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� S-scheme W18O49/g-C3N4

heterojunction multifunctional
photocatalyst was developed.

� S-scheme heterojunction improved
carriers separation and redox ability
of catalyst.

� FDTD revealed the expanded light
absorption intensity and range for
W18O49/g-C3N4.

� The H2 yield rate of W20-CNNT
(4.67 mmol�g�1�h�1) is 15.1 times
that of Bulk-CN.

� W20-CNNT exhibited rapid
photocatalytic degradation and
bactericidal properties.
g r a p h i c a l a b s t r a c t

The S-scheme W18O49/g-C3N4 heterojunction multifunctional photocatalyst was synthesized, showing
efficient and rapid photocatalytic hydrogen production, degradation (RhB) and bactericidal (E. coli) prop-
erties. The reasons for the improved photocatalytic performances were systematically analyzed.
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a b s t r a c t

The design of multifunctional photocatalyst with strong redox performance is the key to achieve sustain-
able utilization of solar energy. In this study, an elegant S-scheme heterojunction photocatalyst was con-
structed between metal-free graphitic carbon nitride (g-C3N4) and noble-metal-free tungsten oxide
(W18O49). As-established S-scheme heterojunction photocatalyst enabled multifunctional photocatalysis
behavior, including hydrogen production, degradation (Rhodamine B) and bactericidal (Escherichia coli)
properties, which represented extraordinary sustainability. Finite-difference time-domain (FDTD) simu-
lations manifested that the integration of double-layer hollow g-C3N4 nanotubes with W18O49 nanowires
could expand the light harvesting ability. Demonstrated by density functional theory (DFT) calculations
and electron spin resonance (ESR) measurements, the S-scheme heterojunction not only promoted the
separation of carriers, but also improved the redox ability of the catalyst. This work provides a theoretical
basis for enhancing the photocatalytic performances and broadening the application field of
photocatalysis.
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1. Introduction

The utilization of solar energy through photocatalytic technol-
ogy, including photocatalytic oxidation and photocatalytic reduc-
tion reactions, has been considered an ideal way to solve the
problems of energy shortage and environmental pollution [1–3].
Among various photocatalytic reduction reactions, photocatalytic
hydrogen (H2) evolution by splitting water is currently-one of the
most promising technologies to produce clean energy [4]. As for
the photocatalytic oxidation process, the as-generated active free
radicals can not only degrade organic pollutants in wastewater,
but also effectively kill bacteria in wastewater without any side
effects [5]. The exploration of high-efficiency and low-cost photo-
catalysts is achievable for sustainable development in the field of
photocatalysis. In particular, the synergistic effect of photocatalytic
Fig. 1. (a) The synthetic route diagram of W18O49/g-C3N4. (b-d) The SEM and TEM images
CNNT. (i-m) TEM and the corresponding elemental mapping images of W20-CNNT.
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redox is widely utilized to design high-efficiency and multifunc-
tional catalysts for photocatalytic hydrogen production, pollutants
degradation and sterilization [6,7]. Metal-free graphite carbon
nitride (g-C3N4) is non-toxic, low cost, highly stable in acidic/basic
environment, and responsive to visible light [8–10], making it a
potential photocatalyst material. However, the poor light utiliza-
tion, low density of active sites, sluggish electron-hole separation
kinetics are still the main challenges for pristine g-C3N4 material
tomeet this ‘‘one stone, three birds”multifunctional photocatalysis.

It is worth noting that the design and construction of hetero-
junction photocatalysts with appropriate band alignment can
enhance separation efficiency of electrons and holes and improve
the utilization of light. In addition, the synergistic effect of photo-
catalytic redox based on the conduction band (CB) and valence
band (VB) positions of the materials can further promote the
of CNNT. (e-g) The SEM and TEM images of W20-CNNT. (h) HRTEM images of W20-
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photocatalytic performance towards multiple applications [11].
For example, the sulfur vacancies-VS2@C3N4 photocatalyst pre-
pared by Yin et al. could facilitate the separation of electrons and
holes to simultaneously boost the photocatalytic H2 yield and the
wastewater degradation ability [12]. Ong et al. successfully
designed a Z-Scheme Ag/AgVO3/g-C3N4 heterojunction photocata-
lyst for the photodegradation of ciprofloxacin and photocatalytic
H2 production [13]. A porous g-C3N4/TiO2 S-scheme heterojunction
photocatalyst synthesized by Sun et al. not only allowed the exten-
sion of the light absorption range, but also reserved outstanding
redox ability [14]. The g-C3N4 possesses a more negative conduc-
tion band minimum (CBM) than the reduction potential of H+/H2

(0 V vs NHE) [15], which is considered as a promising material
for photocatalytic H2 production. Although pristine g-C3N4 exhibits
satisfactory photocatalytic reduction ability, its low valence band
maximum (VBM) usually leads to weak oxidation ability [16].
Seeking materials with matched band positions to construct g-
C3N4-based heterojunction can endow the photoinduced carriers
with stronger redox ability and higher migration rate. Additionally,
non-stoichiometric semiconductors (WO3-x, MoO3-x, Cu2�xS) have
attracted a lot of attention because of their localized surface plas-
mon resonance (LSPR) effect and tunable band structure [17–19].
Unlike the plasma noble metal nanostructures, LSPR effect in these
semiconductors are derived from collective oscillations of excess
free carriers in lattice vacancies [18]. Among these semiconductors,
tungsten oxide (W18O49) is a stable plasma semiconductor. The col-
lective oscillations of excess free carriers associated with the abun-
dance of oxygen vacancies in W18O49 enables the LSPR absorption
in the visible and near-infrared regions (NIR), and this fascinating
LSPR optical property further broadens the light absorption range
[20,21]. Albeit its CBM is too low to produce H2, its suitable VBM
Fig. 2. (a) XRD patterns. (b) FTIR spectra. (c) N2 adsorption–desorptio

197
position delivers a strong oxidizing ability for standout photocat-
alytic degradation and sterilization performances [22]. Therefore,
a well-designed heterojunction constructed by W18O49 and g-
C3N4 might endow the photocatalyst with improved light utiliza-
tion rate and facilitated migration kinetics of electrons and holes.
A high-efficiency multifunctional photocatalysts can be obtained
accordingly, but has rarely been reported at present.

Herein, an S-scheme W18O49/g-C3N4 heterojunction photocata-
lyst was developed through wrapping W18O49 nanowires (NWs)
on the double-layer hollow g-C3N4 nanotube (CNNT). Through the
finite-difference time-domain (FDTD) simulation and ultraviolet–
visible (UV–vis) diffuse reflectance, the effects of the architecture
of double-layer hollow nanotubes and the recombination of
W18O49 NWs on the light absorption of the catalyst were analyzed
in detail. The construction of S-scheme W18O49/g-C3N4 heterojunc-
tion reserved electrons (e�) and holes (h+) with strong redox ability,
which promoted the separation and utilization of photogenerated
carriers. Thanks to thesemerits, theS-schemeheterojunctionphoto-
catalyst exhibits efficient photocatalyticH2 production, degradation
and sterilization performances. Moreover, the photocatalyticmech-
anism was probed and analyzed by photocatalytic tests, density
functional theory (DFT) calculations, electron spin resonance (ESR)
measurements and trapping agent experiments.

2. Experimental section

2.1. Materials

Melamine (C3H6N6, 99 %), tungsten chloride (WCl6, 99.9 %), hex-
adecyl trimethyl ammonium bromide (CTAB, C19H42BrN, 99 %), and
rhodamine B (RhB, C28H31ClN2O3, AR) were purchased from
n isotherms. (d) The corresponding pore size distribution curves.
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Aladdin Chemical Co., ltd. Nutrient agar (BR), nutrient broth (BR)
and Escherichia coli (E. coli) were obtained from Qingdao Hope
Biotechnology Co., ltd.

2.2. Synthesis of double-layer hollow g-C3N4 nanotube (CNNT)

0.5 g of melamine was dispersed in 60 mL of H2O and sonicated
for 15 min, and then the solution was placed in a Teflon-lined auto-
clave and kept at 200 �C for 10 h. After the oven was cooled to
40 �C, the reactants were collected, washed, centrifuged, and
freeze-dried. The dried products were calcined at 600 �C for 2 h
(2 �C/min, Ar atmosphere). Finally, the double-layer hollow g-
C3N4 nanotubes were prepared. Under the same calcination condi-
tions, bulk g-C3N4 (Bulk-CN) was obtained by direct calcination of
melamine in a tube furnace.

2.3. Synthesis of W18O49/g-C3N4 hybrid

W18O49 NWs-modified CNNT was synthesized by a solvother-
mal method on the basis of our previous work [23]. 80 mg of the
as-prepared CNNT and 1 mg of CTAB were dispersed in 25 mL etha-
nol by ultrasound and stirring. Then different amounts of WCl6
were added to the above suspension. After stirring for 30 min.
the mixture was placed in an oven and heated at 180 �C for 12 h.
Finally, the W18O49/g-C3N4 composite was gained after centrifuga-
tion, washing and drying. According to the added amounts of WCl6
(10, 20, and 30 mg), the as-prepared samples were labeled as W10-
CNNT, W20-CNNT, and W30-CNNT, respectively.
Fig. 3. XPS spectra of samples: (a) C 1 s spectra; (b) N
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2.4. Characterization

The crystal phase properties were tested by X-ray diffraction
(XRD) with Cu Ka radiation (Bruker D8 Advance). The morphology
characteristics were observed by a ZEISS SUPRA55 field emission
scanning electron microscope (FESEM) and a FEI Tecnai G2 S-
Twin transmission electron microscope (HRTEM) equipped with
X-ray energy dispersive spectroscopy (EDS). The chemical states
and compositions were analyzed using a Thermo Scientific ESCA-
LAB 250Xi X-ray photoelectron spectroscopy (XPS) and a Nicolet
iS5 Fourier transform infrared spectra (FTIR). The photolumines-
cence spectra (PL) and diffuse reflectance spectra (DRS) were mea-
sured using a fluorescence spectrometer (HORIBA FluoroMax-4)
and a HITACHI UH-4150 UV–vis spectrometer, respectively. Bru-
nauer, Emmett and Teller (BET) specific surface area was carried
out on an ASAP 2460 Micromeritics Tristar II. Electron spin reso-
nance (ESR) was tested with a Bruker electron spin resonance spec-
trometer. 5, 5-dimethyl-1-pyrroline-N-oxide (DMPO) served as a
sacrificial agent for �O2

� and �OH. The photocurrent response and
electrochemical impedance (EIS) curves were recorded by an Auto-
lab PGSTAT302N electrochemical workstation.

2.5. Photocatalytic H2 evolution

10 mg of catalyst was dispersed in a solution containing 45 mL
of H2O, 5 mL of triethanolamine and a certain amount of H2PtCl6
solution (3 wt% Pt). The photocatalytic H2 evolution reaction was
carried out in a sealed quartz reactor. In the process of photocat-
1 s spectra; (c) O 1 s spectra; (d) W 4f spectra.
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alytic H2 production, a 300 W Xe lamp (k � 420 nm) was used as
the light source, and the temperature of the reaction vessel was
maintained at 6 �C. The generated H2 was detected by gas chro-
matography (GC-7920, Beijing China Education Au-light Technol-
ogy Co., ltd.). The apparent quantum efficiency (AQE) was
calculated using the equation (1):

AQE ð%Þ ¼Ne

Np
� 100% ð1Þ

Here Ne and Np were the amounts of reaction electrons and inci-
dent photons, respectively.
2.6. Photocatalytic degradation performance

10 mg of catalyst was dispersed into 50 mL of RhB solution
(10 mg�L�1). The above suspension was placed in the dark environ-
ment and stirred for 30 min before light irradiation (300 W Xe
lamp, k � 420 nm) to achieve the adsorption–desorption equilib-
rium. Then 5 mL of suspension was taken out at intervals of
3 min under light irradiation and the catalyst was removed by cen-
trifugation. The concentration of RhB was tested by a UV–vis spec-
trophotometer (HITACHI UH-5300).
Fig. 4. The simplified structure models and the corresponding FDTD simulated electric fi
C3N4 nanotube, side; (c) g-C3N4 nanotube, top; (d) perpendicular, W18O49/g-C3N4; (e) per
W18O49/g-C3N4; (e) parallel, W18O49/g-C3N4, side; (f) parallel, W18O49/g-C3N4, top.
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2.7. Photocatalytic sterilization performance

Before the experiments, the required equipment and the culture
medium solution were autoclaved (121 �C, 15 min) for use. Prepa-
ration of nutrient agar solid medium: 20 g of agar was heated and
dissolved in 500 mL of H2O. After steam sterilization, agar liquid
medium was cooled to 60–70 �C, then poured into petri dishes
and solidified. Preparation of nutrient broth liquid medium: 0.9 g
of nutrient broth powder was dissolved in 50 mL of H2O under
heating. Preparation of bacterial solution: An appropriate amount
of E. coli strains was inoculated into 50 mL of sterilized nutrient
broth liquid medium and cultured at 37 �C for 18 h to obtain
E. coli suspension. 50 lL of cultured E. coli suspension was added
to 50 mL of 0.9 % (w/v) normal saline, and the bacterial concentra-
tion in the solution was about 1010 CFU/mL. The concentration of
the bacterial solution in the sterilization experiment was 107

CFU/mL, which was adjusted by gradient dilution method using
normal saline.

In the photocatalytic sterilization experiment, the change of the
number of active strains with illumination time was detected by
dilution plate coating method. Photocatalytic bacteriostatic test:
Typically, 10 mg of catalyst was added to 50 mL of bacterial solu-
eld distribution at the center section (xy plane, 420 nm). (a) g-C3N4 nanotube; (b) g-
pendicular, W18O49/g-C3N4, side; (f) perpendicular, W18O49/g-C3N4, top; (g) parallel,
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tion (107 CFU/mL). At given irradiation (300 W Xe lamp,
k � 420 nm) time interval (0, 10, 20, 30 min), 100 lL of suspension
was spread on solid medium. After incubating at 37 �C for 18 h, the
number of surviving bacteria colonies was counted. Two parallel
experiments were carried out each time to reduce experimental
error. Control experiment (only visible light without catalyst)
was also performed.
2.8. The finite-difference time-domain (FDTD) method

The optical field intensities under plane waves illumination
were calculated with a 2-dimensional finite-difference time-
domain (2D FDTD) simulation (Lumerical FDTD Solutions). The
background refractive index was set as the refractive index of
water. The simulation area was surrounded by Perfect absorbing
layers (PML), so that unwanted reflections were eliminated.
2.9. Density functional theory (DFT) calculation

All DFT calculations were performed using the Vienna ab initio
simulation package (VASP) The Perdew-Burke-Ernzerhof (PBE)
function of the Generalized Gradient Approximation (GGA) was
used to describe the exchange–correlation energy. To describe
Fig. 5. Optical absorption intensity distribution in x-y plane (420 nm). (a) g-C3N4 nan
perpendicular, W18O49/g-C3N4, top; (e) parallel, W18O49/g-C3N4, side; (f) parallel, W18O4
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the expansion of the electronic eigenfunctions, the projector-
augmented wave (PAW) method was applied with a kinetic energy
cutoff of 500 eV. The total energy and force convergence threshold
were set to 10-6 eV and 0.02 eV Å�1, respectively. The Brillouin
zone was sampled with a 4 � 4 � 1 k-point grid of the
Monkhorst-Pack scheme. A 15 Å vacuum was set above slabs to
avoid interaction between the two periodic images.
3. Results and discussion

3.1. Synthesis diagram and morphology analysis

The synthesis schematic of W18O49/g-C3N4 was shown in Fig. 1a.
The fusiform-like precursors were obtained by hydrothermal pro-
cess of melamine (Fig. S1). Note that double-layer hollow g-C3N4

nanotube (CNNT) were obtained after the calcination of the precur-
sor (Fig. 1b-d). These nanotubes with diameters ranging from 500
to 700 nm have a wall thickness of � 25 nm. After the solvothermal
process of CNNT in WCl6 ethanol solution, the W18O49/g-C3N4 com-
posite was constructed by winding W18O49 NWs on CNNT (Fig. 1e-
g, Fig. S2). The diameter of these twining nanowires was approxi-
mately 15 nm. In the HRTEM image of the W20-CNNT composite
(Fig. 1h), clear lattice fringes with a lattice spacing of about
otube, side; (b) g-C3N4 nanotube, top; (c) perpendicular, W18O49/g-C3N4, side; (d)
9/g-C3N4, top. (g) UV–vis DRS spectra, (h) band gap, and (i) Mott-Schottky plots.
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0.38 nm could be observed, corresponding to the (010) crystal
plane of monoclinic W18O49 [24], which indicated that W18O49

was successfully compounded on CNNT. In SEM and TEM images
of W10-CNNT and W30-CNNT (Fig. S2), W18O49 NWs assembled
on CNNT could also be discovered. The elemental mapping images
of W20-CNNT showed uniform distributions of W and O elements
on the surface of CNNT (Fig. 1i-m). The SEM, TEM and HRTEM
images of W18O49 NWs were presented in Fig. S3, which was
approximately 20 nm in diameter. The actual elemental ratios of
different samples were provided in the EDS (Fig. S4). In addition,
the SEM image of W20-CNNT prepared without the addition of
CTAB was shown in Fig. S5. Irregular Bulk-CN was obtained by
direct calcination of melamine (Fig. S6).
3.2. Structure and composition of the photocatalysts

There are two diffraction peaks at 2h = 12.8� and 27.4� in the
XRD patterns of Bulk-CN and CNNT (Fig. 2a), representing that
the in-plane structural repeating units and interplanar stacking
of aromatic systems in g-C3N4. The diffraction peaks of W18O49

NWs are consistent with those of monoclinic phase W18O49 (JCPDS
No. 71–2450) [25]. The diffraction peaks of W18O49 and g-C3N4 can
be observed in the W18O49/g-C3N4 hybrid. Meanwhile, the diffrac-
tion peak intensity of W18O49 (010) crystal plane at 2h = 23.3�
gradually strengthened with the increase composite amount of
W18O49, all of which demonstrated that W18O49 NWs were suc-
cessfully anchored on CNNT. In FTIR spectra (Fig. 2b), the peaks
Fig. 6. (a) Photocurrent response, (b) EIS curves, (c) PL spectra and (d
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at 3000–3650 cm�1 are assignable to the vibration modes of
NAH in the uncondensed amino groups and OAH in adsorbed
water molecules [26]. The breathing mode of the triazine units
and the stretching vibration of the CN heterocyclic ring are located
at 810 cm�1 and 1160–1700 cm�1, respectively [27]. The peaks at
812, 724, 647, and 595 cm�1 in W10-CNNT, W20-CNNT and W30-
CNNT are indexed to the stretching vibration of W = O and W-O
bonds [28], and their intensity strengthens with the increase of
W18O49 amount. This is in agreement with the results observed
in XRD. The FTIR spectrum of the fusiform-like precursor was pro-
vided in Fig. S7. The specific surface areas of W18O49, Bulk-CN,
CNNT and W20-CNNT are 92.02, 12.57, 48.82 and 66.05 m2�g�1,
respectively (Fig. 2c, Table S1). The specific surface area of
double-layer hollow g-C3N4 nanotube (CNNT) is higher than that
of bulk g-C3N4 (Bulk-CN), and the specific surface area of W20-
CNNT loaded with W18O49 nanowires is further increased. Obvi-
ously, the construction of the double-layer hollow nanotubes and
the decoration of W18O49 NWs dramatically increased the specific
surface area. Moreover, the pore size mainly concentrated at 2–
4 nm in these samples (Fig. 2d), suggesting the mesoporous struc-
ture. This might promote the transport and transfer of reactant
molecules to enhance the catalytic performances.

The chemical composition and state of samples were further
analyzed by XPS. The peaks of W, O, C and N elements could be
observed in the XPS full survey spectrum of W20-CNNT (Fig. S8).
The peaks around 284.8, 285.9 and 288.3 eV in the C 1 s spectra
(Fig. 3a) were ascribed to exogenous carbon, C-NHx, and sp2
) time-resolved transient PL decay spectra of different samples.
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hybridized N-C@N, respectively [4]. The N 1 s spectra (Fig. 3b)
could be de-convoluted into four peaks, corresponding to charge
polarization (404.4 eV), C-NHx (401.4 eV), N-C3 (400.1 eV), C-
N@C (398.8 eV), respectively [29]. The peaks at 530.6, 531.5 and
532.4 eV in O 1 s spectra (Fig. 3c) were dedicated to lattice oxygen,
oxygen vacancy and surface adsorbed oxygen, respectively [30]. In
the W 4f spectra (Fig. 3d), the characteristic peaks at approxi-
mately 35.9 and 38.1 eV represented W6+, while those at 34.5
and 36.7 eV symbolized W5+ [25]. It was remarkable that the peaks
of C 1 s and N 1 s in W20-CNNT shifted to higher binding energy
compared with the peak positions of pristine CNNT and W18O49,
while the peaks of W 4f and O 1 s shifted toward lower binding
Fig. 7. (a,b) Photocatalytic H2 evolution performances (k � 420 nm). (c) Stability tests o
(irradiating for 1 h) and (insets) the electric field enhancement distribution of W18O49/g-
perpendicular, side; 2) perpendicular, top; 3) parallel, side; 4) parallel, top. The maxim
perpendicular; (k) parallel. (l) AQE of W20-CNNT and CNNT under different wavelength
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energy. This implies the interfacial interaction between W18O49

and g-C3N4, and electrons might be transferred from g-C3N4 to
W18O49 [31].

3.3. Optical absorption analysis

The current reports on photocatalysts mainly focus on the
exploration of photo-electric separation efficiency and surface
reactions of catalyst. There are few studies on the light-induced
electric field and light absorption intensity, and most of them stay
in the study of the light absorption range. The changes of catalyst
morphologies and material characteristics can affect the light
f CNNT (cyan) and W20-CNNT (orange). (d-i) Photocatalytic H2 evolution amounts
C3N4 in xy plane relative to g-C3N4 nanotube under different wavelengths. Insets: 1)
um electric field enhancement factors of the W18O49/g-C3N4 heterostructure: (j)

s. The above error bars were calculated via repeating the tests for three times.
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absorption properties [32]. The FDTD method was adopted to
investigate the light absorption characteristics of photocatalyst
(Fig. S9) [33–35]. Note that for W18O49/g-C3N4 hybrid, W18O49

NWs are wound on the surface of double-layer hollow g-C3N4 nan-
otubes. From a physical point of view, this situation can be mod-
eled as two cases: (1) W18O49 NWs are perpendicular to hollow
nanotubes; (2) W18O49 NWs are parallel to hollow nanotubes.
Therefore, both cases were simulated for W18O49/g-C3N4. FDTD
simulation results manifest that the light can penetrate the interior
of the cavity and generate a localized electric field at the edge and
inside of the cavity structure for the double-layer hollow g-C3N4

nanotube, whether it is irradiated from the side or from the top
(Fig. 4a-c, Fig. S10). Furthermore, when W18O49 NWs were adhered
to the surface of g-C3N4 nanotube, the electric filed intensity at the
edge of the cavity was further enhanced (Fig. 4d-i, Fig. S11, and
Fig. S12).

The electric field distribution results only represent the distribu-
tion of light intensity. The light absorption analysis is more impor-
tant for photocatalysts. Therefore, the light absorption intensity
distribution was calculated according to the electric field distribution
results [36]. For different incident wavelengths, the light absorption
intensity at the edge of W18O49/g-C3N4 is stronger than that of g-
C3N4 nanotube (Fig. 5a-f, Fig. S13-15), indicating that the W18O49

NWs on the surface of g-C3N4 nanotube can enhance the light
absorption. W18O49 has a wide light absorption range in the UV–
vis-NIR region as reflected in the DRS spectra (Fig. 5g), which might
originate from the LSPR effect. Moreover, W20-CNNT also exhibited
weak absorption in the NIR region due to the loading of a small
amount of W18O49. According to the FDTD simulation results and
UV–vis diffuse reflectance spectra, the improvement in the light
absorption capacity (including the light absorption range and inten-
sity) for W18O49/g-C3N4 can be considered as the synergistic effect of
the double-layer hollow nanotube structure and the W18O49 NWs.
The band gaps of CNNT and W18O49 are approximately 2.67 and
2.49 eV, respectively (Fig. 5h). The flat band positions of CNNT and
W18O49 measured by the Mott-Schottky plots were � 1.07 and
0.02 V (vs Ag/AgCl), respectively (Fig. 5i), corresponding to � 0.87
and 0.22 V (vs NHE), which can be regarded as the conduction band
Fig. 8. (a) Photocatalytic degradation curves of catalysts for RhB (k � 420 nm). The er
antibacterial tests (k � 420 nm). Two parallel experiments were carried out each time.

203
position of n-type semiconductor [37,38]. Based on their band gaps,
the valence band positions of CNNT andW18O49 are 1.80 and 2.71 eV,
respectively, which are similar to the results obtained by the XPS
valence band spectra (Fig. S16).

3.4. Carriers separation efficiency analysis

The separation and transfer behaviors of the photogenerated
carriers were investigated. Compared with pristine Bulk-CN and
CNNT, the higher photocurrent densities in W10-CNNT, W20-
CNNT and W30-CNNT suggested that the W18O49/g-C3N4 hetero-
junction photocatalysts possessed higher photogenerated
electron-hole separation rates (Fig. 6a) [39]. In the EIS curves
(Fig. 6b), the smaller arc radius indicated that they displayed faster
charge transfer rates [40]. Furthermore, W10-CNNT, W20-CNNT
and W30-CNNT exhibited lower fluorescence intensity than pure
g-C3N4 (Fig. 6c). This revealed that the construction of heterojunc-
tion could inhibit the recombination of photogenerated electron-
hole [41]. Their longer fluorescence lifetimes illustrated that more
photogenerated carriers could participate in subsequent photocat-
alytic reactions (Fig. 6d and Table S2) [42]. The above results
proved that W18O49/g-C3N4 heterojunction rendered facilitated
separation and transport rates of photogenerated electron-hole
compared with pristine g-C3N4. This will play a critical role in pro-
moting the photocatalytic performance towards multiple
applications.

3.5. Photocatalytic performances tests

The photocatalytic H2 evolution tests were conducted under
visible light irradiation. The H2 evolution rate of CNNT is approxi-
mately 5.97 times that of Bulk-CN, while W18O49 NWs have no
photocatalytic H2 evolution ability (Fig. 7a,b). However, when
W18O49 NWs were decorated on CNNT, the H2 evolution rates of
W18O49/g-C3N4 (W10-CNNT, W20-CNNT, and W30-CNNT) were
remarkably enhanced. Thereinto, W20-CNNT reached a high H2

evolution rate of 4.67 mmol�g�1�h�1, which was approximately
15.1 times that of Bulk-CN and outperformed many other reported
ror bars were calculated via repeating the tests for three times. (b) Photocatalytic
(c) The growth of E. coli colonies under different conditions.
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catalysts (Table S3). Moreover, W20-CNNT exhibited outstanding
photocatalytic cycle stability (Fig. 7c). The TEM images and XRD
pattern of W20-CNNT after photocatalytic test also proved its sat-
isfactory stability (Fig. S17). The photocatalytic H2 evolution
amounts of W20-CNNT and CNNT were evaluated under different
light wavelengths (Fig. 7d-i). The results showed that the H2 pro-
duction amount of W20-CNNT was higher than that of CNNT under
420, 450, and 500 nm light irradiation. Surprisingly, W20-CNNT
could still produce H2 under the illumination of 600 and 700 nm
wavelength, while CNNT failed at the same conditions. To further
analyze the effect of W18O49 on the photocatalytic H2 evolution
performance in terms of optical properties, the electric field
enhancement distribution of W18O49/g-C3N4 relative to g-C3N4

nanotube at different wavelengths was simulated [43]. From the
simulated electric field enhancement distribution and the obtained
enhancement factor (Insets of Fig. 7d-i, Fig. 7j,k), the local electric
field intensity of W18O49/g-C3N4 is stronger than that of g-C3N4
Fig. 9. Calculated work functions of (a) g-C3N4 and (b) W18O49. (c) Schematic diagram of
(d) Schematic illustration of the formation of S-scheme W18O49/g-C3N4 heterojunction.
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nanotube at different wavelengths. Considering the optical proper-
ties of W18O49, the reasons for the improved H2 production perfor-
mance of W18O49/g-C3N4 were further analyzed. On the one hand,
the decoration of W18O49 NWs on the surface of g-C3N4 nanotube
can enhance the intensities of both local electric field and optical
absorption. On the other hand, W20-CNNT still enables photocat-
alytic H2 production at 600 and 700 nm, probably because the LSPR
excitation of W18O49 NWs can generate strong the local electric
field to form plasmonic ‘‘hot electrons” [18,44]. When these ‘‘hot
electrons” were filled at the plasmon energy level higher than
the CB position of g-C3N4, they could facilitate the photocatalytic
reduction of protons at the active sites of g-C3N4 nanotube to gen-
erate H2 [45]. W20-CNNT had no H2 production performance under
800 nm wavelength illumination. This may be because the low
energy/density LSPR-excitation at 800 nm wavelength is difficult
to induce ‘‘hot electron” injection into the plasmon energy level
higher than the CB position of g-C3N4, resulting in the inability of
carrier diffusion and injection before and after contact between W18O49 and g-C3N4.
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these ‘‘hot electron” to transfer into the CB of g-C3N4, thus failing to
perform photocatalytic reduction of protons [24]. The AQE of W20-
CNNT and CNNT were manifested in Fig. 7l. Combined with the
above analysis, although W20-CNNT exhibited photocatalytic H2

production performance under illumination at 600–700 nm wave-
length due to the LSPR effect of W18O49, its H2 production amount
is very small. The photocatalytic H2 production performance of
W20-CNNT mainly relies on light with a wavelength of 420–
500 nm, which is consistent with the analysis results of UV–vis
DRS spectra (Fig. 5g).

In order to verify its multifunctional photocatalytic applica-
tions, the degradation of RhB and bactericidal tests were also
investigated. The degradation efficiencies of Bulk-CN, W18O49,
CNNT and W20-CNNT within 12 min are 27.10 %, 16.77 %,
69.42 % and 100.00 %, respectively (Fig. 8a). This indicated that
the as-designed heterojunction photocatalyst also favors pho-
todegradation. The pseudo-first-order kinetic curves were dis-
played in Fig. S18, and the higher reaction rate constant in W20-
CNNT also certified a faster photocatalytic degradation rate
(Table S4). In addition, from the growth of E. coli under different
conditions, visible light itself has no bactericidal performance
against E. coli (Fig. 8b,c). When both visible light and catalyst
existed, the bactericidal efficiency of W18O49, CNNT and W20-
CNNT reached 9.14 %, 39.13 % and 99.41 % within 20 min, respec-
tively (Fig. 8b,c, Fig. S19). Surprisingly, the bactericidal efficiency of
W20-CNNT achieved 91.74 % in only 10 min. On the basis of the
above photocatalytic tests, W18O49/g-C3N4 heterojunction revealed
Fig. 10. ESR spectra of (a) DMPO-�OH and (b) DMPO-�O2
� for different
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more excellent photocatalytic H2 production, degradation and ster-
ilization performances, which can be used as a ‘‘one stone, three
birds” multifunctional photocatalyst.
3.6. Photocatalytic mechanism analysis

To investigate the transfer circumstance of carriers in W18O49/
g-C3N4 heterojunction, the work functions of W18O49 and g-C3N4

were calculated to be 5.65 and 4.27 eV (Fig. 9a,b), respectively,
manifesting that the Fermi energy level of g-C3N4 was higher than
that of W18O49. When constructed as a heterojunction, the carriers
near the contact interface diffuse and electrons tend to flow from
g-C3N4 (high Fermi level) to W18O49 (low Fermi level) until the
Fermi level reaches equilibrium [46]. At this time, the electron
accumulation layer and depletion layer are generated at the inter-
face, forming the built-in electric field (IEF) and producing band
bending (Fig. 9c,d) [47]. The direction of electron transfer is in
accordance with the XPS analysis results. The band edge of g-
C3N4 was bent upward (barrier height qVD1) and that of W18O49

was bent downward (barrier height qVD2) [48]. When illuminated,
the electrons of the semiconductors were excited to conduction
band. Due to the influences of band bending and built-in electric
field, the electrons in the CB of W18O49 tended to recombine with
the holes in the VB of g-C3N4 to form an S-scheme heterojunction.
The carrier transfer mechanism of S-scheme heterojunction not
only promotes charge separation, but also preserves electrons
samples. (c) Schematic diagram of the photocatalytic mechanism.
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(from g-C3N4) and holes (from W18O49) with higher redox ability,
which might be beneficial for the multifunctional catalytic effect.

To gain the in-depth insight of the photocatalytic mechanism,
the active radicals generated by the W18O49, CNNT and W20-
CNNT were identified by ESR tests. DMPO, as a radical trapping
agent, could react with the generated free radicals (�O2

� and �OH)
to form spin adducts (DMPO-�O2

� and DMPO-�OH), displaying ESR
signal [49–51]. As shown in Fig. 10a,b, no signal was observed in
all three tested catalysts under dark conditions (gray curves). With
illumination, the characteristic signal peaks of DMPO-�OH with rel-
ative amplitude of 1:2:2:1 were generated in W18O49 and W20-
CNNT, but not in CNNT. This is because the VB potential in CNNT
is too negative than that of OH�/�OH (1.99 eV) to produce �OH spe-
cies [52]. The weak signal of �O2

� radicals can be observed in the
presence of the W18O49, which indicates that the high-energy
‘‘hot electrons” generated by the LSPR effect can directly drive
the oxygen reduction reaction to produce �O2

�, since the CB position
of W18O49 (0.22 V) is not negative enough to convert O2 to �O2

� (-
0.33 V) [22,53]. In addition, the DMPO-�O2

� and DMPO-�OH signals
in W20-CNNT were stronger than those in W18O49 and CNNT after
irradiation, indicating the generation of more �O2

� and �OH radicals.
These radicals can serve as reactive active species for both the pho-
tocatalytic degradation and sterilization. The radical trapping
experiments in Fig. S20 demonstrate that the �OH and h+ radicals
play vital roles in photocatalytic degradation. The above results
further verified that the W18O49/g-C3N4 heterojunction was con-
structed according to the S-scheme alignment (Fig. 10c). Under
illumination of 420–450 nm, the e- in g-C3N4 and W18O49 can be
excited to their respective conduction bands, while h+ are retained
in their valence bands. A small number of ‘‘hot electrons” gener-
ated by the LSPR effect of W18O49 are injected into CB of g-C3N4

when irradiated at 600–700 nm wavelengths (Fig. 7l). The e- in
the CB of W18O49 recombines with h+ in the VB of g-C3N4, preserv-
ing the e� (from g-C3N4) and h+ (from W18O49) with higher redox
ability. The e� can reduce H+ to produce H2, while a part of h+ (from
W18O49) directly participates in the photocatalytic oxidation reac-
tion, and the other part of h+ oxidizes OH� to �OH. The h+ and �OH
with strong oxidation can not only degrade RhB into nontoxic
small molecules, but also destroy the cell membrane and intracel-
lular substances of E. coli, inactivate bacteria and prevent bacterial
reproduction [54], thus achieving a multifunctional catalytic effect.
4. Conclusions

In summary, an S-scheme W18O49/g-C3N4 heterojunction pho-
tocatalyst was developed through decorating the W18O49 nano-
wires on the double-layer hollow g-C3N4 nanotubes, which could
serve as a high-efficiency and multifunctional photocatalyst for
photocatalytic hydrogen production, degradation and bactericidal
properties, realizing the role of ‘‘one stone, three birds”. The photo-
catalytic hydrogen evolution rate of W20-CNNT (4.67 mmol�g�1-
�h�1) was approximately 15.1 times that of Bulk-CN. When
utilizing the photogenerated holes, the as-established S-scheme
heterojunction photocatalyst enabled the degradation rate of RhB
achieved 100 % within 12 min, and the bactericidal rate against
E. coli reached 99.41 % within 20 min, exhibiting the ultrafast
degradation and bactericidal performances. Considering the three
steps of photocatalytic reaction process, including light absorption
characteristics, carrier separation and transfer, and surface redox
reaction of catalyst, the reasons and mechanisms for the enhance-
ment of photocatalytic performances were systematically analyzed
through FDTD simulations, DFT calculations and a series of exper-
imental results. The analysis and exploration in this paper might
pave the way for further development of efficient multifunctional
photocatalysts for more sustainable applications.
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