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ABSTRACT: Heavily F-doped SnO, nanocrystals were suc- [~ 8
cessfully prepared by a novel synthetic approach involving low- KSnFa
. . 2+ %g . J
temperature oxidation of a Sn”" -containing fluoride complex
KSnF; as the single-source precursor with H,O,. The F-doped
SnO, powder was characterized by powder X-ray diffraction,
TG-MS, BET surface area, diffuse reflectance spectroscopy, |
XPS, PL, FTIR spectroscopy, Raman spectroscopy, EPR spec- __,:_,_u'.__j__én_pj._m_

msity {.u.]

troscopy, SEM, and TEM. Broadening of the diffracted peaks, |* ¥ ¥ “ # 4
signifying the low crystallite size of the products, was quite
evident in the powder X-ray diffraction pattern of SnO, obtained from KSnF;. It was indexed in a tetragonal unit cell with lattice
constants a = 4.7106 (1) A and ¢ = 3.1970 (1) A. Agglomeration of particles, with an average diameter of S—7 nm, was observed in
the TEM images whose spotwise EDX analysis indicated the presence of fluoride ions. In the core level high-resolution F 1s
spectrum, the peak observed at 685.08 eV was fitted by the Gaussian profile yielding the fluoride ion concentration to be 21.23% in
the SnO, lattice. Such a high fluoride ion concentration is reported for the first time in powders. SnO,:F nanocrystals showed greater
thermal stability up to 300 °C when heated in a thermobalance under flowing helium, after which generation of small quantities of
HF was observed in the TG coupled mass spectrometry analysis. The band gap value, estimated from the Kubelka—Munk function,
showed a large shift from 3.52 to 3.87 eV on fluoride ion doping, as observed in the diffuse reflectance spectrum. Such a large shift
was corroborated to the overdoped situation due to the Moss—Burstein effect with an increase in the carrier concentration. In the
photoluminescence (PL) spectrum, SnO,:F nanocrystals exhibited a broad green emission arising from the singly ionized oxygen
vacancies created due to higher dopant concentration. The evidence for singly ionized vacancies was arrived from the presence of a
signal with a g value of 1.98 in the ESR spectrum of SnO,:F at room temperature. The disordered nature of the rutile lattice and the
enormous oxygen vacancies created due to fluoride ion doping were evident from the broad bands observed at 455, 588, and
874 cm™ ' in the room-temperature Raman spectrum of SnO,:F. As the consequence of the oxygen vacancies, F-doped SnO, was
examined for the function as a photocatalyst in the degradation of aqueous RhB dye solution under UV irradiation. A very high
photocatalytic efficiency was observed for the F-doped SnO, nanocrystals as compared to pure SnO,. The BET surface area of pure
SnO, was quite high (207.81 m”/g) as compared to the F-doped SnO, nanocrystals (45.16 m*/g). Pore size analysis showed a mean
pore diameter of 1.97 and 13.97 nm for the pure and doped samples. The increased photocatalytic efficiency was related to the very
high concentration of oxygen vacancies in SnO, induced by F doping.

1. INTRODUCTION modify the optical progerties of metal oxides due to the similar
ionic size of F~ and O™ . SnO, has been the leading candidate
among the extensively investigated transparent conducting oxides
(TCO) for a variety of reasons.” It is a n-type wide band gap
semiconductor showing high chemical and mechanical stabilities
with unique photoelectronic properties.” SnO, has additional
applications as gas sensors and as an oxide matrix in the dye-
sensitized solar cells.** The possible use of SnO, as an alternative
to graphite in Li-ion batteries using a graphite anode has also
been studied due to its high specific capacity.18 Doping with a Cl,
Sb, Mo, or F atom in SnO, —graphite composite was found to be

In the field of advanced materials, nanocrystals have been
widely investigated to explore their unusual properties for a
variety of applications.'~* Even more interesting phenomena are
expected for the doped nanocrystals. In recent years, there has
been increased interest in doped metal oxide nanocrystals
because of their diverse industrial applications in electrochromic
devices,” lasers,® transparent conductors,”® gas sensors,”'° light-
emitting devices,"! photonic crystals,12 fluorescent materials,"
heat reflectors and solar cell panels,"* photocatalyst,"* electro-
chemical oxidation,® lithium-ion battery electrode,'”'® spintro-
nics applications," and superconductors.*’

Anionic doping, especially fluoride-ion doping, has attracted a Received: ~ February 18, 2011
lot of attention from researchers to engineer the band gap and to Published: May 27, 2011
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more effective among various strategies to improve the conduc-
tivity and electrochemical reversibility.”” SnO,, when doped with
fluoride ions, exhibited higher figures of merit (0/c.), where o is
the conductivity and o is the visible absorption coefficient, as
compared to doping with Sb. Also, the F-doped SnO, topped the
work function among the commonly used transparent
conductors.” For most of the applications, including the batteries,
higher surface area nanosized particles of SnO, would be
required. SnO, is cost effective and also known to be least toxic
among all other TCOs.”

For the preparation of the SnO,:F powders, the sol—gel
method (employing organometallic precursors), chemical vapor
deposition, and spray pyrolysis techniques were reported.
While,Ha et al."® obtained F-doped SnO, powders from the
single-molecular precursor the fluoro(2-methylbutan-2-oxy) di-
(pentan-2,4-dionato)tin complex by simple hydrolysis, Wu
et al.>® coupled hydrothermal treatment with hydrolysis to
achieve better crystallinity. Similarly, Hana et al.** coupled the
sol—gel and combustion methods to prepare F-doped SnO,
nanopowders. Suffner et al.** used carrier gas DFM (difluoro-
methane) to dope SnO, nanoparticles with fluoride. Gamard
et al.> prepared crystalline SnO, containing 3 mol % of fluoride
starting from an organotin complex containing fluoride and other
sol—gel-derived routes derived from fluorinated tin alkoxides for
preparing SnO,:F.>” Senthilkumar et al*® reported fluoride-
doped SnO, powders by the sol—gel process using SnCl, - 2H,0
and HF as the tin and fluoride sources. F-doped SnO, films have
been fabricated by chemical vapor deposition techniques,* dip-
coating technique,®® spray pyrolysis,"**' ** and reactive RF
sputtering.3

Synthetic procedures that are known to yield F-doped SnO,
powders employed a tin source (SnCl, or SnCl,) and fluorine
source (NH,F, CH,F,, and HF). If in case, a single-source
precursor was used; it consisted of organotin complexes which
required heat treatment, after the reactions, to get rid of the
volatile organic impurities as well as to improve crystallinity.
Total elimination of carbon impurities was found to be difficult,
thus making it difficult to understand the effects of F-doping on
the properties of SnO,. In any case, doping a higher concentra-
tion of fluoride ions in SnO, was not easily achievable in the
powder form; in many instances it is restricted by either the
fluoride concentration in the starting precursor or contamination
of the final product due to incomplete removal of the fluorinating
agents.

Higher doping concentrations of fluoride ions have previously
been reported only in thin films.*"***>37*% Higher concentra-
tions of fluoride ions in SnO, are known to decrease the sheet
resistance as well as increase carrier concentrations.*>"*>** This
is quite useful, especially in solar cell applications, to allow more
photons in the UV region and to increase the transmittance
value.*"*° Therefore, it is worthwhile to investigate if one could
increase the fluoride-ion concentration in SnO, powders through
a low-temperature process which could pave the way for further
understanding in this widely investigated system.

In the present study, we report the successful synthesis of
fluoride-doped SnO, by a novel oxidation procedure in which the
inorganic fluoride complex of Sn*", KSnF;, was employed as the
single-source precursor. KSnFj is air stable, easy to prepare, and
easy to handle, and therefore, its controlled oxidation with H,O,
was carried out at 100 °C to obtain F-doped SnO,. The choice of
this precursor was highly justified from the fact that the mixed
metal complex fluorides are highly hydroxyphilic due to the same

size of the fluoride and hydroxide ions. Also, SnO, could very
easily be obtained from the hydroxides of tin."®* More impor-
tantly, the reactions were conducted at low temperatures which
did not require any intricate set up or handling of hazardous
fluorinating agents. The use of inorganic precursor prevented the
product from inclusion of carbon, which is usually the contami-
nant starting with an organotin precursor. F-doped SnO, was
characterized by various characterization techniques; the struc-
ture, symmetry, and size of the crystals were determined from
powder X-ray diffraction, FT-IR spectrum, Raman spectroscopy,
HRTEM observations, diffuse reflectance, and photolumines-
cence spectroscopy. The chemical composition was analyzed by
X-ray photoelectron spectroscopy (XPS). The thermal stability
together with evolved gas analysis was carried out to examine the
suitability of the doped oxides for large-scale coatings. Addition-
ally, the photocatalytic properties of SnO,:F were evaluated in
terms of aqueous Rh B dye degradation and realized it to be a
highly efficient catalyst. The BET surface area and EPR spec-
troscopy techniques were employed to arrive at a conclusive
proof for the presence of singly ionized oxygen vacancies on F
doping in SnO,.

2. EXPERIMENTAL METHOD

2.1. Synthesis. Our research group has reported green synthetic
approaches for various mixed metal fluoride complexes.*> KSnF; was
synthesized from SnCl,-2H,0 (99.9%, Aldrich) and KF (99%, AR
grade, CDH) in a 1:3 molar ratio. In a typical procedure, 1.128 g of
SnCl,-2H,0 and 0.8715 g of KF were mixed in methanol under
constant stirring and kept stirring for 2 h continuously. A white-colored
powder, resulting after reaction, was separated by filtration and washed
several times with distilled water. Washing with distilled water was
continued until the filtrate showed the absence of any milky textured
precipitate with AgNO; solution, confirming complete removal of KClI,
the salt eliminated in the reaction. A white-colored suspension was
obtained through the controlled oxidation procedure in which 0.2 g of
KSnF; was refluxed in a mixture of 20 mL of 30% H,0O, and 80 mL of
CH;OH for 8 h at 100 °C. Use of methanol is to control the rate of
oxidation by H,O,, and the product was separated by centrifugation and
dried naturally over a desiccant.

2.2.Characterization. The powder X-ray diffraction patterns were
recorded using a high-resolution D8 Discover Bruker X-ray diffract-
ometer, equipped with a point detector (scintillation counter), employ-
ing monochromatized Cu Ko radiation obtained through a gobel
mirror with a scan rate of 1.0 s/step and step size of 0.02° at 298 K
over the range of 26 = 10—60°. Diffuse reflectance spectra (DRS) of the
samples were recorded on Perkin- Elmer UV—vis spectrophotometer
Lambda-33. In the DRS, BaSO, was used as the reference. The FT-IR
spectra were recorded using a Perkin-Elmer 2000 Fourier-transform
infrared (FTIR) spectrometer using KBr disks. The photoluminescence
measurements were performed using a Cary Eclipse fluorescence
spectrophotometer (Varian make) at room temperature employing a
CW Xenon lamp source. XPS measurements were accomplished with a
Perkin-Elmer series XPS using an Al K, X-ray line (1486.6 eV) for
photoelectron excitation at a base pressure of 2 x 10° Torr at a power
of 100 w (25 mA, 15 kV). The TEM image and EDX measurements were
carried out on a Philips Tecnai G? 30 transmission electron microscope
with 300 kV accelerating voltage. The SEM micrograph of the sample
was recorded on a Hitachi S-3700 M microscope. Raman spectrum
was obtained using a Renishaw via a microscope system with an Ar *
laser (A = 514.5 nm). Brunauer—Emmett—Teller (BET) surface area
of the samples was obtained from physical adsorption of N, at
77 K using a Belsorp-Max and Belsorp-Aqua Porosimeter. Electron
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paramagnetic resonance (EPR) spectra were recorded with a JEOL JES-
FE3XG electron spin resonance spectrometer. The EPR spectra were
calibrated with diphenylpicrylhydrazyl, DPPH (g = 2.0037). Thermo-
gravimetry (TG) and derivative thermogravimetry (DTG) analyses
coupled with mass spectrometry were obtained using the Pyris 1
TGA in the range 50—400 °C under helium at a flow rate 50 mL min
and at a heating rate of 5 °C min~ using a Perkin Elmer Clarus mass
spectrometer. In the experiments, the powder samples were placed in
platinum crucibles and the electron impact mass spectra (70 eV) were
continuously recorded with scans from 10 to 500 amu.

2.3. Photocatalytic Experiments. Photocatalytic studies under
UV (4 < 400 nm) light were carried out in an immersion-type, in-house
fabricated photochemical reactor. A double-lined quartz tube with
dimensions of 3 cm i.d,, 4 cm o0.d,, and 17 cm length was placed in an
outer pyrex glass reactor of 7.5 cm i.d. and 18 cm length. A high-pressure
mercury vapor lamp of 125 W (Philips, India) was placed inside the
quartz tube. The outer shell of this fluorescent lamp was removed in
order to have maximum intensity, and the emission profile of the lamp
is shown in the Supporting Information.** Water circulation was
carried out through the quartz tube so as to avoid any thermal effects
and to serve as well as an IR filter. All experiments were conducted
atroom temperature. The appropriate dye solution, to be decomposed,
was taken along with the required amount of catalyst in the outer
pyrex container and was constantly stirred to maintain a homogeneous
suspension. The solar intensity was measured at regular intervals using
a pyranometer, which yielded an average value of 3.39 4W cm '.*
The dye was dissolved in doubly distilled water. A typical experiment
of degradation was carried out as follows: 0.1 g of the catalyst was
added to 100 mL of aqueous solution of Rh B with an initial
concentration of 5 x 10~° mol/L for irradiation experiments. Prior
to irradiation, the suspension of the catalyst and dye solution was
stirred in the dark for 1 h to reach the equilibrium adsorption. Five
milliliter aliquots were pipetted out periodically from the reaction
mixture. The solutions were centrifuged, and the concentration of the
solutions was determined by measuring the maximum absorbance
(Amax = 552 nm).

3. RESULTS AND DISCUSSION

3.1. Structural and Morphological Studies. Monoclinic
KSnF; was synthesized by a simple and green precipitation
reaction of SnCl,-2H,0 and KF in methanol as reported for
other KMF; fluoride complexes.** The powder X-ray diffraction
pattern of KSnF; is presented in Figure la, which matched well
with JCPDS file no. 16-0794. The powder X-ray diffraction
pattern of the product from reaction of KSnF; with H,0O,
(shown in Figure 1b) suggested formation of rutile-structured
SnO, having tetragonal symmetry with peak positions and
intensities matching well with JCPDS file no. 41-144S. The Le-
Bail fit*® of the powder X-ray diffraction pattern of the SnO,:F
(inset of Figure 1) yielded the lattice constants a = 4.7106 (1) A
and ¢ = 3.1970 (1) A, matching well with the reported values.
SnO, was also generated by reacting SnCl, - 2H,O with H,O, for
the purpose of comparison, and its powder X-ray diffraction
pattern is shown in Figure 1c. Broadening of the diffracted peaks,
signifying the low crystallite size of the products, was quite
evident in the SnO, obtained from both SnCl, - 2H,O as well as
KSnF;. The average crystallite size, as verified from the Scherrer
analysis, was less than 3 nm. Insertion of fluoride ion in SnO, was
not quite evident from the powder X-ray diffraction patterns
wherein the broadness of the peaks masked any small shifts with
respect to SnO, obtained from SnCl, - 2H,O.
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Figure 1. PXRD pattern of (a) KSnFs, (b) oxidized product from
KSnF;, and (c) SnO, from SnCl,-2H,0. (Inset) Le-Bail fit of the
powder X-ray diffraction pattern of oxidized product from KSnFj.

A plate-like morphology was observed in the SEM micro-
graphs (Figure S1, Supporting Information). Agglomeration of
particles, due to high surface forces, such as van der Waals and
capillary forces, was observed in the TEM images (Figure 2).*’
The results of crystallite size measurements from TEM images
were in good agreement with the Scherrer analysis. While spot-
wise EDX analysis of the SEM and TEM images indicated the
presence of fluoride in the SnO, lattice (Supporting Information,
Figure S2), further quantification was obtained from high-
resolution XPS analysis.

Figure 3 shows the high-resolution survey XPS spectrum of
the SnO,:F, and to compensate for surface charging effects,
binding energies were calibrated using the C 1s hydrocarbon
peak at 284.6 eV. The binding energies of Sn 3ds /5, O 1s,and F 1s
were located at 487.4, 531.87, and 685.08 €V, respectively. Sn
3ds, peak showed the Sn** bonding state as observed earlier in
$n0,™® and SnF,.*”*° This also indicated that Sn—F bonding
formed in the SnO, framework, which was further supported by
the FTIR spectrum (discussed later in this section). These
observations pointed out the absence of potassium ion in the
oxidized product. The core level F 1s spectrum observed at
685.08 eV (inset of Figure 3) was fitted in the Gaussian profile,
confirming the doping of fluoride in the SnO, lattice. The
concentration of the constituent elements was obtained using
the following relationship

Ax

SF,
N

x 100

C, =

X

~ SF,

where A, is the area under the curve for element x and SF, is the
corresponding sensitivity factor. On this basis, the concentration
of the tin ions, oxide ions, and fluoride ions was 33.27%, 45.50%,
and 21.23%, respectively. The EDX measurements from SEM
and TEM images also yielded the dopant concentration in the
same range (Figure S2, Supporting Information). Such a high
concentration of F~ ion in SnO; has earlier been reported only in
thin films 31343537,38
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Figure 2. TEM image of SnO,:F.
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Figure 3. Survey XPS spectrum of fluoride-doped SnO,. The core level
spectrum of F 1s is shown in the inset.

The following mechanism, involving the sequences of chemi-
cal reactions, could be conceived for the formation of inherently
F-doped SnO,

KSnF; + H,0, — KSnF;_,(OH),
KSnF;_,(OH), — Sn(OH), + HF + KOH

Sn(OH), + HF — SnO,: F

H,0,, being a powerful oxidizing agent, dissociated the complex
fluoride while simultaneously oxidizing Sn*" to Sn**, resulting
probably in Sn(OH), and HF. Highly reactive HF, presumed to

be generated in situ, might lead to doping of some of the hydroxyl
groups with F~.

The thermal stability of this heavily F-doped SnO, system was
examined by the hyphenated TG-MS techniques. This technique
is quite useful to understand the species evolved during heating
and could reveal the feasibility of the use of F-doped SnO,
nanoparticles for coating films, especially by the spray pyrolysis
technique. As mentioned earlier, this is the most commonly
employed method for the SnO, system. It is important to
recognize that the evolution of HF vapors and F, during the
spray pyrolysis technique must be prevented due to their
hazardous nature. Often, this information has not been included
in the research publications as claimed by Gamard et al.*” The
plot of time versus mass loss for the SnO,:F system is presented
in Figure 4 at a heating rate of 5 °C/min. The evolved gas analysis
was carried out by mass spectrometry at periodic intervals of
time. The analysis of mass spectrometric data of the gases
evolved on heating SnO,:F at 70, 110, 125, 250, 310, and
370 °C is presented in Table 1. The corresponding plots are
provided in the Supporting Information (Figures S3—SS).
Evolution of an appreciable amount of HF in the evolved gases
was observed only above 300 °C, suggesting that the powders
obtained in the present study have fair thermal stability. This
finding would be quite significant for making large area coatings
by the spray pyrolysis technique, which employs temperatures of
the same order for deposition.

The FTIR spectrum of SnO, has been demonstrated to be a
good indicator for detecting the increased disorder nature of its
rutile structure, especially when doped with fluoride ions.>>*"
Selected regions of the FT-IR spectra of SnO, and SnO,:F
powders are shown in Figure SA. The FT-IR spectrum of SnO,,
from SnCl,-2H,0, showed bands at 547 and 664 cm™ " which
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Figure 4. Thermogravimetry trace of SnO,:F.

Table 1. TGA Coupled with MS Data for SnO,:F

sampling mass loss
pyrolysis temperature intensity
steps (°C) (%) species detected
1 70 03 H,0, F, HF,OH
2 110 13 F, 0,, CO,
3 125 03 H,0, F, HF, N,, O,, OH
4 250 1.7
5 310 L1 CO,, HF
6 370 1.6 CO,, HF

were assigned to Sn—O and O—Sn—O stretching vibrations,
respectively. The FTIR spectrum of SnO,:F showed bands at
482, 586, 642, and 740 cm (Figure SA). Bands at 586 and 642
were assigned to Sn—O and Sn—O—S8n stretching vibrations,
respectively.”*>> The disappearance and weakening of the in-
tensity of the vibrational band at 642 cm™ ' were observed as
inclusion of fluoride in SnO, occurred; the other characteristic
feature was the presence of Sn—F vibration modes. This feature
was essentially observed only at higher doping levels, thereby
causing splitting of the band due to O—Sn—0.* It could
effectively be argued that the doping of fluoride ions resulted
in oxygen vacancies, thereby increasing the electropositive
character around the Sn—Oy,. bond. In such a scenario, the
additional occupations of fluoride ions for some oxygen vacan-
cies were certainly possible in the lattice. It can be suggested that
atlow doping levels fluoride ions prefer to occupy oxide positions
in the SnO, lattice. After reaching a threshold concentration,

additional doping could allow the fluoride ions to occupy the
interstitial positions, producing a negative effect on the carrier
concentration which in turn affected the infrared reflectivity of
SnO, powder. The presence of interstitial fluorine atoms also
would increase the lattice disorder remarkably, resulting in the
shift of vibration frequency of the Sn—O bond in the FT-IR
spectrum.38

In general, a shift in the peak positions accompanied with
broadening of the Raman bands were observed for nanoparticles
with a size of less than 7 nm.>*** The room-temperature Raman
spectrum of the SnO,:F nanocrystals showed bands at 455, 588,
and 874 cm ™' (Figure SB). Rautile-structured SnO, belongs to
the space group D'*, of which the normal lattice vibration
mode on the basis of group theory is given as>

T = 1A, + 1Ay + 1Ay, + 1By + 1By, + 2By, + 1E, + 3E,

Among these, By, Eg, A}y, and B, are the active Raman modes.
Consequently, three fundamental Raman peaks at 477, 636, and
777 cm Y, corresponding to the Eg, A;g, and B, vibration modes,
respectively, were observed, conforming with earlier reports
(Figure 5B).% Bands at 626 and 776 cm ™' further confirmed
that the pure SnO, nanocrystals (from SnCl, - 2H,0) possessed
the tetragonal symmetry of the rutile structure. A downward shift
of the A;, and B, vibration modes was observed for the fluoride-
doped SnO, nanocrystals (Figure SB). This could arise due to
the crystallite size reduction.” In addition to the fundamental
Raman peaks of rutile SnO,, weak bands at around 326 cm ™'
were also observed in SnO,:F.>” Also, as a consequence of
disorder activation of oxygen vacancies, a band at 576 cm ™'
appeared.®® The band at 446 cm ™' observed for pure SnO,
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Figure S. (A) FTIR spectra of SnO, (dotted line) and SnO,:F
(solid line). (B) Raman spectrum of SnO, (dotted line) and SnO,:F
(solid line).

nanocrystals could be assigned to the bending mode of
Sn—0—5n.*’ According to the phonon confinement model,*>*
both the long-range order and the entire translational symmetry
get destroyed due to the effect of three-dimensional confinement
of nanoparticles, which would result in the variation of the lattice
vibration mode. The phonon wave function could be described
by using the wave packet that is confined within the nanoparticles
instead of a plane. Peak broadening in the Raman spectrum
might be the result of a random distribution of nanosized
crystallites. A base line shift with an increase in wavenumber
was observed in the Raman spectrum of the fluoride-doped
SnO,, suggesting its fluorescent nature.

3.2. Optical Properties. The diffuse reflectance spectra of the
F-doped and synthesized SnO, exhibited a significant change in
their absorption behavior. Very strong quantum confinement
effects of heavily doped nanocrystals leading to unusual electro-
nic and optical properties are not yet completely understood.
This statement gained strong support from the very recent work
of Mocatta et al*' in which heavy doping in p- or n-type
semiconductor nanocrystals resulted in the confined impurity
band and band tailing leading to a strong blue shift. A blue shift of
the exciton absorption was observed from 3.52 to 3.87 eV
(calculated by the Kubelka—Munk function) in the SnO, system
on F doping. This can only be explained by the Moss—Burstein
effect in which the excessive F doping into the n-type SnO, lattice
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Figure 6. Plot of absorbance versus photon energy of SnO, (solid line)
and SnO,:F (dotted line). (Inset) Photoluminescence spectrum of
SnO, (filled cirles) and SnO,:F (open circles).
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Figure 7. (A) Schematic diagram for the excitation and relaxation
processes leading to the photoluminescence. (B) ESR spectrum of
SnO,:F at room temperature.

could possibly have led to the increased band filling by the donated
electrons (Figure 6).*>*"°! This observation validated the results
of Mocatta et al.*' observed for III—V semiconductors.

The photoluminescence (PL) spectrum (inset of Figure 6) of
the SnO,:F nanocrystals exhibits broad visible light emission
with the maximum centering at 506 nm. This PL emission can be
considered to be an excitonic PL process in which the non-
radiative transitions of the electrons excited from the conduction
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Figure 8. (a) Photolysis of RhB under UV irradiation. Photolysis (b) in
the dark, (c) in the presence of SnO, (from SnCl,-2H,0), and (d) in
the presence of SnO,:F over S M Rh B under 125 UV light. (Inset)
Repeated photodegradation of Rh B solution by SnO,:F.

band (CB) bottom to different sub-bands (or surface states)
occur first followed by subsequent radiative transitions from the
sub-band to the top of the valence band (VB) occurring as
depicted schematically in Figure 7A.°> The intense PL emission
could be the result of the defects created as a result of F-doping
and due to the inherent defects occurring during lattice forma-
tion. The oxygen vacancies resulting from the doping could
possibly interact with some of the interstitial vacancies, leading to
formation of a considerable amount of trapped states within the
band gap, resulting in intense PL emission.”” The blue shift
observed on F doping in SnO, in the absorption measurements
was confirmed in the PL spectra as well. By both the absorption
and the photoluminescence measurements, a blue shift of the
exciton absorption due to the Moss—Burstein effect was
confirmed.***"°" A diminishing singly ionized oxygen vacancy
could possibly have resulted in the prominent green emission in
the PL spectrum. Our results suggested that oxygen vacancies
played a critical role in the observed green emission of SnO,:F.
Evidence for the singly ionized oxygen vacancies was obtained
from the presence of an ESR signal with g = 1.98 for the F-doped
SnO, (Figure 7B). Additionally, a very weak feature with a lower
g value was seen in the ESR spectrum, the origin of which is not
clear at present. Such observations have been reported earlier in
ZnO and SnO, samples,®>” and ours is the first report on
F-doped SnO, giving rise to a green emission caused by the singly
ionized oxygen vacancies.

3.3. Photocatalytic Studies. The photocatalytic activity of
SnO,:F was evaluated by photocatalytic decolorization of the
aqueous solution of the dye Rh B at room temperature under UV
irradiation (Figure 8). Repeated decomposition of Rh B under
UV radiation by SnO,:F is shown in the inset of Figure 8,
indicating that the catalyst was active and chemically stable
toward successive cycles of photodecomposition. The maximum
absorbance for the aqueous RhB dye was observed at around
552 nm. In the presence of SnO,:F as the catalyst, the absorbance
decreased initially, indicating adsorption of the dye Rh B (in the
dark). Further, a substantial decrease in the absorbance of Rh B
was observed after conducting the reaction under UV light
irradiation. The solution turned colorless within 20 min of

Table 2. BET Surface Area, Mean Pore Diameter, and Total
Pore Volume of SnO,:F and SnO,

BET surface mean pore total pore
compound area (m*/g) diameter (nm) volume (cm®/g)
SnO,:F 45.16 13.97 0.1578
pure SnO, 207.81 1.97 0.1023

irradiation. Similar experiments were carried out for the pure
SnO, nanocrystals as well. From these experiments, the variation
in the concentrations of the Rh B solutions was plotted against
the time (Figure 8). These results clearly demonstrated that
SnO,:F mineralized Rh B faster than synthesized SnO, under
similar experimental conditions.

To gain more insight into the factors contributing to the
photocatalytic properties of nanosized SnO,:F, the specific sur-
face area, pore size, and pore volumes of the SnO, and SnO,:F
nanocrystals were measured by the BET method by N, adsorp-
tion and desorption at 77 K, and the results are tabulated in
Table 2. The corresponding adsorption—desorption isotherms
are shown in Supporting Information Figure S6. While the BET
surface area of SnO,:F was 45.16 m?/ g, undoped SnO, possessed
a surface area of 207.81 m>/ g. Although, the surface area of SnO,:
F is smaller than pure SnO,, the photocatalytic response of the
former is higher as compared to the latter. This was attributed to
higher oxygen vacancies in SnO,:F, induced by the heavy fluoride
ion doping. The presence of a higher concentration of oxygen
vacancies was further supported by the broadness of the photo-
emission spectrum under excitation with A = 300 nm (inset of
Figure 6). Though one could not directly derive any correlation
between the intensity of the emission in the PL spectrum and the
photocatalytic activity in excitonic oxide semiconductors, the
suggestion of Ligiang et al.®* in which a possible intense PL
emission could possibly result in higher photocatalytic activity
due to the higher concentration of oxygen vacancies offered a
satisfying explanation for our observation. The specific surface
area and average pore volume of 45 m?/ g and 0.157 cm’/ g for
SnO,:F, measured in the present study, were very close to those
of commercial photocatalsyst Degussa P25 (50 m*/g and
0.16 cm®/g, respectively).®® Since, the dye pollutants generally
were adsorbed onto the active sites of the catalysts, the higher
surface area and larger pore size would certainly allowed rapid
diffusion of various reactants and products during the photo-
catalytic reactions, thereby accelerating the entire photodegrada-
tion reaction.’® The pseudo-first-order rate constant for
decomposition of Rh B over SnO,:F was 8.77 x 10> min ™.
The powder X-ray diffraction pattern of SnO,:F after photo-
catalytic degradation showed the structure to be intact, indicating
that there was no reaction between the organic dye (Rh B) and
the photocatalyst (Supporting Information, Figure S8).

4. CONCLUSIONS

Air-stable KSnF; has been successfully demonstrated to be an
ideal single-source precursor for producing fluoride-ion-doped
SnO, nanocrystals at low temperatures. FTIR and Raman
spectroscopic analysis of the SnO,:F indicated the presence of
a very high concentration and disordered nature of oxygen
vacancies and the possible presence of fluoride ions in the
interstitials in addition to the designated oxygen positions in
the rutile lattice. XPS analysis revealed a fluoride concentration
of 21.23% in SnO,, the highest until now, achieved in powders.
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The enormous blue shift observed in the F-doped SnO, nanocryst-
als was attributed to the overdoped situation with increased carrier
concentration. This system offered another example in which
the Moss—Burstein effect has manifested in interesting opto-
electronic properties. A broad green emission observed in the PL
spectrum of SnO,:F also resulted from the singly ionized oxygen
vacancies caused by heavy fluoride-ion doping. An ESR signal
with a g value of 1.98 provided conclusive evidence for the singly
ionized vacancies in this system. Evaluation of SnO,:F as a
photocatalyst for degradation of aqueous RhB dye solutions
revealed it to be a promising photocatalyst. The present proce-
dure eliminated the requirement of intricate experimental setup
as well as the use of hazardous fluorinating agents usually
employed for doping fluoride ions and resulted in nanosized
powders which can effectively be suspended in suitable medium
for large-scale coatings by dip coating, electrophoretic, or spray
pyrolysis procedures for thin film fabrication.

B ASSOCIATED CONTENT

© Ssupporting Information. SEM image of SnO,:F, EDX of
SnO,:F from SEM and TEM analysis, mass spectral details of
evolved gases after heating SnO,:F at 70, 110, 125, 250, 310, and
370 °C, nitrogen adsoption—desorption isotherms of SnO, and
SnO,:F, emission spectrum of a 125 W mercury vapor pressure
(Philips) lamp, and powder X-ray diffraction pattern of SnO,:F
before and after photocatalytic experiments. This material is
available free of charge via the Internet at http://pubs.acs.org.
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