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In this work, Ag doped NaSbO, (ANS) was successfully synthesized and applied an efficient
visible light photocatalyst. The properties of catalyst were fully characterized, and DFT (the density
functional theory) computation was utilized to investigate the photocatalytic mechanism. The various
characterization findings proved that Ag atoms were perfectly doped into NaSbO, crystals, which greatly
reduced the band gap, and made ANS catalyst exhibit excellent visible light absorption performance. In
addition, ANS appeared great photocatalytic activities and remarkable stability. Also, electrochemical
characterizations illustrated that ANS possessed stronger ability of generating and transferring electrons
and holes under visible light, and the doping of Ag atoms reduced the resistance of charge transfer,
thus effectively accelerated the photocatalysis reaction. Moreover, through ESR characterization and
scavengers coexistent experiments, *OH and +O,” were considered to be active radicals that played a
crucial role in the photodegradation process. Furthermore, DFT calculation demonstrated that ANS
displayed obvious visible light excitation performance via reducing the band gap. The improvement
of work function enhanced the oxidation ability of photogenerated holes, forming more hydroxyl
radicals, thus boosted the photodegradation of pollutants.
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1. Introduction

With the continuous development of the chemical
industry, the amount of organic wastewater discharged
by enterprises is increasing year by year'3. If this kind of
wastewater is discharged directly or treated improperly,
it would cause serious harm to environmental safety and
human health. At present, many techniques, including
biological process* ®, physical chemical combination
method*¢, adsorption™, membrane separation'®!!, advanced
oxidation'>!, photocatalytic degradation''°, could be used to
treat organic wastewater. Each of these approaches has its own
advantages and disadvantages. For example, biotechnology
is relatively mature for wastewater treatment, but it has strict
requirements on the influent concentration and treatment
conditions. The physicochemical method is effective to
degrade pollutants. However, it requires a large amount
of chemical agents, and is prone to produce by-products
during the process of treatment. The treatment device of
adsorption is easy to operate, but there are difficulties in the
reuse of adsorbent and treatment of waste adsorbent. The
membrane separation technique exhibits a favorable initial
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treatment effect, while the post-treatment efficiency is prone
to decrease after membrane fouling. The advanced oxidation
technique can remove a wide range of pollutants, whereas
the treatment cost is extremely high. The photocatalytic
degradation is a new type of water treatment technology
developed in the last century'* 7. It has many advantages,
such as simple equipment, high treatment efficiency, and
long service life of catalyst.

According to the classical theory of energy bands in solid,
there are valence bands and conduction bands in electron
energy bands'®"°. The energy difference between the valence
band top and the conduction band bottom is called band gap.
When the band gap is ranged from 1.5eV to 3.0eV, the material
will have obvious visible light absorption properties® 2!,
When a solid with suitable band gap absorbs visible light,
electrons in the valence band can be excited to the conduction
band to form photogenic electrons and photonic holes in
the valence band. After these photogenerated electrons and
photogenerated holes diffuse to the solid surface, they can not
only directly oxidize and reduce efficiently with pollutants,
but also react with oxygen and hydroxyl radicals in system
to form highly active superoxide radicals and hydroxyl
radicals, and further decompose pollutants®> 2.
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At present, the main catalysts for photocatalytic reactions
under visible light include ZnO**, BiVO,***’, KNbO,,
CdS**, C N, Ag,PO,*>*, AgBr* and so forth. Sb element
related materials including BiSbO,/BiOBr nanoarchitecture®,
Agl/BiSbO, heterojunction’® and carbon dots modified
BiSbO, composites*” have attracted much attention in the
field of photocatalysis. During Sb related materials, NaSbO,
is a common industrial raw material, which can be used as
opaque filler, enamel whitening agent, iron sheet, and acid
resistant paint of steel plate, etc. It can be also used as a
raw material for the synthesis of AgSbO**¥. In addition,
NaSbO, itself displays certain photosensitivity. However,
because its band gap is as high as about 4.5¢V, so only
ultraviolet light can excite electrons in its valence band
to the conduction band. This greatly limits the application
of NaSbO, in the field of photocatalysis*- *!. Theoretically
speaking, each photocatalyst has its own specific electron
energy band. However, due to its limited light absorption
and critical problems of photogenerated holes recombination
caused by poor charge separation, the reducing capability of
a single semiconductor photocatalytic material are relatively
limited. In this situation, many researchers have focused
their efforts on various composite photocatalytic materials,
to address these issues and thus accelerate the photocatalytic
activities, and then enhance the photocatalytic degradation
efficiencies** *. According to the theory of semiconductor
physics, impurity doping is an effective method to decrease
the band gap of semiconductor materials** *>. Appropriate
impurity doping could add additional energy levels between
the valence band and conduction band of raw material,
effectively reduce the band gap of semiconductor, and make
it excited under visible light, thus improve the photocatalytic
degradation performance®-*. If composite photocatalysts can
decrease the band gap through the doping, then enhancement
of photocatalytic performance is expected.

In this work, the Ag atom was successfully doped into
NaSbO, crystals by hydrothermal ion exchange reaction,
and prepared Ag doped NaSbO, visible light photocatalytic
material (ANS). Our research firstly demonstrated that
simple doping of photocatalyst could highly reduce the
band gap of material, making photocatalyst exhibit excellent
absorption performance under visible light, and enhancing
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the oxidation ability of photogenerated holes. The various
properties of catalyst were fully characterized by modern
analytical instruments, including its chemical composition,
morphology, doping structure, optical absorption, and so forth.
Also, the photodegradation mechanism of ANS catalyst was
illustrated with the aid of a series of electrochemical tests.
Moreover, the VASP software and DFT calculation was
conducted to further investigate the action of photogenerated
holes, and deeply clarify the photocatalytic mechanism.
Besides, the photocatalytic efficiency of ANS was evaluated
by photodegradation experiments of Methylene Blue (MB)
in solution. Additionally, to clarify the reaction processes,
the impact factors, including catalyst dosage, reaction time,
reaction kinetics, trapping agents, and recycle performance
were studied. Furthermore, this technique is highly useful in
designing more capable photocatalysts for various applications
in the photodegradation of organic pollutants.

2. Experiments and Methods

2.1. Synthesis of photocatalyst

The synthesis steps of photocatalyst were as follows: Firstly,
0.0035mol of NaSbO,-3H,0 and 0.0010mol to 0.0035mol
of AgNO, were weighed, respectively. NaSbO,-3H,0 was
added into 60ml deionized water to form a milky white
hydrosol system. Secondly, AgNO, was gradually added
into the mixture while stirred with magnetic force. Thirdly,
the mixture was stirred at the temperature of 55°C for 90
minutes to form a coffee color hydrosol system. Fourthly,
this mixture was transferred to a stainless steel reactor on
a teflon substrate for hydrothermal reaction for 9 hours at
90°C. After the reaction was completed, the reaction product
was then cooled to room temperature (the air conditioning in
laboratory was set at 25°C), filtered, washed with deionized
water for several times until its neutral. After that, the reaction
product was dried at 75°C in the blast drying oven. Finally,
the synthetic product was grounded into finer particles with
an agate mortar, and the photocatalyst was obtained. The
schematic illustration of the synthesis process was depicted
in Figure 1.
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Figure 1. The schematic illustration of the synthesis process.
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Figure 2 depicted the effect of the molar ratio of AgNO,
and NaSbO, on the removal rate of MB (30 minutes) during
the synthesis process. As the molar ratio increased, the
degradation effect of MB was gradually improved. However,
when the molar ratio increased to 0.57, the degradation effect
of MB was no longer obvious. Therefore, considering the
cost of the ANS catalyst, it was believed that the molar ratio
of 0.57 was more economical.

2.2. Materials characterization

To illustrate the various properties of material synthesized,
samples were fully characterized by Scanning electron
microscopy-energy dispersive spectroscopy (SEM-EDX), X-ray
diffraction (XRD), X-ray photoelectron spectroscopy (XPS),
UV-vis diffuse reflectance spectra, photoluminescence (PL),
Electron spin resonance (ESR), electrochemical impedance
spectroscopy (EIS), electrochemical photocurrent (interval
20s), and other advanced instruments. The Liquid specific
surface area of ANS Catalyst was analyzed through Xigo
Liquid specific surface area Determinator. The particle size
distribution was analyzed by Malvern Mastersizer 2000 Laser
particle size analyzer. The morphologies of material were
examined with a HITACHI(S-3400N) scanning electron
microscope. XRD patterns of powder samples were recorded
by a Shimadzu XD-3A diffractometer, employing Cu-Ka
radiation (A= 1.54056A). The X-ray photoelectron spectroscopy
spectra were examined by a PHI 5000 VersaProbe XPS
equipment. The UV-vis spectra were conducted by PerkinElmer
Ultraviolet spectrophotometer. The solid photoluminescence
was conducted by HITACHI Fluorescence spectrometer (F-
7000). The Electron spin resonance was examined by Electron
paramagnetic resonance spectrometer (EMXmicro-6/1/P/L,
Karlsruhe, Germany utilizing). The DMPO (5, 5-dimethyl-1-
pyrroline N -oxide) was used as free radical (O, and *OH)
trapping agent. The electrochemical impedance spectroscopy
and photocurrent (interval 20s) was measured on a CHI 660E
electrochemical workstation.

2.3. Photocatalytic experiments of ANS

Photocatalytic experiments were conducted through
degradation of methylene blue under visible light irradiation
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Figure 2. The effect of mole ratio (AgNO,/NaSbO,) in synthesis
process on the removal rate of MB.

(300W Xe-lamp). During each experiment, the photocatalyst
(from 0.005g to 0.030g) was added into 30ml MB solution
(the initial concentration was 10mg/L). All photocatalytic
experiments were conducted at room temperature (the air
conditioning in laboratory was set at 25°C), and the mixtures
were put into a transparent photoreaction vessel. In addition,
the photocatalytic reaction time ranged from 0 to 30minutes.
After the reaction, the concentration of MB was determined
by Ultraviolet visible spectrophotometer at 662nm.

To estimate the photodegradation performance of recycled
sample, the consecutive cycles were done to measure the
photocatalytic efficiencies of MB. At the same time, the
morphology and XRD patterns of recycled ANS were also
investigated. After each recycled cycle, the catalyst was
filtered out from the solution by 0.45um filter membrane,
and the filer solids were washed by deionized water for
several times. Then the sample was dried to constant weight
at a temperature of 75°C in the oven for the next cycle.
To analyze the active species generated in the process of
photocatalytic degradation reaction and illustrate the possible
mechanism, different trapping agents were put into the reaction
mixtures. These scavenger making use of quenching reactive
species include EDTA-2Na, TBA (fert-butyl alcohol), BQ
(1,4-benzoquinone), and CCl,.

2.4. DFT calculation

The DFT calculation process was conducted through
Vienna Ab initio Simulation Package (VASP) software*’
and spin-polarized Density Functional Theory (DFT). The
exchange-correlation potential was calculated by Perdew-
Burke-Ernzerhof functional (PBE)** within the generalized
gradient approximation (GGA) method**>'. In the process of
calculation, the cut-off energy was 450eV, and the K-points
grids of dimensions were 5x5x5. Figure 3 displayed the

Figure 3. The theory structure of crystal model NaSbO, (a) and ANS
Catalyst (b), and the theory structure of surface model (for work function
calculation) NaSbO, (c) and ANS catalyst (d) (yellow ball is Na atom,
coffee ball is Sb atom, red ball is O atom, grey ball is Ag atom).
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theory structure of crystal NaSbO, and ANS catalyst (Ag
doped NaSbO,), the surface model of NaSbO, and ANS
catalyst. In addition, we calculated the band structure and
DOS using crystal model of NaSbO, (Figure 3a) and ANS
catalyst (Figure 3b). We also computed the work function
through the surface model of NaSbO, (Figure 3c) and ANS
catalyst (Figure 3d). The vacuum slab of surface model was
designed as 30A for both NaSbO, and ANS catalyst. First
of all, both the atomic coordinates and cell parameters of
NaSbO, and ANS catalyst were optimized in the process of
calculation, respectively. The theoretical crystal structure of
NaSbO, is a cell unit, including 6Na, 6Sb and 180 atoms.
The theoretical crystal structure of ANS catalyst is a cell
unit, including 1Ag, 5Na, 6Sb, and 180 atoms.

3. Results and Discussions

3.1. Particle size and liquid specific surface area

Figure 4a described the particle size of ANS Catalyst.
It was observed that the particle size of ANS Catalyst
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d,,=4.37 um). Figure 4b depicted the analytical results of
the liquid-phase surface area for ANS Catalyst. According
to the fitting calculation of instrument software, the liquid
specific surface area of ANS Catalyst was about 543.7m?/g.

3.2. XRD

Figure 5 described XRD patterns of original NaSbO,
and ANS catalyst, respectively. For original NaSbO,, the
main peaks could be found at 20, 14.9°,16.6°,20.1°,20.3 °,
28.8°,29.4°,29.6°,30.2°,33.8°,37.8°,48.4° and 50.4 °.
In contrast, there were no obvious variations in the position of
the peaks for the ANS Catalyst. This phenomenon indicated
that NaSbO, and AgSbO, have similar crystal structure and
atomic coordinates as theory structure in Figure.3a and 3b. In
addition, some peaks of ANS Catalyst including 26 at about
14.9°,16.6°,20.1°,20.3°,37.8 ° and 48.4 ° was obviously
lower than that of NaSbO,. These results implied that the
doping of Ag made the crystals of ANS Catalyst materials
appear deformities and defects, resulting in the decrease of
crystal integrity®>>¢.
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Figure 4. Particle size distribution and liquid specific surface area results of ANS Catalyst.
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3.3. UV—vis diffuse reflectance spectra

The results of UV-vis diffuse reflectance spectra were
depicted in Figure 6. It could be observed that the broad
absorption bands of NaSbO, were approximately 300nm, while
that of the ANS catalyst were 520nm. These findings indicated
that ANS catalyst exhibited better visible light absorption
than NaSbO, after doping with Ag atom. For the calculation
of band gap energy, Tauc equation is often used as follows:
a(v)hv = A(hv—Eg)”/2 (1)55:56
where, a, h, v, A and Eg represents absorption coefficient at
light frequency v, Planck constant, light frequency, a constant
and band gap energy, respectively. For direct transition
semiconductor as NaSbO,, the value of n is 1.

According to Tauc equation, the value of Eg could be
obtained through plotting the curve of [a(v)hv]* versus
hv, and extra-polating the linear part of the curve to zero
absorption coefficient. This analysis process for NaSbO,
and ANS catalyst was conducted, and the related findings
were described in Figure 6b. We observed that the band gaps
energy of NaSbO, was 4.2eV, which was very similar to that
of former reports*. Moreover, the band NaSbO, gap energy
of ANS catalyst was 2.3eV, which was much smaller than
NaSbO,. These findings indicated that the doping of Ag atom
could greatly reduce the band gap, and make ANS catalyst
exhibit excellent absorption performance under visible light.

3.4. SEM-EDX

To further observe the microscopic morphology
and composition of ANS catalyst, the SEM and EDX of
sample was analyzed, and the results were depicted in
Figure 7a to Figure 7c. It could be seen that ANS catalyst
presented amorphous morphology. Besides, the EDX results
(area 1) indicated that the main chemical composition (atomic
percent/%) of ANS catalyst was about 2.47% Ag, 15.8%
Na, 12.9% Sb, and 68.8% O. The coexistence of Ag with
other elements confirmed that Ag atom had been doped into
NaSbO, molecules successfully.

Figure 7d to Figure 7g displayed the EDX element
mapping of Sb, Ag, Na and O. It could be observed that
the elements (Sb, Ag, Na and O) were mainly distributed
in the position where the particles appeared in Figure 7b.

1

0.8
2 06 ANS Catalyst
g
2 04
NaSbO3

0.2

0

200 300 400 500 600 700

Wavelength(nm)

800

In addition, there were significant similarities between the
distribution of Ag and other elements through comparing
Figure 7d-g. However, the distribution of Na was looser
than that of O and Sb. This phenomenon could be explained
as the replacement of Na atom by Ag atom in the crystal
structure. In summary, the SEM and EDX analytical results
were corresponded to the Ag doped NaSbO, catalyst.

3.5. XPS

The surface chemical compositions of ANS catalyst
were further confirmed by XPS, as shown as Figure 8.
The mainly peaks of ANS catalyst were Cls (283eV), Ols
(530eV), Ag3d (366eV and 372eV), Ag3p (570eV), Sb3d
(538eV), Sb3p (768eV and 812eV), Na2s (54eV), and Na2p
(33eV). Except for carbon (testing needs), all the other
constituent elements could be found in ANS catalyst, which
was corresponded to the results of other characterization
techniques. In addition, the more details could be obtained
from the high-resolution XPS spectra of Ols and Sb3d
(Figure 8b). After a peak-fitting deconvolution, the strong
peak ranging from 525eV to 534eV could be decomposed
into two individual peaks (529¢V and 530eV). The binding
energies of Ols and Sb3d, , were very close. According to the
theory area ration between Sb3d, , and Sb3d, ,, we speculated
that peak located at 530.1eV was assigned to O1s, and peak
located at 529.1eV was corresponded to Sb3d,,. Besides,
there also existed the binding energy shift (Ols, Sb3d, , and
Sb3d, ) in the survey spectrum, which might be explained as
the bonds between O and other elements. According to the
molecular structure of ANS catalyst, there are two kinds of
Sb-O bonds with different bond lengths (1.97A and 1.90A),
which may cause the binding energy shifts. Additionally,
according to the theory peak position and area ration, the
peaks of Ag3d,,, and Ag3d, , in Figure 8c could be obtained
at 366eV and 737eV. The peaks at 366eV and 737eV proved
the existing of Ag® in the ANS catalyst®”*%. Consequently,
the discovery of these peaks further confirmed that Ag atoms
were successfully doped into NaSbO, molecules. Figure 8d
depicted the high-resolution XPS spectra of Na2p and Na2s.
It was seen that the spectra of Na2p and Na2s could be
observed at 33eV and 52¢V, respectively. In conclusion, XPS
spectra results further demonstrated the existence elements
and their existing forms in ANS catalyst.
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Figure 6. UV-vis diffuse reflectance spectra of NaSbO, and ANS Catalyst.
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Figure 7. The SEM and EDX results of ANS Catalyst (a. b and ¢), and the EDX element mapping of Sb (d), Ag (e), Na (f) and O (g).
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3.6. Photocatalytic activity

The photocatalytic activity of ANS catalyst was evaluated
through the photocatalytic degradation of MB under visible
light in solution, as shown as Figure 9. We investigated the
effect of catalyst dosages on the photocatalytic degradation
efficiencies of MB. Meanwhile, the degradation efficiencies
of NaSbO, and ANS without light on MB were also studied
as comparisons, respectively. In the degradation process,
it was seen from Figure 9a that the photodegradation
efficiency of MB increased gradually with the increase
of catalyst dosages under visible light. When the catalyst
dosage was 0.67 g/L at10min, the degradation residual rate
of MB achieved at 24%. As an efficient photocatalyst, such
photodegradation efficiency could be acceptable. In addition,
from the comparison of photocatalytic effect (Figure 9b), the
addition of photocatalyst greatly promoted the degradation
of MB, and the degradation rates for MB were better than
that of other two systems. For instance, the residual rate of
MB was approximately 11.1% just at 30min after adding
ANS catalyst, while the residual rate were 74.3% at 30min
with NaSbO,. However, the catalyst degradation efficiency
of MB without illumination was significantly lower than
that of the normal photocatalytic system, and the residual
rate of MB was still 94.8% at 30min. These findings
demonstrated that the doping of Ag atom greatly promoted
the photocatalytic activity of NaSbO, material. The varieties
of UV-visible absorption spectra of MB at different reaction
time were depicted in Figure 7f. It suggested that peaks of
MB gradually decreased with the reaction time, which stated
that MB displayed favorable photodegradation adding ANS

catalyst. The photocatalytic performance of ANS catalyst
is almost the similar as that of other latest photocatalytic
materials (Nd** doped BaALO,%, cobalt substituted zinc
ferrite®, N self-doped TiO,/ZrO, composite®', Ag@CdSe/
Zeoilte nanocomposite®?, CQDs/CeO,/SrFe ,0,,%). Besides,
we investigated the apparent degradation kinetics via first-
order reaction model, and the equation of which is as follows.
The reaction constant k (min™") and half life of the reactions
(min) can be obtained by fitting the experimental results via

the Equations 2 and 3.

c
Lnl — | = —k 8, 64
"[Coj ‘ @)
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Thalf —life :—nk( ) (3%

Where, C, represents the initial concentration of MB, and
C, represents the concentration of MB at time t

Figure 9c presented the fitting results of apparent kinetics
utilizing the Equation 2 (based on the data in Figure 9b).
The R? values fitted by the equation were 0.9983, 0.99519,
and 0.9651, respectively. They were all above 0.96, which
indicated that the apparent photocatalytic degradation process
of MB could be satisfactorily fitted by first-order reaction
model. Additionally, the k value of ANS photogradation
system from Figure 7d was 0.0823, which was the largest in
three systems. At the same time, the addition of ANS Catalyst
greatly reduced the half-life of the reaction (Figure 9¢). The
half-life of ANS reaction system was about 8.42 min, and
that of the other two systems were about 383 min (no-light
system) and 86 min (NaSbO3 system), respectively.
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Figure 9. (a) The effect of ANS Catalyst dosage on the removal rate of MB; (b) The photodegradation effect of ANS Catalyst under visible
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Furthermore, we measured the photocatalytic performance
of recycled ANS through identifying the photodegradation
efficiencies of MB under visible light. The morphology and
XRD patterns of reused ANS after three times were also
analyzed, as shown as Figure 10. It was seen that, the catalyst
maintained amorphous state in comparison of the original
sample after the consecutive three times of photocatalysis
experiment (Figure 10a). Moreover, it was no obvious
variations in the overall appearance of ANS particles. From
XRD patterns of ANS after 3rd photocatalysis experiment
(Figure 10b), we found that the main peaks could also be
appeared contrast with the previous results. Additionally,
according to the reuse photodegradation curves of ANS
(Figure 10c), there was only a slight reduction of photocatalytic
activities after three cycles of recycle, which verified that
ANS possessed remarkable photocatalytic stability, and the
ANS catalyst could be efficiently reused.

3.7. Photodegradation mechanism

The transient photocurrent response of ANS catalyst
and NaSbO, under Xe lamp irradiation was described in
Figure 11a. It was seen that NaSbO, only appeared slight
response due to its bigger band gaps energy (4.5¢V), which
made NaSbO, unable to enough excite electrons and holes
out under visible light. On the contrary, the photocurrent
intensity of ANS catalyst enhanced greatly after the doping
of Ag atoms, confirming that ANS catalyst possessed stronger
ability of generating and transferring electrons and holes
under visible light.
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Figure 11b depicted the EIS value of ANS catalyst and
NaSbO,. The radius values of NaSbO, were bigger than
that of ANS, stating that the doped Ag atoms reduced the
resistance of charge transfer, thus effectively promoted the
reaction process of photocatalysis. In addition, the PL emission
spectrum was further conducted to evaluate the combination
and separation of photogenerated electrons and holes, as
shown in Figure 11c. It was observed that the PL emission
spectrum of ANS displayed significant red shift compared
with NaSbO,. This stated that the photoluminescence energy
of catalyst was lower than that of NaSbO,, and that might be
ascribed to the smaller band energy of ANS catalyst. Also, the
photoluminescence spectrum intensity of ANS Catalyst did
not become stronger than that of NaSbO,, which suggested
the Ag atoms doped could not enhance the combination
probability of photogenerated electrons and holes* *.
Figure 11d showed the Mott—Schottky measurements of
ANS Catalyst. The displayed negative slopes indicated that
ANS Catalyst was p-type semiconductors®. In addition, the
flat-band potential (V) could be obtained by M-S curves,
corresponding to the intercepts of the X axis®. The V, of
ANS Catalyst was 2.44V (vs NHE). Because the valence
band (VB) potential (E, ) of p-type semiconductors is 0.2V
positive than V in theory', the E, , of ANS Catalyst should
be around 2.64V. Combined with previous UV—vis analysis,
the range between E , (conduction band potential) and E, ,
should be 0.34V-2.64V. After unit conversion, the range
should be -4.84¢eV to -7.14ev.
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Figure 10. (a) The morphology of catalyst after 3rd photocatalysis experiment ; (b) The XRD patterns of ANS Catalyst before and after
3rd photocatalysis experiment; (c) the degradation curve of ANS catalyst reuse under visible light
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Figure 11. (a) Transient photocurrent responses of ANS Catalyst and NaSbO, under visible-light irradiation; (b) Electrochemical
impedance spectra of ANS Catalyst and NaSbO,; (c) Steady-state PL spectra of ANS Catalyst and NaSbO; (d) Mott-Schottky curves of
ANS Catalyst; (e) photodegradation efficiency by addition of trapping agents; (f) ESR spectra of radical adducts trapped by DMPO in
the dark and under visible light irradiation for DMPO--OH; (g) ESR spectra of radical adducts trapped by DMPO in the dark and under

visible light irradiation for DMPO--0O,.

It is known that, the photocatalytic degradation process
of organic pollutants mainly depends on the strong redox
of free electrons, holes and related free radicals released by
photocatalysts. To evaluate which species playing active
roles in the process of photocalytic degradation reaction, we
took advantage of trapping agents putting into the reaction
mixtures. On the basis of references®® ¢, EDTA-2Na could
be used as a hole trapper, TBA as a hydroxyl radical trapper,
BQ as an oxygen free radical trapper, and CCl, as an electron
trapper. Figure 11e described the effect of different trapping
agents on the photocatalytic activity of MB. It displayed
that the photocatalytic efficiencies of ANS catalyst were all
decreased after adding trapping agents. This phenomenon
confirmed that the photocatalytic activities were inhibited
with the coexistent of these scavengers, and photocatalytic
degradation path from Equation 4-6 was probably happen
during the degradation process.
Oy +e -0,

“4)

-05 + MB — Degradation - products %)

H,O/OH™ +h* —.OH~
2 (6)

‘OH + MB — Degradation - products 7

Furthermore, ESR spin-trapping spectra were measured
using the DMPO technique to detect the hydroxyl radicals
(DMPO-+OH) and the superoxide radicals (DMPO--0,), to
prove the action mechanism of active radicals in photocatalytic
reaction, as shown as Figure 11f and Figure 11g. In both
NaSbO, and ANS catalyst absence of light system, there was
no characteristic peaks of-OH or-O,” were measured. That
indicated in both NaSbO, and ANS lack of light system,
there were no excited electrons and holes. Accordingly,-OH
or-O,” would not be appeared. In contrast, the typical peaks
of *OH with the intensity ratio of 1:2:2:1 and that of *O,
were detected under visible light irradiation®® ®, which
demonstrated that both*OH and O, were produced in
the process of ANS photocatalytic degradation. Moreover,
these findings were in line with that of Figure 11f. The
action process of these free radicals might be one of the
main photocatalytic mechanisms for pollutant degradation.
Besides, among these scavengers, EDTA-2Na and TBA
exhibited more obvious influences on the photocatalytic



10 Chen et al.

reaction process. Additionally, these findings implied
that the capture of holes and hydroxyl radicals was likely
to seriously lower the photodegradation activity, which
might be explained by the main degradation path of MB
as Equation 5 and 6 under ANS photocatalytic system.
To further clarify the photocatalytic mechanism of ANS
catalyst, the VASP software was utilized to investigate
the DFT calculation for NaSbO, and ANS catalyst. The
structure of the material was optimized theoretically, and
the optimized structures of NaSbO, and ANS catalyst
were shown in Figure 3a. In the process of constructing
the crystal structure of ANS catalyst, a Na atom in the
original NaSbO, crystal was replaced by an Ag atom, as
shown as Figure 2b, and the lattice parameters before and
after doping was shown in Table 1. It was observed that the
crystal parameters of NaSbO, and ANS Catalyst calculated
theoretically were different from the experimental results.
However, the theoretical calculations also indicated that
the unit cell parameters of ANS Catalyst were smaller
than that of NaSbO, through the doping of Ag, which was
consistent with the results obtained by the previous XRD
analysis. By comparing Figure 3a and Figure 3D, it could
be seen that a Na atom in the crystal structure of NasbO,
was replaced by an Ag atom, and its atomic coordinates
changed from (0.667, 0.333, 0.975) to (0.667, 0.333, 0.929).
According to the calculation results of atomic proportion
in the theory model (Figure 3b), the proportion of doped
Ag is about 3.3%. The proportion of Ag element in EDX
and XPS analysis results is 2.47% and 3.86%, respectively.
Considering the difference between experiment data and
theoretical analysis, the theoretical model of ANS could be

Table 1. The lattice parameters before and after doping (DFT
calculation).

Before doping/Am After doping/Am
4.96950 491614
b 4.96950 491614
c 14.00391 12.88423

2.053A //
o—

96.59 deg

I

S N

Materials Research

acceptable. The lattice parameters of the crystal structure
had also changed (Table 1).

On the basis of structure optimization, we calculated
the charge density of NaSbO, and ANS catalyst, as shown
as Figure 12 (Charge density distribution). The charge was
mainly distributed around the atomic position, which indicated
that bonds of Ag-O and Na-O in the crystal structure were
both typical ionic bonds. The length of Ag-O bond was
2.053 A, and the bond angle was 96.59 deg (Figure 12c).
While the length of Na-O bond was 2.038A, and the bond
angle was 103.2 deg (Figure 12d). In addition, we observed
the charge of Ag atoms in Figure 12a. This phenomenon
indicated that Ag atom doping into NaSbO, was extremely
stable presented in the crystal. Moreover, the charge of Na
atom could not be observed in Figure 12b, which might
due to the fact that Na atom was far away from the charge
density center.

Figure 13 displayed the DOS calculation results of NaSbO,
and ANS catalyst. According to the computation findings
(Figure 13a and Figure 13b), the band gaps of NaSbO, and
ANS catalyst were 4.15¢V and 2.05¢V, respectively, which
was close to that of the analytical results of diffuse reflection.
By comparing Figure 13a with Figure 13D, it was seen that
the reduction in the band gap of ANS catalyst was due to the
appearance of some new state densities near Fermi energy
level of original NaSbO,, which was mainly contributed by
the d orbital of Ag atoms doped in the crystals. Similar results
could also be obtained from the energy band calculation results
in Figure 14. We observed that NaSbO, was a typical direct
band gap semiconductor (Figure 14a), and many additional
bands appeared near Fermi energy level of original NaSbO,
by doping Ag atoms. The addition of these energy bands
greatly reduced the band gap of ANS catalyst to 2.05¢eV.
Hence, theoretically, the doping of Ag atoms provided a
suitable additional band, which made ANS catalyst exhibit
remarkable visible light absorption performances.

Figure 15 depicted the theoretical calculation results
of optical properties for NaSbO, and ANS catalyst. The

2.038A

03.16 deg

Figure 12. Charge density distribution (0 0 1 surface, distance from origin is 0.1d) of ANS Catalyst (a) and NaSbO; (b).
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Figure 14. The band structure of NaSbO, (a), ANS Catalyst (b).

overall optical properties of NaSbO, and ANS catalyst
were relatively similar (Figure 15a, ¢). However, through
comparing Figure 15b and Figure 15d, it was seen that the
visible light absorption of ANS catalyst was significantly
higher than that of NaSbO, under visible light ranged
from 1eV to 3eV. Especially in xy direction of crystal,
the maximum visible light absorption coefficient of
NaSbO, crystal was 0.06(10°cm™), while the visible
light coefficient curve of ANS catalystl was significantly
higher, and the maximum value was 0.16 (10°cm™'). These
findings confirmed that the doping of Ag ion effectively
improved the visible light absorption of material, which
was very beneficial to the improvement of photocatalytic
performance.

Figure 16 displayed the calculation results of work function
for NaSbO, and ANS catalyst. The work function of NaSbO,
and ANS catalyst were 4.63eV and 6.72eV, respectively. The

calculation results of the range between E , and E, was
basically consistent with the previous Mott-Schottky curves
results. This phenomenon indicated that the doping of Ag
atoms not only reduced the band gap of material, but also
improved the work function. By reducing the band gap, the
catalyst displayed obvious visible light excitation performance.
Moreover, the improvement of work function enhanced the
oxidation ability of photogenerated holes, and more hydroxyl
radicals were formed in system, making the oxidation of
photogenerated holes and the reaction of hydroxyl radicals
became the main mechanism for degrading pollutants. These
findings were in line with previous photocatalytic results in
hydroxyl radical and photogenerated hole trapping agent
systems. The schematic diagram for the whole photocatalytic
degradation mechanism by Ag doped NaSbO, in this reaction
was described in Figure 17.
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Figure 17. Schematic diagram of photocatalytic degradation by Ag doped NaSbO, (ANS catalyst).

4. Conclusions

A photocatalyst, ANS catalyst, was prepared, characterized,
and applied to the photocatalytic degradation of MB. The
properties of ANS catalyst were fully measured by various
instruments. The characterization results confirmed that,
the doping of Ag atoms into NaSbO, crystals reduced the
band gap, and ANS catalyst exhibited favorable absorption
performance of visible light. The photodegradation
experiments stated that ANS catalyst effectively enhanced
the photocatalytic degradation of MB under visible light, and
the first-order reaction model could perfectly fit the process
of photodegradation. In addition, ANS catalyst displayed
excellent photocatalytic performance after consecutive
three times of recycle. The electrochemical experiments
findings revealed that ANS catalyst had a strong ability to
generate and transfer electrons and holes under visible light.
Ag atoms doping into NaSbO, decreased the resistance of
charge transfer. Accordingly, the photocatalytic degradation
of MB was greatly enhanced. Besides, The active species
of *OH and *O, could be detected in the photodegradation
process, and they were vital to the photocatalytic reaction.
DFT computation illustrated that, by doping with Ag atoms,
many additional energy bands appeared near Fermi energy
level of NaSbO,, which greatly reduced the band gap of
ANS catalyst to 2.05¢V, and thus favored to effective absorb
visible light. Additionally, the workfunction was improved
during the photocatalytic process, which could increase the
oxidation ability of photogenerated holes, and form more
hydroxyl radicals, and then accelerate the photocatalytic
degradation of MB.
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