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Abstract

Ultrafine pure and cobalt doped SnO, s nanocrystals (Sn; .Co O, 0 < x < 0.05) were synthesized by
microwave-assisted hydrothermal method. The as-prepared nanocrystals have single phase tetragonal rutile
structure. With increase of Co content (x > 0.01), Co entered into SnQ, lattice in mixed Co*/Co** state.
Pronounced blue shift of the band gap with cobalt doping originated from the combined effect of quantum con-
finement and Burnstain-Moss shift. Raman and photoluminescence study revealed oxygen deficient structure
of Sn0, 4 for which the prevalent defects are in the form of in-plane oxygen vacancies. Co-doping induced de-
crease of in-plane oxygen vacancy concentration and luminescence quenching. SnQO, s exhibited significantly
better photocatalytic activity under UV light irradiation, than Co-doped samples due to better UV light ab-
sorption and increased concentration of in-plane oxygen vacancies which, as shallow donors, enable better
electron-hole separation and faster charge transport.
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I. Introduction the synthesis of SnO, nanostructures with controlled
size and morphology. SnO, nanostructures like thin
films, nanobelts, nanotubes or nanowires, nanodisks and
nanocrystals have been prepared using different meth-
ods, such as carbothermal reduction process, hydrother-
mal and solvothermal, chemical vapour condensation,
laser ablation, sol-gel and molten salt techniques [9—
18]. However, for most of these methods relatively high
temperatures are required during the synthesis process
and the samples are usually subjected to additional ther-
mal treatment in order to achieve good crystallinity. In
recent years hydrothermal approaches appeared to be
widely applied as SnO, nanostructures can be obtained
with different morphologies and tunable size at mild
temperatures [8,19]. Microwave-assisted hydrothermal

Tin oxide (SnO,) is an n-type semiconductor with
large band gap (3.6 eV) at room temperature. Because of
its unique electronic, optical and electrochemical prop-
erties, SnO, is widely used in dye-sensitized solar cells,
transparent conductive electrodes, solid state sensors,
lithium-ion batteries and catalysis [ 1-7]. During the past
decade, SnO, nanostructures have become one of the
most important oxide nanostructures due to their excep-
tional properties and potential applications which are
strongly influenced by size effects and morphology [8].

In the past decade various efforts were devoted to
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synthesis (MAH) became a very promising method
for obtaining size and morphology controllable oxide
nanostructures due to the unique advantages, such as
fast heating rate and uniform heating without super-
heating of the solvent, which results in small particle
size, narrow size distribution and high purity of the ob-
tained nanopowders. Therefore, MAH appeared to be
very convenient method for obtaining ultrafine SnO,
nanopowders [19,20].

SnO, nanostructures are generally less studied as po-
tential photocatalysts compared to TiO, and ZnO, de-
spite its crystalline structure being similar to TiO, and
good properties such as high photochemical stability,
non-toxic nature, strong oxidizing power, and low-cost
[21]. In order to improve the photocatalytic efficiency of
SnO2, selective doping with metal ions, transition met-
als (gold, manganese, silver and iron) and rare—earth
elements (Ce, Sm, Gd) was performed and well pre-
sented in the review paper by Al-Hamdi et al. [21].
Among the transition metals, cobalt is rarely applied
as dopant. In fact, there are only few papers dedicated
to potential applicability of Co-doped SnO, nanostruc-
tures as photocatalysts [22-24], but none of them in-
vestigated the synergic influence of defective nature
and Co-doping on photocatalytic properties of very fine
SnO, nanocrystals. It is well known that photocatalytic
efficiency of metal oxide nanostructures can be influ-
enced by the presence of intrinsic defects such as oxy-
gen vacancies [25-28]. The presence of oxygen vacan-
cies strongly influences the charge recombination pro-
cess and the band gap structure. Namely, oxygen vacan-
cies introduce the defect levels (near conduction or va-
lence band) inside the gap and behave as trapping cen-
tres for photogenerated carriers preventing the fast re-
combination. Besides, oxygen vacancies can facilitate
the transferring of charge carriers to adsorbed species
(OH™ or water molecules and dissolved oxygen present
on the surface of the catalyst) and enhance the forma-
tion of reactive radicals which are responsible for im-
proved photocatalytic activity of oxide nanostructures
[26,27]. Moreover, the formation of defect states inside
the gap reduces the band gap and extends the absorption
to visible light [25,27]. The prominent intrinsic defects
in SnO, nanostructures are oxygen vacancies as well,
which form donor/acceptor states inside the SnO, gap,
influencing its electronic structure and making it con-
ductive [4]. As oxygen vacancies play a critical role in
many new physical phenomena, it is important to inves-
tigate associated changes in the optical and electronic
properties of pure and Co-doped SnO, nanomaterials
which can have a strong impact on photocatalytic ac-
tivity of these materials.

In the work presented here, ultrafine, nonstoichio-
metric pristine and Co-doped SnO, ; nanopowders were
synthesized via simple and cost effective microwave-
assisted hydrothermal method. This paper intends to
explore how defective structure and Co-doping pro-
voke changes of optical and electronic properties of
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SnO, _,; nanocrystals influencing the photocatalytic per-
formances.

II. Experimental procedure

2.1. Materials preparation

Sn, Co, 0O, (where x = 0, 1, 3 and 5mol%)
nanopowders were synthesized by microwave-assisted
hydrothermal method using SnCl, - 5H,0 (98%, Ald-
rich), CoCl, -6 H,O, NaOH and HCI as starting pre-
cursors. Initially, 1 ml of hydrochloric acid was added
to 10ml of distilled water at 50 °C resulting in a so-
lution with pH between 0 and 1. Next, 17.529g of
SnCl, - 5 H,O was added and the mixed solution was ho-
mogenized under stirring with simultaneous increasing
of the water amount to approximately 50 ml. In a case
of the doped samples, 0.119g, 0.357 g and 0.595 g of
CoCl, - 6 H,O were added to obtain 1, 3 and 5 mol% Co-
doped samples, respectively. NaOH was added drop-
wise under vigorous stirring until the pH of the solu-
tion was adjusted to 8. The mixed solution was placed
in a 110 ml sealed Teflon autoclave and subjected to mi-
crowave heating, applying 2.45 GHz of microwave ra-
diation at a maximum power of 800 W. The as-prepared
solution was heated at 140 °C for 10 min using heating
rate of 14 °C/min and then air-cooled to room temper-
ature. The as-prepared undoped and Co-doped SnO,
nanopowders were submitted to dialysis in order to be
separated from the solution and then dried at 80 °C for
12h.

2.2. Materials characterization

The crystalline structure and average crystallite size
of the Sn,_ Co O, _; samples were evaluated using X-ray
diffraction (XRD) measurements. The measurements
were carried out using an automatic X-ray diffractome-
ter (Rigaku, Rotaflex RU200B) with CuKa radiation
(50kV, 100mA, A = 1.5405A) in a 6-20 configuration
using a graphite monochromator. The 26 scanning range
was between 20 and 70°, with a step size of 0.02°. Mi-
crostructural analysis was made by transmission elec-
tron microscopy (TEM) FEI Titan 60-300 operating at
voltages between 60 and 300kV, using a field emission
gun (FEG) with an objective lens (Super Twin) and a
corrector that allows resolution of 0.08 nm.

Micro-Raman scattering measurements were per-
formed at room temperature in the backscattering con-
figuration on Tri Vista 557 Raman system equipped with
a nitrogen-cooled CCD detector, using 532nm laser
line of optically pumped semiconductor laser (Coher-
ent Verdi G) as an excitation source. UV-visible dif-
fuse reflectance spectra were acquired with a Cary 5G
spectrophotometer in the 200—-800 nm range. Diffuse re-
flectance spectra were transformed into the absorbance
spectra by the Kubelka-Munk method. The ellipsomet-
ric measurements were performed using high resolu-
tion variable angle spectroscopic ellipsometer (SOPRA
GESSE-IRSE) of the rotating polarizer type. The data
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were collected at room temperature in the UV-Vis spec-
tral range with a resolution of 0.02eV, for the inci-
dence angle of 70°. Photoluminescence emission mea-
surements were performed at room temperature using
Spex Fluorolog spectrofluorometer with C31034 cooled
photomultiplier under Xenon lamp excitation at 380 nm.

2.3. Photocatalytic experiments

The photocatalytic activity of the Sn; Co,O, s sam-
ples, for the degradation of methylene blue (MB) as
model pollutant, was tested under UV illumination. The
different samples with the same photocatalyst amount
(150 mg/1) were immersed in 20 ml of an aqueous so-
Iution of methylene blue (5.0 mg/1). The beakers were
placed in a photo-reactor at controlled temperature
(15 °C), under magnetic stirring, and were illuminated
by six 15W UV lamps (TUV Philips, maximum inten-
sity at 254 nm). The solution was placed in the dark for
60 min to reach the adsorption/desorption equilibrium
before UV light exposure. Blank experiment without
UV irradiation demonstrated no adsorption of MB dye
on the surface of the Sn; ,Co, O, ; samples. The photo-
catalytic experiments were conducted at the natural pH
= 6 of MB dye. At regular time intervals 2 ml aliquots
were taken, centrifuged to remove any catalyst particles
and the concentration of the dye was determined by UV-
Vis absorption spectrophotometer (Shimadzu-UV-1601
PC) monitoring the variation of absorbance at 663 nm.

The formation of hydroxyl radicals (OH*®) on the sur-
face of the SnO, ; sample under the UV light illumi-
nation was examined by photoluminescence (PL) tech-
nique using terephthalic acid (TA) as a probe molecule.
The detailed experimental procedure was described in
reference [29]. TA is known to react with OH® rad-
icals induced on the photocatalyst’s surface where it
produces highly fluorescent 2-hydroxyterephthalic acid
which shows an intense PL peak at around 425nm.
The intensity of this peak is proportional to the amount
of OH"® radicals [30,31] produced in the photocatalytic
process. The changes of the 425 nm PL peak intensity
were measured at room temperature using 315 nm exci-
tation.

II1I. Results and discussion

3.1. Crystal structure and morphology

Figure 1a shows XRD patterns of the Sn, Co, O,
(0 < x < 0.05) nanopowders, whereas the Rietveld re-
fined XRD spectra of the SnO, 5 and Sn, 4sCo,, 15O, 5
samples are presented in Figs. 1b and 1c. The XRD pat-
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Figure 1. XRD patterns of Sn, Co, O, ; nanocrystals

(0 < x £0.05) indexed to tetragonal rutile structure of

SnO, (a), Rietveld refined XRD spectra of SnO, _; (b)

and Sn,, y;Co, s O,_; (c) nanoparticles

terns of all the samples revealed single phase tetrag-
onal structure (cassiterite phase). The XRD peaks at
26.6, 33.8, 51.9 and 65.8° can be assigned to (110),
(101), (211) and (301) planes, which are in good agree-
ment with literature data (ICDS Ne 9163). No secondary
phases like Co oxides, Co clusters or other tin ox-
ide phases were observed. Moreover, broad diffraction
peaks of low intensities compared to those of bulk SnO,,
point to low crystallinity and small crystallite size of the
SnO, nanoparticles.

The average lattice parameters and unit cell volume
obtained from the Rietveld refinement data are given
in Table 1. These results showed an expansion of the
SnO, unit cell with increasing cobalt content up to 5%.
This variation originates from the substitution of smaller
Sn** cations (0.83 A) with larger Co®* cations in high
spin state (0.89 A) [32]. The slight shrinkage of the unit
cell observed for the 5% Co-doped sample can be re-
lated to the presence of increased amount of smaller
Co** cations (Is: 0.68 A or hs: 0.75 A). The average
crystallite size (D) of the Sn;_ Co,O, s nanocrystals was
calculated with the Scherrer formula using the 110 re-
flection and their values are reported in Table 1. Obvi-
ously, the mean crystallite sizes of the undoped and Co-
doped samples are less than Bohr exciton radius (2.7 nm
for SnO,) [33] and with increased Co-doping the crys-
tallite size of the Sn;  Co O, ; nanocrystals decreases.
Such a trend implies that Co-doping has an inhibiting
effect on the crystal growth. This inhibiting effect of Co
on the crystal grains growth was already confirmed in
the work of Babu et al. [34].

TEM images of the undoped and Co-doped SnO,
samples are presented in Fig. 2. TEM images revealed

Table 1. Lattice parameters (a, c), unit cell volume (V) and average crystallite size (D) of the Sn, ,Co, O, ; nanocrystals

Sample a=b[A] c[A) V[A}] D [nm]

Sn0, 4722 +0.002 3.180+0.003 70905 2.5
Snj00C0y 00,5 4747 +0.002 3.201+0.003 72.131 2.4
Sny,C0y 30,5 4.759+0.002 3.206+0.002 72.609 2.3
SnyosC0y 5O, 4.744+0.002 3.186+0.002 71.703 2.2
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Figure 2. TEM images of Sn, .Co,0,; (0 < x < 0.05)
nanoparticles

that the undoped SnO, ; sample is composed of single
crystalline nanoparticles of very small size and quasi-
spherical shape. The morphology of the Sn, Co O,
nanoparticles remained the same with Co-doping. The
particles are of spherical shape with the size less than
3 nm, which is in good agreement with the results ob-
tained from XRD data. The observed agglomeration of
the Sn,;_ Co,O, ; nanoparticles can be ascribed to small
crystallite sizes.

3.2. Raman analysis

SnO, tetragonal rutile crystalline structure (space
group P4,/mnm) has four active Raman modes (non-
degenerate Ay,, Biy, By, modes, and a doubly degen-
erated E, mode), two active infrared modes (A, and
E,) and two silent modes (A5, Bi,) [35]. The positions
of Ayg, Big, Byg and E, Raman modes in SnO, single
crystal under ambient conditions are 634, 123, 776 and
475 cm’!, respectively, and the Aj, and E, modes are of
much higher intensity compared to By, and B, modes
[35].

The Raman spectra of nanocrystalline, non-
stoichiometric SnO, s are modified in comparison with
single-crystal or polycrystalline SnO,, because Raman
spectroscopy is more sensitive to intrinsic defects and
confinement effect than conventional XRD technique.
Namely, the position, bandwidth and intensity of Ra-
man modes are size dependent, i.e. Raman modes are
broadened, of lower intensity and shifted towards lower
or higher energies depending on phonon dispersion
curves. Besides, new modes of defect origin can appear
[36,37]. The room temperature Raman spectra of the
Sn,_Co,0, s nanocrystals are presented in Fig. 3 and
they are deconvoluted using Lorentzian profiles (full
lines in Fig. 3).

In the Raman spectrum of the pure SnO, ;, the most
prominent mode is located at ~574cm’!. This mode
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Figure 3. Deconvoluted room-temperature Raman spectra of
Sn,_.Co,0, s nanoparticles

is characteristic for non-stoichiometric SnO, ; and it
is not present in the Raman spectra of SnO, single-
crystal [35]. Density functional calculations performed
by Liu et al. [38] have shown that this mode arises
from in-plane oxygen vacancies (Vp;,) in the surface re-
gion of SnO, s nanoparticles, intensity of which is pro-
portional to their concentration. In very fine nanopar-
ticles this mode has the highest intensity due to the
increased concentration of oxygen vacancies. Raman
mode at ~627 cm’! can be ascribed to the A, mode of
rutile SnO, structure. This mode is of lower intensity,
broadened and shifted to lower wave numbers compared
to the bulk counterpart, due to the phonon confinement
effect [37]. As the crystallite size of the undoped SnO,
is smaller than the Bohr exciton radius, the size effect
can be very pronounced in this sample. Another broad
Raman mode at ~479 cm™ is assigned to E, mode and
it is shifted to higher wavenumbers with size decrease
of SnO, _; nanocrystals [37]. Besides these modes, addi-
tional modes at around 430 and 540 cm™! appear. These
new modes are usually seen in very fine SnO, nanopar-
ticles [37-39], nanotubes [40] or nanoribbons [41] be-
cause of the increased degree of local disorder, i.e. loss
in long-range order due to the large number of lattice va-
cant positions, especially at the surface of nanoparticles.
These modes are of high intensity in small nanoparticles
and disappear with particle size increase. According to
some literature data, due to the relaxation of the selec-
tion rules in nanostructured SnO,, the mode at 540 cm’!
is assigned to the Raman forbidden mode (B,,) [40,41],
whereas the new mode at around 430cm™! can be as-
signed to the oxygen vacancy clusters (V¢) [39]. The
Ay, and E, modes exhibited redshift and broadening
with Co-doping. The redshift and broadening of these
modes are expected with substitution of Sn** ions with
larger Co”* ions and decreased crystallite size due to
the phonon confinement effect. The positions and inten-
sities of the Ay,, E, and oxygen vacancy related modes
(Voin and V() are presented in Fig. 4. As it can be seen
from Fig. 4, the intensity of A;, mode increases with
increased Co concentration, whereas the intensity of £,
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Figure 4. Positions and intensities of A;, and E, (a) and vacancy (V;, and V¢) (b) Raman modes

mode is higher in the Co-doped samples compared to
the undoped SnO, ;. The E, mode intensity slightly de-
creased in samples doped with higher Co content, as a
consequence of lattice distortion and reduction in lattice
space symmetry. The position of the Raman mode as-
cribed to in-plane oxygen vacancies (574 cm™!) did not
change significantly, whereas the Raman mode related
to vacancy clusters (430cm™) shifts to higher energies
with Co-doping. The intensity of both modes decreased
in the Sny, 4,Co,, 13O, s sample and this trend is more ev-
ident for the Sn; osCo,, 15O, s sample. The intensity re-
duction of oxygen vacancy related modes in these sam-
ples implies that the concentration of oxygen vacancies
decreased. The decrease of the oxygen vacancy concen-
tration is expected if the part of Co cations were in Co™*
state or if some Co cations were interstitially incorpo-
rated in SnO,_; lattice [33,42].

In order to see if Co cations substituted Sn** in Co**
state or the part of them was in Co®* state, UV-Vis
absorption measurements were performed and the ab-
sorption spectra of the Sn, ,Co, O, s samples are pre-
sented in Fig. 5. In the UV range, the absorption spec-
trum of SnO, ; displays a strong absorption due to
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Figure 5. UV-Vis spectra of Sn,_ Co,O,_; nanoparticles
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the SnO, interband transition. Two peaks at 230 and
283 nm are superimposed giving the broad band which
might correspond to the surface Sn** species and to
the Sn**—Sn>* intervalence charge transfer, respec-
tively [43]. In Co-doped samples the broad band is
shifted to lower wavelength implying the band gap in-
crease with Co-doping. In the absorption spectra of
the Sn,, ;Co, 130, s and Sn;, 4sCo, ,sO, ; samples, new
bands appear. The band around 329nm can be as-
signed to the partial change of oxidation state of Co®*
to Co>* [44], whereas the broad band around 400 nm
can be ascribed to lAlglz—ﬂng transition of low spin
Co’* ions in octahedral environment [45]. The inten-
sity of these bands increased in the Sn;y5Cog)sO, s
sample pointing to the increased concentration of Co**
ions. The bands around 544 and 635nm can be re-
lated to 4A,(F)—>4T,(P) transition of tetrahedral Co*
species [45]. Therefore, from the absorption spectra of
the Sn o,Co,, (30,5 and Sn 4sCoy (sO,_s samples it can
be deduced that part of Co cations entered into SnO,
lattice in Co>* state, concentration of which increased
with the increased dopant content. This result supports
the finding obtained from the refined XRD spectrum of
the Sn,, 45Co, (50O,_s sample, since the shrinkage of the
unit cell was ascribed to the increased amount of Co’*
cations.

Our conclusions derived from absorption measure-
ments are well-supported by recently published work of
Roy et al. [46] concerning Co-doped SnO, nanocrys-
tals. From the XPS study, Roy et al. [46] confirmed the
mixed valence nature of Co ions in the host lattice and
they have found that the relative concentration of Co>*
exceeds that of Co®" with the increase of dopant con-
tent. This study also showed that Co incorporation into
SnO, leads to the reduction of oxygen vacancies which
is consistent with our Raman study.

3.3. Optical and electronic properties

The investigation of complex dielectric function by
spectroscopic ellipsometry offers an insight into the
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Figure 6. Determination of the direct band gap for Sn, ,Co O, ; nanoparticles using Tauc law(a); variation of the band gap
energy obtained from ellipsometric measurements (EZ,”’ ) and from quantum confinement model (AEZ,"") (b) and
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most important optical properties of the nanomaterials,
such as, optical band gap, interband and intraband tran-
sitions, defect electronic states. The imaginary part of
dielectric function is directly related to the electronic
density of states and in a case of nanopowders it can be
deduced from the ellipsometric measurements by apply-
ing two-phase model approximation (in our case: SnO,
nanocrystals/air). In order to investigate the optical band
gap behaviour and the influence of Co dopant on the
absorption edge in SnO, ; nanocrystals we applied the
Tauc model for direct band gap transition [47], knowing
that SnO, is a direct band gap material [48]. In this case
general expression for &,(E) is:

(2 E*)’ = a(E ~ Ey) M
where E is the photon energy, E, is the band gap and a is
the constant related to the density of states for the con-
duction band. The Tauc plots of the Sn, ,Co O, ; sam-
ples obtained from ellipsometric measurements are pre-
sented in Fig. 6a. Linear extrapolation to zero absorp-
tion (straight lines in Fig. 6a) gives the band gap energy
values of the Sn,_Co O, ; samples.

In Fig. 6b, the dependence of the band gap energy
(from Fig. 6a) on dopant content for the Sn, ,Co O, ¢
samples is represented with open circles. It is obvious
that Co-doping induces an increase of the E,. Also, it
is important to notice that all investigated samples have
the band gap values higher than that for bulk SnO,. Such
changes in electronic properties of SnO, nanomaterials
can be a consequence of the quantum confinement ef-
fect. This effect causes an increase of the band gap value
due to the stronger localization of electronic states in-
side the volume of nanocrystals. The band gap energy
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shift, caused by this effect, can be calculated according
to the following relation [49]:

h2n?

2 D @)

AES" = E, +

where E, is the band gap value for the bulk SnO,
(3.6eV), D is the crystallite radius and y is the reduced
effective mass of the electron-hole pair. From the XRD
results it was obtained that the average crystallite size
of the undoped SnO, ; nanocrystals is lower than Bohr
exciton radius, and that it has a tendency of further de-
crease with Co-doping. Therefore, it is reasonable to
take into account the quantum confinement effect in or-
der to properly analyse the band gap behaviour of the
Sn,_ Co, 0O, s samples. Taking the D values from Table
1 and knowing that u = 0.38my [48], the band gap val-
ues (AEL™) that arise from the quantum confinement ef-
fect were calculated using Eq. 2. The AE,™ values are
presented in Fig. 6b with open squares. Comparing the
AE{" values with E™ ones it is obvious that observed
band gap increase of the Sn; ,Co, O, s samples cannot
be ascribed only to the quantum confinement effect.
Another effect that can cause a shift of optical ab-
sorption edge to higher energies is the Burstein-Moss
effect, which becomes more relevant in doped semicon-
ductors (like transparent conducting oxides) with high
charge carrier concentration. The Burstein-Moss effect
is already registered in doped SnO, thin films [50,51].
According to this effect, the widening of the optical gap
is caused by metallic doping and increase of carrier den-
sity which leads to the filling of empty semiconductor
electronic states in the vicinity of Fermi level and its
shift to higher energies. Assuming parabolic bands and
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spherical Fermi surface the band gap shift due to the
Burstein-Moss effect can be calculated by simple rela-
tion [4]:

h? 2/3
AEJ = = (37° - n) 3)

U

where & is Planck constant, u is the reduced effective
mass and 7, is the carrier concentration.

Additional charge, i.e. increased charge carrier den-
sity in pure and doped SnO, ; nanocrystals, can orig-
inate from the donor type defects like oxygen vacan-
cies and Co-dopants. Raman spectra have already ev-
idenced defective structure of SnO, ;, whereas Co**
dopants bring additional charge when substituting Sn**
ions. Hence, the observed increase of the E, from Fig.
6b can be ascribed to the Burstein-Moss shift (AEZM).
Combining Eqgs. 2 and 3 it is possible to estimate the
concentration of charge carriers (n,) in the Sn; ,Co O,
samples and the obtained values are presented in Fig.
6c. These calculated values are in good agreement with
literature data for SnO, thin films [52]. As can be seen
from Fig. 6¢, doping of SnO, ; nanocrystals with Co
ions causes an increase of the charge carriers concen-
tration and shift of the optical absorption edge toward
UV region, making the investigated material more con-
ductive and at the same time more transparent.

It is well known that large number of defects, such as
oxygen vacancies or vacancy clusters, can be formed at
the SnO, nanoparticles surface and subsurface [21]. In-
trinsic oxygen vacancies can be of three types: in-plane
(Voin), bridging (Vpp) and subbridging (Vpsp) vacan-
cies [36,38]. These vacancies can be in different charge
states, i.e. vacancies which trap one, two or none elec-
trons, so called F*, FO and F** centres, and they can
form defect levels inside the SnO, 5 gap [53]. Among
the optical spectroscopy methods, photoluminescence
(PL) spectroscopy is convenient method to investigate
the defect structure of the pure and Co-doped SnO,
samples.

Room temperature PL spectra of the SnO, g,
Sn, 49Coy 4,0, and Sn; 4sCo, (5O, ; samples using a
wavelength of 380nm for excitation are presented in
Fig. 7a. The PL spectrum of SnO, s is deconvoluted

into four Gaussian peaks centred at 510, 575, 470 and
446 nm (inset of Fig. 7a). In the deconvoluted PL spec-
trum of the undoped SnO, ; two bands dominate: broad
intense band centred at around 510 nm and another band
of lower intensity at around 575 nm. Since the excita-
tion and emissions are both lower than the band gap
of SnO, 4, neither of these PL bands can be ascribed
to the recombination of the Sn 4p conduction electrons
with a holes from a O 2p band. The broad green lu-
minescence around 510 nm is already seen in SnO, thin
films [10] and nanoparticles [36] and it was attributed to
the in-plane oxygen vacancy defects [36]. Therefore, the
strong PL peak at 510 nm (2.45eV) is ascribed to Vy;,
defects. This finding is in accordance with correspond-
ing Raman spectrum in which the most prominent Ra-
man mode originates from in-plane oxygen vacancies.
Another PL band at 575 nm (2.15eV) can be ascribed to
the isolated bridging oxygen vacancy defects, i.e. singly
ionized F'* defects [53]. The PL bands around 470 and
440 nm were seen in SnO, nanopowders [54]. These PL
bands obtained with similar excitation line as in our case
were ascribed to have excitonic origin [54]. It is well
known that excitonic bands are formed near the band
edge and they are usually of much narrower bandwidth
than PL bands which originate from defect structures.
As the band gap of the SnO, ; sample is around 4 €V, it
can be concluded that PL bands at 446 and 470 nm lie
deeper in the gap. Hence, it is unlikely that these two
bands originate from some excitonic states. Perform-
ing density functional calculation for defective SnO,
nanocrystals, Liu et al. [38] have shown that PL peaks at
446 and 470 nm originate from the subbridging oxygen
vacancies, Vpsp. Schematic model for different relax-
ation processes in the SnO, _; nanocrystals is presented
in Fig. 7b.

Co-doping induced complete reduction of PL inten-
sity. Even the smallest percent of Co-doping (see Fig.
7a) almost completely quenched the luminescence. By
integrating the spectra of the Sn,_ Co, O, _; samples from
Fig. 7a, the areas within the boundary of emission were
calculated for both undoped and doped samples in or-
der to compare the quantum efficiencies. As the spectra
were recorded under the identical excitation/absorption
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Figure 7. Room-temperature PL spectra of Sn, , Co_O,_; nanoparticles (a) and the schematic of relaxation mechanism (b)
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conditions, the drop in quantum yield value was esti-
mated to be nearly 93%, which evidently implies that
cobalt doping drastically quenches the photolumines-
cence of SnO, ;. It has been already demonstrated that
Co ions act as luminescence quenchers for metal oxides
like TiO, or ZnO, decreasing the intensity of PL emis-
sion by forming the large number of nonradiative cen-
tres [55,56]. Therefore, it can be inferred that Co-doping
of the SnO, ; nanocrystals increases the nonradiative re-
combination processes.

3.4. Photocatalytic performances

The degradation of MB under the UV light in the
presence of the Sn, Co, O, ; samples is shown in Fig.
8a. The blank experiment in the absence of the cata-
lyst (black curve) displayed almost no photocatalytic
degradation of MB under UV irradiation. The SnO,
nanoparticles exhibited high photocatalytic activity as
the degradation of MB was completed after 6 h. The
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Figure 8. Photocatalytic degradation of MB in the presence
of Sn; , Co, O, ; samples (inset: pseudo first-order reaction
kinetics of SnO,_; sample) (a) and illustration of proposed

photodegradation mechanism under
UV light illumination (b)

photocatalytic efficiency of the SnO,_; nanoparticles is
much better than the ones of bulk SnO, [53] and is com-
parable to other reported works on SnO, nanoparticles
[24,57]. Photoinduced degradation of MB was signifi-
cantly slower in the presence of Co-doped samples. Af-
ter 6 h, the MB degradation of 50% was obtained in the
presence of the Sn;, 40Co, 0, catalyst, whereas sig-
nificant decrease of photocatalytic activity was regis-
tered for the Sn o;Coy, 13O, 5 and Sn;, 45Co,) 15O, 5 sam-
ples. The obtained results are in accordance with the
solitary work of Entradas et al. [22] who showed that
increased Co-doping resulted in the decreased photocat-
alytic activity of SnO,. The experimental kinetic data
for SnO, ; catalyst were fitted to the rate equation of a
pseudo first-order reaction In(C/Cy) = kt, where k is the
rate constant and Cy and C are the initial dye concen-
tration and that at time 7. The reaction kinetics for the
SnO,  catalyst (inset of Fig. 8a) follows the first order
and the reaction rate constant estimated from the slope
of the linear fit is 0.323 h™!. The degradation process of
MB is initiated when the electron-hole pairs are formed
on the SnO, ; surface under the UV irradiation. Photo-
generated electrons and holes, if not recombined, can
migrate to the catalyst surface and react with adsorbed
oxygen, water molecules or hydroxyl anions generating
hydroxyl (OH®), superoxide (O3") or (HO3) radicals.
These reactions can be presented by Eq. 4-8:

Sn0, + hy — SnO, (e, + hi) (4)
€ap + Ogqy — 037 )
h{, + H,O — H" + OH"* (6)
h?, + OH™ —> OH" 7)
0y + H* — HO} ®)

The photocatalytic efficiency of semiconductors like
SnO, can be enhanced by introducing lattice defects
such as oxygen vacancies because these defects can be
active sites on the photocatalyst surface and delay the
recombination of photogenerated electrons and holes
[21,58]. The as-prepared SnO,_; nanopowders are very
much oxygen deficient as confirmed by Raman results.
The oxygen vacancies can form defect states inside
the gap influencing the electronic structure of SnO,
nanoparticles, as already seen from PL spectrum. By
applying complementary techniques such as ultravio-
let photoelectron spectroscopy and ion-scattering spec-
troscopy, Cox et al. [59] analysed oxygen vacancy elec-
tronic states on the SnO, surface and they showed
that in-plane oxygen vacancies Vp;, form defect elec-
tronic states inside the SnO, gap near the conduc-
tion band behaving like F* centre donor states. Bridg-
ing/subbridging oxygen vacancies form states near the
valence band [59] playing the role of hole acceptors.
These donor/acceptor states can serve as carrier traps for
electrons and holes ensuring better charge separation ef-
ficiency and suppression of e-h recombination process.
Besides, doubly ionized (F**) or singly ionized (F*)
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in-plane or subbridging vacancies formed at the surface
of the catalyst facilitate charge transfer to adsorption
species like H,O or O,, forming reactive radicals re-
sponsible for dye degradation. The holes, hJ,, trapped
by oxygen vacancies at the nanoparticle surface react
with adsorbed H,O or OH ™ groups to form OH" radicals
(Egs. 6 and 7). Besides, electrons, e, can be trapped
by surface F** vacancies which convert to F*. Molec-
ular oxygen adsorbed on the SnO, ; surface can capture

electrons located on F* states [58] to form O3~ radicals:
e, +F— FF )
F"+0, — Oy + F** (10)

Therefore, it is reasonable to assume that in-plane
and subbridging/bridging oxygen vacancies in different
charge states play significant role in enhancing the pho-
tocatalytic efficiency of SnO, ;. The proposed mecha-
nism of photodegradation process is presented in Fig.
8b.

Among the reactive radicals, OH® radicals are con-
sidered to be the most important oxidative agent in
photocatalytic reactions on metal-oxide nanostructures.
They have one of the highest oxidation potentials among
the oxidizing species (2.8 V) and can rapidly attack
pollutants on the semiconductor surface. These radi-
cals are considered as non-selective oxidizing species,
since they can oxidize almost all electron rich organic
molecules because of its electrophilic nature. OH® rad-
icals are usually formed by the reaction between the
holes and OH™ or water molecules present on the
surface of the catalyst (Eqs. 6 and 7). The forma-
tion of OH® radicals on the surface of UV-illuminated
SnO, ; was tested by performing the experiment with
terephthalic acid, described in detail in section 2.3.
The concentration of OH® radicals was estimated from
the intensity change of the PL peak attributed to 2-
hydroxyterephtalic acid which is known to be propor-
tional to the amount of OH® radicals formed [30,31].
Figure 9 showed that intensity of PL peak at around
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Figure 9. PL intensity change of 430 nm peak observed
during UV illumination of SnO,_; sample in the solution of
terephthalic acid and recorded at different time

430nm gradually increased with the prolonged irradi-
ation time pointing to the higher formation rate of hy-
droxyl radicals. This result indicates that increased for-
mation of OH*® radicals has a great effect on the photo-
catalytic activity of SnO, ;. Further investigations will
be directed to the estimation of the optimal SnO, con-
centration and the influence of solution pH on the SnO,
photocatalytic properties. In that sense, more detailed
mechanism study needs to be performed.

With Co-doping the photocatalytic performances of
SnO, ; were deteriorated. The reasons can be found in
increased number of nonradiative centres with increas-
ing cobalt concentration which act as trapping centres,
immobilizing the fast transfer of photo-generated elec-
trons to the nanoparticle surface. However, one of the
main reasons can be found in the decreased concen-
tration of oxygen vacancies which promotes the charge
separation enhancing at the same time the photocatalytic
activity. Also, the increased band gap of the Co-doped
samples decreases the number of photons with sufficient
energy to initiate photocatalytic processes, i.e. less UV
energy is absorbed.

IV. Conclusions

Single phase ultrafine Sn,_Co, O, ; nanocrystals, of a
tetragonal (cassiterite-type) crystal structure, were pre-
pared using a simple microwave-assisted hydrothermal
synthesis at low temperature without the addition of
any surfactant. Rietveld refinement of the XRD data
showed that Co cations entered substitutionally into
SnO, ; lattice and the unit cell volume increased up to
x = 0.05. The slight shrinkage of the unit cell of the
Sn,, 45Co,, 15O, sample was ascribed to the increased
amount of Co®* cations. The average crystallite size
of the SnO, ; nanocrystals was less than Bohr exci-
ton radius and it was found to decrease with increas-
ing Co-doping level. UV-Vis absorption measurements
confirmed that Co cations entered into the SnO, ; lat-
tice in mixed valence state for higher dopant content (x
> 0.01) and the concentration of Co®* cations increased
in the Sn, 45Co,, ,sO,_ s sample. Raman spectra revealed
oxygen deficient structure of the SnO, ; nanocrystals,
whereas the oxygen vacancy concentration decreased
with increased Co-doping. Further, Co-doping brought
significant changes in the optical and electronic prop-
erties of tin oxide. SnO, ; nanocrystals exhibited blue
shift of the band gap energy, compared to the bulk coun-
terpart, due to the combined phonon confinement and
the Burstein-Moss effects. The optical band gap energy
increased with increasing Co concentration. The lumi-
nescence process in SnO, ; nanocrystals mainly origi-
nated from oxygen vacancy related defects and it was
completely quenched in the Co-doped nanocrystals due
to the increased nonradiative recombination processes.
The oxygen-deficient SnO, _; was efficient for the light-
induced degradation of methylene blue. Enhanced pho-
tocatalytic activity of SnO, ; can be ascribed to the
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oxygen vacancies-assisted better charge separation and
faster charge transport to adsorbed species. On the other
hand, deteriorated photocatalytic performances of Co-
doped SnO, ; nanopowders can be ascribed to the de-
creased oxygen vacancy concentration and less amount
of absorbed UV light because of the band gap widening.
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