM

To reveal the morphological features of the samples,
FESEM analysis has been performed. Figure 4 shows the
FESEM micrographs of (a) LA-assisted SnO2 and (b) IPAassisted SnO2. In case of the LA-assisted sample, the
morphology reveals rather well-dispersed spherical
nanoparticles, while the FESEM micrograph of IPAassisted sample reveals some aggregation with the particle
size significantly reduced in comparison to the LA-assisted
sample. It is also notable that, for the IPA-assisted sample
the small particles aggregated into larger particles leaving
some pores in between.

3.3

Optical characterization

3.3a UV–visible absorbance spectra: In UV–visible
spectra, measurement and interpretation of absorbed electromagnetic radiation is carried out to give an idea of the
changes in energy states of the interacting chemical species.
Figure 5 depicts the UV–visible spectra of the prepared
samples in the 200–800 wavelength range. It is observed
that both the samples show absorption at lower wavelengths
280–285 nm with gradual decrease in absorbance.

Particle size, cell parameters, stacking fault and dislocation density as evaluated from XRD data.
Particle size (nm)

Sample description
SnO2 ? LA
SnO2 ? IPA

D–S Formula

W–H Plot

Da (Å)

Dc (Å)

c/a

Stacking fault

Cell volume (Å3)

Dislocation density
lines nm–2

21.5
15.1

24.2
15.99

0.0104
0.0102

0.0052
0.0052

0.6729
0.6731

0.0029
0.0038

70.756
71.1301

2.15E15
4.39E15
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Figure 2. W–H plots of (a) SnO2:LA and (b) SnO2:IPA.

the value of the energy bandgap. The estimated value of
bandgap is 3.44 eV for IPA-assisted sample and 3.71 eV for
LA-assisted sample.

Figure 3. Texture coefficients of prominent planes of SnO2:LA
and SnO2:IPA.

Compared to IPA-assisted sample, LA-assisted sample
shows high absorbance. The analysis of this absorption
spectra in the vicinity of the fundamental absorption edge
implies the direct transitions, for which n = 1/2.
Figure 6 represents the Tauc plot of (ahm)2 vs. hm for
SnO2 nanoparticles [20]. The optical energy bandgap of the
sample is determined by extrapolating the straight-line
portion of (aht)2 – (ht) plot to the (ht) axis at a = 0, giving

3.3b Raman spectroscopy: Raman behaviour (Figure 7) of
the SnO2 nanoparticles elucidate the type of defect-related
oxygen vacancies imparted by the surfactants LA and IPA
in SnO2 lattice. Raman mode is sensitively dependent on the
surface disorder [21]. According to group theory, a single
SnO2 crystal with rutile-type structure shows four Raman
active modes, viz., A1g, B1g, B2g and Eg [22].
Out of the three fundamental Raman peaks of rutile
SnO2, the most intense peak occurring at 635 cm–1 (A1g) is
found to be shifted to 622.88 cm–1 in SnO2:IPA, whereas it
appears at 625.14 in SnO2:LA. It has been reported that the
shifting of A1g mode to lower wavenumber indicate a
reduction in nanoparticle size [23]. The shifting of A1g
mode is more in LA-assisted sample compared to IPAassisted one, which substantiates the smaller particle size of
IPA-assisted sample calculated from XRD. Again, the
intensity of A1g mode is higher for LA-assisted sample, we
consider the red shift of A1g mode and its high intensity
must be related to the presence of oxygen vacancies. The
lattice distortion determined from XRD analysis is in
agreement with this argument. The intensity of this band
increases indicating the changes in the morphology. The
mode arises from the B2g mode expected at 778 cm–1 red

Figure 4. FESEM micrographs of (a) SnO2:LA and (b) SnO2:IPA.
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Figure 5. UV–visible absorbance spectra of SnO2:IPA and SnO2:LA.

Figure 6.

Tauc plot of SnO2:IPA and SnO2:LA.

shifts to 761.58 cm–1 in IPA-assisted sample and to
763.84 cm–1 in LA-assisted sample. This is also an
indication of defect-related oxygen vacancies. The intense
and very broad peak in the lower wavenumber region
(97 cm–1 in IPA-assisted sample and 101 cm–1 in LAassisted sample) is attributable to the sub-stoichiometric
phases present in the samples. Here also, the intensity is
more for the LA-assisted sample. The Raman band at
138 cm–1 in IPA-assisted sample and 136 cm–1 in LAassisted sample is attributed to B1g mod of SnO2. Mode B1g
appears quite often with smaller nanoparticles, but is
difficult to locate due to its very low intensity with respect
to the other modes.
Raman active modes observed below 300 cm–1 (at
224 cm–1 in IPA-assisted sample and 209 cm–1 in LAassisted sample) can be attributed to the impurities of the
sub-stoichiometric Sn2O3/Sn3O4 phases [24]. Vibrational
modes in the range of 425–546 cm–1 in IPA-assisted sample
and 420–543 cm–1 in LA-assisted sample are due to the
surface disorder of nanoparticles. Therefore, it can be
inferred that, non-stoichiometry compared to system stress
is more crucial for the appearance of Raman peaks at
comparatively lower wavenumbers in the case of asdeposited samples [25].

3.4

Figure 7.

Raman spectra of SnO2:IPA and SnO2:LA.

Dielectric characterization

The energy states in a polycrystalline material can be
understood from the grains and interfaces between grains
(grain boundaries). Charges may be trapped at grain
boundaries and the conductivity will be affected. The
electron trap states may be induced at grain boundaries and
the amount and inhomogeneity of charge carrier distribution
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may be a crucial factor determining the conduction process.
The energy states are created in the grain boundary structure
because of the smaller grain size in the nanocrystalline
material [26]. In view of this, surfactants can effectively
influence the dielectric properties.
Figure 8 shows the variation of capacitance as a function
of frequency for LA-assisted and IPA-assisted samples at
temperature 300 K. The general trend is a decrease in
capacitance with increase in frequency. For IPA-assisted
sample, the capacitance decreases rapidly with frequency up
to 5 kHz. However, after 5 kHz, it remains almost constant.
The variation of capacitance with frequency is more abrupt
in the case of IPA-assisted sample, whereas in LA-assisted
sample, capacitance decreases rather exponentially up to
3 kHz, thereafter, the value remains more or less steady.
The localized accumulation of charges under the influence
of electric field results in interfacial polarization. The high
value of capacitance at lower frequency can be accounted
by the increase in the space charge region at the electrodes,
which can be correlated with the charge holding capacity of
the energy states. Variation of capacitance with frequency is
attributed to the multi-relaxation time constants of the
energy states. As evident from the figure, the influence of
energy states on capacitance begins to decrease at high
frequencies because of their large relaxation time [27]. The
high value of SF and dislocation density of the IPA-assisted
sample evident from XRD studies support the increased
value of its capacitance at lower frequencies.
Another striking feature is the hump-like feature for
SnO2:LA sample at 10 kHz (4 in the abscissa) frequency.
Here, even though the capacitance Cp is decreasing, its
variation is not as abrupt as the IPA-assisted sample. At low
frequencies, the charge carriers are accumulated at the
interface of grains. The release of charge carriers from the
interfaces results in the decrease of capacitance at high
frequencies. This decrease is more rapid and abrupt in the
case of IPA-assisted sample, while LA-assisted sample

shows rather slow decrease. The charge carriers take more
time to align with the varying electric field and this shows a
decreased ability of the dipoles to align themselves in a
swiftly varying electric field [28]. This feature of LAassisted sample can be attributed to the increase in number
of defect-related OVs and traps of the LA-assisted sample
as evident from the Raman spectra. At frequency above 10
kHz, interfacial polarization becomes negligible so that the
capacitance variation slows down and it reaches a steady
value near 1 MHz (6 in the abscissa).

Figure 8. Frequency dependence of capacitance of SnO2:IPA
and SnO2:LA.

Figure 9. Frequency dependence of AC conductivity of
SnO2:IPA and SnO2:LA.

3.5

AC conductivity

AC conductivity is calculated using the relation
tm
rac ¼ xCP tand  ;
A
where x ¼ 2pf is the angular frequency of the applied
sinusoidal voltage, tm the average thickness of the material
under test, A the electrode’s area in m2 and d the dielectric
loss angle.
Figure 9 shows frequency dependence of AC conductivity of LA- and IPA-assisted nanoparticles. It is observed
that the AC conductivity increases with increase in frequency, indicating the increased mobility of charge carriers
(hopping ions) between different localized states. The
electrons that are involved in hopping are responsible for
electronic polarization in SnO2 [29,30]. It may be inferred
that as the frequency increases, the activation energy
decreases, which may be due to the large lattice vibration at
high frequencies that causes more conduction [31]. Figure 9
depicts the higher conductivity for the sample prepared with
the assistance of LA over IPA. These observations are in
perfect tandem with the Raman spectra, suggesting that the
assistance of LA in the synthesis routine incorporates more
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vacancy-related defect states (OVs) in comparison to IPA
assistance.

4.

Conclusion

This study focuses on the effect of surfactants, namely IPA
and LA in the structural, optical, dielectric and AC conductivity of SnO2 nanoparticles synthesized via sol–gel
route. It is observed that particle size decreases along with
an increase in dislocation density and SF upon the
replacement of LA with IPA as the surfactant. Similarly, the
evaluation of TC value pinpoints that the application of LA
as surfactant induces the preferential orientation of (112)
plane, meanwhile IPA surfactant incorporates a more uniform growth for all the prominent planes. The surface
morphology from FESEM images reveals rather welldispersed spherical nanoparticles for the LA-assisted sample, while for the IPA-assisted sample, aggregation with the
particle size significantly reduced. Utilization of alternate
surfactants also induces drastic variation in the bandgap as
observed from UV–visible spectra, with widening of the
bandgap from 3.44 to 3.71 eV upon the replacement of IPA
with LA. Raman spectra substantiates the XRD and UV
observations of large lattice deformations for the LAassisted sample, with this analysis inferring towards the
possibility of incorporation of OVs. Dielectric characterization depicts a larger capacitance for LA-assisted sample
at low frequencies with increase in frequency, capacitance
decreases and this trend occurring at a more abrupt scale for
the sample prepared using IPA. The AC conductivity
analysis further strengthens the presence of greater
vacancy-related defect states for the LA-assisted sample.
Gas sensing (LPG, CO2, methane vapors, CO gases) is
one of the most important applications of SnO2 nanoparticles and this functionality is significantly dependent on the
presence of defects in the form of oxygen vacancies. In our
study, we have demonstrated that the SnO2 nanoparticles
synthesized via LA assistance induces more OVs, which in
turn could improve the existing upper limits in efficient gas
sensing. Besides gas sensing, SnO2 nanoparticles are also
used in solar cells, heat mirrors, catalysis applications
due to its high optical transparency, electrical conductivity and chemical sensitivity. They are also used as lowemissivity coatings for glass windows. In this study, we
also put forward a simpler technique to manipulate the
bandgap of the prepared SnO2 nanoparticles by judiciously choosing between IPA and LA surfactants in the
synthesis process.
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