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ABSTRACT

Niobium and zirconium doped tin oxide (Sp)hanoparticles have been successfully
synthesized via the solvothermal technique. Thee,Sitructure, morphology and
composition of the as-synthesized samples wereact@aized by powder X-ray
diffraction (XRD), Fourier transform infrared (FTIRspectroscopy, scanning electron
microscopy (SEM), transmission electron microsc¢p¥M) and energy dispersive X-
ray (EDX) spectroscopy. The optical properties leé samples were investigated by
ultraviolet—visible (UV-vis) and photoluminescen(l) spectroscopies. The magnetic
property was studied with the vibrating sample nedgmeter (VSM). Finally, the
possible formation mechanism for synthesized tid@xas also been proposed.

Keywords: Semiconductors; SnO nanoparticles; Solvothermal process; Optical
properties

1. Introduction

Today, one of the most rapidly developing fieldsknbwledge is nanotechnology. One
of the parts of this broad field is nanomateriadls,, materials with one or more
dimensions in the range of 1-100 nm (powders, Ryerbulk materials). Among the
other known oxide semiconductors, tin oxide (9n® a very interesting material with a
wide band gap (Eg = 3.6 eV). Recently, there hantsn increasing interest in the
research of the wide band gap semiconductor,SreDoparticles, with a rutile type
tetragonal crystalline structure [1]. Owing to é&=cellent optical properties, as well as
outstanding chemical and physical stabilities, Sifas been extensively used for
photovoltaic devices [2], gas sensors [3], catalysvlar cells [4] and flat-panel displays
in the field of transparent conducting electrodgdsand so on. For low cost and portable
applications, metal oxide sensors are commonly usedhonitor various toxic and
inflammable gases in environmental protection, theate, and automobiles. The
Preparation of these materials in the nanoscalgeraelps in getting increased surface-
to-volume ratio which might affect the structuraldamost other physical properties.
Recent research work has been devoted to the gemeld of the synthesis of SpO
nanoparticles of varied sizes in a controllable nesnThe doping of transition metal ions
into SnQ systems is of great interest due to their abilityuning the size, and structural
and morphological properties [6-8]. The optoelattro properties such as
photoluminescence and optical band gap of So&h also be improved by impurity
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doping, which helps in their applications in sessand other optoelectronic devices [9,
10]. Among the different techniques, the solvothariechnique can be used to control
the grain size, structure, morphology, and surfgwemistry by regulating the reaction
temperature, pressure, solvent nature, additives aging time. Nano-sized particles
prepared by using the solvothermal technique apea®rd to have a larger surface area,
smaller particle size, and greater stability thlamse obtained by other methods such as
the sol-gel method.

This paper reports the effect of Nb and Zr dopogthe structural and optical properties
of SnG nanoparticles, prepared by the solvothermal tegtmi Analyses were carried
out using techniques like XRD, FTIR, SEM, TEM, EDAMV-visible, PL and VSM.

2. Materials and methods

2.1. Synthesis of pure and doped tin oxide nanoparticles

A closed cylindrical Teflon-lined stainless steetatlave with 100 ml capacity was used
for the synthesis. All the reagents and solvengsl wgere of analytical grade and without
any further purification. In a typical synthesisyp® of SnC}, was taken with 50 ml of
solvent (3:2 ratios of absolute ethanol and déestilvater) in a beaker and dissolved in
1.26 g of oxalic acid. After a few minutes of vigas stirring, the required amount of
niobium pentoxide (NiDs) was added to the solution and dissolved complefehe
transparent solution was poured into the autoctangfilled with absolute ethanol up to
80% of the autoclave, and maintained at 250°C #h. After the reaction time, the
autoclave was allowed to cool down naturally and tesulting precipitates were
carefully washed with distilled water and absoletieanol repeatedly, more than 5 times
for the removal of Clion, and to avoid aggregation and then dried tuuan at 60°C for
5h. The final product was characterized by theofeihg methods. For comparison, pure
and zirconium (zirconium oxychloride: ZrOGH,0O) doped Sn@ nanoparticles were
prepared with the same procedure, as describedopsty. The samples were named as
(A) pure, (B) Nb-doped and (C) Zr-doped Srm@noparticles.

2.2. Characterization of as-synthesized nanoparticles

The particles size and structure of the sampleg wmtified by powder X-ray powder
diffraction using Seifert (JSO-DEBYFLEX 2002) ddfrttometer with monochromatized
CuKal radiation £ = 0.1541 nm). The XRD data were collected ovef aghge from
20° to 70° at a scanning rate of 5°/min. The fior@l groups of the samples were
observed by Fourier transform infrared spectra guisinNicolet-205 spectrometer. The
morphology of the samples were collected from ttanning electron microscopic image
was carried out by Hitachi S-4500 (Hitachi, Japdte crystalline size and morphology
of the samples were further confirmed by transraisgilectron microscopy performed on
a JOEL-3010 electron microscope operated at 12@Gkbvompanied by energy dispersive
X-ray analysis attachment for the compositionallysis. Ultraviolet—visible absorption
spectra were obtained from a Varian Cary 5E spplettmmeter in the range of 200-800
nm. The room temperature photoluminescence measutenwere carried out on a
Fluoromax-4 spectrofluorometer with a Xe lamp as #xcitation light source. The
magnetic measurement was carried out in a vibratamgple magnetometer (VSM; BHV-
55, Riken, Japan) at room temperature.
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3. Resultsand discussion

The size and structural properties of the as-sgithd samples were characterized by
XRD and FTIR studies. Fig. 1 (a-c) shows the XRDtgra of samples A, B and C,
respectively. Characteristic peaks with intensitiesresponding to the (110), (101),
(200), (1112), (211), (220), (002), (310) (112) ai3@1) planes were observed, which
indicate that the sample is of high purity, withutile tetragonal structure (JCPDS card
No0.41-1445). It is clear that there are no extrakpedue to niobium and zirconium metal
oxides, implying that thdransition metal ions get substituted at the Sa without
changing the rutile tetragonal structure. The afligity of the samples was significantly
affected by the Zr and Nb ions in the SniDcan be found that the diffraction peak of the
doped Sn@samples was wider than that of the pure Ss@inple. The pattern indicates
that the size of the doped Sn@anoparticles is smaller than that of the pure SnO
nanoparticles.
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Figure 1. Powder XRD patterns of (a) pure, (b) Nb-doped @h&r-doped Sn@
nanoparticles.

Furthermore, the average crystallite size was tatled by using the Debye-Scherrer’s
formula;

D = 0.9/ pcod Q)
where D, B, andd are the particle size, Cu radiation (0.1541 nm), full width at half
maximum (FWHM) of the diffraction peak and Braggkm respectively. The calculated

average particles sizes were 24.2, 20.4 and 16.®npure Sn@ Nb-SnQ and Zr-SnQ
nanoparticles, respectively. Besides, from theasltis interesting to note, that the grain
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size decreases considerably, when the transitical fens are inserted into the SnO
matrix.

The FTIR spectra were recorded in the solid phagggithe KBr pellet technique in the
region of 4000—-400 crhasshown in Fig. 2. The broad and narrow bands obdeate
~3475 and 1622 crhindicate the presence of hydroxyl groups [11], alhis probably
due to the fact that the spectrum was not recairdsdu, and some readsorption of water
from the ambient atmosphere has occurred. The bpisaring at ~949 and 1120 ¢m
are related to the vibration of tin-hydroxyl (Sn—0tbbnd [12]. The broad band at ~ 850
— 447 cm' is associated with the O-Sn—-O bridge functionaugs of Sn@ which
confirms the presence of Sp@ the crystalline phase [12]. This is in goodesgment
with the results of the XRD analysis.
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Figure 2. FTIR spectra of (a) pure, (b) Nb-doped and (ciidped Sn@nanopatrticles.

Fig. 3 (a-c) shows the SEM images of samples An@ @, respectively. All the samples
show spherical shaped Sn@anoparticles, while pure and Nb-Srghow the aggregated
particles. The Zr-Snf nanoparticles were improved, as only a few aggtates
appeared, and the dispersion was better than tthia¢ pure Sn@and Nb-Sn@samples.
However, on the whole, it was clear that doping odnbit the excess aggregation of
SnG, nanoparticles. This indicates that the Nb and afring into Sn@ can change the
surface character of the primary nanoparticleschvias deduced to be from the effects
of the diffusion of NB* and Zf* into the SnQ lattice, and the formation of a Nb—O-Sn
and Zr—O-Sn bond on the surface of the doped sample
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Figure 3. Spherical shaped SEM images of (a) pure, (b) Niedand (c) Zr-doped
SnQ, nanoparticles.

Fig. 4 (a-c) shows the TEM images of samples AnB &, respectively. For the TEM
imaging, the sample powders were dispersed in methHay using ultrasonic radiation
for 10 min and a drop of the suspension was placed the carbon-coated grids. The
images reveal that most of the particles have Heemed as fine spheres in the all
samples, while in the pure SpManoparticles some are elongated. Well-dispersed
particles were observed for the Nb and Zr dopedosssnHowever, a slight aggregation
of particles has been observed in the pure samples.corresponding selected area
electron diffraction (SAED) patterns (inserted) whthat the polycrystalline rings are
indexed to the rutile tetragonal structure of gnhich are in good agreement with the
XRD results.

From the data obtained by the TEM images, the maanand histograms of the particles
can be determined and drawn. Fig. 5 (a-c) showsp#irticle size distribution of the
samples A, B and C, respectively. It can be seanthie particle sizes possess a small and
narrow size distribution in the range from 4 tor86, and the mean diameters are about
24, 20 and 16 nm for the samples A, B and C, rdésmbg It is noticed that the mean
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particle size determined by the TEM study is in djcagreement with the average
crystallite size, calculated by Scherrer’s formiatan the XRD patterns. According to the
TEM images, it could be concluded that this prefi@mamethod was successful to obtain
SnQ, nanoparticles with well-dispersed and smaller Epakparticles.

Figure4. TEM images of (a) pure, (b) Nb-doped and (c) Zpetb SnQ@ nanoparticles.

The EDX spectrum is used to confirm the composit@nthe samples. The EDX
spectrum has been taken directly from the combiried instrument. Fig. 6 (a and b)
depicts the EDX spectra of the pure Sad Zr-Sn@ nanoparticles. The image showed
the presence of Sn and O as the only elementaniespim the pure Snisample (Fig.
6a), and with the addition of Zr as the doped elgary in the Zr-doped SnGsample
(Fig. 6b), which clearly shows the existence ofialr in the sample, and confirms the
successful doping of Zr in SpOThe presence of Cu in both the images is dudedo t
copper grid. The quantitative analysis reveals dktemic ratio of Sn, O and Zr as
33.30:66.70 and 19.35:79.53:1.12 which is constistgéth the atomic ratio of the pure
SnG; and Zr-SnQ@ nanopatrticles, respectively.
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Figureb. Particles size distribution of TEM images: (a)@uib) Nb-doped and (c) Zr-
doped Sn@nanoparticles.

Absorption and fluorescence spectroscopies are ioweon-destructive techniques to
explore the optical properties of semiconductingamarticles. The optical absorption
spectra of the pure and doped $m@noparticles are shown in Fig. 7. The absorbance
expected to depend on several factors, such asatie gap, oxygen deficiency surface
roughness and impurity centers. The UV-visible ghtson spectra were recorded in the
incident photon wavelength of 200-800 nm. The ghigmr edge of pure SiONb-SnQ
and Zr-SnQ@ nanoparticles varies. The band gap energy is guortant electronic
parameter to characterize semiconductor nanomigteiide direct band gaps of the
nanoparticles were determined from the well knovaadrelation [13] given by:

ahv = A(hv-Ep)" 2

whereo, h, n, A and Eare the absorption coefficiet£2.303 Aft, A is the absorbance, t
is the thickness of the cuvette) Planck’s consiatit frequency, frequency-independent
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constant and band gap energy, respectively, and2nfdr the direct band gap
semiconductor.
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Figure 6. EDX patterns of (a) pure and (b) Zr-doped Snéhopatrticles.

The optical band gap energy{Bf the samples was estimated from the Tauc cusyes
plotting (@hv)? versus the photon energwjhAn extrapolation of the linear region of a
plot of (@hv)? versus ki gives the value of the optical band gaiEset of Fig. 7). By the
incorporation of the transition metal ions into BieQ, nanoparticles, blue shifts are seen
in the absorption spectra [14]. This observatiomggests that impurity levels are
introduced between the intrinsic bands of the Sné@nopatrticles, which subsequently
generate new band gaps. The measured band gapuvakstb be 4.06, 3.99 and 3.92 eV
for Zr-SnQ, Nb-SnQ and pure Sn©nanoparticles, respectively, which is higher than
the reported value of the bulk SpQe., 3.6 eV [15]. This implies that when the age
particle sizes decrease the width of the band gaases. The increasing trends of the
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band gap energy upon the decreasing particle sezevell presented for the pure and
doped Sn@nanoparticles and are shown in Fig.8.
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Figure7. UV-vis absorption spectra of (a) pure, (b) Nb-csbped (c) Zr-doped SnO
nanoparticles: the inset aflfv)? versus k curve of the samples.

4.08

Zr-Sn0,
4.06 — P
4.04
~  4.02
5 |
= 400 Nb-SnO,
éﬂn q
= 3.98
=
o -
A 396
3.94
1 Pure Sn0O,
3.92 e
3.90 ! ; :
16 18 20 2 24 26

Size of nanoparticles (nm)

Figure8. Size of nanoparticles versus band gap energyrthegized samples.
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Figure9. Room temperature photoluminescence spectra piufg) (b) Nb-doped and
(c) Zr-doped Sn@nanoparticles.

Photoluminescence characterization is another taféeenethod to study the intrinsic
nature of Sng@ such as oxygen vacancies and energy bands. Fpo@s the room
temperature photoluminescence spectra of pure ,SAM-SNQ and Zr-SnQ
nanoparticles with an excitation wavelength of 3@5. There arehree emission peaks
centered in all the samples at wavelengths of 888,and 465 nm, respectively. In the
UV emission region, the 368 nm peak with the cqoesling energy of 3.36 eV is called
as the near band edge emission (NBE), which idylitebe associated with a band-to-
band recombination process, possibly involving lized or free excitonsNEnge = 3.36
eV) [16,17]. The other two peaks centered in the ldmission region, 437 and 465 nm,
with the corresponding energy of 2.83 and 2.67a&¥,0bviously lower than the deduced
band gap, and are attributed to the presence @femxyacancies on the surface. From PL
spectra, it can be seen that the Nb and Zr dopexgblea show broad and prominent
emission peaks than the pure Sr&amples. In the pure Sp@ost, the emission is
attributed to electron transmission, mediated bigatelevels in the band gap, such as
0oXygen vacancies, tin interstitials and so forttokbly, after incorporating the Nb and
Zr ions into the Snohost matrix, the defect still plays a dominantrakith respect to
the luminescence processes. These results indibategood crystalline quality of
nanoparticles obtained in the doped samples. Giénevaygen vacancies are known to
be the most common defects in semiconductor nastadsyand usually act as radiative
centers in the luminescence processes. 1N, 3® oxygen vacancies are present in three
different charge states: ¥ V," and \,,"", in which \, is a very shallow donor [18]. The
recombination of the surface trapped hole with lasteon in a deep trap (V) to form a
V,"™" center, gives rise to visible emission when a cetidn band electron recombines
with the V,™ center. Hence, the observed photoluminescencesiemispectra can be
attributed to an effect of crystallite size redantand defect of oxygen vacancies in the
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nanopatrticles, as a result of Nb and Zr dopingri®-Shanopatrticles. It is known that in a
bulk system, the effect of the oxygen vacanciegmismportant, as the density of oxygen
vacancies is very low. However, when the grain disiens are reduced to nanometric
scale the translational symmetry breaking and akedoordination at the surface lead to
the occurrence of oxygen vacancies, whose dertstggdy increases as the particle size
decreases. Those oxygen vacancies, mainly locatéideoparticle surface, are thought to
play a key role in the ferromagnetism observedanasized Sn©[19]. It is well known
that normally after several months of synthesimmas tend to lose oxygen. As for our
SnQ, powders, after a few months, when we measuredahsples again, we found an
increase in the magnetic moment. It is likely tthettse two features are combined, when
supposing that magnetism is due to oxygen vacansiase there are more oxygen
vacancies in the sample, the magnetic moment dmutthserved.
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Figure 10. Magnetic moment (m) vs. magnetic field (H) obeairat 300 K for Zr-Sn©
nanoparticles.

Fig. 10 shows the dependence of the magnetic mofmdndf the Zr-Sn@ nanoparticles
as a function of the magnetic field (H) obtaine@@® K. The s-shaped curve observed in
the central part for the sample data suggestsahaggnetic order is happening. The
image clearly shows that the ferromagnetic behawiér the synthesized SnO
nanoparticles with the size of 16 nm. As the pkatgize increases, the ferromagnetic
signal is expected to reduce, since the vacancylatpn decreases. This is thought to be
the origin of the ferromagnetism observed in thex@6SnQ nanopatrticles in this work,
and it must be the reason why a weaker ferromagséanal is observed in the 20 nm
SnG, nanoparticles in [20].
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During the solvothermal treatment, it is likely ththe crystal is grown via the
“dissolution — recrystallization” process, whichnche divided into three stages; at the
start of the reaction, with the increase in temjueea the Sn@amorphous precipitate is
gradually dissolved in the aqueous ethanol solutiban the recrystallization of SpRO
takes place when the concentration of gitOthe solution reaches super saturation; the
last stage is crystal growth. Thus, the SmOncentrations and the chemical potential
increased and the addition of dopants, resultedhe formation of different sized
particles, which exhibits good structural and agdtigroperties due to the dopants effects.

4. Conclusion

In conclusion, the successful synthesis of hightpupure and transition metal (Nb and
Zr) ions doped tin oxide (Srpnanoparticles has been achieved via the solvoidler
technigue. The crystalline size was calculated fribra Scherer’'s formula, which
suggested the formation of nanoparticles, and whis further confirmed by the TEM
images. The morphologies of the samples were obddrom the SEM images, which
show that most of the particles were sphericahimps. The EDX spectra show that the
Zr ion is successfully incorporated into the $m@noparticles. Optical studies have been
carried out, using optical absorbance and fluomsEspectroscopies. The band gap was
measured for the pure and doped samples, by usingauc relation of 3.92 — 4.06 eV.
This can be attributed to the quantum confineméeteof the Sn@ nanoparticles. The
increasing trends of the band gap energy upon #ueedsing particle size are well
presented for the pure and doped samples. Theeluence spectra show a broad visible
emission peak, which may be due to the surfacectitdgels. The intensity of visible
emission increases as the dopants are introdute&iQ nanoparticles, which indicates
the good crystalline quality of nanoparticles oheal in the synthesized samples. Thus,
the niobium and zirconium doping can be used agthad to control the band gap and
visible luminescence of the Sp@anoparticles. The synthesized Zr-Snm@noparticles
show the ferromagnetic behavior in the vibratinggnetometer sample measurement
strongly. Furthermore, the method has the imporawantage of being simple and fast
and can be extended to the synthesis of many oitige nanoparticles. This work would
be meaningful if it provides a methodology to sydize ultra-fine nanomaterials for the
use of versatile applications.
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