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Abstract Tin dioxide nanoparticles were synthesized by
the proteic sol-gel method. Tin chloride (SnCl, 5H,0) was
used as source of Sny, and commercial gelatin as organic
precursor. Several calcination temperatures were employed.
Thermogravimetric analysis and differential scanning
calorimetry were performed to investigate the thermal
behavior of the precursor powders as well as to select the
appropriate calcination temperatures for oxide formation.
Structural, morphological, and optical properties of the
synthesized materials were studied by X-ray diffraction,
transmission electron microscopy, Fourier transformed
infrared spectroscopy, and ultraviolet—visible spectroscopy.
The results confirmed the formation of spherical nano-
particles of rutile SnO, with an optical absorption band in
the ultraviolet region near the visible light range. Thermally
treated samples showed improved crystallinity and superior
transparency to visible light. These SnO, nanoparticles were
successfully employed as photoanode material in dye-
sensitized solar cells. The performance of the cells was
evaluated by measuring J X V curves in a solar simulator
and was found to be in line with results in the literature.
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1 Introduction

Tin dioxide (SnO,) is a typical wide band gap n-type
semiconductor with direct band gap of about 3.6 eV at room
temperature. It is one of the most widely used semi-
conductor oxide due to its chemical and mechanical stability
[1] and excellent optical and electrical properties [2, 3]. It
has a rutile-type tetragonal crystal structure with a P4,/mnm
space group [4, 5]. Its unit cell consists of two Sn*" and
four O®~ ions with each tin cation coordinated by six
oxygen anions in the corners of a regular octahedron. Each
oxygen anion is surrounded by three Sn*' ions which
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Fig. 1 Schematic representation
of nanoparticles synthesis and
DSSC building
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approximate the corners of an equilateral triangle [5]. Tin
oxide has many technological applications such as in solar
cells [6-8], photocatalytical activity [9], gas sensors of toxic
materials [10, 11], liquid crystal displays and anodes for
lithium ion batteries [12].

The synthesis of SnO, nanoparticles has been carried out
by different methods such as solid-state reaction methods
[13], chemical precipitation [14, 15], and conventional
sol—-gel [16, 17], among others. Sol-gel methods present
several advantages over other methods such as a potential to
produce high purity compounds with homogeneity at the
atomic scale, as well as a significant reduction of required
processing times and temperatures.

The proteic sol—gel [18] method used in this work is a
variation of the conventional method that employs edible
gelatin or coconut water as organic precursor for oxide
formation. This method has been successfully employed in
the synthesis of nanometric semiconducting materials with
potential use in various technological applications [19-21].
As it uses low cost reagents like metal nitrates and chlor-
ides, this method is relatively simple and cost efficient.

The synthesis by the proteic sol-gel method consists of
four stages: dissociation of metal ions from precursor salts,
formation of metal-gelatin chelates, drying, and calcination.
In the first stage metal ions are dissociated from the pre-
cursor salts in distilled water. The solution with dissociated
ions is put in contact with the gelatin to form metal chelates
where metal ions join the functional groups (amino acids) of
the gelatin. The drying stage is employed to remove water
and form a puffy polymeric substance. Finally, calcination
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is performed to remove organic matter with formation of the
desired compound. When calcination is done in open air,
oxides of the metallic ions are formed. Calcination tem-
peratures are generally just low enough to evaporate the
organic matter without affecting the outcome of the
reaction.

This work presents structural, morphological, and optical
characterization of SnO, nanoparticles produced by the
proteic sol-gel method. The material was applied as pho-
toanode in dye-sensitized solar cells (DSSC) to demonstrate
its technological viability.

2 Experimental procedure

The entire process of nanoparticles synthesis and DSSC
building is schematically represented in Fig. 1 and descri-
bed below.

2.1 Nanoparticles synthesis and characterization

Samples of nanoparticulated SnO, were prepared by the
proteic sol-gel method [18]. SnCl, - SH,O was employed as
source of Sn*" jons and commercial gelatin as organic
precursor. In a typical procedure, two separate solutions
were produced by dissolving 10 g of SnCl4-5H,0 and 5 g of
commercial gelatin in 10 and 20 mL, respectively, of dis-
tilled water, and stirred for 60 min in room temperature.
Both solutions were added together under continuous stir-
ring at temperature of 40°C for 10h to promote
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polyesterification. This mixture was then dried at 150 °C in
air during 24 h to remove volatile components, resulting in a
black solid puffy mass, referred to in this text as the pre-
cursor powder.

The precursor powder was calcined at 350 and 400 °C (at
a heating rate of 5°C/min) in air atmosphere for 4h,
resulting in the SnO, nanoparticles. The sample calcined at
400 °C was submitted to a thermal treatment at 600 °C in air
atmosphere for 2h in order to eliminate residual organic
matter. These samples are referred to throughout this paper
as 350, 400, and 400-TT600, respectively.

Thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) were performed using a
NETZSCH STA 449F3 Jupiter thermal analysis equipment.
Measurements were performed under air atmosphere with
heating hate of 5 °C/min.

X-ray diffraction (XRD) patterns were collected at room
temperature using a Rigakn DMAXB diffractometer oper-
ating with a Ka-Cu source (1 =1.54 A) at 40kV and 30
mA. The pattens were Rietveld refined [22, 23] using the
program GSAS [24] and based in the SnO, standard crystal
structure cataloged by the Inorganic Crystal Structure
Database under number 39173 (ICSD-39173).

Transmission electron microscopy (TEM) were per-
formed using a 200kV JEM 2011 microscope. Fourier
transformed infrared (FTIR) absorption spectra were col-
lected at room temperature in transmission mode using a
Bruker Vertex 70 spectrometer. Ultraviolet—visible
(UV-Vis) spectroscopy was carried out at room temperature
using a UV 2600 Shimadzu spectrophotometer coupled to
an integrating sphere ISR 2600 Plus. Scanning electron
microscopy (SEM) of photoanode films was performed in
air under ambient conditions using a Quanta FEG 450
microscope.

2.2 Solar cells construction and characterization

400-TT600 nanoparticles were used as photoanode in the
production of DSSC. An amount of 250 mg of SnO,
nanoparticles were dispersed in a mixture of ethanol (0.5
mL), Triton-X-100 (two drops), acetic acid (0.02 mL) and
isopropanol (0.25mL). The solution was placed in an
ultrasonic bath for 1 h, and subsequently kept under stirring
at room temperature for 24h. A SnO, photoanode was
prepared using the spin coating method with the prepared
semiconductor solution applied on a FTO substrate. The
photoanode was then sintered at 450 °C for 30 min. The
SnO, electrodes prepared as described above were dipped
into a solution of N719 dye in acetonitril for 24 h at room
temperature and then rinsed with ethanol and dried under a
nitrogen gas flow. The dye-adsorbed SnO, electrode and Pt-
counter electrode were assembled into a sandwich-type cell
and sealed with a hot-melt film. The electrolyte (Iodolyte
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Fig. 2 TGA/DSC curves of a precursor powder, b sample 400 and ¢
sample 400-TT600

AN-50) was inserted through a hole that was sealed using
the hot-melt film.

Solar simulations were performed using a Steuernagel
Solarkonstant KHS1200 solar simulator under simulated
AM 1.5 solar illumination at 100 mW/cm?. J x V curves
were measured using a Keithley 2601 multimeter.

3 Results and discussion

Thermal analysis was performed in order to study the
thermal decomposition of the materials and to select the
appropriate temperatures of oxide formation and thermal
treatment. Figure 2 shows TGA/DSC curves obtained from
the precursor powder and SnO, samples calcined at 400 °C
before and after thermal treatment.

The thermal behavior of the precursor powder may be
divided into three main stages as indicated in Fig. 2a. The
first one occurs in the 200-300°C range and can be
attributed to the thermal degradation of gelatin chains. This
reaction is characterized by an endothermic peak at about
250 °C in the DSC scan and is responsible for the loss of
about 40% of the sample mass. The second stage occurs
between 300450 °C where the sharp DSC exothermic peak
at about 370 °C is attributed to the formation of SnO, [10,
25]. Some organic matter is decomposed in this stage as the
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Fig. 3 X-ray diffraction patterns of SnO, samples 350, 400, and
400-TT600. Dots and solid lines are the experimental data and best fit
respectively. Bars represent the ICSD-39173 standard pattern. Insert:
Williamson—Hall curves

TGA curve shows an approximate loss of 20% of mass. The
third and last stage takes place in the temperature range of
450-700 °C. The exothermic peak around 580 °C is due to
carbonate decomposition releasing carbonyl groups [25-
27]. Another 20% of mass is lost in this stage adding up to a
total of 80% of mass loss in the entire process.

These results suggest that SnO, formation occurs at
temperatures between 350 and 400 °C. The thermal analysis
of a sample calcined at 400 °C for 4 h is showed in Fig. 2b.
A single thermal event, responsible for a 15% moss loss, is
observed in the 450-600 °C range. The broad exothermic
peak at around 515 °C is attributed to the formation and
evaporation of CO, [25-27]. This result indicates that the
calcination process did not eliminate the organic matter
entirely. This sample was then treated at 600 °C for 2 h and
its thermal behavior is shown in Fig. 2c. The DSC shows no
endo or exothermic processes and the TGA shows no mass
loss, confirming that all organic matter has been eliminated
by the thermal treatment.

Figure 3 shows XRD patterns of SnO, samples. All
diffractograms show peaks that match the ICSD-39173
reference pattern relative to the tetragonal crystal structure
of SnO, (bars in the figure). No other crystalline phase was
found.

The patterns were Rietveld refined and the best fits are
shown as solid red lines. Williamson—Hall curves [28] are
shown in the inset of Fig. 3. Table 1 shows lattice para-
meter, unit cell volume, and crystallite average size as
calculated by the Scherrer formula (Dg) and corrected by the
Williamson—Hall method (Dwy) after compensating for
residual microstrain (¢). Lattice parameters (and unit cell
volume) values are virtually the same for all samples. All

Table 1 Lattice parameters, unit cell volume, average crystallite size,
and microstrain of SnO, samples 350, 400, and 400-TT600

Sample a=b(A) ¢(A) Volume Ds(m) Dwy ¢ (%)
A% (nm)

350 4.740 3.185 71.55 8.1 8.2 0.01

400 4.738 3.185 71.52 11.0 11.0  —0.01

400-TT600 4.743 3.189 71.75 20.6 203  —0.04

samples showed crystallite size in the nanometer range
(8-20 nm) with negligible levels of microstrain. The ther-
mal treatment led to an increase of particle size from 11
(sample 400) to about 20 nm (sample 400-TT600). Sample
homogeneity improved with thermal treatment as the
Williamson—Hall curve of the 400-TT600 sample is more
akin to a straight line.

Figure 4 shows TEM images (two different magnifica-
tions) of a SnO, sample calcined at 350 °C. It can be seen
that SnO, nanoparticles have an approximate spherical
morphology with an average diameter between 5 and 10
nm, in agreement with the sizes obtained from the XRD
data.

A zoomed-in image of a nanoparticle is shown on the
inset of Fig. 4a. The selected area of electron diffraction
pattern of the sample is shown on the inset of Fig. 4b. The
interplanar distance shown in Fig. 4a was estimated as
approximately 0.33 +0.02 nm, which corresponds to the
{110} diffraction planes of the rutile-type structure. It is
worth mentioning that these diffraction planes are com-
monly found in nanosized SnO, systems. These values are
in agreement with those reported in the literature [9, 29]

FTIR spectra of the precursor powder and SnO, nano-
particles are shown in Fig. 5. The precursor powder spec-
trum exhibits absorption bands in a wide range attributed to
gelatin. The absorption peak at 890 cm™' is assigned to
C-H bending modes in alkene groups [30]. The peaks at
1405 and 1478 cm™' are attributed to C-O and N-H
vibration bands, respectively [30-32]. The broad absorption
region in the range 1360-1760 cm ™', centered at 1572 cm ™",
is assigned to overlapping vibration modes of carboxylic,
alkene and amine groups (C=0, C=C and N—H) present in
gelatin [30-32, 34]. The peak appearing at around 1105
cm ™' is attributed to the vibration of the hydroxyl-tin
(Sn—OH) bond [2, 33]. The broad absorption bands centered
at 1740 and 3160cm™' are attributed, respectively, to
bending and stretching vibrations of hydroxyl groups of
water molecules.

FTIR spectra of SnO, nanoparticles show intense
absorption bands at a lower wave number range of 465-610
cm ™' characteristics of Sn—O stretching modes expected for
crystalline SnO, [34-37]. The spectrum for the
400-TT600 sample presents narrower band widths and
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1/nm

Fig. 4 TEM images (two different magnifications) of SnO, nanoparticles calcined at 350 °C. Inset: a zoomed-in image of a nanoparticle and

corresponding selected area electron diffraction (SAED) pattern

larger intensities attributed to the improvement in crystal-
linity due to the removal of residual organic matter.

Samples 350 and 400 spectra present a region of over-
lapped broadened bands between 800 and 1750 cm™'
resulting from vibrations of functional groups present in the
gelatin still remaining after calcination. These bands are
absent from the spectrum of the 400-TT600 sample pro-
viding further confirmation that all residual organic matter
has been eliminated by the thermal treatment. The 1740 and
3160 cm ™' bands attributed to water molecules are absent
from all calcined samples spectra.

UV-Vis absorbance spectra of SnO, samples are shown
in Fig. 6. The curves display an absorption band in the
ultraviolet region near the visible light range. The samples
350 and 400 are translucent and exhibit a dark color due to
the presence of residual organic material from the synthesis.
As expected, the sample 400-TT600 showed superior
transparency to visible light due to the absence of organic
matter.

As the absorbance spectra of these nanoparticles do not
show very sharp absorption edges, the point of inflection
obtained from the maximum of the first derivative can be
considered to represent the absorption edge [38]. Therefore,
energy band gaps were estimated by taking the maximum of
the first derivative of each absorbance spectrum (shown in
the inset of Fig. 6). The band gap of samples 350 and 400
was estimated as 3.92eV and of sample 400-TT600 as
3.85eV. This slight narrowing of the band gap is due to
improved crystallinity and increased crystallite size of
400-TT600 nanoparticles.

High transmittance in the visible and large electron
mobility are two characteristics of a material that makes it

@ Springer
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Fig. 5 FTIR spectra of the precursor powder and SnO, samples 350,
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suitable to be used as photoanode in DSSCs. The results
showed that the 400-TT600 nanoparticles have better
crystallinity and are free of residual organic matter and thus
are expected to have improved electron mobility when
compared to the 350 and 400 nanoparticles. Moreover,
UV-Vis results showed superior transparency of
400-TT600 nanoparticles in the visible region of the elec-
tromagnetic spectrum. Therefore, the 400-TT600 nano-
particles were chosen to be used as photoanode in the
construction of DSSCs.

Figure 7 shows SEM images of a SnO, photoanode film
after the dye-loading. Upon deposition, nanoparticles form
micrometer-sized agglomerates as can be observed on the
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Fig. 7 SEM images of a SnO, photoanode film from: a top view and b
cross sectional view after the dye-loading

top-view image showed in Fig. 7a. Film thickness was
estimated from the cross-sectional-view image showed in
Fig. 7b and was found to be larger than 100 pm. Voids in
the film with a few micrometers can also be observed.

Fig. 8 J x V curve of the best DSSC using SnO, nanoparticles as

photoanode. Under simulated AM 1.5 solar illumination at 100 mW/
2

cm

Table 2 Photovoltaic parameters
nanoparticles as photoanodes

of DSSCs employing SnO,

Devices Jy Voo (V) FF (%) n (%) R, Ren
(mA/cm?) (Qcm?  (Qcm?)

DI 474 0.36 3140 053 19 114

D2 3.42 0.40 3367 045 63 313

D3 3.80 0.31 2600 030 74 86

D4 3.54 0.30 2000 030 41 116

D5 2.60 0.30 3100 025 39 180

Avg 362+ 034+ 3020+ 036+ 47+ 162 +
0.33 0.040  2.88 011 24 104

Jses Voor FF, 17, Ry, and Ry, are short-circuit current density, open-circuit
voltage, fill factor and power conversion efficiency, serie resistance
and shunt resistance, respectively. Under simulated AM 1.5 solar
illumination at 100 mW/cm*

A total of five devices was manufactured. The photo-
voltaic performance of DSSCs based on SnO, photoanodes
was characterized by current voltage (J X V) measurements
under solar simulation. The J x V curve of the best device is
shown in Fig. 8. Photovoltaic parameters are listed in Table 2.

The photovoltaic parameters in DSSCs depends on sev-
eral factors such as adsorption of the dye by the photoanode
material [8, 39] and thickness of the photoanode film [39].
Agglomeration of nanoparticles implies in less active area
for dye adsorption, which can result in fewer photoinduced
charge carriers with consequent lower short-circuit current.
The use of thick films as photoanode can increase series
resistance (R,) values which leads to increased recombina-
tion, which can be associated with low fill factor (FF). All
these factors together may lead to modest values of power
conversion efficiency (17). Despite this shortcoming, the best
value of 5 of 0.53% obtained in this work is similar to
values recently reported by other research groups [40].
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4 Conclusion

SnO, nanoparticles were successfully synthesized using a
proteic sol-gel method and applied as photoanode in
DSSCs.

Thermal analysis suggested SnO, formation at tempera-
tures between 350 and 400 °C. Thermal results showed the
presence of residual organic matter not eliminated by the
calcination process. A thermal treatment at 600 °C was
shown to be efficient to eliminate this residual organic
matter. FTIR and UV-Vis results confirmed these findings.
XRD results for all samples showed the presence of a single
rutile SnO, nanostructured phase (crystallite size in the
range 8-20 nm with negligible levels of microstrain). TEM
results showed nanoparticles with spherical shape and
average diameter between 5 and 10 nm.

FTIR, Williamson—Hall, and UV-Vis results showed that
the thermally treated samples presented improved crystal-
linity and superior transparency to visible light. Therefore,
these nanoparticles were chosen to be used as photoanodes
in the construction of DSSCs that presented photovoltaic
parameters consistent with results obtained from similar
cells and reported in the literature.

The present work represents an evolution in the pro-
duction of nanoparticles by an alternative sol-gel process
and represents a promising path to applications in emerging
technologies.
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