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2D/2D Z-scheme WO3/g-CsN4 heterojunctions
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Two-dimensional/two-dimensional (2D/2D) Z-scheme WO=/g-CsN4 heterojunctions were success-
fully prepared by facile rapid calcination, which exhibited considerable photocatalytic performance
in environmental application and energy application without any cocatalyst. The synthesized 2D/2D
Z-scheme WOs3/g-C3sNy4 significantly improved the visible-light photocatalytic degradation of tetracycline
hydrochloride (TC-HCl), and 40%WO3/g-CsN4 had the best photocatalytic degradation effect. 40%WOs/
g-C3sNy4 could also degrade rhodamine B (RhB), methylene blue (MB) and methyl orange (MO), and RhB
was almost completely degraded after 20 min irradiation. *O,~ was the main active species in the
degradation process of 40%WO3z/g-C3sNy4. The 2D/2D Z-scheme heterostructure enhanced the
photogenerated electron—hole separation and transfer ability and possessed good photocatalytic stabi-
lity. The 2D/2D Z-scheme WOsz/g-C3N4 heterojunction system was first used in nitrogen fixation.
40%WOs3/g-CsN,4 can simultaneously achieve photocatalytic nitrogen reduction reaction (NRR) and
nitrogen oxidation reaction (NOR) to produce NH4* and NOs~, respectively, using air as a nitrogen

Received 27th October 2023, source. However, in the presence of a hole sacrificial agent and N, as a nitrogen source, the

Accepted 4th December 2023 photocatalytic nitrogen fixation reaction of 40%WO3z/g-CsN, was dominated by NRR. The nitrogen
fixation products and their possible mechanisms were also discussed. This study confirms that the

designed 2D/2D Z-scheme WOs/g-CsN4 heterojunctions have great potential in the photocatalytic
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Introduction

Environmental safety and energy resources are among the
primary needs for human survival and development. Photo-
catalysis is regarded as one of the most hopeful methods for
environment remediation and energy conversion because of
its mild reaction conditions, no secondary pollution, and low
energy consumption.’™ Under light irradiation, the semicon-
ductor photocatalysts are excited to produce photogenerated
carriers, which can directly or indirectly participate in the
oxidation-reduction reaction."™ Among the visible-light cataly-
tic materials, WO; and g-C;N, photocatalytic materials have the
advantages of a suitable energy band structure, good visible-
light response range, and relatively simple preparation
process.>” Therefore, WO; and g-C;N, are ideal materials for
constructing efficient visible-light catalysts. Furthermore, if the
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degradation of different-type organic pollutants and regulable photocatalytic NRR and NOR reactions.

two materials are integrated to construct type-II or Z-scheme
heterojunctions, the electrons (e”) and holes (h') can be
physically separated, favoring the redox reaction.'®?® In addi-
tion, the Z-scheme can simultaneously use the more positive
valence band (VB) of one semiconductor and the more negative
conduction band (CB) of the other semiconductor, so it has
a stronger redox capacity than the one-component semi-
conductor.®'®  Two-dimensional/two-dimensional ~ (2D/2D)
composite structures have the largest interface contact area,
which is conducive to photogenerated carrier transmission.”
Therefore, 2D/2D Z-scheme heterojunctions can effectively
enhance the performance of WO;/g-C3N,; photocatalysts. The
reported 2D/2D Z-scheme WO3/g-C;N, heterojunction systems
had complex synthesis, insufficient application research, need
for cocatalyst and other deficiencies to some degree.’™® Thus,
it is necessary to further study the 2D/2D Z-scheme WO;/g-C3N,
heterojunction in more ways.

Industrial manufacturing, agricultural production, and daily
life produce much wastewater. Organic pollutants in waste-
water are toxic, accumulative, and challenging to degrade even
at low concentrations, posing a serious threat to the water
environment.'” There are a variety of organic pollutants with
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various properties in environmental water bodies, such as organic
dyes, antibiotics, surfactants, and endocrine disruptors.”_19 Tetra-
cycline hydrochloride (TC-HCI) has been widely used in humans
and animals as an inexpensive broad-spectrum antibiotics.?**
TC-HCI easily accumulates in water and soil systems because of its
excellent water solubility and long half-life.>*>* Organic dyes are
common organic pollutants, and the same method has different
removal effects on dyes with different properties.** The traditio-
nal removal methods of organic pollutants in the water include
physical adsorption, chemical oxidation, and biodegradation.
However, most of them have the disadvantages of poor efficiency,
complicated methods, high cost, or easily causes secondary
pollution."®**** The degradation of different-type organic pollu-
tants in water is an urgent problem to be solved.

Moreover, nitrogen is an indispensable component of the
biological structure.>*”*” It is found in proteins and nucleic
acids, and most organisms except nitrogen-fixing microorgan-
isms cannot directly use N,.>>?®*° Nitrogen fixation is the
conversion of N, to simple nitrogenous compounds (nitric
oxide, ammonia and others), followed by the generation of
more complex compounds that can be used by organisms.>**°
In recent years, NH; has become a crucial raw material and green
energy carrier.”® Nevertheless, the traditional Haber-Bosch process
remains the dominant industrial NH; production method, which
consumes excessive fossil and releases harmful gases.>>*%3°33
HNO; is also a vital raw material in agriculture, military, chemical
industry and other areas.****> However, the industrial HNO; is
synthesized by the Ostwald process through catalytic oxidation of
NH;, so this method is highly energy-consuming.*'3>3%3
At present, most of the new methods of artificial nitrogen fixation
are to reduce N, to produce NH;. However, there are few studies on
the oxidation of N, to produce HNO; or N, disproportionation
reaction. Therefore, developing eco-friendly and low-cost methods
to fix N, by directly forming NH; and HNO; is of great interest.**?”

In this paper, 2D/2D Z-scheme WO;/g-C3;N, heterojunctions
with different doping ratios were prepared using ice water bath
ultrasonography and rapid calcination. The degradation effects
on typical antibiotic organic pollutants (TC-HCI) and typical dye
organic pollutants with different charge properties [amphoteric
dye rhodamine B (RhB), cationic dye methylene blue (MB), and
anionic dye methyl orange (MO)] were explored. The perfor-
mance of photocatalytic nitrogen fixation (NRR and NOR) was
investigated using two typical photocatalytic nitrogen fixation
conditions. According to the experimental results, the possible
mechanisms of the photocatalytic degradation and photocata-
lytic nitrogen fixation were proposed, which offered a reference
for preparing 2D/2D Z-scheme heterojunction photocatalysts
and photocatalytic degradation and nitrogen fixation.

Experimental

Materials

Sodium tungstate dihydrate (Na,WO,-2H,0), potassium sodium
tartrate tetrahydrate (C,H,KNaOg-4H,0), and sodium hydroxide
(NaOH) were obtained from Sinopharm Chemical Reagent Co.,
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Ltd. Tetracycline hydrochloride (TC-HCI), rhodamine B (RhB),
methylene blue (MB), methyl orange (MO), ammonium oxalate
(AO), ammonium chloride (NH,Cl), potassium nitrate (KNO;) and
potassium mercury iodide (K,Hgl,) were acquired from Shanghai
Maclin Biochemical Co., Ltd. Isopropyl alcohol (IPA), ethanol and
methanol were obtained from Beijing Chemical Plant. 65% Nitric
acid was derived from Beijing Chemical Plant. Melamine (chemi-
cally pure, content >98%) was purchased from Sigma Aldrich
(Shanghai) Trading Co., Ltd. High purity nitrogen (content
>99.999%) and compressed air were acquired from Beijing
Millennium Capital Gas Co., Ltd. All solutions in this paper were
prepared using ultra-pure water.

Synthesis of 2D/2D Z-scheme WOj;/g-C3N, heterojunctions

400 mg of Na,WO,-2H,0 was added into 300 mL of 4.8 M nitric
acid at room temperature for 72 h, centrifugally washed and
dried, and ground into a yellow powder as the WO;-2H,0
precursor.’® 10 ¢ melamine was put into a covered crucible
and calcined at 550 °C (heating rate: 5 °C min~ ') in a muffle
furnace for 4 h. After air cooling, it was ground into a light
yellow powder as Bulk g-C;N,.*°

500 mg of Bulk g-C;N, was mixed with WO;2H,O of
different masses in 20 mL ethanol, ultrasonicated in an ice
water bath for 12 h, stirred for 1 hour, and completely dried.
The sample underwent rapid calcination at 400 °C for 0.5 h,
and was fully ground to obtain the 2D/2D Z-scheme WO,/
g-C3N, heterojunctions. WO; in the WO3/g-C;N, composite is
the final product of 10 wt.%, 20 wt.%, 30 wt.%, 40 wt.% and
50 wt.%, respectively. They were named as 10% WO3/g-C3Ny,
20% WO5/g-C3Ny, 30% WO,/g-C3N,, 40% WO;/g-C;N, and 50%
WO,/g-C3N,. Pure WO; and pure g-C;N, were prepared for
comparison experiments.

Photocatalytic degradation evaluation

The light source was a 300 W Xenon lamp (HX-UV300, Beijing
NBET Technology Co., Ltd) equipped with a UVCUT420 (1 >
420) UV cut-off filter. The optical power meter (CEL-NP2000)
monitored the light intensity, and the light intensity was
controlled at 100 mW em >,

This work used antibiotic organic pollutants TC-HCI and dye
organic pollutants MB, RhB and MO as photocatalytic degrada-
tion targets. The characteristic peaks of TC-HCI], RhB, MB and
MO were 357 nm, 554 nm, 664 nm and 463 nm,*’° respec-
tively. The 30 mg photocatalyst was dispersed in 100 mL
aqueous solution containing 10 mg L™ organic pollutants,
and stirred away from light for 30 min to achieve the adsorp-
tion-desorption equilibrium. After the visible-light source was
turned on, a 3 mL suspension was taken at certain intervals for
centrifugation, and the absorbance of the organic pollutants
after degradation was determined by UV-Vis spectrophotometer
(YOKE T3202). The degradation efficiency (1) was calculated
using the characteristic peak absorbance value. The n was
calculated by the eqn (1):*®

Ay — A Co—C
n="2"" % 100% = -2

100 1
Ao o, < 100% (1)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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where A, and A are the initial absorbance of the characteristic
peak of organic pollutants and the absorbance after a certain
reaction time, respectively. According to the Lambert-Beer law,
Co and C are the initial concentration of organic pollutants and
the concentration after a certain time, respectively.

Photocatalytic nitrogen fixation evaluation

Experiment 1 and Experiment 2 are two typical conditions of
the photocatalytic nitrogen fixation reaction.***®*! The light
source was 300 W Xenon lamp (HSX-UV300).

Experiment 1: a 100 mg quantity of photocatalyst was
dispersed in 100 mL ultra-pure water, and then ultrasonicated
for 15 min. Air flowed into the above suspension at a rate of
100 mL min . The suspension was taken at set intervals to test
the concentration of NH," and NO,;~.>**!

Experiment 2: a 100 mg quantity of photocatalyst was
dispersed in 100 mL 20% methanol aqueous solution, and
then ultrasonicated for 15 min. N, flowed into the above
suspension at a rate of 100 mL min *. The suspension was
taken at set intervals to test the concentration of NH,  and
N037.40,41

The concentration of NH," was determined by Nessler’s
reagent colorimetric method. The concentration of NO;™
was measured by ion chromatography (Shimadzu LC20Adsp,
Shodex IC SI-52 4E). The above methods were referred to in our
previous paper.*'

Results and discussion

Photocatalyst characterization

X-ray diffraction spectra (XRD, Rigaku D/MAX-2550V) (Fig. 1(a))
and Fourier-transform infrared (FT-IR, BRUKER VERTEX70)
spectra (Fig. 1(b)) were used to characterize the chemical
composition and structure of the g-C;N,, WO; and WO,/
g-C3N, composites. In Fig. 1(a), the characteristic peaks at
13.1° and 27.4° belong to the (100) and (002) crystal faces of
pure g-C;N, (JCPDS 87-1526),>** respectively. The (002) peak is

~_~
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Fig. 1
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attributed to the stacking structure of the conjugated aromatic
rings, while the (100) peak is attributed to the interlayer
stacking of g-C;N,.**** Therefore, after g-C;N, was peeled off
by ultrasonic treatment, the intensity of the (100) peak gradu-
ally broadened and weakened until it disappeared. The char-
acteristic peaks of pure WO; are in accordance with JCPDS
83-0950, which belongs to monoclinic WO; (m-WO03).*> The
XRD results of WO;/g-C3N, contain the characteristic peaks of
¢-C3N, and WO;. With the increase of WO; doping amount, the
peaks of WO; become stronger, while the peaks of g-C3;N,
become weaker. The XRD results indicate that the WO;/g-
C;3N, composites were prepared successfully. These materials
maintain the complete crystal structure of the sheet-like g-C;N,
and WO;.

As shown in Fig. 1(b), the FT-IR spectrum of pure WO; has a
wide peak at 631 cm ™' due to the stretching vibration of the
O-W-0 bond.*® The peak of pure g-C;N, at 803 cm™' was
ascribed to the out-of-plane bending vibration of the 3-S-
triazine ring. The peaks at 1230 cm™*, 1313 em ™%, 1395 cm ™},
1537 cm ' and 1633 cm ™' belong to the skeleton stretching
vibration of the C-N heterocyclic ring.*> All signals of g-C;N,
can be seen in the FT-IR spectra of WO;/g-C3N,. With the
increase of the WO; doping amount, the characteristic peaks
of WO; gradually become stronger. This is consistent with
the XRD results, and indicates the structural integrity of the
WO;/g-C3N, composite.

X-ray photoelectron spectroscopy (XPS, Thermo Fisher
Scientific ESCALAB250Xi) was applied to study the surface
element composition and valence information of the photo-
catalysts. Fig. 2(a) shows the XPS full spectrum of g-C3N,, WO;
and 40%WO;/g-C3N,. The XPS survey spectrum of 40%WO;/
2-C3N, shows four elements (C, N, O and W), and no other
impurities appear. The C and N are provided by g-C;N,, and O
and W are provided by WOs;. Fig. 2(b) is the high-resolution W
4f spectrum of WO;3; and 40%WO,/g-C;N,. Compared with the
two peaks of pure WO; (36.0 eV and 38.1 eV), the two peaks of
40%WO3/g-C3N, shift to lower binding energy (35.6 eV and
37.7 eV). The reason for this shift may be that the hydrogen

(b)[>o,
1537 13\
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= [50%wWoyg-CN, “’”\\ e’ /
& e
Y |40°%AWO,/e-CN, g ]
= :
8 |30%WOy/g-CyN, : L1
= :
= :
é 20%WO,/g-C,N, : .=
= :
S [10%WO/z-CN, : =
» g-GN,

4000 35I00 3(’.00 25I00 20I00 15I00 10I00 560
Wavenumber (cm™)

(@) XRD and (b) FT-IR spectra of the g-C3N4, WOz and WO3/g-C3N4 composites.
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Fig. 2 (a) XPS survey spectra of g-C3zN4 and 40%WOz/g-CzN4, (b) high-resolution W 4f spectra of WOz and 40%WO3/g-CsN4, (c) high-resolution N1s
spectra of g-CzNy, (d) high-resolution N1s spectra of 40%WOs/g-CsNy, (e) high-resolution Cls spectra of g-C3N,4 and (f) high-resolution C 1s spectra of

40%WO3/g-C3Ny.

bond formed between the terminal -NH, and W-O bond during
the action of WO; and g-C;N, will slightly weaken the W-O
bond, thus reducing the binding energy value of W 4f in 40%
WO,/g-C3N,.*”*8 Fig. 2(c) and (d) show the high-resolution N 1s
spectra of g-C;N, and 40%WO;/g-C;N,, respectively. The posi-
tions of the three N1s peaks of pure g-C;N, are 398.5 eV,

752 | Mater. Adv., 2024, 5, 749-761

399.5 eV and 401.0 eV, which can be attributed to C-N—C, N-
(C); and C-NH,*® respectively. The N 1s peaks of 40%WQO;/
g-C3N, are shifted towards higher binding energy due to the
charge transfer at the interface of WO; and g-C3N,.°° This
illustrates that a heterostructure is formed between g-C;N,
and WOj;. Fig. 2(e) and (f) show the high-resolution C 1s

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 SEM images of (a) g-C3N4, (b) WOs and (c) 40%WOs/g-CsNy; (d)-(h) HRTEM images and (i) EDS mapping images of 40%WOz/g C3Ny.

spectra of g-C3N, and 40%WO3/g-C;N,, respectively. 40%WO;/
2-C3N, has two major C 1s peaks at 284.9 eV and 288.6 eV,
corresponding to sp> bonded carbon (N—C-N) and aromatic
carbon (C=C/C-C),"® while the corresponding peaks positions
for pure g-C3;N, are 284.9 eV and 288.2 eV, respectively. Com-
pared to g-C3;Ny, the position of 40%WO3/g-C;N, was slightly
shifted by 0.4 eV.”® This is consistent with the results of Nis,
verifying the existence of the heterojunction.

The surface morphology of g-C;N,;, WO; and 40%WO;/g-C;N,
can be visually displayed through scanning electron microscope
(SEM, Hitachi SU8010) and high-resolution transmission electron
microscope (HRTEM, JEOL JEM-F200) with an energy dispersive
spectrometer (EDS). As shown by the white arrow in Fig. 3(a),
2-C3N, is a stack of nanosheets with a thickness of less than
30 nm. WO; is composed of WO; nanosheets, which are indicated
by the white arrow in Fig. 3(b). Fig. 3(c) shows that 40%WO;/
2-C3N, is a 2D composite structure formed by stacking g-C3;N,
nanosheets and WO; nanosheets together.

Fig. 3(d)-(h) displays the HRTEM images of 40%WO;/
2-C3N,. WO; is darker than g-C3N,, and WO; is marked with

© 2024 The Author(s). Published by the Royal Society of Chemistry

the yellow circle. The lattice plane of 0.376 nm corresponds to
the (002) plane of WOj; (Fig. 3(h))."® The EDS mapping images
of 40%WO,/g C;N, (Fig. 3(i)) demonstrates the existence and
the location of the C, N, O and W elements. These results
further prove the successful preparation of 2D/2D WO,/g C3N,.

The specific surface area and pore structure of the g-C;N,
and WO;/g-C;N, composites were studied by N, adsorption—-
desorption isotherm (Fig. S1a, ESI{) using Micromeritics ASAP
2460. The pore size distribution diagram (Fig. S1b, ESIT) shows
that the pore sizes of these six samples are mainly mesoporous.
Among them, the pores of 40%WO;/g-C;N, are mainly distrib-
uted in the 1.5-16 nm range, and there are few mesopores
smaller than 2 nm.”" Table S1 (ESIf) summarizes the data for
the specific surface area and pore volume. The specific surface
areas of the WO;/g-C3N, composites are all smaller than that of
pure g-C3N,, and 20%WO5/g-C;N; (11.88 m?® g ') has the
smallest specific surface area. The specific surface area sizes
of 40% WO,/g-C3N, (14.87 m> g¢7') and 50% WO3/g-C;Ny
(14.90 m> g~') are similar. For the pore volume, the pure
2-C3N, (0.49 cm® g7) is still the largest, and 20% WO;/g-C3N,

Mater. Adv, 2024, 5, 749-761 | 753
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(0.04 cm® g7 ') is the smallest. The specific surface area and pore
volume can affect the number of active sites, and thus affect
the adsorption and reaction effect in the catalytic process.
However, the specific surface area and pore volume are not
necessarily better with larger sizes. It is necessary to synthesize
other properties to obtain the final catalytic performance.
Table S1 (ESIt) also shows the zeta potential of the g-C3;N,
and WOj3/g-C3N, composites in water.

Fig. 4(a) shows the results from investigating the optical
properties of the g-C3N,, WO3; and WO;/g-C3N, composites
by ultraviolet and visible diffuse reflectance spectra (UV-Vis
DRS, SHIMADZU UV-3600 Plus). Fig. 4(a) was converted into
Fig. 4(b) using the Kubelka-Munk function, and the band gap
(Eg) of the g-C3N,;, WO; and WO;/g-C3N, composites was
estimated.*’ The E, values of pure g-C;N, and pure WO; are
2.48 eV and 2.41 eV, respectively. The similar E, of these two
pure substances leads to the similar E; of the WO;/g-C3N,
composites, which is why the g-C;N,, WO; and WO,/g-C;N,
composites are all yellow. The E, of 40%WO3/g-C3N, and
50%WO;/g-C3Ny is 2.43 eV, which is the smallest E, among
the five WO;/g-C3N, composites and is more conducive to the
absorption of visible light.

To further study the photogenerated carrier recombination
probability of the g-C;N, and WO;/g-C;N, composites, the
photoluminescence (PL, HORIBA FluoroMax-4) spectra of the
samples were tested. The weak PL peak intensity indicates the
low recombination probability of the photogenerated carriers
and high separation efficiency.*>* As shown in Fig. 4(c), the PL
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peak intensity was ranked as g-C;N, > 30%WO;/g-C3N, >
10%WO5/g-C3N; > 20%WO,/g-C;N; > 50%WO;/g-C;N, >
40% WO3/g-C3N,. The 40%WO;/g-C3N, photogenerated carrier
recombination rate is the lowest in the above samples. Thus,
the photogenerated e -h" separation efficiency of 40%WO,/
g-C3N, is the highest, which is conducive to improving its
photocatalytic performance.

Electrochemical impedance spectroscopy (EIS, CHI660E
Electrochemical Workstation) was used to further investigate
the charge transfer capability of the g-C3N,, WO; and 40% WO;/
g-C;N, (Fig. 4(d)).*' A smaller arc radius on the EIS Nyquist
diagram corresponds to a smaller charge transfer resistance on
the working electrode surface.*! In Fig. 4(d), the arc radius of 40%
WO,/g-C3N, is smaller than that of g-C3N, and WOs3, illustrating
that 40% WO3/g-CsN, has better photogenerated electron-hole
separation and transfer ability.

Photocatalytic degradation performance

Firstly, the photocatalyst and TC-HCI were mixed away from light
for 30 min (¢ is —30 to 0 min in the corresponding Fig. 5(a)) to
reach the adsorption-desorption equilibrium. The degradation
efficiencies of the g-C;N,, WO; and WO3/g-C;N, composites as a
photocatalyst for the antibiotic organic pollutant TC-HCI are
shown in Fig. 5(a). The adsorption efficiency of the g-C;N,, WO;
and WO;/g-C3N, composites for TC-HCI is about 7%. The adsorp-
tion rate of pure WO; to TC-HCl is slower than that of the g-C3N,
and WO;/g-C3N, composites, while the adsorption of bulk g-C;N,
to TC-HCI was almost zero. When ¢ is 0 min, the visible light

g-C3N,

—— 10% WO/g-C;N,
1.59— 20% Woye-C,N,
—— 30% WO,/g-C,N,
—— 40% WO,/g-C,N,
—— 50% WO,/g-C,N,
— WO,

Eg=2.48 eV
Eg=249 eV
Eg=2.46 cV
Eg=247eV
Eg=243 eV
Eg=243 ¢V
Eg=2.41¢eV

[F(R)hv] 12 (ev)|/2 @

0.0 . .
2.0 24 28
hv (eV)
(d) 80
601
G
=
=40
N
1
204 ——40% WO,g-C,N,
—— gGN,
\ ——Wo,
0 5 10 15 20 25 30 35 40
7' (kQ)

(a) UV-vis DRS spectra, (b) Eq and (c) PL spectra of the g-C3sN,4, WOz and WO3z/g-CsN,4 composites; (d) EIS of 40%WO3/g-CsN4, g-CsN4 and WOs.
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(a) The photocatalytic degradation efficiency of TC-HCl by g-C3N4, WOz and WO=/g-C3N4 composites under visible light, (b) corresponding first-

order kinetic fitting curves and (c) corresponding UV-vis absorption spectra during the degradation of TC-HCl by 40%WO3/g-C3N,.

source was turned on to start the photocatalytic reaction. “Blank”
is the blank control without any photocatalyst. The self-
degradation rate of TC-HCI is 24.1% after 100 min visible-light
irradiation. The removal efficiency of TC-HCI by bulk g-C;N,, g-
C3N,, WO;, 10%WO,/g-C5N,, 20%WO,/g-C3N,, 30%WO05/g-C3N,,
40%WO,/g-C;N,; and 50%WO;/g-C;N, are 69.8%, 75.4%, 29.7%,
78.8%, 66.6%, 78.1%, 79.1% and 76.9%, respectively. It shows
that 40%WO3/g-C;N, has the best degradation effect on TC-HCI.
The degradation rate of the WO;/g-C;N, composite became slow
after the irradiation time ¢ was 60 min, indicating that the
maximum degradation efficiency was reached at 60 min. There-
fore, t was 0-60 min for the first-order kinetic fitting (Fig. 5(b)).
Fig. 5(a) shows the degradation process, and Fig. 5(b) shows the
first-order kinetics fitting curve, which was calculated by eqn (2):

—In (C%) =kt (2)

where C, and C are the concentrations of the organic pollutants
(mg L™, ppm) in water at the initial concentration and time ¢,
respectively. The term k is the apparent rate constant (min™").
Fig. 5(c) is a histogram comparison of the apparent rate
constant k. The k values of bulk g-C;Ny, g-C3N,4, WO3, 10%WO;/
g-C3N,, 20%WO,/g-C3N,, 30%WO,/g-C3Ny, 40%WO,/g-CsN,
and 50%WO;/g-C;N, were 0.00236 min~', 0.01232 min*,
0.01584 min~*, 0.00302 min~?, 0.01932 min~*, 0.01402 min*,
0.01680 min~", 0.02080 min~" and 0.01804 min~ ", respectively.
Therefore, the introduction of the g-C;N, nanosheets is
greatly enhanced the catalytic effect of WO;. Among them,

© 2024 The Author(s). Published by the Royal Society of Chemistry

40%WO;/g-C3N, had the best degradation efficiency, which
was 1.69 times, 1.31 times and 6.89 times of bulk g-C3N,,
g-C3N, and WO;, respectively.

Fig. 5(d) shows the UV-visible absorption spectrum during
the adsorption and degradation of TC-HCI by 40%WO;/g-C3N,.
TC-HCI has two characteristic peaks at 275 nm and 357 nm, as
shown in Fig. 5(d). It has been reported that the peak at 275 nm
is associated with the aromatic ring A structure, including the
enolic hydroxyl, amide and ketone groups. The peak at 357 nm
is from aromatic rings B, C, and D, comprising the extended
chromophores.>® 40%WO;/g-C3N, can simultaneously destroy
the rings B, C, D, and A, but the destructive effect on A is
relatively weak under visible light. The slight shift in the
location of the characteristic peak may be caused by the slight
change in pH during the removal process.

Fig. 6(a) shows the removal process of 40%WO5/g-C;N, as a
photocatalyst for three typical dyes with different charge proper-
ties, cationic dye MB, amphoteric dye RhB, and anionic dye MO.
After 30 min dark adsorption process, 11.4% MB, 24.6% RhB and
1.8% MO can be removed. According to Table S1 (ESIt), 40%WO;/
g-C;N, was negatively charged in water, so the adsorption effect of
the anionic dye MO was poor. When the light source was turned
on, RhB was almost completely degraded after 20 min. After
100 min, the total removal rate of MB reached 91.4%, while that
of MO was only 49.6%. Therefore, it proves that 40%WO;/g-C;N,
has a good removal effect on MB and RhB.

Fig. 6(b) shows the recycling experiments of 40%WO;/
g-C3N,, where it can be seen that 40%WO;/g-C3N, almost

Mater. Adv,, 2024, 5, 749-761 | 755
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Fig. 6 (a) The removal process of MB, RhB and MO by 40%WO3/g-CsN4. (b) Photodegradation cycle test of 40%WO3/g-CsNy; (c) free radical capture

experiments of the 0.3 g L™ 40%WO3/g-C3N,4 photocatalytic degradation of 10 mg L™ TC-HCl, and (d) their first-order kinetic fitting curves; and (e) EPR
spectra of the DMPO-*O, ™ adducts over 40%WOs/g-C3sN4 under dark condition and with 10 min illumination in methanol.

maintained its original degradation efficiency of RhB after
5 cycles. Therefore, 40%WO,/g-C;N, possessed good photo-
catalytic stability for the potential application.

Photocatalytic degradation mechanism

It has been reported that the superoxide radical (*O, ), hole
(h"), and hydroxyl radical (*OH) are the main active species in
photocatalytic oxidation reactions.’ To study the photocataly-
tic degradation mechanism of the 40%WO;/g-C;N, photocata-
lyst, three trapping agents were applied to explore the active
species in the photocatalytic reaction process. In this work, 1
mM ammonium oxalate (AO) was used to capture h*, and 1 mM
isopropyl alcohol (IPA) was used to capture *OH. N, is used to
remove O, in the reaction system. It blocked the generation of
*0,  from the root. Therefore, N, can be used as the trapping
agent of *0,”.>> By adding different trapping agents in the
reaction solution, the corresponding reactive species were
removed. According to the change of photocatalytic efficiency,

756 | Mater. Adv,, 2024, 5, 749-761

the role of different active substances in the photocatalytic
process can be determined. The device and process of the above
capture experiment are the same as that of the photocatalytic
performance test.

Fig. 6(c) shows the degradation process of 10 mg L™ " TC-HCI
by 0.3 g L™ 40%WO,/g-C3N, when IPA, AO and N, were added
to the reaction system. The removal rate decreased from 79.1%
to 63.2%, 61.9% and 28.5%, respectively. It indicated that N,
has the greatest impact on the removal rate. Therefore, *O,"
was the main active species, while h* and *OH had similar
effects as the minor active species. Fig. 6(d) shows the kinetic
fitting curves for the photocatalytic process that is shown in
Fig. 6(c). The first 60 min of the reaction process conforms to
the first-order kinetic model. The apparent rate constants
k decreased from 0.02080 min~' to 0.00979 min?,
0.01054 min~" and 0.00175 min ", respectively (Fig. 6(d)). This
verifies that the role of the active species in this process is
ranked as *O,~ > h* ~ *OH.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The valence band potential (Eyg) and conduction band
potential (Ecg) of the semiconductor zero charge point (pH,pc)
can be estimated by eqn (3) and (4):°*"%°

Eyp =X — Ee + 0.5E, (3)

Ecg = Evg — Ey (4)

where X is the geometric mean of the absolute electronegativity
of the constituent atoms of the semiconductor, E. is the energy
of the free electron at the hydrogen scale, and E, is the band
gap. The X values of g-C3N, and WO; were 4.73 eV and 6.49 eV,
respectively.>* According to eqn (3) and (4), it can be estimated
that the Ecg values of g-C3N, and WO; are —1.01 €V and 0.78 eV,
respectively. The Eyy values of g-C;N, and WO; are 1.47 eV and
3.19 eV, respectively.

Whether the °O,” species are generated over 40% WO;/
2-C3N, under light irradiation offers an important clue to
determining the transfer route of the charge carriers. -O,™
was detected using electron paramagnetic resonance (EPR,
Bruker EMXplus-6/1). In Fig. 6(e), the apparent *O,  charac-
teristic peaks can be observed in the EPR spectrum of 5,5-
dimethyl-1-pyrroline N-oxide (DMPO)- *O,~ adduct over 40%
WO;/g-C3N, after 10 min light illumination, demonstrating the

According to the results of the above capture experiments
and EPR, two possible reaction mechanisms are proposed
in Fig. 7. The electron (e”) on the CB of WO; and h* on VB of
g-C3N, in the Z-scheme 40%WO;/g-C;N, heterojunction
(Fig. 7(a)) are recombined. The CB of g-C3;N, is more negative
than 0,/°0,” (—0.33V vs. NHE), and the VB of WO; is more
positive than H,O/*OH (2.72V vs NHE), which allows *O,™ and
*OH to be produced. If g-C;N, and WO; form a conventional
type-1I heterojunction (Fig. 7(b)), the CB of g-C3N, will transfer
e~ to the CB of WO;, while the VB of WO; will transfer h' to the
VB of g-C;N,. However, in this case, the CB of WO, will be more
positive than 0,/°0,™, so that the electrons on CB cannot
reduce O, to generate *0, ."" At the same time, the VB of
g-C;N, will be more negative than H,0/*OH, so that the h* in
VB cannot oxidize H,O to generate *OH.*” In conclusion,
40%WO;/g-C;3N, is the Z-scheme heterojunction. This structure
can improve the separation of the photogenerated e~ and h',
and enhance the redox ability of the photogenerated e~ and h*,
as well as the catalytic performance of the photocatalyst.”™*°

In addition, the comparison of almost all published 2D/2D
Z-scheme WO;/g-C3N, heterojunction systems is shown in
Table 1, which indicates that the facile synthetic 2D/2D Z-
scheme WO;/g-C3N, heterojunctions in this work exhibit con-
siderable photocatalytic performance in the environmental

generation of *0, .62 application and energy application without any cocatalyst.”*®
Table 1 Comparison of the 2D/2D Z-schemes of the WO3/g-C3N,4 heterojunction photocatalyst systems
Photocatalyst Synthesis Environmental application Energy application Ref.
WO;-H,0/g-C3N, Ultrasonic-assisted self-assembly 95% RhB degradation in 80 min — 9
WO;/Ag/CN Solvent evaporation and 96.2% RhB degradation in 40 min; — 10
in situ calcination ~90% TC degradation in 140 min
WO,;/CNT/g-C3N, Wet impregnation 92.3% MO degradation in 60 min H, production 11
Pt-g-C3N,/H-WO; Post-annealing — H, production 12
WO;/RGO/H-g-C3N, Microwave-assisted ~90% TC-HCI degradation in 60 min — 13
hydrothermal method
WO,/g-C3N, In situ construction ~100% RhB degradation in 40 min — 14
Pt-WO;/g-C3N, Reverse microemulsion — H, production 15
2-C;3N,/Si-O/WO; Wet chemical method — Aerobic alcohol oxidation 16
WO;/g-C3N, Rapid calcination 79.1% TC-HCl, 91.4% MB and 49.6% Nitrogen fixation This
MO degradation in 100 min, respectively; (NNR and NOR) work
~100% RhB degradation in 20 min
© 2024 The Author(s). Published by the Royal Society of Chemistry Mater. Adv,, 2024, 5, 749-761 | 757
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Photocatalytic nitrogen fixation performance

Fig. 8(a), (b) and (e) show the generation of NO;~ and NH," in
Experiment 1. As shown in Fig. 8(a), when the air was intro-
duced into the aqueous suspension of 40%WO;/g-C;N, under
Xenon lamp irradiation, the NO; ™ concentration increased with
the increase of the reaction time. After 1 h, the NO;~ yield
decreased, and the amount of the NO;™ yield was lower than
that of pure g-C;N,. As shown in Fig. 8(b), the yield of NH," first
increased for 1 h and then gradually stabilized. At the same

758 | Mater. Adv.,, 2024, 5, 749-761

time, the yield was always higher than that of pure g-C;N,.
Fig. 8(e) shows that the 3 h average NO;~ yield of 40%WO;/
g-C3N, was 69.90 pmol L 'h™ geat ', and the 3 h average NH,"
yield was 96.51 pmol L™* h™! g, *. Unlike pure g-C;N,, the
yield of the nitrogen fixed product NO;  in the N, dispropor-
tionation reaction of 40%WO,/g-C3N, was lower than that of
NH,". The total nitrogen fixation efficiency of 40%WO;/g-C;N,
was 166.41 pmol L' h™' g, ', which was lower than that
of pure g-C;N, (192.10 pmol L™" h™" g, ). Therefore, the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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nitrogen disproportionation reaction efficiency of 40%WO;/g-
C;N, in Experiment 1 was lower than that of pure g-C;N, and
the NRR accounted for a larger proportion in the disproportio-
nation reaction.

The generation of NO;~ and NH,," in Experiment 2 is shown
in Fig. 8(c), (d) and (f). When N, was introduced into a 20%
methanol (as hole scavenger) aqueous suspension containing
40%WO;/g-C3N, under Xenon lamp irradiation, the NO; ™ yield
first increased and then decreased (Fig. 8(c)). In the 2 hours, a
small amount of NO;~ was produced due to the removal of h*.
After 2 hours, the e~ reduce NO;~ and the NO;™ yield decreased.
For Fig. 8(d), the NH," yield continued to increase. In addition,
the NH," yield of 40%WO,/g-C3N, was 2.37 times higher than that
of pure g-C;N,. Fig. 8(f) shows that the 3 h average NO;™ yield
of 40%WO,/g-CsN, was 24.73 pmol L' h™" g, ', and the
3 h average NH," yield was 764.29 ymol L' h™?! g, . NH,"
was the main nitrogen fixation product. The total nitrogen fixa-
tion efficiency of 40%WO;/g-C3N, (789.02 umol L™" h™" g, )
was 2.40 times higher than that of the g-C;N, nanosheets
(329.03 pmol L™ h™" g, "). Experiment 2 showed that 40%
WO;/g-C3N, enhanced the NRR.

Photocatalytic nitrogen fixation mechanism

A photocatalytic nitrogen fixation mechanism based on the
40%WO;/g-C3N, Z-scheme heterojunction was proposed, as

© 2024 The Author(s). Published by the Royal Society of Chemistry

shown in Fig. 9(a) and (b). Under light irradiation, 40%WO3/
g-C;N, generated photogenerated electron-hole (e -h") pairs
on VB. Then, e~ was transferred from VB to CB while leaving h*
on VB. In Experiment 1 (Fig. 9(a)), the photogenerated e~ on VB
can be transferred to the surface via nitrogen vacancies. Then,
e~ can reduce N, (in the incoming air) to NH;. At the same
time, the remaining photogenerated h" in VB can oxidize N, (in
the incoming air) to NO. Then, NO further reacts with O, and
H,O to generate NO; .***

In Experiment 1, N, underwent a disproportionation reaction to
generate NH," and NO; ™. It has been reported that the dispropor-
tionation reactions are energetically more favorable than the
individual oxidation or reduction reactions.*" According to the
law of charge conservation, the ratio of NO;~ to NH," generated
in the N, dismutation reaction should be 3: 5.3 Nevertheless, the
actual ratio of NO;~ to NH," is closer to 5:7. The slightly lower
proportion of NH," is due to the competition from the hydrogen
evolution reaction (HER). In Experiment 1, 40%WO3/g-C3N, with
the Z-scheme heterojunction was not more effective than pure
g-C;3N,. This is because g-C;N, is beneficial to the adsorption and
activation of N,, and the active ingredient of 40%WO;/g-C;N, is
mainly on the VB of WO;. The adsorbed and activated N, on g-C;N,
is far from h', which results in reduced NOR efficiency.

However, in Experiment 2 (Fig. 9(b)), the photogenerated h*
was consumed by the hole sacrifice agent, which highlighted
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the advantage of the 40%WO,/g-C;N, Z-scheme heterojunction.
A large amount of photogenerated e~ could reduce N, to NH;
and improve the NRR reaction efficiency. Therefore, 40%WO;/
2-C;N, is suitable for photocatalytic nitrogen fixation, reducing
N, to ammonia. The reaction conditions of nitrogen fixation
have a great influence on the reaction products of nitrogen
fixation.

Conclusions

A series of 2D/2D Z-scheme WO,/g-C;N, heterojunctions were
prepared by facile rapid calcination, and the degradation effect
of different WO; ratios on the typical antibiotic organic con-
taminant TC-HCI was explored. The photocatalytic degradation
effect of 40%WO,/g-C3N, is 1.69, 1.31 and 6.89 times higher
than that of bulk g-C;N,, g-C3N,; and WO; nanosheets, respec-
tively. The removal efficiency of RhB, MB and MO were 100%,
91.4% and 49.6%, respectively. The main reactive species of
40%WO3;/g-C;3N, in the degradation process was *O, . The 2D/
2D Z-scheme WO;/g-C3N, can realize photocatalytic nitrogen
fixation. With the presence of a hole sacrifice agent and N,
as the nitrogen source, the photocatalytic nitrogen fixation
reaction of 40%WO,/g-C3N, was dominated by NRR, and the
almost all product was NH," (764.29 pmol L™ " h™" g, ). The
total nitrogen fixation efficiency was 2.40 times higher than
that of pure g-C3;N,. The results prove that the 2D/2D Z-scheme
heterojunction enhanced the photogenerated electron-hole
separation and transfer ability, which is very effective in both
photocatalytic degradation and photocatalytic nitrogen fixation
application scenarios (Fig. 9(c)). This work provides a reference
for understanding the 2D/2D Z-scheme heterojunctions,
photocatalytic NRR and NOR reactions, and the photocatalytic
degradation process of antibiotics and organic pollutants with
different charge properties.
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