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Abstract Iron-doped SnO, nanoparticles with
chemical formula Sni_.Fe,O,_, (x = 0.02, 0.05
and 0.10 at%) were successfully produced by a pro-
teic sol-gel method. Thermogravimetric analysis and
differential scanning calorimetry were performed to
investigate the thermal behavior of the precursor pow-
ders as well as to select the appropriate calcination
temperatures for oxide formation. X-ray absorption
near-edge spectroscopy studies were carried out to
determine the valence state of the transition metal
used as dopant. Structural, morphological, and optical
properties of the synthesized materials were stud-
ied by X-ray diffraction, Mossbauer spectroscopy,
transmission electron microscopy, Fourier-transform
infrared spectroscopy, and ultraviolet-visible spec-
troscopy. The results confirmed the formation of
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nanometric spherical particles of single-phased SnO;
with rutile-type tetragonal structure. Iron doping was
accomplished in the form of Fe3* substituting for
Sn** in the SnO, matrix, with the creation of oxygen
vacancies to achieve charge balance. Band gaps of
SnO, were found to be unaffected by the introduction
of iron.

Keywords Sn;_,Fe,O;_y nanoparticles - Proteic
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characterization

Introduction

Oxide-diluted magnetic semiconductors (O-DMS),
where transition metal (TM) atoms of 3d valence
electrons are introduced into the cationic sites of the
semiconducting host lattice, have attracted the inter-
est of researchers due to their potential use in future
spintronic and magneto-optical devices (Ohno 2010;
Oganisian et al. 2015). In general, O-DMS combine
good electrical conductivity (Othmen et al. 2016), fer-
romagnetism (Mehraj et al. 2013, 2015), and high
optical transparency (Feng et al. 2015), thereby open-
ing up many different applications in contemporary
and emerging technologies. Among the different oxide
semiconductor materials, the oxides with wide band
gap such as SnO; have been the subject of recent
investigation due to their potential applications in the
emerging fields (Pereira et al. 2017a; Tran et al. 2018).
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Tin dioxide (SnO;), normally known as cassiterite,
is a typical n-type semiconductor with a direct wide
band gap of 3.6 eV at room temperature (RT) and is
one of the most widely used semiconductor oxide due
to its chemical and mechanical stability (Chang et al.
2015; Aragon et al. 2016). Cassiterite has a rutile-type
tetragonal crystal structure with a D }12 point group and
P4, /mnm space group (Beltran et al. 2010). Tin oxide
has many technological applications, such as photo-
voltaic solar cells (Pereira et al. 2017a, b; Tran et
al. 2018), gas sensors of toxic materials (Sun et al.
2014), liquid crystal displays, and anodes for lithium
ion batteries (Mueller et al. 2015).

The synthesis of pure and doped SnO, has been
carried out by different methods such as solid-state
reaction methods (Ahmed 2010), chemical precipita-
tion (Ferrari et al. 2016; Shayesteh and NosratiThe
2015), conventional sol-gel (Inpasalin et al. 2016;
Mehraj et al. 2015), and mechanical milling (Ribeiro
et al. 2012; Pereira et al. 2017a). It is well known that
the synthesis method and the precursors employed in
the preparation of these semiconductors can determine
the physico-chemical, morphological, and electrical
properties of the final product.

The solid-state reaction method involves milling
and sintering for the production of compounds. Gen-
erally, high sintering temperatures are required which
can lead to the growth of the particles to dimensions
larger than the nanometric scale.

Chemical precipitation is a technique used in the
production of several materials from the removal of
dissolved (ionic) metals from solutions. The effective-
ness of a chemical precipitation process is dependent
on several factors, including the type and concen-
tration of ionic metals present in solution, and the
precipitant used, as well as the reaction conditions
(especially the pH of the solution).

Mechanical milling is a technique for the produc-
tion of powdered materials. In a typical mechanical
milling experiment, reactant powders and milling balls
are inserted in a jar and submitted to grinding in a
ball mill. Furthermore, the materials produced by this
method may result in particles with non-homogeneous
dimensions.

Sol-gel methods have several advantages over
other methods such as potential to produce com-
pounds of high purity and with homogeneity at the
atomic scale as well as significant reduction of pro-
cessing times and temperatures required. There are
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variations in synthesis route, for example, the conven-
tional sol-gel method employs alkoxides as precursor
while proteic sol-gel employs an organic material as
precursor.

The proteic sol-gel method (Meneses et al. 2007) is
a variation of the conventional method which employs
edible gelatin or coconut water as organic precursor
for oxide formation. This low-cost method has been
successfully employed in the synthesis of semicon-
ductor materials with nanometric size, and showing
potential for use in various technological applica-
tions (Pereira et al. 2017b). It involves a relatively
simple method and has been successfully used to
obtain homogeneous nanoparticles using more afford-
able reagents like nitrates and chlorides. The synthesis
process consists of four stages: dissolution of the
precursor salts in distilled water; formation of metal
chelates by addition of gelatin; drying the material
to remove water; and calcination to form the desired
oxide. Calcination temperatures are usually only high
enough to evaporate the organic matter.

This research work presents the synthesis and char-
acterization of undoped and Fe—doped SnO nanopar-
ticles produced by the proteic sol-gel method. The
doping of Fe in SnO; brought significant changes in
the physical and chemical properties of the samples.
Therefore, a systematic investigation of structural,
morphological, and optical properties of these oxides
has been undertaken, and the results are presented
here.

Experimental procedure

Samples of Snj_,Fe,O,_, (where y is the concen-
tration of oxygen vacancies which depend on synthe-
sis conditions) were prepared by the proteic sol—gel
method (Meneses et al. 2007). A simplified illustra-
tion of the method is shown in Fig. 1. Commercial
SnCly - 5SH>O and FeCl3 (Sigma-Aldrich, 99%) were
employed as source of Sn** and Fe?T ions, and com-
mercial gelatin from Gelita’™ as organic precursor.
All reagents were used without any prior or fur-
ther treatments. The gelatin was dispersed in distilled
water under continuous stirring at room temperature
until a uniform gel was obtained. The chlorides were
dissolved separately in distilled water to make Sn**
and Fe3* solutions. Each solution containing metal
ions was added to the gel in appropriate amounts to
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Fig. 1 Schematic
representation of the steps
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achieve the desired stoichiometries and maintained
under continuous stirring at room temperature for 10 h
to promote polyesterification.

The compound formed by the mixture of the chlo-
rides and gelatin was then dried at 150 °C in air during
12 h to remove excess water and volatile components,
resulting in a black solid puffy mass, referred to in
this text as the precursor powder. The precursor pow-
ders were calcined at 350 °C in air atmosphere for 4 h,
resulting in the Sny_,Fe, O,y nanoparticles. At these
temperatures, the gelatin is not fully evaporated, there-
fore the samples were immersed in HyO, to remove
the residual organic matter. Finally, the samples were
washed with distilled water and dried at a temperature
of 150 °C in air atmosphere for 12 h.

Thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) were performed in the
precursor powders in order to determine the temper-
ature of oxide formation. Measurements were carried
out using a NETZSCH STA 449F3 Jupiter thermal
analysis equipment. Measurements were performed
under air with heating hate of 5 °C/min. Valences of
doping metals were determined by X-ray absorption
near-edge spectroscopy (XANES). Room tempera-
ture XANES data on the Fe K-edge (7112 eV) were

collected at the XAFS2 beamline of the Brazilian
Synchrontron Light Source (LNLS) in fluorescence
mode.

X-ray diffraction (XRD) patterns were collected at
room temperature using a Rigaku DMAXB diffrac-
tometer operating with a Ka-Cu source (A = 1.54 A)
at 40 kV and 30 mA. The patterns were Rietveld
refined (Rietveld 1967, 1969) using the program
GSAS (Toby 2001). Rietveld refinement procedures
were based on the SnO; standard crystal struc-
tures cataloged by the Inorganical Crystal Structure
Database under number 39173 (ICSD-39173). Parti-
cle sizes were estimated by Scherrer’s relation and,
whenever possible, corrected by the Williamson-Hall
method (Williamson and Hall 1953) which separates
contributions of particle size and residual microstrain
to the breadth of diffraction peaks.

Transmission electron microscopy (TEM) was per-
formed using a 200-kV JEM 2011 microscope.
Fourier-transform infrared (FT-IR) absorption spectra
were collected at room temperature in transmission mode
using a Bruker Vertex 70 spectrometer. Ultraviolet-
visible (UV-vis) spectroscopy was carried out at room
temperature in the diffuse reflectance mode using a
UV 2600 Shimadzu spectrophotometer coupled to an
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integrating sphere ISR 2600 Plus. Room tempera-
ture Mossbauer spectra were measured in transmission
mode using a 37Co(Rh) radioactive source mounted
on a velocity driver operating in sinusoidal mode. The
data were evaluated by least square fitting to a series
of discrete Lorentzian-shaped subspectra by means of
the software package Normos. Isomer shifts (§) are
quoted with respect to «-Fe.

Results and discussion
Thermal analysis

Figure 2 shows TGA/DSC curves of (a) undoped and
(b) Fe—doped SnO; (5 at% of Fe) precursor powders.
The thermal behavior of both samples may be divided
into three main stages as indicated in Fig. 2: thermal
degradation of gelatin chains (endothermic reaction);
oxide formation (exothermic reaction); and carbon-
ate decomposition with release of carbonyl groups
(exothermic reaction).

In fact, DSC curves present endothermic peaks at
about 250 °C (undoped sample) and 260 °C (doped
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Fig. 2 TGA/DSC curves of a undoped and b Fe—doped SnO;
precursor powders
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sample) due to gelatin decomposition, exothermic
peaks at about 370 °C (undoped) and 400 °C (doped)
due to the formation and crystallization of SnO, (Zhao
et al. 2015; Liu et al. 2016); and exothermic peaks
around 580 °C (undoped) and 520 °C (doped) due
to carbonate decomposition releasing carbonyl groups
(Liu et al. 2015; Pereira et al. 2017b; Zhao et al. 2015).

While the peak at 400°C in the doped sample
DSC can be associated with the formation of Fe-
doped SnO;, some Fe,O3 may also be formed in this
stage (Song et al. 2012). Finally, the shift in tempera-
ture of the peak around 520 °C suggests that carbonyl
decomposition is accelerated due to the presence of
Fe3* ions.

These results suggest a calcination temperature
range of 300-400 °C. Preliminary tests showed the
presence of a large amount of residual organic matter
in samples calcined at 300 °C and of Fe;O3 in samples
calcined 400 °C. Samples calcined at 350 °C showed
just a small amount of organic matter and were clean
of Fe;03. Therefore, a calcination temperature of
350 °C was chosen.

XANES

Figure 3 shows Fe K-edge XANES spectra of a Fe-
doped SnO; (5 at% of Fe) sample together with
spectra of selected iron oxide standards. It is clear that
the sample’s energy absorption edge coincides with
that of a Fe3* reference standard. All other samples
presented similar XANES spectra to the one shown
confirming that iron enters the SnO» host as Fe3+.
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Fig. 3 Fe K-edge XANES spectra of a Fe—doped SnO, sample
and reference compounds
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Fig. 4 a X-ray diffraction patterns of Sn;_,Fe,O;_, nanopar-
ticles. Dots and solid lines are the experimental data and best fits
respectively. Bars represent the ICSD-39173 standard pattern. b
Williamson-Hall curves

X-ray diffration

Figure 4 shows (a) XRD patterns and (b) Williamson-
Hall curves of Snj_,Fe,O2_, (x =0, 0.02, 0.05, and
0.10) samples. XRD patterns (black dots) were ana-
lyzed by the Rietveld refinement technique and the
best fits are shown as solid red lines. All diffraction
peaks correspond to the rutile-type tetragonal struc-
ture of SnOy of the ICSD-39173 standard pattern.

No impurity phase was found. The absence of sec-
ondary phase is attributed at efficiency of the proteic
sol-gel method in yielding samples with dopants that
are homogeneously distributed without clustering or
segregation.

Lattice parameters, average crystallite size, and
residual microstrain obtained from Rietveld refine-
ment and Williamson-Hall correction are shown in
Table 1. All samples showed crystallite size in the
nanometer range with negligible levels of microstrain.
The average cell volume of sample with x = 0.02
is larger than that of the undoped sample, despite
the presence of oxygen vacancies and the smaller
ionic radius of Fe** 0.64 A) when compared to Sn**
(0.69 A). This increase can be explained by the stress
created in the crystal lattice after the introduction of
iron (Fang et al. 2008; Ferrari et al. 2016). Further
increase in Fe content (x = 0.05 and 0.10), on the
other hand, leads to a slight but consistent average
cell volume decrease. For larger amounts of doping,
oxygen vacancies and the smaller Fe3* radius seem
to overcompensate the lattice stress. These results
suggest substitutional doping of SnO, with Fe3t.

FT-IR spectroscopy

SnO; has the rutile structure crystallizing in the space
group P4,/mnm, which has a unit cell that consists of
two tin and four oxygen atoms. The six unit cell atoms
give a total of 18 branches for the vibration modes in
the first Brillouin’s zone. At the center of Brillouin
zone, the symmetry of the modes is distributed accord-
ing to the factor group Dyj as (Katyiyar et al. 1971;
Diéguez et al. 2001):

I'= A1z + Agg + Ay + Big + Bog +
2B1u+Eg+3 Eu- (1)

Table 1 Lattice parameters, average crystallite size, and residual microstrain of Sn;_,Fe, O, samples

x a=bA) c(A) volume (A3) Dy (nm) Dy (nm) € (%)
0.00 4.740 3.185 71.55 8.0 8.0 0.01
0.02 4.746 3.189 71.83 12.0 13.0 0.07
0.05 4743 3.187 71.70 19.0 54.0 0.25
0.10 4742 3.183 71.60 13.0 19.0 0.17

Dy is the average crystallite size calculated by the Scherrer equation. Dy i and € are average crystallite sizes and residual microstrain

calculated by the Williamson-Hall method
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The modes belonging to the Ay, and By, irre-
ducible representations are Raman active, while
those belonging to the Aj, and E, irreducible rep-
resentations are infrared active. FT-IR spectra of
Sn;_,Fe,O;_, samples are shown in Fig. 5.

The spectrum of undoped SnO; shows the presence of
two peaks: one of low intensity at ~470 cm™~!, and another
of high intensity around 610 cm~!. The absorption
bands of Fe-doped SnO; are shifted to higher regions
of the spectra in relation to those assigned to the undoped
sample. The first peak is associated with the symmetric
stretching of Sn—O and the second mode is associated
with the anti-symmetric stretching of Sn—O. Although
absorption peaks should also be expected at approxi-
mately 240 and 300 cm ™! in the infrared spectrum of
undoped SnO;, our experimental setup did not allow
us their observation; as a consequence, our analysis is
centered on the stretching vibrations of Sn—O.

The changes observed in the shape, width, and posi-
tions of FT-IR peaks are attributed to the variation in
the local defects, grain size, and shape of the nanopar-
ticles (Katyiyar et al. 1971; Diéguez et al. 2001). The
absorption peaks observed from the doped samples
revealed only the peak attributed to the pure SnO;
phase. No absorption bands of secondary phases were
detected. FT-IR analysis confirms the formation of
single-phased Sn;_,Fe,O;_, nanoparticles, which is
in good agreement with the XRD analysis.

Maéssbauer spectroscopy

Figure 6 shows Mossbauer spectra of Snyj_,Fe,O,_,,
samples and best fits with the respective hyperfine

transmitance (a. u.)
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Fig. 5 FT-IR spectra of Sn;_,Fe, Oy, samples
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parameters listed in Table 2. Best fits were achieved
with two paramagnetic doublets assigned to Fe’*t
substituting for Sn** in distorted octahedral sites.
Isomer shift and quadrupole splitting values of
both doublets increase with increasing Fe content,
suggesting a higher structural and local disorder
due to the Fe** incorporation into the crystalline
structure of SnO,. In addition, the larger values of
quadrupole splitting found for doublet 2 are attributed
to oxygen-deficient octahedral iron sites. In fact,
oxygen-deficient octahedra carry enlarged electric
field gradients and consequently larger values of
quadrupole splitting (Beltran et al. 2010; Ferrari et al.
2016; Ribeiro et al. 2012). The large area of doublet 2
in the spectrum of nanoparticles with Fe content of 10
at% reveals a very high number of oxygen vacancies.
Mossbauer spectroscopy results confirm substitu-
tional doping of Fe3* in the SnO, host matrix as sug-
gested by XRD results. They also indirectly confirm
the presence of oxygen vacancies in doped samples.

transmited intensity (u.a.)

4 3 -2 -1 0 1 2 3 4
velocity (mm/s)

Fig. 6 Mossbauer spectra of Snj_,Fe,O;_, samples with best
fits to the data
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Table 2 Hyperfine parameters obtained from best fits to MOssbauer spectra of Snj_,Fe,O,_ samples

X Doublet 1 Doublet 2
$ A r Area 1) A r Area
mm/s mm/s mm/s % mm/s mm/s mm/s %
0.02 0.36 0.56 1.66 61.0 0.36 1.25 1.66 39.0
0.05 0.37 0.58 0.40 76.0 0.29 0.92 0.40 24.0
0.10 0.52 0.82 0.43 32.5 0.49 1.23 0.73 67.5

8, A, and I" are isomer shift, quadrupole splitting, and line width, respectively. Uncertainties on §, A, and I" values are smaller than

0.02 mm/s and on area values are smaller than 0.5%
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Fig. 7 TEM images and corresponding selected area electron diffraction (SAED) pattern of a, b undoped and ¢, d Fe—doped SnO;

samples. Inset: Zoomed-in images
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Transmission electron microscopy

Figure 7 shows TEM images and their correspond-
ing selected area electron diffraction (SAED) patterns
of (a, b) undoped and (c, d) Fe-doped SnO; (10 at%
of Fe) samples. From the TEM images, it can be
seen that nanoparticles have an approximate spheri-
cal morphology with an average diameter of about
10 nm, in agreement with the sizes obtained from the
XRD data. High magnification of the nanoparticles are
shown on the inset of Fig. 7a, c. The interplanar dis-
tance 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 commonly found in nano-
sized SnO; systems. These values are in agreement
with those reported in the literature (Pal et al. 2015;
Aragon et al. 2016).

UV-Vis spectroscopy

UV-Vis spectroscopy is an excellent diagnostic tool
for optical characterization of powdered, crystalline,
and nanostructure materials in different spectral
ranges. In particular, measuring the absorption coef-
ficient for various energies gives information about
the band gaps of the material (Alibe et al. 2016,
2017, 2018; Saleh et al. 2016; Chetri and Choudhury
2013; Lopez and Gomez 2012). Knowledge of these
band gaps is extremely important for understanding
the electrical properties of a semiconductor, and is
therefore of great practical interest.

The energy gap can be obtained from UV-Vis
measurements by applying the Kubelka-Munk (KM)
method (Kubelka and Munk 1931). The KM theory
is generally used for analyzing the diffuse reflectance
spectra obtained from weakly absorbing samples and
is based on the following equation (Alibe et al. 2017,
Saleh et al. 2016; Chetri and Choudhury 2013):

FR) = 1= R)” 2
(R) = — 2 2)
where R is the reflectance. The absorbance F(R)
is proportional to the absorption coefficient «, given
by (Alibe et al. 2016, 2018; Saleh et al. 2016; Lopez
and Goémez 2012):

. A(hv — Eg)"
o hv

o

; 3
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where A is an absorption constant, 4v is the incident
photon energy, and E| is the optical energy band gap.
The value of n depends on the type of transition. It is
equal to 1/2 for direct allowed transitions, 2 for indi-
rect allowed transitions, 3/2 for direct forbidden tran-
sitions, and 3 for indirect forbidden transitions (Davis
and Mott 1970). Combining Eqgs. 2 and 3, we obtain:

[F(R) hv]* oc hv — Ejg. “)

Band gap energies are obtained by extrapolating the
linear part of the [F (R) hv]?> x hv plot to the photon
energy axis. This is known as the Tauc method (Tauc
et al. 1966).

Figure 8a shows absorbance spectra of Sy, Fe, Oz,
samples. The curves display an absorption band in the
ultraviolet region near the visible light range. It can
be seen that the spectra tend to shift to higher wave-
length with the increase of the dopant concentration.
This could be attributed to the charge-transfer tran-
sitions between the Fe3* d-electrons and the SnO,
conduction or valence band (Fang et al. 2008).
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Fig. 8 a UV-Vis absorbance spectra of Snj_,Fe,O,_, sam-
ples and b [F(R) hv1? x hv Tauc plots
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Tauc plots are shown in Fig. 8b. The band gap
energy values found were about 3.7 eV for the pris-
tine SnO, samples and 3.6 eV for the Snj_,Fe,O>_,,
samples with x = 0.02 and 0.05. It was observed
that for these concentrations of dopant the band gap
remains virtually unchanged. These optical band gap
values are in agreement with those reported by other
researcher groups (Saleh et al. 2016; Chetri and
Choudhury 2013; Fang et al. 2008).

Conclusions

The proteic sol-gel method was successfully applied
to produce nanoparticles of Snj_,Fe,O2_, (x = 0.00,
0.02, 0.05, and 0.10). XANES analyses confirmed
3+ as the oxidation state of doping Fe ions. XRD
results showed the presence of a single rutile SnO;
nanostructured phase which was confirmed by FT-IR
analyses. Variations in average unit cell volume with
dopant concentration suggested substitutional dop-
ing of SnO, with Fe3*. This claim was confirmed
by Mdossbauer spectroscopy as all spectra were com-
prised of doublets consistent with Fe’>* in octahedral
coordination occupying Sn*t crystallographic sites.
Mossbauer results indirectly confirmed the existence
of oxygen vacancies. TEM results showed nanopar-
ticles with spherical shape and average diameter
between 5 and 10 nm. UV-Vis spectroscopy showed
that band gaps of SnO, were not affected by the
presence of Fe.

The experimental results presented in this paper
are useful for the advancement and understanding of
structural, morphological, and optical properties of
O-DMS materials based on Fe-doped SnO, nanopar-
ticles. These compounds also represent a promising
path to applications on technologies such as photo-
voltaic solar cells.
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