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sponsive TaON/CdS
photocatalytic film with a ZnS passivation layer for
highly extraordinary NO2 photodegradation†

Dandan Yan,‡ Tingting Wei,‡Wencheng Fang, Zhanbin Jin, Fengyan Li, * Zhinan Xia
and Lin Xu *

Recently, TaON has become a promising photoelectrode material in the photocatalytic field owing to its

suitable band gap and superior charge carrier transfer ability. In this work, we prepared a TaON/CdS

photocatalytic film using a CdS nanoparticle-modified TaON film by the successive ionic layer

adsorption and reaction (SILAR) method. For the first time, the ZnS nanoparticles were deposited on the

TaON/CdS film using the same method. We found that pure TaON had a nanoporous morphology, thus

resulting in high specific surface area and better gas adsorption capacity. Furthermore, the TaON/CdS/

ZnS film displayed a highly efficient NO2 photodegradation rate under visible light irradiation owing to its

stronger visible light response, photocorrosion preventive capacity, and the high separation efficiency of

photo-induced electrons and holes. Interestingly, the promising TaON/CdS/ZnS film also possessed

remarkable recyclability for NO2 degradation. Therefore, we suggest that the TaON/CdS/ZnS

photocatalytic film might be used for the photocatalytic degradation of other pollutants or in other

applications. We also put forward the feasible NO2 photocatalytic degradation mechanism for the TaON/

CdS/ZnS film. From the schematic diagram, we could further obtain the photo-generated carrier

transport process and NO2 photodegradation principle in detail over the ternary photocatalytic film.

Moreover, the trapping experiment demonstrates that $O2
� and h+ all play significant roles in NO2

degradation under visible light irradiation.
Introduction

In recent years, NOx, attributed to the rapid development of
urbanization and the popularity of vehicles, have become some
of the key atmospheric pollutants, resulting in very rigorous
environmental damage such as photochemical haze pollution
and acid rain.1 NOx can lead to environmental pollution and
respiratory diseases in humans, and also greatly facilitate the
conversion of SO2 into sulfate, thus leading to the formation of
severe haze.2 Particularly, as an irritating and highly toxic gas,
NO2 can cause more serious harm to human health such as
a decrease in immunity and the degradation of lung tissue, even
at very low concentrations.3 Therefore, the effective elimination
of NO2 is extremely necessary and important, which has also
attracted a lot of attention. For example, all kinds of NO2 gas
sensors, possessing the advantageous features of real-time
of Ministry of Education, Department of
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monitoring, miniaturization, good recoverability and oper-
ating at room temperature, have been investigated in order to
effectively detect NO2 and thus remove it.4,5 Until now, many
different techniques have been developed for NO2 elimination,
for example, the NO2 adsorption and reduction method over
zeolite and activated carbon, the NO2 storage method and the
catalytic removal technology of NO2 involving photocatalysis
and selective catalytic reduction.6–8 Photocatalysis has become
one of the most signicant technologies for NO2 removal owing
to the efficiency and the effective use of solar energy. And many
semiconductor materials and their composite materials have
served as photocatalysts, such as TiO2, acrylic-silicon/nano-TiO2

lms, TiO2/rubber, concrete pavement containing TiO2, g-C3N4,
SnO2 quantum dots anchored on g-C3N4, Mn3O4/g-Al2O3, etc.9–19

However, because these photocatalysts present relatively low
NO2 degradation rates or poor stability, exploring better pho-
tocatalytic materials for NO2 degradation has become necessary
and meaningful.

In the past few years, TaON has gradually become one of the
most promising and highly regarded photocatalytic materials
due to its suitable bandgap (about 2.5 eV) and positions of the
valence band and conduction band, and its environmentally
friendly features.20,21 Being yellow, yellow-green and orange-
yellow in color, TaON can absorb visible light, thus turning
This journal is © The Royal Society of Chemistry 2020
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into a relatively new and interesting photocatalyst.22,23 As such,
TaON used to be a quite important and popular photocatalyst
for solar water splitting (water splitting into H2 and O2).24–28

Nevertheless, further extensive applications of pure TaON
material are limited, to some extent beneting from its
recombination losses of photogenerated electron and hole
pairs, self-oxidative deactivation, low carrier mobility and poor
stability.29,30 The construction of heterogeneous materials could
well facilitate electron transportation and charge separation,
thus improving the photoelectrochemical performance, e.g.,
SnO2/SnS2, SnO2/C, MoS2/C, etc., as previously reported.31–33

Accordingly, some researchers have worked out some
composite materials and heterojunctions of TaON to overcome
these drawbacks to further modify and enhance the photo-
catalytic performance.34–36 Recently, apart from the photo-
catalytic decomposition of water, the TaON material family has
also been used for the photocatalytic degradation of pollutants
and has served as the counter electrode for dye-sensitized solar
cells.37,38 To date, using TaON photocatalysts to eliminate NO2

has not been investigated and we have found that TaON could
be a good photocatalyst for NO2 photodegradation due to its
nanoporous morphology and effective response to visible light.

Plenty of other semiconductors have been used to modify
TaON material in order to further strengthen its photo-
electrochemical performance. Among them, CdS, possessing
a relatively narrow bandgap (approximately 2.4 eV) and a more
negative conduction band position leading to its excellent
responsiveness to visible light, is one of the most attractive
photocatalytic materials.39,40 Various methods, such as chemical
bath deposition (CBD), successive ionic layer adsorption and
reaction (SILAR) and electrochemical deposition have been
investigated to assemble CdS on some semiconductor material
lm.41–44Unfortunately, the photocatalysts modied by only CdS
hardly presented enhanced photocatalytic activity, which is
because CdS is prone to photo-corrosion during photocatalysis,
in other words, because S2� is easily oxidized by photo-induced
holes.45 Therefore, some useful strategies have been explored to
overcome this fatal disadvantage of CdS. Building hetero-
structures and loading co-catalysts are the widely adopted
strategies.46 Employing ZnS as the passivation layer to effectively
prevent the photo-corrosion of CdS is the broadest and most
effective method. For instance, structures like CdS/ZnS nano-
particle composites, CdS–ZnS core–shell structures and core/
shell CdSe/ZnS QDs, etc. have been established to achieve
enhanced photostability and photocatalytic ability.47–51 Zhu's
group prepared CdS@TaON core–shell composites coupled
with graphene oxide nanosheets and Hou's group fabricated
MoS2–CdS–TaON hollow composites, which have all achieved
efficient photocatalytic hydrogen production.52,53 Zhang's group
synthesized ZnS–CdS–TaON nanocomposites through a modi-
ed sol–gel method for photocatalytic hydrogen evolution.54

However, the preparation methods of TaON and ZnS–CdS–
TaON are cumbersome and result in different morphologies
and different photocatalytic properties.

Here, we have successfully prepared such photocatalytic
lms containing pure TaON, TaON/CdS and TaON/CdS/ZnS
lms through simple and effective methods (successive ionic
This journal is © The Royal Society of Chemistry 2020
layer adsorption and reaction (SILAR) method) to study their
photoelectrochemical performances. We have carried out
a series of experiments on the photocatalytic degradation of
NO2 under visible light irradiation to check the photocatalytic
capacities of these fabricated lms. We found that photo-
electrochemical tests, as well as NO2 degradation measure-
ments, conrmed that TaON/CdS with the ZnS passivation layer
exhibited the best charge carrier separation rate, most
outstanding photocatalytic activity and excellent stability for
NO2 photodegradation. The TaON/CdS/ZnS lm exhibited
remarkably increased NO2 degradation efficiency as compared
to the pure TaON lm, which achieved 96.7% in 2 h. Finally, we
designed a schematic diagram of possible photocatalytic
degradation mechanisms to investigate, in-depth, the reasons
for the signicant improvement in the photocatalytic perfor-
mance of the TaON/CdS/ZnS photocatalytic lm. The trapping
experiment over TaON/CdS/ZnS lm was conducted to further
study the main active species in NO2 photodegradation.

Experimental
Preparation of TaON lms

TaON powder was synthesized as previously reported.55 Typi-
cally, 2.0 g of Ta2O5 powder was evenly placed in a porcelain
boat and heated at 850 �C for 8 h under owing ammonia (the
ammonia ow rate: 120 mL min�1), and then the TaON lms
were prepared by the doctor-blade method. TaON, ethyl-
cellulose was mixed with terpineol in the ratio of 1 : 0.5 : 4 and
an appropriate amount of ethanol was also added in an agate
mortar. These mixtures were ground for 30 min to become
slurries at room temperature. Subsequently, the slurry was
scraped onto the conductive surface of a clean FTO with a 1 cm2

effective area, followed by drying at 80 �C, rst on a heating
plate, and then annealing at 300 �C for 2 h in amuffle furnace to
obtain the TaON lms.

The deposition of CdS on TaON lms

CdS was deposited on the TaON lms through the successive
ionic layer adsorption and reaction (SILAR) method. Briey, the
TaON lm was rst immersed in a 0.05 M Cd(NO3)2 aqueous
solution for 2 min, followed by rinsing with DI water. Aer-
wards, the TaON lm was dipped into 0.05 M Na2S aqueous
solution for 2 min, and then rinsed with DI water. This process
is considered as one SILAR cycle. Finally, the TaON/CdS lms
were formed by duplicating 15 SILAR cycles and annealing at
200 �C for 2 h with a heating rate of 3 �C min�1 in a muffle
furnace.

The deposition of CdS and ZnS on TaON lms

The synthesis method for TaON/CdS/ZnS lms is similar to the
preparation of TaON/CdS lms. Therefore, the TaON/CdS lm
was dipped into 0.05 M Zn(CH3COO)2 aqueous solution for
2 min, followed by treating with 0.05 M Na2S aqueous solution
for 2 min; the lm was rinsed with DI water aer each soak. On
repeating 35 cycles, the lm was dried at 100 �C for 1 h on the
heating plate to give the TaON/CdS/ZnS lm.
RSC Adv., 2020, 10, 32662–32670 | 32663
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Characterization of the lms

The crystallography of the lms was studied by X-ray diffraction
(XRD) (D/Max200PC Diffractometer with CuKa1 radiation over
a 2q range from 5� to 80�; the accelerating voltage and applied
current were 40 kV and 30 mA, respectively). The lm
morphology and elemental composition were determined with
SEM/EDX (Hitachi SU-800 FE-SEM). For a detailed internal
structure, transmission electron microscopy (TEM) and high-
resolution transmission electron microscopy (HRTEM) were
studied using a JEM-2100Fmicroscope. The determination of the
absorbance intensity and the band gaps of the lms were
measured using UV-vis diffuse reectance spectra (DRS) (Varian
Cary 50 UV-vis spectrophotometer). The oxidation state infor-
mation of the lms was measured by X-ray photoelectron spec-
troscopy (XPS) (USWHA150 photoelectron spectrometer with Al
Ka radiation). Measurements of the photocatalytic performance
of the lms were determined by photoluminescence (PL) spectra
(F-7000 uorescence spectrophotometer).
Photoelectrochemical assessment

Several measurements including amperometry (i–t), electro-
chemical impedance spectroscopy (EIS) and linear sweep vol-
tammetry (LSV) were performed to check the
photoelectrochemical activity of all prepared lms. All experi-
ments were carried out on an IVIUM Electrochemical Work-
station (Tianjin Brillante Technology Limited) at room
temperature. The I-t measurements were taken at the constant
bias of 0.3 V. The EIS tests were performed in a frequency range
from 0.1 Hz to 1000 kHz at �0.2 V under visible light irradia-
tion. The LSV plots of H2O2 oxidation were investigated in the
range of 0.2–2.0 V in 0.5 M Na2SO4 aqueous solution mixed with
5 mM H2O2. All of the tests were conducted in a quartz beaker
with a standard three-electrode system, in which the 0.5 M
Na2SO4 aqueous solution was made to be the electrolyte, the Ag/
AgCl electrode was the reference electrode, a Pt wire served as
the counter electrode and the prepared lms were used as
working electrodes. A 300 W Xe lamp (PLS-SXE300C) coupled
with the constant integrated irradiance value (100 mW cm�2) in
the wavelength range (l > 420 nm) was made to be the irradia-
tion source and the effective irradiation area (1.0 � 1.0 cm2) of
all lms was xed throughout all measurements.
Photocatalytic activity assessment

The assessment of the photocatalytic activity of all the prepared
lms was conducted via NO2 photodegradation measurement.
NO2 is a common gas pollutant whose concentration is deter-
mined by a standard method and the approach adopted
extensively is called the Saltzman method. NO2 can be absorbed
by the absorption liquid and reacts to form a pink azo dye that
has an absorbance peak at 540 nm. The absorption liquid was
made up of 1 mL DI water and 4 mL color-substrate solution.
The color-substrate solution was prepared using the following
method: 500 mL of an aqueous solution containing 5 g p-ami-
nobenzenesulfonic acid and 50 mL glacial acetic acid mixed
with 50 mL of 1 g L�1 naphthalene ethylenediamine aqueous
32664 | RSC Adv., 2020, 10, 32662–32670
solution were poured into a 1000 mL volumetric ask. The
absorbance is proportional to the NO2 concentration and thus,
the rate at which the peak height was reduced during the
measurement served as a measure of the photodegradation rate
of the NO2 in contact with the photocatalytic lms. The tests of
photocatalytic activity were conducted using a visible light
source with a 300 W Xe lamp and the photocurrent density was
100 mW cm�2. The effective area of irradiation was 1 cm2 for all
photocatalytic lms.

The simple schematic diagram for the NO2 photo-
degradation system exhibited in Fig. S1† enables us to under-
stand the photocatalytic degradation process. About 800 ppb of
NO2 was rst infused into a 500 mL quartz reaction vessel
containing the photocatalytic lms, and the system was kept in
the dark for 30 min at room temperature to reach the adsorp-
tion–desorption equilibrium. Aerwards, 2.5 mL of gas was
sucked from the system and transfused into the absorption
liquid, and the absorbance served as the initial concentration
(C0). The vessel was then irradiated with visible light for 0.5 h,
1 h, 1.5 h and 2 h, respectively. Aer irradiation, 2.5 mL gas was
taken out and injected into the absorption liquid and the
absorbance was used as the nal concentration (C). Therefore,
(C0 � C)/C0 �100% was used to calculate the NO2 degradation
efficiency.

The cycling experiment of NO2 photodegradation over TaON/
CdS/ZnS lm was conducted as follows. The ternary composite
lm was rst used for NO2 photodegradation with visible light
illumination for 2 h. The lm was kept in air for 1 h and then
used to again photocatalytically degrade NO2 for 2 h. This
procedure was repeated 4 times to determine the recyclability
and stability of the TaON/CdS/ZnS photocatalytic lm.
Trapping experiment

The trapping experiment was conducted by spin-coating the
capturing agent of the active species on the TaON/CdS/ZnS
photocatalytic lm then photodegrading NO2. In detail, 100
mL of a 6 mmol mL�1 scavenger aqueous solution was dropped
onto the TaON/CdS/ZnS lm and spin-coated for 30 s at a pre-
determined speed, which was repeated three times and the lm
was dried at room temperature. Finally, the TaON/CdS/ZnS
photocatalytic lm coated with the trapping reagent served to
remove NO2 under visible light illumination.
Results and discussion

The XRD analysis of TaON, TaON/CdS and TaON/CdS/ZnS lms
demonstrated the crystal structures and crystal phase. The
patterns conrmed that the monoclinic-phase TaON lms
(JCPDS no. 70-1193)55 were successfully prepared apart from the
diffraction peaks of the FTO substrate (Fig. 1). Strong peaks
were observed at 29.1�, 32.7� and 35.1�, corresponding to the
(�111), (111) and (002) diffraction planes of the monoclinic-
phase TaON, respectively. The diffraction peaks of CdS and
ZnS for TaON/CdS and TaON/CdS/ZnS lms were hardly found,
which was due to the very weak diffraction peaks relative to
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 The XRD patterns of pure TaON, TaON/CdS and TaON/CdS/
ZnS films on the FTO substrate.

Fig. 3 (a) TEM image and (b) HRTEM image of the TaON/CdS/ZnS
composite film.
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TaON and the successful co-incorporation of CdS and ZnS into
TaON lms.

The SEM morphologies and photographs of TaON, TaON/
CdS and TaON/CdS/ZnS lms are shown in Fig. 2. The porous
microspheres possess a relatively irregular particle prole with
a large number of nanopores (Fig. 2a and b). The CdS particles
were uniformly deposited on TaON lms with plenty of nano-
pores (Fig. 2c). The nanopores were completely covered aer
depositing ZnS particles onto the TaON/CdS lms (Fig. 2d). The
uniform microspheres did not change with the deposition of
CdS particles or CdS and ZnS particles. The EDX analyses of
pure TaON, TaON/CdS and TaON/CdS/ZnS photocatalysts are
exhibited in Fig. S2,† which fully illustrates the presence of all
the elements they contained. Fig. S3† shows the corresponding
EDX element mappings of TaON/CdS/ZnS lms. It was found
that all the elements containing Ta, O, N, Cd, Zn and S were
distributed uniformly throughout the TaON/CdS/ZnS
composite lm, which powerfully conrmed the even co-
deposition of CdS and ZnS on TaON lms.
Fig. 2 SEM images of (a and b) pure TaON film, (c) TaON/CdS film and
(d) TaON/CdS/ZnS film.

This journal is © The Royal Society of Chemistry 2020
To further prove the structure of all lms, the measurements
of N2 adsorption–desorption isotherms and the corresponding
PSD were conducted and displayed in Fig. S4.†

The lms showed a type IV isotherm with a type H3 hyster-
esis loop, suggesting the presence of mesopores. Fig. S4† reveals
that the BET surface area of TaON was 47.56 m2 g�1, which was
bigger as compared to TaON/CdS (6.12 m2 g�1) and TaON/CdS/
ZnS (4.93 m2 g�1). This result may be due to the deposition of
CdS and ZnS. Table S1† shows that the pore sizes of all lms
were in the range of 2–50 nm, indicating the mesoporous
structure, which resulted in enhanced harvesting of the visible
light.56,57 Compared to pure TaON, TaON/CdS and TaON/CdS/
ZnS lms demonstrated a hierarchical porosity composed of
macropores and mesopores, and this interesting porosity
facilitated fast mass transport, thus resulting in improved
photocatalytic activity.58–60

The purpose of TEM performance was to further determine
the microstructure of the TaON/CdS/ZnS composite lms. As
shown in Fig. 3a, the TaON/CdS/ZnS lm exhibited an incon-
spicuous particle prole with a rough surface and lots of small-
sized of CdS and ZnS particles were homogeneously dispersed
on the TaON surface. To further conrm the existence and the
specic locations of CdS and ZnS particles in the composite
lm, HRTEM analysis was conducted which is illustrated in
Fig. 4 UV-vis absorption spectra of the as-prepared TaON, TaON/
CdS and TaON/CdS/ZnS films, respectively.

RSC Adv., 2020, 10, 32662–32670 | 32665
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Fig. 3b. The region with an interplanar spacing of 0.273 nm is
consistent with the (111) crystallographic plane of the
monoclinic-phase TaON. This observation corresponds to the
XRD results. At the interface of CdS and TaON, the HRTEM
image showed a lattice fringe spacing of 0.336 nm in accor-
dance with the (111) plane of CdS. The lattice spacing of
0.308 nm was assigned to the (111) plane of ZnS at the edge of
the composite lm.54 Therefore, the TEM and HRTEM analyses
amply demonstrated the co-existence and the position of CdS
and ZnS in the TaON/CdS/ZnS lm.

Fig. 4 displays the UV-vis absorption spectra to better assess
the light-harvesting abilities of the as-fabricated TaON, TaON/
CdS and TaON/CdS/ZnS photocatalyst thin lms. The charac-
teristic absorption edge at the near-infrared area was observed
for pure TaON, probably due to the orange-colored TaON
powder, implying that the pure TaON lm possesses the excel-
lent ability to absorb visible light. This result was consistent
with the charge transfer process from the valence band to the
conduction band of the TaON photocatalyst lm under visible
light irradiation. For the TaON/CdS and TaON/CdS/ZnS lms,
although the absorption edges at around 650 nm demonstrated
a blue shi, the light absorption intensity exhibited obvious
enhancement at 400–540 nm as compared to the pure TaON.
The TaON/CdS/ZnS lm showed a more signicant increase
than TaON, fully exhibiting the stronger absorption capacity
and more excellent photocatalytic activity aer depositing CdS
nanoparticles on the TaON lm and with the ZnS-passivation
layers at the same time.
Fig. 5 XPS spectra of (a) Ta 4f, (b) N 1s, (c) O 1s, (d) Cd 3d, (e) Zn 2p and
(f) S 2p for the TaON/CdS/ZnS composite film.

32666 | RSC Adv., 2020, 10, 32662–32670
To verify the specic surface chemical constituents and
elemental valencies of the as-synthesized TaON/CdS/ZnS pho-
tocatalyst lm, XPS spectra were studied and the C (1s) peak at
284.8 eV served as the reference peak to calibrate the XPS
spectra. From the XPS survey spectra in Fig. S5,† Ta, O, N, Cd,
Zn and S elements were all detected in the prepared composite
sample, corresponding to the chemical compositions of TaON/
CdS/ZnS. In Fig. 5a, two peaks at 25.7 eV and 27.5 eV were
attributed to 4f7/2 and Ta 4f5/2 signals, respectively, consistent
with the +5-oxidation state of Ta.61 The binding energy of N 1s
was 404.7 eV, indicating the existence of the �3-oxidation state
of N (Fig. 5b). Fig. 5c presents the peak at 532.0 eV, assigned to
the O 1s, which corresponds to O2�.54 The binding energies of
404.9 eV and 411.7 eV in Fig. 5d were ascribed to Cd 3d5/2 and
Cd 3d3/2, which belonged to Cd2+. As shown in Fig. 5e, two
symmetric peaks at 1021.6 eV and 1044.7 eV belong to Zn 2p1/2
and Zn 2p3/2, corresponding to the state mainly reported for
divalent suldes. In Fig. 5f, S 2p can be divided into two peaks
2p3/2 and 2p1/2, located at 160.1 eV and 161.5 eV, respectively.
This result demonstrated that the Cd–S and Zn–S bonding
existed in the TaON/CdS/ZnS photocatalytic lm.46

The transfer, separation and trapping of photogenerated
charge carriers on the as-fabricated lm surfaces were deter-
mined via photoluminescence spectroscopy (PL) and the typical
photoexcitation wavelength was 400 nm, as exhibited in Fig. 6.
TaON, TaON/CdS and TaON/CdS/ZnS lms all displayed
a luminescence band centered at 710 nm. The photo-
luminescence efficiencies of TaON/CdS and TaON/CdS/ZnS
photocatalysts were both greater than the pure TaON lm,
especially the TaON/CdS/ZnS photocatalyst lm. This may have
resulted from the signicant reduction in the density of the
nonradiative transition recombination sites for photocatalytic
composite lms, particularly in TaON/CdS/ZnS. Furthermore,
pure TaON could serve as effective capture traps for photo-
generated carriers due to the reduced Ta species possessing
Fig. 6 PL spectra of the as-fabricated TaON, TaON/CdS and TaON/
CdS/ZnS photocatalytic films.

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 (a) Transient current plots (I–t) and (b) Nyquist plots of TaON,
TaON/CdS and TaON/CdS/ZnS films under the irradiation of visible
light.

Table 1 The Rct and Rs of all photocatalytic films

Photocatalytic lm Rs (U) Rct (U)

TaON 71.5 21 970
TaON/CdS 61.7 17 650
TaON/CdS/ZnS 52.5 9706

Fig. 8 LSV plots of (a) pure TaON film, (b) TaON/CdS film and (c)
TaON/CdS/ZnS film tested in 0.5 M Na2SO4 electrolyte in the presence
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a lower conduction band position than TaON. The low photo-
luminescence intensity of pure TaON was considered to reect
an increase in the prevalence of nonradiative transitions in the
photocatalytic lm. The identical trend in the photo-
luminescence and photocatalytic activity was reported in the
TaON and TaON–ZrO2 photocatalysts. As a result, the pure
TaON photocatalyst with low photoluminescence intensity
exhibited reduced photocatalytic performance as compared to
the composite photocatalyst lms.62

To further verify the separation rates of the photogenerated
electron and hole pairs, the transient photocurrents of the
TaON, TaON/CdS and TaON/CdS/ZnS photocatalytic lms were
conducted under visible light irradiation. As displayed in
Fig. 7a, all the lms exhibited a quick response to the incident
light on–off circulation: in particular, the TaON/CdS/ZnS
composite photocatalysts showed greater enhancement in the
transient photocurrent as compared to the pure TaON and
TaON/CdS lms. The improved photocurrent of the TaON/CdS/
ZnS photocatalysts distinctly revealed the efficient photo-
induced charge separation efficiency. Some spike peaks
appeared in the I–t plots of the pure TaON and TaON/CdS
photocatalytic lms, which were attributed to the slower
surface water oxidation reaction kinetics and faster recombi-
nation of photogenerated carriers for the TaON and TaON/CdS
lms. However, beneting from the ZnS passivation, TaON/
CdS/ZnS lms presented remarkable photocurrent density
along with a very stable photocurrent trend. Therefore, with the
CdS nanoparticle deposition and ZnS passivation on TaON
lms, the TaON/CdS/ZnS lms demonstrated the high effi-
ciency of the photogenerated charge separation and transfer,
thus leading to excellent photocatalytic capacities. Electro-
chemical Impedance Spectroscopy (EIS) was carried out to
obtain deep insight into the photo-generated carrier transfer
and separation performance and the synergistic effect of surface
water oxidation kinetics for all photocatalyst lms. Fig. 7b
shows that TaON/CdS/ZnS lms exhibited the smallest arc
radius among the plots for all the lms, consistent with the
transient photocurrent measurements. Table 1 shows that the
Rs values, as well as the Rct values of the TaON/CdS/ZnS lm,
were the smallest among all the photocatalytic lms. These
results fully illustrated that the TaON/CdS/ZnS photocatalytic
lms possessed the lowest resistance, thus promoting the effi-
cient separation and transfer of photo-induced charge carriers
This journal is © The Royal Society of Chemistry 2020
and resulting in the enormous enhancement of the NO2 pho-
todegradation efficiency.

It was found that the TaON/CdS/ZnS photocatalytic lms
displayed a higher photocurrent as compared to the pure TaON
and TaON/CdS lms, which represented the more efficient
water oxidation reaction kinetics. The excellent photo-
electrocatalytic activity was generally due to the restrained
recombination of photo-generated electron and hole pairs. The
recombination occurred not only on the surface but also in the
bulk of all the lms. It is well known that beneting from the
lower reduction potential and faster water oxidation kinetics,
H2O2 could be easily oxidized to remove the photo-induced
holes.63 Therefore, H2O2 served as the sacricial reagent of
holes in the LSV measurements to demonstrate the photo-
generated carrier transfer process. As exhibited in Fig. 8, pure
TaON, TaON/CdS and TaON/CdS/ZnS lms all showed
improved photocurrents with the addition of H2O2 to the
Na2SO4 electrolyte. The pure TaON lms presented a greater
increase than TaON/CdS and TaON/CdS/ZnS lms in the pres-
ence of H2O2, which distinctly disclosed that H2O2 greatly
facilitated the injection of holes into the electrolyte and light-
ened the surface recombination of pure TaON lms. However,
TaON/CdS and TaON/CdS/ZnS lms displayed relatively small
improvements, especially the TaON/CdS/ZnS photocatalyst.
This indicated that the TaON/CdS/ZnS composite lms
possessed the least surface recombination due to the simulta-
neous deposition of CdS and ZnS onto TaON lms, thus leading
to the remarkable photoelectrocatalytic performance.
or absence of H2O2 with the irradiation of visible light.

RSC Adv., 2020, 10, 32662–32670 | 32667
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Fig. 10 Trapping experiments with different types of scavengers over
TaON/CdS/ZnS film.
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NO2 photocatalytic degradation experiments for all fabri-
cated lms aimed to further study the photocatalytic perfor-
mance for the TaON lm with the synergistic effects of CdS
deposition and ZnS passivation. The NO2 photodegradation
measurements were carried out under visible light irradiation
and the effective area was 1 cm2 for all photocatalytic lms. As
exhibited in Fig. 9a, the concentration of NO2 showed a slight
decrease without any photocatalyst aer 2 h of visible light
irradiation, which may be due to the equilibrium conversion
between NO2 and other gases. Pure TaON lm presented higher
NO2 degradation efficiency reaching about 72.6% aer only 2 h
of light illumination. However, the NO2 photodegradation rate
of the TaON/CdS lm was barely improved, indicating the
deposition of CdS nanoparticles on the TaON lm. From this
unusual phenomenon, it can be inferred that the slight
enhancement of NO2 degradation for the TaON/CdS lmmay be
due to the intense photo corrosion of CdS itself and the strong
oxidizing property of NO2. Nevertheless, beneting from the
ZnS passivation layer at the outermost layer of TaON/CdS, the
TaON/CdS/ZnS lm exhibited remarkably increased NO2

degradation efficiency as compared to the pure TaON lm,
which achieved 96.7%. Therefore, this result leads us to
conclude that ZnS passivation could greatly prevent the photo
corrosion of CdS, thus resulting in the very benecial photo-
catalytic performance of the TaON/CdS/ZnS lm. The repeated
NO2 photodegradation experiment was performed to further
determine the recyclability and stability of the TaON/CdS/ZnS
photocatalytic lm. There was less than 6% reduction of the
NO2 degradation efficiency aer four degradation cycles, as
shown in Fig. 9b. The XRD patterns of the cycled NO2 photo-
degradation over the TaON/CdS/ZnS lm are also exhibited in
Fig. S6.† These results demonstrated that ZnS as the passivation
layer caused the composite lm to exhibit outstanding photo-
catalytic performance and also excellent durability for NO2

photodegradation under visible light irradiation.
The trapping tests were also conducted to further investigate

the active species that played a major role in the degradation of
NO2. In the scavenger experiments, K2Cr2O7, KI, isopropyl
alcohol (IPA) and p-benzoquinone (PBQ) served as the trapping
reagents for the electrons (e�), photo-induced holes (h+),
hydroxide radicals (cOH) and superoxide radicals (cO2

�).64 From
Fig. 10, it was observed that the NO2 degradation rates all
Fig. 9 (a) Photocatalytic degradation of NO2 without any photo-
catalyst, with pure TaON film, TaON/CdS film and TaON/CdS/ZnS film
under visible light irradiation. (b) The NO2 photodegradation rate using
the TaON/CdS/ZnS film with different degradation cycles.

32668 | RSC Adv., 2020, 10, 32662–32670
exhibited varying degrees of decrease. We found that the
degradation efficiency displayed an inconspicuous decrease
with the addition of IPA, whichmanifested that cOHwas not the
dominant active species. The addition of K2Cr2O7 resulted in
a slight decline in the NO2 removal rate, indicating that e� was
an active species. However, aer the addition of KI, the fairly
obvious decrease of the NO2 degradation rate was noticed,
which proved that h+ greatly contributed to the NO2 photo-
catalytic degradation. Furthermore, the rate presented the most
signicant reduction in the presence of PBQ, which demon-
strated that cO2

� played the most signicant role in the NO2

photodegradation over the TaON/CdS/ZnS lm under the illu-
mination of visible light.

From the discussion above, we can conclude that the TaON/
CdS/ZnS lm exhibited superior photocatalytic activity for NO2

elimination under visible light irradiation. The possible charge
Fig. 11 A possible schematic diagram for NO2 photodegradation over
the TaON/CdS/ZnS film under the irradiation of visible light.

This journal is © The Royal Society of Chemistry 2020
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carrier transfer mechanisms for the signicantly improved
photocatalytic performance of the TaON/CdS/ZnS photo-
catalytic lm are illustrated in detail in Fig. 11. The trapping
tests suggested that cO2

� played the most signicant role in NO2

photodegradation over the TaON/CdS/ZnS lm. The conduction
band (CB) position of TaON (�0.3 V) is more positive than the
O2/cO2

� (�0.33 V vs. NHE) position, thus the electrons in the CB
of TaON cannot reduce O2 to cO2

�.55,65 Therefore, a direct Z-
scheme transfer mechanism could be constructed to explain
the enhanced photocatalytic activity for NO2 elimination.66,67 At
rst, CdS and TaON were excited to produce photoinduced
carriers under the irradiation of visible light, and the electrons
in the CB of TaON recombined immediately with the photoin-
duced holes on the VB of CdS, which greatly promoted the
effective separation of photogenerated electron–hole pairs.
Then, due to the more negative CB position (�0.9 V), the elec-
trons in the CB of CdS were captured by O2 to promote the
formation of active species cO2

� on the photocatalytic lm
surface, and NO2 molecules reacted with cO2

�, producing the
nal degradation products. At the same time, the remaining
photogenerated holes in the valence band (VB) of TaON will also
be used to remove NO2. There are some zinc vacancies (VZn) and
interstitial sulfur vacancies (Is) in the ZnS passivation layer that
serve as hole acceptors produced in CdS.68 Therefore, the holes
in the VB of CdS partly migrate directly to (VZn) and (Is) in ZnS,
which greatly facilitates the effective charge separation and ZnS
displays excellent resistance to the reduced photo-corrosion of
CdS. Therefore, the proposed mechanism above is probably
responsible for the extraordinary photocatalytic degradation of
NO2 for TaON/CdS/ZnS lm.
Conclusions

Orange TaON powder with a large number of nanopores was
successfully synthesized by a simple method of heating Ta2O5

powder in an NH3 atmosphere, and the pure TaON lm was
prepared using the doctor-blade method. The TaON/CdS and
TaON/CdS/ZnS photocatalytic lms were prepared by the
successive ionic layer adsorption and reaction (SILAR) method
for the rst time. Several sets of photoelectrochemical experi-
ments, such as PL, I–t and EIS, were carried out to investigate
the photoelectric performance of all the prepared lms, which
all powerfully illustrated that the TaON/CdS/ZnS photocatalytic
lms possessed highly efficient photo-generated charge sepa-
ration and transfer capacities. We also studied the photo-
catalytic performance of all the lms, and the TaON/CdS/ZnS
composite lm exhibited the highest NO2 photodegradation
efficiency (achieving about 96.7% aer only 2 h illumination),
which was better than the bare TaON and TaON/CdS lms. The
repeated NO2 degradation measurements fully demonstrated
that the TaON/CdS/ZnS composite lm presented extraordinary
stability during four cycling tests. In summary, the simple and
inexpensive syntheses of orange TaON and composite lms
with excellent photocatalytic performance have been success-
fully carried out. This indicates that with CdS deposition and
ZnS passivation on TaON lm, this architecture has opened up
This journal is © The Royal Society of Chemistry 2020
interesting and promising perspectives for their potential
application in urban pollutant elimination.
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