Journal of Materials Science: Materials in Electronics (2019) 30:16110-16123
https://doi.org/10.1007/510854-019-01981-y

=

Check for
updates

Effects specific surface area and oxygen vacancy on the photocatalytic
properties of mesoporous F doped SnO, nanoparticles prepared
by hydrothermal method

Xiaolong Wang'? - Min Xu' - Lu Liu' - Yan Cui' - Hansong Geng" - Hongli Zhao' - Bo Liang’ - Jingkai Yang'

Received: 7 May 2019 / Accepted: 3 August 2019 / Published online: 16 August 2019
© Springer Science+Business Media, LLC, part of Springer Nature 2019

Abstract

Mesoporous Fluorine doped SnO, (FTO) nanoparticles (NPs) have been successfully synthesized by hydrothermal process.
Subsequent annealing process at 350 °C, 500 °C, 650 °C and 800 °C has been carried out to synthesize FTO photocatalysts
with different specific surface areas and oxygen vacancy contents. X-ray diffraction (XRD), transmission electron microscopy
(TEM), Raman spectroscopy characterization, Raman measurement, X-ray photoelectron spectroscopy (XPS), Brunauer—
Emmett-Teller (BET), X-ray photoelectron spectroscopy (XPS), UV-Vis diffuse reflectance and Photoluminescence (PL)
spectra have been used to investigate the effects of specific surface areas and oxygen vacancy contents on the photocatalytic
properties of mesoporous FTO photocatalysts. The results show that the mesoporous FTO NPs consist of spherical nano-
particles of 3—6 nm in diameters with a tetragonal crystal structure. The as—synthesized mesoporous FTO NPs with the band
gap of 3.91 eV, the largest number of oxygen vacancies and the largest surface area of 145.55 m? g~! exhibit an excellent
photocatalytic activity when degrading methyl orange (MO) under UV light irradiation, and the degradation of dye methyl
orange (MO) can reach 97% within 80 min. Moreover, the superoxide oxide (#0O,7) is the major active specie, which has
played a key role in MO degradation system. The photocatalytic mechanism of FTO photocatalysts has been also proposed.

1 Introduction interests in the photocatalytic degradation of environmen-

tal pollutants, due to its efficient photoactivity, low cost,

Tin oxide (SnO,) is one of the most widely—used metal
oxide semiconductor materials applied in gas sensors, lasers
diodes, solar cells, transparent conductors, light-emitting
diodes, fluorescent materials photocatalyst and so on [1-5],
because of its excellent low electrical resistance and high
optical transparency. Recently, SnO, has attracted great
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least toxic, low electrical resistance, and stability against
thermal and chemical environments [6—8]. However, SnO,
exhibits poor photocatalytic activity due to its wide band-
gap (3.6 eV), low generation efficiency and rapid combina-
tion of electron—hole pairs in photocatalytic reaction [9, 10].

To address these, many researchers have paid attention
to tuning the photocatalytic properties of SnO, by doping
with ions or constructing semiconductor heterojunction
with other oxide to improve the photocatalytic performance
[11-15]. Among the doped SnO, materials, fluorine doped
SnO, (FTO) materials exhibit superior chemical and ther-
mal stability, higher hardness and lower cost [16]. Moreo-
ver, F doping could engineer the band gap and modify the
photoelectric properties of SnO, due to the similar ionic
radius of F~ (~1.33 A) and 0> (~1.40 A). As is known,
the photocatalytic properties strongly depend on the particle
sizes, morphology, defects and band gaps [17-19]. Doping
SnO, can also generate defects in the crystal lattice and cre-
ate oxygen vacancies, which significantly help to improve
photocatalytic properties, and smaller particle size is highly
favorable for increasing the photocatalytic efficiency [20,
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21]. A number of studies have been reported on the struc-
tural, optical and photocatalytic properties of FTO thin films
in the past few decades [22, 23]. However, to the best of our
knowledge, a very limited number of reports were dedicated
to the study of the photocatalytic activity of FTO NPs under
UV light irradiation.

As is known, high photocatalytic properties depend on the
high surface—to—volume ratio with local disorders, defects
and vacancy clusters on the surfaces. Herein, in this work,
mesoporous FTO NPs with high surface—to—volume ratios
were prepared by hydrothermal method, and the photocata-
lytic activity was evaluated for the degradation of methyl
orange (MO) under UV light. The microstructural and pho-
tocatalytic properties of mesoporous FTO NPs have been
investigated to propose a schematic diagram for energy band
structure with photocatalytic process.

2 Experimental procedure
2.1 Synthesis of FTO NPs

In this work, FTO NPs were synthesized by hydrothermal
process. Tin chloride pentahydrate (SnCl,-5H,0) and ammo-
nium fluoride (NH,F) were used as the starting material
and F dopant source, respectively. All of the raw materi-
als were used without further purification. Firstly, 14.024 g
SnCl,-5H,0 was dissolved into 75 mL deionized water
mixed with 75 mL ethanol (C,H;OH) and 2 mL concentrated
hydrochloric acid (HCI: 36 wt% < concentration <38 wt%).
Secondly, 0.741 g NH,F (F/Sn=50 at. % in the precursor
solution [24]) was added to the above solution under stirring.
After that, concentrated ammonia (NH;-H,0) was added into
the above solution to adjust pH to 2.0. The mixed solution
was stirred magnetically for 4 h to obtain homogenous pre-
cursor solution. Thirdly, the mixed solution was transferred
into the 200 mL Teflon-sealed autoclave and held at 180 °C
for 12 h. After that, the obtained precipitation was filtered
and washed with distilled water and alcohol several times
to remove impurities completely, then dried at 80 °C for
4 h, and then grounded into powders for annealing. Finally,
the powders were annealed for 0.5 h in a muffie furnace to
obtain FTO NPs. The annealing temperature was designed
as 350 °C, 500 °C, 650 °C and 800 °C.

2.2 Sample characterizations

The crystal structure of the as-synthesized and annealed
FTO NPs with different annealing temperatures was deter-
mined by X-ray diffraction (XRD, D/max-2500PC dif-
fractometer, Rigaku, Tokyo, Japan) with Cu-Ka radiation
(A=0.15406 nm). Selected area electron diffraction (SAED),
high resolution transmission electron microscopy (HRTEM)

images were performed by transmission electron microscopy
(TEM, JEM-2010 spectrometer, JEOL, Tokyo, Japan). The
Raman spectroscopy was carried out by a Renishaw 2000
invia Raman spectrometer (London, UK). The specific sur-
face areas of samples were determined with a surface-area
analyzer (TriStar II Plus 2.02, Micromeritics, USA) by the
Brunauer—-Emmett-Teller (BET) method based on the nitro-
gen adsorption isotherm, while the pore size distribution was
estimated by Barrett—Joyner—Halenda (BJH) theory. UV-Vis
spectrometer (UV-3150, Shimadzu, Kyoto, Japan) was taken
to record Diffuse reflectance spectra (DRS) using BaSO, as
a reference. Chemical composition and the various elements
chemical state were investigated by X-ray photoelectron
spectroscopy (XPS, SCIENTIFIC ESCALAB 250 Xi spec-
trometer, Thermo, Waltham, MA, USA). Al Ka was used as
the excitation source with X-rayspot size of 0.25 mm. Pho-
toluminescence (PL) performance was obtained by a Hitachi
F-2500 fluorescence spectrophotometer at room tempera-
ture. Particle size was determined by dynamic light scatter-
ing (DLS) using a Zetasizer Nano ZS (Malvern Instruments,
UK). The Mott-Schottky plots of the prepared photoelec-
trodes were measured in 0.1 mol L™! Na,SO, solution using
a CHI660D electrochemical workstation. The measurements
were performed using a three-electrode configuration. The
prepared photoelectrode, Ag/AgCl (saturated KCI) elec-
trode and Pt electrode were acted as the working, reference
and counter electrodes, respectively. The working electrode
was prepared as follows: Firstly, 10 mg catalyst sample was
mixed with 50 pL Nafion solution and the 1 mL ethanol
under ultrasound. Then, the above solution was dropped on
fluorine-doped tin oxide conducting glass (2 cm X 1.5 cm).
At last, the electrode was calcined at 70 °C for 1 h.

2.3 Photoatalytic activity of FTO NPs

The reduction of dye methyl orange (MO) was degraded
under UV light to study the photocatalytic activity of the as-
synthesized and annealed FTO NPs with different annealing
temperatures. The photocatalytic device (XPA-7 (G5), Xuji-
ang Electromechanical plant, Nanjing, China) was used to
provide a stable ambient environment, and a 300 W mercury
lamp with a 420-nm cut-off filter (JB420) was used as a UV
light source to trigger the photocatalytic reaction. 100 mg
of FTO photocatalyst was added to an aqueous solution of
methyl orange (100 mL, 20 ppm).

Prior to irradiation, the dye solution was stirred for
30 min in the dark to ensure adsorption—desorption equilib-
rium between the dye solution and the photocatalyst. After
a certain time, 3.0 mL aliquots were withdrawn from the
photoreactor and centrifuged to remove the catalyst. The
concentration of the dye during the photoreaction were
recorded by an UV-Vis spectrometer in a scanning range
of 200 ~700 nm at room temperature. Several consecutive
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reaction rounds were measured to determine the stability of
the catalyst. To confirm that the photocatalytic activity is
due to the photocatalyst only, we carried out blank experi-
ments without a catalyst under light (photolysis) with a cata-
lyst in the dark (adsorption).

3 Results and discussion
3.1 XRD analysis

The XRD patterns of the as—synthesized and annealed FTO
NPs with different annealing temperatures are shown in
Fig. 1. Each sample exhibits a pure tetragonal rutile phase
of SnO, according to PDF#71-0652, regardless of anneal-
ing condition. The broader peaks of the as—synthesized
sample infers to a lower crystallinity. The peaks become
sharper with increasing annealing temperature, indicating
a gradual increase in the average grain size and enhance-
ment of crystallinity. The grain sizes calculated according
to the Debye—Scherrer formula are listed in Table 1. It could

650°C
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= 350°C
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Fig.1 XRD patterns of the as-synthesized and annealed FTO NPs
with different annealing temperature

be seen that the grain size gradually increases from about
4.58 nm to 15.06 nm with the increasing annealing tempera-
ture. What is more, the interplanar spacing (D—spacing) and
lattice parameters calculated from the XRD spectra increase
with annealing temperature, which is due to the growth of
particles size that reduces grain boundaries where the severe
lattice dislocation decreases the interaction of atoms and
increases the lattice parameters.

3.2 Microstructure analysis

The TEM images, SAED patterns and HRTEM images in
Fig. 2 show the changes in morphologies of the as—syn-
thesized and annealed FTO NPs with different annealing
temperatures. From the TEM images, it is evident that the
as—synthesized FTO NPs are considerably agglomerated and
polycrystalline in nature. Subsequent annealing treatment
decreases the agglomeration and disperses the grain par-
ticles. The spherical particles could be seen in all samples
with gradually increase of grain size from about 3 to 20 nm
with the increasing annealing temperature. What is more, in
the case of samples annealed at 650 °C and 800 °C (Fig. 2d,
e), some rod-like structures can be seen with 45 nm in length
and 9 nm in width, and 80 nm in length and 12 nm in width,
respectively. These rod-like structures further decrease the
agglomeration. The diffraction rings of the inserted SAED
pattern from inside to outside can be respectively indexed
to (110), (101), (211) and (310) planes of tetragonal SnO,,
which matches well with the XRD pattern. In addition, the
homologous SAED patterns show gradually discontinuous
diffraction rings instead of shiny circles at higher annealing
temperature, and it indicates the gradual increase of grain
size. The subsequent HRTEM imagines further revealed that
the FTO NPs are all of high crystallinity. The interplanar
spacing as calculated from the HRTEM images are 0.34 nm,
0.26 nm and 0.18 nm which correspond to (110), (101) and
(200) lattice planes, respectively.

3.3 Raman analysis

Raman scattering can be used to understand the crystallinity,
structural defects and size effects of nanoscale crystallites

Table 1 XRD patterns of the

. Samples D-spacing Lattice parameters D (nm)

as-synthesized and annealed _ _ _ _ _ _

FTO NPs with different d110 (A) d101 (A) d211 (A) a(A) c(A) v (A%

annealing temperature
PDF#71-0652 3.35 2.644 1.764 4738 3.187 71.5 -
As-synthesized 3.366 2.621 1.765 4773 3.136 71.457 4.58
350 °C 3.330 2.635 1.763 4.744 3.168 71.304 6.33
500 °C 3.326 2.635 1.760 4732 3.172 71.017 8.25
650 °C 3.343 2.635 1.759 4.726 3.174 70.871 10.63
800 °C 3.341 2.638 1.758 4.718 3.181 70.817 15.06
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Fig.2 Transmission electron micrograph (TEM) images, high reso-
lution transmission electron microscopy (HRTEM) and selected
area electron diffraction (SAED) pattern of the as-synthesized and
annealed FTO NPs with different annealing temperature: a as-synthe-

on vibrational properties. The SnO, has a unit cell that con-
sists of two tin and four oxygen atoms. The 6 unit cell atoms
give a total of 18 branches for the vibration modes in the
first Brillouin’s zone. The mechanical representation of the
normal vibration modes at the center of the Brillouin’s zone
is given as: '=A;,+ Ay, + B, + By, +E, + A + 2B, +3
E,. The A,, and B, are neither Raman active nor infra-
red active (IR). The symmetrical A,, and E, modes are IR
active, whereas the remaining Alg, Blg, Bzg and Eg modes
are Raman active and they are also fundamental vibrational
modes in pure SnO,.

Figure 3 shows the evolution of Raman spectra of FTO
NPs, and these spectra confirm the characteristics of the
tetragonal rutile structures [25]. The detected Raman peaks
of FTO NPs at 630 cm™" and 773 cm™ correspond to Ay,
and B,,, which both vibrate in the plane perpendicular to the
c—axis and correspond to the asymmetric stretching of Sn—O

—1)

\\ oy

(110)

sized FTO NPs; b FTO NPs annealed at 350 °C; ¢ FTO NPs annealed
at 500 °C; d FTO NPs annealed at 650 °C; e FTO NPs annealed at
800 °C
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Fig.3 Raman spectra of the as-synthesized and annealed FTO NPs
with different annealing temperature
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bonds. Due to the fact that A, and B,, are sensitive to the
grain size, the increase of intensity along with blue shifts of
A, and B,, peaks could be attributed to the increase of grain
size with increasing annealing temperature, as confirmed by
HRTEM and XRD.

The Raman peak at 477 cm™! corresponds to E, mode,
which vibrates in the opposite direction of the c—axis
through two oxygen atoms. In addition, a broad peak within
270-380 cm™! region of spectra which indicates the amor-
phous and nanocrystalline nature of the samples is attributed
to the E, mode [26]. In the nanocrystalline SnO, system, Eg
mode, E, mode as well as two peaks located at 251 cm™" and
571 cm™! are sensitive to not only to grain size but also to
surface imperfections. As the fact that surface imperfections
such as local disorder, surface defects (especially oxygen
defects) and vacancy cluster could be easily generated on
as—synthesized FTO NPs surface, the decreasing intensity of
four peaks with increasing temperature could be attributed
to the reduction of specific surface area and the conversion
from amorphous to crystalline, both of which reduce the
surface imperfections.

3.4 BET analysis and DLS analysis

The importance of surface area to photocatalysis derives
from the ability of a larger surface area to provide more
active sites for the adsorption of reagent molecules. In this
work, BET surface areas and pore size distributions were
determined for FTO NPs by measuring nitrogen adsorp-
tion—desorption isotherms. Figure 4 shows the BET surface
area (Fig. 4a) and pore diameter (Fig. 4b). The N, adsorption
isotherm of FTO NPs at room temperature displayed type
IV behavior and distinct H, type hysteresis loops, signify-
ing the mesoporous feature of synthesized materials. The
values of BET surface area, pore diameter and volume were
given in Table 2. It is noted that the calculated BET surface

—
1N
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1004 ——350°C
——500°C
650°C
800°C

80
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40

204
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Relative Pressure (p/p°)

Table2 BET N, adsorption surface area of the as-synthesized and
annealed FTO NPs with different annealing temperatures

Samples BET N, surface Pore diam- Pore volume
area (m” g~") eter (nm) (cm3g™h

As-synthesized 145.55 441 0.161

350 °C 129.34 5.17 0.167

500 °C 74.95 8.77 0.164

650 °C 44.86 14.05 0.158

800 °C 38.84 17.00 0.165

area decreases with increasing annealing temperature, while
the pore diameter increases. The minished surface area of
FTO NPs provides less active sites, which will decrease the
photocatalytic performance with less absorption of reactant
molecules.

Dynamic light scattering (DLS) was used to determine
the size distribution of particles in solutions. The results
are shown in Fig. 5. Mean particles sizes were estimated
at 657.9, 558.2, 702.3, 747.8 and 960.2 nm for as-synthe-
sized FTO NPs; FTO NPs annealed at 350 °C, FTO NPs
annealed at 500 °C, FTO NPs annealed at 650 °C, FTO NPs
annealed at 800 °C, respectively. The particle size of FTO
NPs annealed at 350 °C is lower than that of the as—synthe-
sized samples due to the decomposition of precursor [27].
What is more, the particle size of FTO NPs increases with
increasing annealing temperature. This result can be attrib-
uted to the fact that the increasing annealing temperature of
FTO NPs leads to a high agglomeration of nanoparticles.

3.5 UV-Vis diffuse reflectance analysis
The UV-Vis diffuse reflectance spectra of the as—syn-

thesized and annealed FTO NPs with different annealing
temperatures are shown in Fig. 6. All the samples present
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Fig.4 a N, adsorption/desorption isotherm of the as-synthesized and annealed FTO NPs with different annealing temperature; b Pore size distri-
bution data of the as-synthesized and annealed FTO NPs with different annealing temperature
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Fig.6 The UV-vis diffuse reflectance spectra of the as-synthesized
and annealed FTO NPs with different annealing temperature

a good optical quality in the UV region since the strong
absorbance and complete reflectance in the 200—280 nm
range. The band gap energy (Eg) values of the as—syn-
thesized and annealed FTO NPs with different anneal-
ing temperatures were done by extrapolating the linear
part of hv versus (ahv)? graph to the x axis according to
Tauc equation [28], as shown in Fig. 7. The Eg values
(as shown in the inset of Fig. 7) of all the samples are
larger than that of bulk SnO, (3.6 eV) and decrease from

Fig. 7 Plot of (ahv)? versus photon energy (hv) of the as-synthesized
and annealed FTO NPs with different annealing temperature (insert is
band-gap evolution as a function of annealing temperature)

3.91 to 3.67 eV with the increase of annealing tempera-
ture. Moss-Burstein effect is also counts, as the annealing
process decreases the carrier concentration, which lower
the Fermi level in the conduction band. The red shift of
the absorption edges and reflection edges with increasing
annealing temperature is also due to the quantum confine-
ment effect [29].
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3.6 Photocatalytic performance and carrier
concentration

The evolutions of UV-Vis absorption spectra of dye methyl
orange (MO) photodegradation under the irradiation of
under UV light over the as—synthesized and annealed
FTO NPs with different annealing temperatures are shown
in Fig. 8, respectively. Before irradiation, the maximum
absorption band for the MO is at 464 nm and show blue
shifts in the presence of FTO NPs comparing the original
MO absorption spectrum with the one after dark treatment
for 30 min, which is due to the quantum size effect that

widens the band gap of the semiconductors [30]. When the
annealing temperature increases, the absorption spectrum
after dark treatment shows a red shift trend.

Further, Fig. 9a shows the photocatalytic degradation
curves of the as—synthesized and annealed FTO NPs with
different annealing temperatures, respectively. For compari-
son, blank experiment (without catalyst) is also performed.
It can be seen that the concentration of MO barely changes
under the UV light irradiation without catalyst. The maxi-
mum absorption intensity decreases rapidly and almost dis-
appears after 80 min irradiation in the present of FTO NPs,
indicating that the chromophoric structures are destroyed.
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Fig.8 UV-Vis absorbance of MO during photocatalytic degradation under UV-Vis irradiation with photocatalyst: a as-synthesized FTO NPs; b
FTO NPs annealed at 350 °C; ¢ FTO NPs annealed at 500 °C; d FTO NPs annealed at 650 °C; e FTO NPs annealed at 800 °C; f no photocatalyst
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Fig. 9 a Photodegradation efficiency of MO over the as-synthesized and annealed FTO NPs with different annealing temperature; b Photodegra-

dation kinetics of MO by means of plotting In(C,/C,) versus time
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The degradation efficiency of the as—synthesized FTO NPs
is 97% after 80 min irradiation. The first kinetic—order con-
stant (k) of MO degradation over FTO NPs is investigated as
shown in Fig. 9b, and the variation of k with annealing tem-
perature is presented in the picture. According to the kinetic
analysis, the highest kinetic rate constant is estimated in the
as—synthesized samples. What is more, the k value of FTO
NPs annealed at 500 °C is the lowest, which means that FTO
NPs annealed at 500 °C possesses the poorest photocatalytic
efficiency among all samples.

In order to analyze the carrier concentration and the type
of as—synthesized FTO NPs, Mott-Schottky plots were per-
formed. According to the following equation:

1/C? = (2/e€yeNy)[(E — Exg) — KT/e]

where, C is the capacitance of the space charge region in
the semiconductor; Ny is the carrier concentration, e is the
elemental charge, € is the permittivity of free space, € is the
relative permittivity of the semiconductor, E is the applied
potential, Epy is the flat band potential, T is the temperature,
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s . —500°C
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/) Mr\.-
5.0x10°9 |V
0.0 . .
695 690 685
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680

and K is the Boltzmann constant. Figure S1 shows a nega-
tive slope for as—synthesized FTO NPs, indicating that the
as—synthesized FTO NPs exhibit n-type behavior with elec-
trons as the major carriers. Moreover, the N, can be calcu-
lated from the slope of Mott-Schottky plot, and the carrier
concentration of the as—synthesized FTO NPs is estimated
as 2.61x10' ecm™.

3.7 XPS analysis

The typical XPS binding energy spectra for Sn3d, Ols and
Fl1s core levels of the as—synthesized and annealed FTO
NPs with different annealing temperature are shown in
Fig. 10, using Cls peak at 284.8 eV as the reference point
for charge correcting. The separation of 8.45 eV between
the Sn3ds;, and Sn3d,,, levels confirms the chemical state
of Sn** in SnO, [31]. The asymmetry of Ols peaks shows
more than one kind of chemical states of oxygen. Further,
the small negative chemical shifts in Ols and Sn3d bind-
ing energies with increasing annealing temperature ascribes

36x10'{ b Sn3d Sn3d_,
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to the incorporation of O into the SnO, lattice, which
may decrease the concentration of oxygen vacancies [32].
A slight positive chemical shift in Fls binding energies
observed at higher annealing temperature may be due to the
substitution of O into F in the SnO, lattice.

Further, the core level spectra of Ols in the FTO NPs
were fitted utilizing a Gaussion function and classified into
three types of oxygen chemical states, and the deconvoluted
Ols in FTO NPs annealed at 500 °C is presented in Fig. 10d.
The lowest binding energy O,, peak can be related to the
chemisorbed oxygen species on the surface of FTO NPs.
The medium binding energy O, peak can be assigned to
the oxygen vacancies in the oxygen deficient regions. The
intensity of the O, peak is an indication of the concentration
of oxygen defects V2, V, o, V,, o) in FTO NPs. The highest
binding energy Oy peak can be attributable to the O ions in
the tetragonal rutile structure of SnO,. The relative content
and peak position of the three kinds of oxygen chemical
states are listed in Table 3.

The relative content of O, peaks provides a view of the
variation of oxygen vacancies concentration with different
annealing temperature. It signifies that highly content of
the O, peak takes place in the as—synthesized sample, and
reduces from 16.19% to 13.15% with increase in annealing
temperature. This phenomenon can be explained as follows:
annealing treatment provides energy for oxygen in the air
to occupy the oxygen—deficient lattice sites in FTO NPs,
which releases charge imbalance and lattice distortion, and
regulates the lattice order. Therefore concentration of oxy-
gen vacancies decreases, finally [24, 33]. Photoluminescence
analysis will confirm this trend, as the defects are responsi-
ble for the UV-blue emission in FTO NPs [34].

3.8 Photoluminescence analysis

The room—temperature PL spectra the as—synthesized and
annealed FTO NPs with different annealing temperatures
under the wavelength excitation of 255 nm are shown in
Fig. 11a. Intense emission in the range of 350-500 nm with
a shoulder peak at 550 nm was observed. For detail explo-
ration of the photoluminescence spectra, all spectra have
been deconvoluted into eight strong emission bands along
with many weak emission peaks following Gaussian fitting,
and all samples exhibit similar type of PL. Gaussion peaks,
demonstrating that annealing process has not induced any
kind of new PL phenomena. The deconvoluted spectrum of
the as—synthesized FTO NPs is shown in Fig. 11b. What
is more, taking the intensity of Peak 8 as the contrast, the
intensity changes of all peaks are given in Fig. 12, using the
formula (I,/1,))/(I¢/Ig,), where I, is the intensity of the Peak
1-8 of the samples at different annealing temperature, I, is
the intensity of the Peak 1-8 of the as—synthesized sample,
Ig is the intensity of P8 of the samples at different anneal-
ing temperature and Iy, is the intensity of the Peak 8 of the
as—synthesized sample. In the case of the UV-blue region,
the emission intensity drops rapidly with increase in anneal-
ing temperature, and the green—red region have almost the
same ones (Ib/Ig>0.82).

Since the energies corresponding to all emissions are
found to be lower than the optical band gap (~3.8 eV),
therefore the PL emission could be attributed to the defect
energy states located within the band gap [35, 36]. In gen-
eral, the oxygen vacancies are the most common defects
in SnO, nanostructured materials and are used to be the
radiative centers in the luminescence process. The possible

Table 3 Binding energy,

o . Sample Ols 0, (at. %)
peak position and the relative
content of Gaussian peaks and Relative con- Gaussian peak Peak position (eV) Area (%)
relative content of Ols of the tent (at. %)
as-synthesized and annealed
FTO NPs with different As-synthesized 65.26 O, 532.21 18.42 24.72
annealing temperatures 0, 531.1 37.88
Op 530.35 43.7
350 61.61 O, 532.33 6.15 16.62
0O, 531.2 26.98
Op 530.04 66.88
500 64.67 Oy 532.09 7.81 12.31
0O, 531.11 19.04
Op 530.05 73.15
650 67.51 Oy 532.59 7.33 10.55
0O, 531.42 15.63
Op 530.85 77.05
800 68.08 Oy 532.55 10.47 9.86
0O, 531.3 14.48
Op 530.18 75.05
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charged states of oxygen vacancies are V3, V3 and V,}*
[37]. Among these, Vg is a shallow donor which lies near
the conduction band. In this work, the near—-band—edge
(NBE) emission at 367 nm (~3.37 eV) can be attributed
to the electron transition on the Vg level to the valence
band [38]. Thus, the Vg energy level is located at around
0.40 eV below the conduction, which is nearly the same as
that of 0.39 eV, as reported by Mrabet et al. [39]. Most of
the oxygen vacancies are likely in the Vg state, from which
the electron transits to the valance band that gives raise
to the emission peak at 426 nm (2.91 eV). The Vg energy
level is located at around 0.87 eV below the conduction,
which is accordance with that of 0.85 eV, as we reported
before [24]. V5 * is acted as an acceptor that lies on 0.63 eV
above the valence band, according with that of 0.65 eV, as

A CB

Vs, (3.37eV)

V2, (2.91eV)

S R U ——

Eg=3.78¢eV

Sn;

DS (R [ —
PSS (SR I

Vi, (0.63eV)

SR (N | R —

VB

Fig. 13 The band gap diagram of FTO NPs with defect levels

we reported before [24]. And the electron transition from
conduction band to it gives raise to the emission peak at
392 nm (3.16 eV). What is more, the combination of the
donor—acceptor pair will produce discontinuous emission
peaks in the PL spectra [40]. Therefore, the PS5 and the
small peaks around it could be attributed to the electron
transition from the Vg level to the V/* level. The sche-
matic band diagram of FTO NPs is given in Fig. 13, within
the presence of tin interstitial defect (Sn;) to explain the
green and green—red emissions (P6 ~P8). The Sn; level
is located at 2.52 eV below the bottom of the conduction
band. While, the Vg and Vg energy levels are located at
around 0.40 eV and 0.87 eV below the conduction, respec-
tively. The V}* energy level is located at around 0.62 eV
above the valence band.

With the respect of annealing, it is found that the PL
intensity decreases rapidly as the annealing temperature
increases. This is attributed to the reduction of surface
defects (especially oxygen vacancies) [41], caused by
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occupation of oxygen vacancies lattice sites in FTO NPs by
O” ions during the annealing treatment, as is shown in XPS
results. The remarkable decrease in the PL intensity related
to the defects with annealing strongly supports the increase
of crystalline size of FTO NPs after annealed, as observed
in XRD, TEM and Raman results.

3.9 Photocatalytic analysis

The photocatalytic performance of FTO NPs could be
explained by the following mechanism: The UV irradiation
is absorbed by FTO NPs, exciting electron transition from
the valence band (VB) to the conduction band (CB), leaving
same amount of holes in its VB to generate electrons—holes
pairs. Generated electron—hole pairs will undergo the fol-
lowing three ways:

(1) Part of the generated electron—hole pairs recombine
directly in the internal of materials;

(2) Part of the electron—hole pairs are being captured on the
metastable surface, so as to make the pairs recombined
on it;

(3) Another part of the generated electron—hole pairs will
transfer to the particle surface and can directly contact
with surrounding solution. Electrons can react with dis-
solved oxygen molecules to produce superoxide anion
radicals (eO,"). Meanwhile, the holes can oxidize OH™
or H,O to form hydroxyl radical (¢OH). What is more,
the resulted strong oxidizing O, and e¢OH will thor-
oughly degrade organic dyes into H,O and CO,.

Therefore, the competition of the generation and recom-
bination of the electron—hole pairs has a great influence on
the photocatalytic efficiency. There are basically two ways
to improve the photocatalytic efficiency of SnO, nanostruc-
tures. First, the decrease in the electron—hole recombination
rate can prolong the time to take part in the photocatalytic
reaction. Second, optimizing the morphology and structure
of the catalyst can get more reactive species, which has a
significant effect on enhancing the photocatalytic efficiency.
However, there are many factors affecting photocatalytic
performance, such as particle size, specific surface area,
morphology and lattice defects.

The particle size of catalyst has a great influence on its
photocatalytic efficiency. As is talked above, FTO NPs
annealed at lower temperature have smaller particle size
and specific surface area. On the one hand, due to the small
particle size, the time to transfer to the particle surface for
internal generated electron—hole pairs has been shortened,
which reduces the recombination rate of them. On the other
hand, the larger specific surface area can increase the con-
tact area with solution and provide more active sites for the
adsorption of reagent molecules, increase the productivity

@ Springer

of generated electron—hole pairs, and then promote the pho-
tocatalytic activity. Surface defects are ranked among the
important factors promoting the photocatalytic activity of
semiconductor materials for the degradation of organic dye,
which increases the surface reaction sites for harvesting gen-
erated electrons and holes. Since the defect levels are lower
than the bottom of CB and higher than the top of VB, defects
can act as the carries acceptor to capture generated elec-
trons and holes. This effect promotes surface carries transfer
reaction from internal of particle where electrons and holes
generated to defect sites on the surface of FTO NPs, and thus
the photocatalytic activity enhanced.

In this work, the as—synthesized FTO NPs shows the
highest photocatalytic ability among all samples. This can
be ascribed to the relative large specific surface areas, small
crystallite size and highest oxygen vacancies concentration.
We notice that the photocatalytic activity shows a decreas-
ing tendency with increasing of annealing temperature up
to 500 °C, and that of the 500 °C annealed FTO NPs has
the lowest. This can be well understood according to the
increase of grain size, and decrease of specific surface areas.
In addition, subsequent annealing has been found to reduce
oxygen vacancies concentration, which lowers the ability to
capture electronic—hole pairs and reduce the photocatalytic
activity. However, with the further increase in annealing
temperature above 500 °C, the photocatalytic activity of the
samples has been enhanced. This can be ascribed to the fol-
lowing two reasons. Firstly, the increase in size will narrow
the band gap of the semiconductors (quantum size effect),
which in turn favors for the separation of electron—hole pair
and reduce the recombination of them in the degradation
process. Secondly, the crystallization is obvious improved
with higher annealing temperature, which can restrain the
carries recombination, as discussed in the TEM analysis
part. Therefore, it can be seen that the annealing tempera-
ture has a great effect on the photocatalytic activity of the
FTO NPs.

To further clarify the possible mechanism of photoca-
talysis, the reactive species trapping experiments have been
performed as shown in Fig. 14. In this case, 1,4-benzoqui-
none (BQ), ethylene diamine tetra-acetic acid disodium salt
(EDTA-2Na) and isopropanol (IPA) were used as ¢O,”, h*
and eOH scavenger, respectively. When BQ is introduced,
significant reduction on the photocatalytic degradation effi-
ciency occurs, indicating O, is the crucial active species
contributing to the degradation reaction. However, with the
addition of IPA and EDTA-2Na, the degradation efficiency
changes slightly, suggesting «OH and h* radicals are not
the main active species in the photocatalytic system of FTO
NPs. Besides, both IPA and EDTA-2Na can increase the
reaction degradation efficiency slightly. This result can be
explained by the following steps [42]:

FTO +hv — ¢~ +h* 1



Journal of Materials Science: Materials in Electronics (2019) 30:16110-16123 16121
100
88.2% o, -
~ 83.6% $64% o -
R T
< 80 Vi, (3.37¢V)
H € _
2 0, Vs, (2.91eV)
= 60 )
= S
E ‘é OH
= g
S 404 A
a C
Z - VB
204 eOH
0
No Scavenger BQ EDTA-2Na IPA

Fig. 14 Degradation efficiency of a MO solution by using different
radical scavengers for as-synthesized FTO NPs under UV (40 min)

e +0, - 05 2)
O; +2H" —2-OH (3)
h* +.0OH™ - -OH 4)
h* +H,0 > -OH+H* 5)

The IPA and EDTA-2Na can indirectly consume the h*
in FTO NPs, leading more e~ in FTO NPs. Therefore, the
e~ reaction with surface adsorbed oxygen molecules to form
¢0,", which can promote photocatalytic efficiency because
¢0," is the main active species. Based on the above experi-
mental results, a possible photocatalytic mechanism is drawn
in Fig. 15.

4 Conclusion

FTO NPs were successfully synthesized through hydrother-
mal method with subsequent annealing process. The obvi-
ous diffraction peaks and clear lattice fringes confirmed the
rutile phase of SnO,. The average crystalline sizes increased
from 3 nm to 20 nm. As the annealing temperature increases
the estimated band gaps were reduced from the 3.91 eV to
3.67 eV. The specific surface area is found to decrease with
increasing annealing temperature. From the XPS measure-
ment the binding energies of Sn 3d, Ols and Fls species
were confirmed, and oxygen vacancy concentrations are
found to decrease at higher annealing temperature as well.
Photoluminescence (PL) spectra explored the variation of
different oxygen vacancies resulting from annealing process.
The as—synthesized FTO NPs showed higher photocatalytic
activity decomposing dye methyl orange (MO) under UV
light irradiation, owing to the larger specific surface area

Fig. 15 Schematic illustration for the proposed mechanism of photo-
catalytic degradation of MO by FTO NPs

and oxygen vacancy concentration. The reactive species
¢, played the key role in MO degradation system. Pho-
tocatalytic activity of the 800 °C annealed FTO NPs are
enhanced may attribute to the narrowed band gap, improved
crystallization.
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