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Abstract Pd ion doping has influenced the band gap
of SnO, nanoparticles. Undoped and Pd ion-doped
SnO, nanoparticles were synthesized by chemical co-
precipitation method. A tetragonal phase of SnO, with
a grain size range of 7-13 nm was obtained (studied
by X-ray diffraction and transmission electron micros-
copy). A decreasing trend in the particle size with
increasing doping concentration was observed. The
presence of Pd in doped SnO, was confirmed by
chemical analysis carried out by energy-dispersive
spectroscopy in the transmission electron microscope.
Diffuse reflectance spectra showed a blue shift in
absorption with increasing palladium concentration.
Band gap of SnO, nanoparticles was estimated from
the diffuse reflectance spectra using Kubelka—Munk
function and it was increasing with the increase of Pd
ion concentration from 3.73 to 4.21 eV. The variation
in band gap is attributed predominantly to the lattice
strain and particle size. All the samples showed a
broad photoluminescence emission centered at
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375 nm when excited at 270 nm. A systematic study
on the structural and optical properties of SnO,
nanoparticles is presented.
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Introduction

Tin oxide (Sn0O,) is a n-type wide band gap semicon-
ducting material at room temperature with a band gap
of 3.6 eV at 300 K (Robertson 1979). It has a wide
range of linear and non-linear applications due to its
structural (Wu et al. 1997), optical, and electrical
properties in nanoscale dimensions, for example, gas
sensors (Shen et al. 2009; Siciliano 2000; Lassesson
et al. 2008), solar cells (Sun and Ouyang 2012; Tsai
et al. 2011), LEDs (Morgan et al. 2000; Cirpan and
Karasz 2006) due to good transparency and conduc-
tivity, Liion batteries (Chandra Bose et al. 2002; Zhang
et al. 2011; Zhu et al. 2011) as a anode material,
capacitance/supercapacitors (Mu et al. 2011) for rapid
transport of the electrolyte ions, electrochemical elec-
trodes (Wang and Wang 2000; Ching et al. 2011), and
as a support catalyst material (Marshall and Haverk-
amp 2012; Shao et al. 2009; Zhang et al. 2010).

With decreasing particle size in nanoscale regime, a
drastic change is expected in morphology, structural
and optical properties of tin oxide due to a large
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surface to volume ratio and surface-induced defects
(Gleiter 1989). There are two major methods which
have been used to tune the properties of SnO,
nanoparticles. The first is the heat treatment at
different temperatures. In this method, the particle
size may increase with calcinations at higher temper-
atures. The second one is doping of metal ions. There
are many studies reported on tin oxide doped with
transition metals (Co, Fe, and Ni) (Siciliano 2000;
Ahmed et al. 2011; Sharma et al. 2011); pentavalent
elements (Sb) (Marshall and Haverkamp 2012; Shao
et al. 2009); and Ti and Zr (Postovalova et al. 2000) for
various applications. Li-doped ITO was used to detect
the Mn ions (Ching et al. 2011). There is a huge
interest in doping catalytic metal ions, Pt and Pd in the
SnO; host material. These catalytic ions do not affect
the structure of the host material but, in fact, improve
the gas sensitivity and selectivity, lower the operating
temperature, and improve the response time (Shen
et al. 2009; Lassesson et al. 2008). Different dopants
such as Zn, Ti, or V ions in SnQO, affect the structure
and morphology; and are responsible for smaller
crystallite size, creating high surface area and high
packing density (Ahmed et al. 2011; Wang et al.
2010). SnO, is also used as dilute magnetic semicon-
ductor in spintronics when it is doped with magnetic
ions. Recently such oxides having applications in
spintronics were found to have room-temperature
ferromagnetism (without any dopants) induced by
surface oxygen atoms when the particle size is in the
range 7-30 nm (Sundaresan et al. 2006). As men-
tioned before, many studies were reported on the Pd-
doped SnO, system (Pd:SnO,) but most of them have
focused either directly on the gas-sensing properties or
electrical properties (Matko et al. 1999). Reports on
band gap tuning by Pd doping in SnO, is hardly found
and this is the motivation of this work. The objective
of the present work is to study the effect of Pd ions on
the band gap of SnO, nanoparticles and to tune the
same. Band gap tuning is successfully reported and
supportive results of structural and optical properties
were also systematically studied and reported here.

Experimental procedure
Undoped and Pd ion-doped SnO, nanoparticles were

prepared by chemical co-precipitation method. The
advantages of the precipitation methods are the use of
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cheap salt precursor, simple operation, and ease of
mass production. Moreover, the reaction conditions
are mild and adjustable for different purposes (Dhan-
nia et al. 2009). The chemical precursors were 99 %
pure tin chloride dihydrate (SnCl,-2H,0) (Sigma
Aldrich) and 99 % pure palladium chloride (Sigma
Aldrich) and they were used as received without any
further purification. Aqueous solution of 0.1 M tin
chloride dihydrate and PdCl, was placed in a beaker
and stirred for 1 h at room temperature. Quantity of
PdCl, was chosen in such a way to give Pd ions
concentrations to be 1, 3, and 5 mol% in SnO,. The
homogenized solution was then neutralized by the
addition of ammonia solution drop by drop. A white
precipitate was formed immediately and that was
washed well for a few times with distilled water and
dried in air. All the samples were heat-treated at
400 °C for 1 h in air before carrying out all studies.

X-ray diffraction (XRD) patterns were recorded in
a powder X-ray diffractometer (STOE diffractometer)
by using a Cu-Ka (4 = 1.5406 A) radiation in Bragg—
Brentano geometry in a 20 range from O to 70°. The
voltage and current used in the X-ray generator
were 40 kV and 30 mA, respectively. Transmission
electron microscopy (TEM) studies were carried out in
a high-resolution TEM microscope (LIBRA 200FE,
Carl Zeiss) at an operating voltage of 200 kV,
equipped with EDS (energy-dispersive spectroscopy)
detector. It also contains an in-column Q filter for
spectroscopic studies and high-angle annular dark
field detector (HAADF). The TEM specimens were
prepared by dispersing the SnO, nanoparticles in
ethanol followed by ultrasonication and a drop of it
was laid on a carbon-coated Cu TEM grid. Particle
size distribution was obtained from the TEM image
analysis. EDS was acquired with 17° tilt of the sample
with respect to optic axis and the spectra were
collected for 2 min of total collection time.

Fourier transform infrared (FTIR) spectra were
recorded using Thermo Nicol model-6700 spectrom-
eter with a resolution of 0.1 cm™' on the standard
pellet made from SnO, with KBr. UV-Vis Spectra
were recorded in absorption and diffuse reflectance
(DRS) mode in a Varian 5000 UV-Vis spectrometer in
the range from 200 to 800 nm with a resolution of
1 nm. Photoluminescence emission spectra were
recorded in a fluorescence spectrophotometer (Flu-
oroMax-P, Horiba Jobin Yvon) in the range of
200-500 nm. The emission spectra were recorded



J Nanopart Res (2013) 15:1999

Page 3 of 11

with the excitation wavelength 4., = 270 nm. Powder
samples were used for UV-Vis and PL spectra
acquisition and they were packed in a standard sample
holders provided by the company.

Results and discussion
Structure and microstructure studies

Figure 1 presents the XRD patterns of the undoped
and Pd:SnO, nanoparticles. The diffraction peaks
were compared with the standard JCPDS data for
SnO, (JCPDS file number 41-1445) and they were
indexed to the tetragonal rutile phase of SnO, and
marked in Fig. 1. All the samples were found to be
crystalline. The samples are in single phase with no
other secondary phases implying a well substitution of
Pd ions in SnO,. Undoped SnO, is referred as pure
SnO; and used as a control sample.

The crystallite size (f) was calculated from the
FWHM of the 100 % intense diffraction peak of the
XRD pattern by using the Debye—Scherrer formula
given by

0.9
= Pcost (1)

where 1 is the wavelength of the X-rays used, f is the
full width at half maximum (FWHM), 6 is the Bragg
angle, and ¢ is the average crystallite size. The
crystallite size of the undoped SnO, is 11 nm; while
on doping of Pd ion to the concentration of 1, 3, and
5 mol%, the particle sizes are 13, 10, and 8 nm,
respectively. The crystallite size of 1 mol% Pd:SnO,
is observed to be increased to 13 nm as compared to
the same of the pure SnO, (11 nm). Perhaps, the
following hypothesis is expected to occur during the
chemical synthesis for the crystallite size change with
Pd ions doping. It is known that the evolution of
microstructure of materials depends mostly on the rate
of ions transport during the chemical reaction. The rate
is expected to be more for the heavier ions than the
lighter one in the given medium. Therefore, the lighter
Pd ions could have assisted faster assembly of slightly
bigger grains of Pd:SnO, compared to pure SnO,. But
further increasing the Pd concentration as in case of 3
and 5 mol%, the reactions still become faster and
should lead to the bigger crystallite but, due to
scattering of ions that participated in nucleation and
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Fig. 1 X-ray powder diffraction patterns of pure and Pd ion-
doped SnO, nanoparticles (1, 3, and 5 mol% of Pd). Major
peaks of tetragonal rutile phase of SnO, are indexed

growth, could have caused the smaller crystallite size.
There are reports in which particle size was controlled
by the synthesis parameters such as concentration of
the precursor materials (Ribeiro et al. 2004).

The crystallite size calculation was also done by
Williamson-Hall (W-H) (Pal and Chauhan 2007)
method. The W-—H plot is a plot of fcosf versus 4sinf.
Crystallite size can be obtained from the y-intercept
whereas the strain value is obtained from the slope of
the straight line fit to the data. When the particle size
becomes smaller, more lattice strain can be expected
in the nanoparticles. This lattice strain will lead to a
broadening in the XRD peaks. The width of the
diffraction peak depends on particle size, shape,
inhomogeneous strain, and instrumentation errors.
Strain has a major impact on variation of grain size.
Therefore, W—H plot, by taking take care of the peak
broadening by strain, gives a more accurate particle
size estimation. In addition, one can get the strain
present in the crystal lattice. The Williamson—Hall
formula is given below as,

fcosh = ? + &sinf (2)

where ¢ and ¢ are the effective particle size and
effective strain, respectively, and other symbols hold
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the same meaning as in the Scherrer formula. The
W-H plot for undoped and Pd:SnO, nanoparticles is
presented in Fig. 2.

The grain size obtained from the W—H plot for the
undoped SnO; is 10 nm, and the same for the 1, 3, and
5 mol% Pd:SnO, is 11, 9, and 7 nm, respectively. The
trend followed by the grain sizes obtained from W—-H
plot is similar as the crystallite sizes calculated by the
Debye—Scherrer formula. The negative slope of the
fitted lines in the W-H plot indicates the presence of
compressive strain in the lattice of undoped and
Pd:SnO, nanoparticles. In 1 mol% Pd-doped SnO,,
the compressive strain is less as compared to the pure
one. On increasing Pd concentration, the compressive
strain increases from —0.01193 to —0.01746. This
behavior of strain with Pd concentration is presented
in Fig. 3. The grain size and the strain calculated from
the W-H plot are listed in Table 1.

Microstructure of pure and Pd:SnO, nanoparticles
was studied by TEM microscopy. Typical bright field
TEM micrographs of Pd:SnO, nanoparticles are pre-
sented in Fig. 4. For each sample, low-magnification
and high-resolution TEM micrographs are presented
along with a selected area diffraction pattern as inset.
The shape of the Pd:SnO, nanoparticles are nearly
spherical in all cases. Particle size distribution in
Pd:SnO, was estimated from the TEM image analysis
by using the ImageJ software. The analysis was carried
out on both the bright and dark field images. The
histograms of the particle size distribution for the
undoped, 1, 3, and 5 mol% Pd:SnO, nanoparticles are

Lh u Pure Sn0D2
* 1mol% Pd:Sn0g|
0.020 - 3mol% Pd:Sn0O3|
| w S5mol% Pd:Sn0g
[==] v - .
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8 0.016 4
=28
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-

0.4 0.5 0.6 0.7 0.8 0.9
4*sin0

Fig. 2 Williamson—Hall plot for undoped and Pd:SnO, nano-
particles. The continuous lines are the straight line fit to the data.
Particle size and strain were obtained from the y-intercept and
slope of the straight line fit, respectively
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Fig. 3 Variation of strain with doping concentration of Pd ions
in Pd:SnO, nanoparticles. The strain is compressive in nature

presented in Fig. 5a—d. The histograms were fitted to
the log-normal distribution function and the peak
values were taken as average particle size that is
ranging from 8.8 to 13.1 nm. As we obtained earlier
from the XRD analysis, the particle size of the 1 mol%
Pd:SnO, is slightly higher than the pure SnO, and then
decreases with further increase of doping concentra-
tion. A comparison was made between the particle
sizes (see Table 1) calculated from the Debye—Scher-
rer’s formula, W-H plot, and TEM, and in all cases,
they agreed well with each other.

Typical high-resolution TEM images for the
Pd:SnO, nanoparticles are presented in Fig. 4b, d, f,
and h. Inter-planar distance of 0.33 and 0.23 nm have
been calculated from the lattice fringes obtained in the
HRTEM images and they correspond to (110) and
(111) planes, respectively, of the tetragonal phase of
SnO,. The inset of the HRTEM image shows the
selected area electron diffraction (SAED) patterns that
were indexed to the tetragonal SnO,. Elemental
analysis was performed by EDS spectroscopy and
the EDS spectra of Pd:SnO, are presented in Fig. 6.
The presence of Sn, O, and Pd was studied. The EDS
peak at 2.838 eV is present only in the Pd ion-doped
samples and absent in the undoped SnO,. Thus EDS
results confirm the presence of Pd in the Pd-doped
SnO, nanoparticles.

FTIR studies

In the nanoscale materials, the surface is highly
sensitive and greatly modified easily. In order to
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Table 1 Particle sizes

obtained from different Sample Grain size (nm) Strain (¢) Band gap (eY)
. from UV-Vis
methods, strain and band Debye— W-H plot TEM
gap energy values for the Scherrer image
undoped and Pd:SnO, formula analysis
nanoparticles
Pure SnO, 11 10 10.5 —0.01193 3.73
1 mol% Pd:SnO, 13 11 13.1 —0.01028 4.03
3 mol% Pd:SnO, 10 9 9.1 —0.01440 4.12
5 mol% Pd:SnO, 8 7 8.8 —0.01746 4.21

understand the effects of surface modification and
removal of impurities from the synthesis, FTIR studies
were crucial and carried out. The chemical species
present in SnO, nanoparticles were investigated by
infrared spectra. The FTIR spectra of all the Pd:SnO,
nanoparticles are presented in Fig. 7. There are several
bands present in the wavenumber range 4,000-400
cm ™', The band in the range 3,110-3,431 cm~ ! and at
1,635 cm™ ' were assigned to the vibration of hydroxyl
group due to the absorbed/adsorbed water and showing
a stretching vibrational mode of O-H group (Gondal
etal.2010). The bands at 2,356; 2,852; and 2,923 cm”!
belong to the stretching vibrations of C—H bonds that
could be from the adsorption and interaction of
atmospheric carbon dioxide with water (Gnanam and
Rajendran 2010; Tan et al. 2011). The band appeared in
the region 400-700 cm ' is assigned to the Sn—O anti-
symmetric vibrations. In that region, the peaks at 560
and 670 cm ™' are assigned to Sn—O and Sn—-O-Sn
vibrations, respectively (Gondal et al. 2010). In all
samples, the vibrations associated to C—-H and O-H
bonds are seen. This implies that the surface is highly
active and adsorbed these molecules. Therefore, if any
surface modification is to be done on these samples, de-
hydrolysis should be done by heating. Changes
observed in the shape, width, and positions of FTIR
peaks were attributed to the variation in the local
defects, grain size and shape of the nanoparticles
(Srinivas et al. 2011).

UV-Vis spectroscopy studies

The effect of Pd ions doping on the band gap of SnO,
nanoparticles was studied by UV-Vis absorption
spectroscopy. The UV-Vis diffuse reflection spectra
of the pure and Pd ion-doped SnO, nanoparticles are
presented in Fig. 8 and its inset shows the magnified
view of the region marked with dotted square for better

clarity. With Pd ions concentration, the onset of the
reflection spectra is blue shifted.

Experimentally, optical absorption coefficient « of a
semiconductor close to the band edge can be expressed
by the Tauc plot (Pankove 1971) as given in Eq. 3.

a=A(hv — E,)" /hv (3)

where o is the absorption coefficient, A is a constant,
E, is the absorption band, Av is the photon energy, and
n depends on the nature of the transition. That is, n can
be 1/2, 2, 3/2, and 3 corresponding to the allowed
direct, allowed indirect, forbidden direct, and forbid-
den indirect transitions, respectively. In this case,
n = 1/2 that is for direct allowed transition. Figure 9
presents the UV-Vis diffuse reflectance spectra of
pure and Pd ion-doped SnO, nanoparticles. The band
gap energies were calculated using Kubelka—Munk
(K-M) model (Tandon and Gupta 1970) which at any
wavelength is given by,

F(R) = (1 —R)*/2R = k/s = Ac/s (4)

where F(R) = « is the K-M function and R is the
percentage of reflectance. A graph is plotted between
[F(R)*hv)? versus hv and the x-intercept value yields
the band gap energy. Though the Eq. (3) is enough to
calculate the band gap energy from the UV-Vis
spectra, we have used the K-M plot for this purpose.
Since K-M function is better to be used to derive this
parameter from the diffused reflectance spectra of the
powder sample (Tandon and Gupta 1970). The K-M
plot for the Pd:SnO, nanoparticles is presented in
Fig. 7. The band gap energies were calculated by
extrapolating the absorption to zero absorption coef-
ficients which is calculated from the Eq. (3). The band
gap energies thus obtained are 3.73, 4.03, 4.12, and
421 eV for the 0, 1, 3, and 5 mol% Pd:SnO,
nanoparticles, respectively. Change in band gap energy
with doping concentration is shown in the inset of
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Fig. 4 Bright field TEM
micrographs of the undoped
(a,b), 1 (c,d), 3 (e, f), and
5 mol% (g, h) Pd:SnO,
nanoparticles. The inset of
the high-magnification
images is the SAED pattern
of the respective samples
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Fig. 5 Particle size 25 - 30 - ° 3
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Fig. 9. The band gap energy shows a blue shift with
increasing Pd concentration. This increase in band gap
with Pd concentration can be attributed either to the
decreasing grain size or to strain present in the samples.

Once the increase in E, is attributed only to the
grain size, it is contradicted in the case of 1 mol%
Pd:SnO,; Because, the 1 mol% Pd:SnO, sample, by
having a higher particle size (than the pure SnO5), also
has the higher band gap energy of 4.03 eV. Therefore,
increasing band gap is not only due to the quantum
confinement effect, but also due to other factors such
as doping concentration (impurity), lattice strain,
surface effect, etc. (Smith et al. 2009; Chen et al.
2003), which might be dominated by the later effects.
Another reason of increasing band gap energy is the
charge transfer transitions between the Pd atom and
the SnO, conduction or valence band. Similar results
have been reported earlier by others researchers (Fang
et al. 2008). Generally when the particle radius of the
semiconductor is equal or less than excitonic Bohr
radius, quantum confinement effect is dominantly
observed. When the size of the particle is higher than
the excitonic radius, the region is called a weakly
confined region and the contribution from the particle

8 10 12 14 16 18 20

3%Pd:Sn0,

Average size 25 4
9.1+/-0.6 nm

10 12 14

20 1
15 4
10

5

6 8 1012 14 16 18 20 22 24 26

30 (d) 5%Pd:Sn0,

Average size
8.8+/-0.2 nm
20 -

154

16 18 4 6 8 10 12 14 16 18 20
Crystallite size (nm)

size to the confinement effect will be less. The
excitonic Bohr radius of the SnO, is 2.7 nm (Ribeiro
etal. 2004). In our case, the particle size is greater than
the excitonic Bohr radius of SnO,, which means that
they are in the weakly confining region. Hence in our
samples, the contribution to be band gap from the
particle size is only slight but some other factors are
influencing, may be, dominantly. Lattice strain is the
next major factor to influence the energy gap of the
materials. With further decreasing particle size, more
and more compressive lattice strain is expected to be
introduced in the lattice. Compressive strain is attrib-
uted to the imperfection in the coordination number
and also to the bond order loss in nanoparticles (Zhu
et al. 2010). This lattice strain is basically due to
imperfection or lattice dislocation causing the incre-
ment of band gap energy. The lattice strain calculated
earlier for pure and Pd:SnO, nanoparticles (Table 1) is
evident for its presence and contributed to the
variation in band gap. The lattice strain was compres-
sive in nature and increasing with the Pd ion concen-
tration. Similar kind of change in band gap was
observed in carbon nanotubes and that change was
induced by the uniaxial strain (Maki et al. 2007).
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Counts g

Energy (keV)

Fig. 6 Energy-dispersive spectra of a undoped, b 1, ¢ 3, and
d 5 mol% Pd-doped SnO, nanoparticles

Photoluminescence studies

Figure 10 shows the PL emission spectra of Pd:SnO,
nanoparticles acquired at room temperature when
excited at 270 nm. All the samples show a strong and
broad emission in the ultraviolet region. In literature
there were only a few studies made on the Pd ion-
doped SnO, nanoparticles. It is to be noted that the
intensity of the 3 mol% Pd:SnO; is lower than the rest
of the samples. Intensity is not necessarily to be
compared as such because the samples were in powder
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Fig. 7 FTIR spectra of 0, 1, 3, and 5 mol% Pd:SnO,
nanoparticles. Signatures from the adsorbed O-H and C-H
species are also seen
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5%Pd:Sn0,
3%Pd:Sn02
1%Pd:§n0,

I L]
500 600 700 800
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T
300 400

Fig. 8 UV-Vis diffuse reflection spectra of pure and Pd ion-
doped SnO, nanoparticles. The inset is the zoomed spectra of the
region marked by dotted square for clarity

form and packed manually in the holder and, therefore,
only qualitative analysis is to be considered in this
case. The emission bands have been observed at
3.69 eV at 250-nm excitation (Pan et al. 2006) for
nitrogen-incorporated SnO, thin film and 3.16 eV for
SnO, (Tan et al. 2011) at 275-nm excitation. In the
literature, various reports can be found with the
emission peaks of SnO, that occurred in a range from
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Fig. 9 Diffused reflectance spectra of pure and Pd-doped SnO,
nanoparticles. The inset shows the variation of band gap energy
with Pd ion concentration
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Fig. 10 Photoluminescence emission spectra for pure and Pd
ion-doped SnO, nanoparticles excited at 270 nm. The emission
maximum occurs at 375 nm

318 to 640 nm (Gu et al. 2003; Ahmed et al. 2011;
Gondal et al. 2010). Even then the mechanism of PL
emission in SnO, is not properly understood. In
general, one can expect a sharp peak along with a
broad spectrum in oxide semiconductors. Generally,
two mechanisms of emission in metal oxides are
expected. One is a direct recombination of a conduc-
tion electron in a Si 4p band and a hole in the O
2p valence band and usually this gives rise to a sharp
emission peak. This is a band edge transition across
the band gap of 3.6 eV (for bulk SnO,). If this is a case,

then the emission corresponding to these transitions
should lie in the range 345-350 nm. But, in the present
case, the emission peak was observed at 375 nm
(3.31 eV). Therefore, the emission through direct
recombination across the band gap is not feasible and
ruled out. Another mechanism is due to transitions
between localized electronic states, which could be
due to lattice defects created by impurities, interstitial
defects, and dangling bonds (Gu et al. 2003; Hu et al.
2002; Brovelli et al. 2006). This usually gives a broad
emission peak assumed to be originated from multiple
luminescent centers. It is well known that oxygen
vacancies in SnO, generate localized states (act as
radiative centers in PL) in the form of shallow donor
levels approximately 0.03—0.3 eV below the bottom of
the SnO, conduction band (Brovelli et al. 2006). The
considerable number of trap states can also be formed
by the Sn vacancies and interstitials. Therefore, the
emission related to the transitions with the participa-
tion of these shallow levels should be around 375 nm
in SnO,. Based on the discussion above, it is implied
that the observed luminescence bands can be corre-
lated to the transitions (shown in Fig. 10) with the
participation of shallow acceptor and shallow donor
levels.

Conclusions

Nanocrystalline rutile-structured SnO, with a size
range of 8-13 nm was prepared by a cost-effective
preparation method. Grain size obtained by three
methods namely Debye—Scherrer formula, W-H plot,
and TEM image analysis agree well with each other.
FTIR study showed the presence of the adsorbed
species implying the importance of heat treatment for
high-end applications of these materials. The impor-
tant feature of this work is the band gap tuning that was
achieved by doping Pd ions. The dominant cause for
the band gap change is the lattice strain introduced by
the doping. Strong PL emission was observed in the
UV region. A good optical emitting SnO, nanoparti-
cles with band gap tunability was demonstrated in this
work.
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