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ded and plasmonic Z-scheme
junction for high-performance artificial
photosynthesis of hydrogen peroxide†

Teng Shao,‡a Yuan Chang,‡b Zhuwei Li,a Yurou Song,a Dingfeng Jin,a

Junfeng Gao, b Licheng Suncde and Jungang Hou *a

Artificial photosynthesis has been regarded as a promising solution for the clean, sustainable, and efficient

production of hydrogen peroxide (H2O2). However, rigorous regulation of light absorption, charge transfer,

and surface kinetics is significant for catalytic performance. As a proof of concept, we report a chemically

bonded and plasmonic Z-scheme junction as a model material prepared by the in situ assembly of

nonstoichiometric W18O49 (WO) onto two-dimensional carbon nitride nanosheets (CNs) for high-

performance artificial photosynthesis of H2O2. Notably, this typical Z-scheme photocatalyst exhibits the

highest H2O2 generation rate of 732.4 mmol g−1 h−1, higher than that of individual catalysts, even

maintaining 140.5 mmol g−1 h−1 under broad-spectrum response irradiation (l > 700 nm). From the

analysis of experimental characterization and density functional theory calculations, the superior

performance of CN/WO heterostructures is ascribed to an intense localized surface plasmon resonance

absorption, appropriate band alignment, and strong internal electric field. This work not only elucidates

the key role of chemically bonded and plasmonic heterostructures but also paves an avenue for the

rational design and construction of Z-scheme photocatalysts for solar energy conversion.
Introduction

Hydrogen peroxide (H2O2) is an efficient, safe, green, and
environment friendly oxidant, which is widely used in the
papermaking industry, organic synthesis, sewage treatment,
and medical and sanitary elds.1–3 As a renewable energy
source, H2O2 has progressively gained lot of attention in the
past few years.4 Compared with hydrogen,5,6 H2O2 has a higher
level of safety and is easier to transport, paving the way for it to
become a high-value green chemical oxidant.7–10 About 95% of
the industrial H2O2 production is currently derived from the
anthraquinone method, requiring massive energy input,
hazardous reactions, low efficiency and severe pollution, and
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other weaknesses.11,12 Among various alternative strategies to
optimize the production of H2O2,13–15 photocatalytic synthesis of
H2O2 has gradually become a promising candidate in replacing
conventional approaches due to the advantages of requiring
solar resource input, environmental friendliness, and mild
reaction conditions.16,17 Thus, articial photosynthesis of H2O2

could be an emerging approach that provides breakthroughs for
alleviating energy crises and environmental problems.

Various semiconductor materials have been widely used for
photocatalytic H2O2 production, such as TiO2,18 BiVO4,19

MOF,20,21 COF,22–24 and g-C3N4.25–27 Among them, g-C3N4 is an
excellent semiconductor material for the photocatalytic
synthesis of H2O2 due to the advantages of good stability, non-
toxicity, convenient preparation, strong adjustability, and suit-
able band structure.28,29 However, the low photocatalytic reac-
tion efficiency is generally attributed to the recombination of
electron–hole pairs, particularly random charge transfer
dramatically.30,31 To address this issue, there is a potential
solution to produce Z-scheme junctions, promoting the transfer
and separation of photogenerated electron–hole pairs and
extending the charge lifetime.32–36 For example, Z-scheme pho-
tocatalysts with one-dimensional (1D) CdS nanowires and two-
dimensional (2D) CoS2 nanosheets presented an excellent
photocatalytic hydrogen-evolution rate of 5.54 mmol g−1 h−1

and an apparent quantum efficiency of 10.2% at 420 nm.37 2D
bilayer heterostructures with sulfur-vacancy-conned-in
ZnIn2S4 and WO3 nanosheets as the Z-scheme material,
J. Mater. Chem. A, 2023, 11, 1199–1207 | 1199
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showed a hydrogen evolution activity of 11.09 mmol g−1 h−1

under visible-light irradiation.38 Chemically bonded a-Fe2O3/
Bi4MO8Cl dot-on-plate Z-scheme junctions exhibited high-
performance photocatalytic activity for the selective valoriza-
tion of aromatic alcohols to aldehydes.39 Especially, the Z-
scheme photocatalytic system of g-C3N4 and WO3 can opti-
mize the photocatalytic performance upon hydrogen produc-
tion, CO2 reduction, and photo-degradation owing to the
efficient Z-scheme interfacial charge transfer.40–42 However, the
synthesis of the Z-scheme catalyst still limits the charge transfer
and separation and photocatalytic applications. Inspired by
these points, it is obligatory to develop a Z-scheme material
model for the articial photosynthesis of hydrogen peroxide.

Herein, we develop a chemically bonded and plasmonic Z-
scheme junction as a model material by the in situ assembly
of 1D nonstoichiometric W18O49 (WO) onto 2D carbon nitride
nanosheets (CN) for high-performance articial photosynthesis
of H2O2. As a result, this typical Z-scheme photocatalyst exhibits
the highest H2O2 generation rate of 732.4 mmol g−1 h−1, higher
than that of individual catalysts, even maintaining 140.5 mmol
g−1 h−1 under broad-spectrum response irradiation (l > 700
nm). The interfacial W–N bond not only serves as a charge ow
highway but also decreases the charge transfer energy barrier.
According to the combined analysis of the experimental char-
acterization and density functional theory calculations, the
superior performance of CN/WO heterostructures with the
proposed mechanism is ascribed to an intense localized surface
plasmon resonance absorption, appropriate band alignment,
and strong internal electric eld.
Results and discussion

The Z-scheme CN/WO heterostructures, as shown in Scheme 1,
can be proposed by the analysis of band gap structures (Fig. S1–
S4†) and the relative reports.40–43 CN/WO heterostructures are
synthesized by in situ assembly method (Fig. 1a). In brief, rstly,
g-C3N4 nanosheets were obtained by the conventional
Scheme 1 Illustration of the CN/WO heterostructure for photocatalytic

1200 | J. Mater. Chem. A, 2023, 11, 1199–1207
calcination and subsequent, sonication and recalcination
treatments. The CN was then dispersed in ethanol containing
WO precursor by the solvothermal process, leading to the
generation of CN/WO-X (X is the mass ratio of WO).

Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) were applied to characterize the
morphology of the heterostructures. TEM image of CN/WO-
12.5% (Fig. 1b) indicated the homogeneous coupling of the CN
and WO, showing the 1D nanowires on the surface of 2D
nanosheets, indicating the successful construction of the CN/
WO heterostructure, in agreement with the results of SEM
and TEM images (Fig. S5–S7†). In high-resolution transmission
electronmicroscopy (HRTEM), the (010) crystal plane ofWO can
be seen more clearly on the exposed CN with an average crystal
plane spacing of 0.380 nm (Fig. 1c).44,45 Combined with the
HRTEM image of a single WO nanowire (Fig. 1d), these TEM
images indicate that WO was grown on CN along the (010)
direction, indicating an effective build-up of the CN/WO het-
erostructures.43 The energy-dispersive spectra (EDS) of CN/WO-
12.5% demonstrated (Fig. S8 and S9†) that the system only
contains four elements of C, N, W, and O. The element mapping
of CN/WO-12.5% heterostructure illustrates that W and O are
uniformly scattered on the CN nanosheets (Fig. 1e–i).

The crystallographic characteristics and phase compositions
of the CN/WO heterostructure were characterized by an X-ray
diffraction (XRD) pattern (Fig. 2a). The primordial CN exhibits
two prominent XRD characteristic diffraction peaks at 2q =

13.1° and 27.3°, which are assigned to the (100) and (002)
planes, representing the in-plane structural lling of tri-s-
triazine units and interlayer superimposition, respectively.46,47

The XRD peaks of WO can be indexed to the monoclinic crystal
system (JCPDS No. 71-2450).44 The characteristic diffraction
peaks of both WO and CN appear in the heterostructure mate-
rials. With the gradual increase of WO, the intensity of the
corresponding diffraction peaks increases, while the charac-
teristic peaks intensity of CN decreases, indicating that the WO
phase is introduced into the CN phase. Fourier transform
H2O2 production.

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Morphology analysis. (a) Diagram representation of CN/WO heterostructures synthesis. (b) TEM image and (c) HRTEM image of CN/WO-
12.5% heterostructure. (d) HRTEM image of WO nanowire. (e–i) Element mapping of CN/WO-12.5% heterostructure.
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infrared (FT-IR) spectra further revealed the molecular structure
of CN/WO heterostructures (Fig. 2b). CN shows a peak at around
810 cm−1. While the region of the peak located at 900–
1800 cm−1 is attributed to the stretching vibrations of aromatic
C–N heterocycles, and broad peaks in the range of 3000–
3400 cm−1 correspond to the stretching vibrations of N–H.47 The
typical stretching vibration bands of 500–1000 cm−1 in the FT-
IR of WO are assigned to W]O and O–W–O.48,49 In the CN/
WO, the characteristic FT-IR peaks indicate the tight bonding
of the two materials. The light absorption capacity of the CN,
WO, and CN/WO (Fig. 2c) was revealed by UV-visible diffuse
reectance spectra (UV-vis DRS). The characteristic absorption
edge of pristine CN was roughly 468 nm, while the introduction
of WO greatly enhanced the light absorption of the catalyst,
especially in the visible light region, and the light absorption
range of the heterostructures intensied aer 450 nm. An
intense localized surface plasmon resonance (LSPR) absorption
was triggered by the interference of charge oscillations caused
by the excitation of electrons from vacancies in the lattice due to
the abundance of oxygen vacancies in WO, achieving an
enhancement of the light absorption capacity, and thus
providing the possibility of the enhanced catalyst activity.43

The surface elemental composition and chemical states of
the samples were evaluated by X-ray photoelectron spectroscopy
(XPS). The full XPS spectrum of CN/WO-12.5% revealed the
This journal is © The Royal Society of Chemistry 2023
presence of four elements C, N, W, and O (Fig. S10†). The XPS C
1s spectra of pure CN and CN/WO-12.5% were identical
(Fig. 2d), including three peaks situated at 288.5, 286.6, and
284.8 eV, respectively, assigned to N]C–N of sp2 orbital
hybridization, C–NHx at the edge of the heptazine ring, and C–C
introduced externally of sp2 orbital hybridization.50,51 The 398.9,
400.1, and 401.2 eV of XPS N 1s spectra of CN are attributed to
C–N]C, N–(C3), and C–N–H, respectively.52 Simultaneously,
a new characteristic peak of 398.0 eV was formed in the CN/WO
heterostructure, assigned to the interfacial chemical bonding
via the W–N bonds between WO and CN (Fig. 2e).53 The two
cleavage orbitals 4f7/2 and 4f5/2 of W 4f are presented in pure
WO, and two doublets of 35.3 and 37.4 eV belonging to 4f7/2 and
4f5/2 of W6+, respectively, while the two doublets of 34.2 and
36.5 eV are assigned to 4f7/2 and 4f5/2 of W5+ (Fig. 2f), respec-
tively.43,49 The O 1s spectra of 530.2, 531.2, and 532.9 eV in WO
are attributed to the lattice oxygen, oxygen vacancies, and the
adsorbed water molecules, respectively.54

Aer assembling CN nanosheets with WO, the characteristic
peak of N 1s shis 0.2 eV toward a low binding energy, while the
binding energies of both W6+ and W5+ are slightly higher than
that of pure WO, meanwhile, the characteristic peak of O 1s also
shis slightly toward the higher binding energy. This shi
indicates that electron transfer occurs at the CN/WO hetero-
structure interface, driving the electron ow from WO to CN,
J. Mater. Chem. A, 2023, 11, 1199–1207 | 1201
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Fig. 2 Structure characterization. (a) XRD pattern of experimental CN/WO heterostructures. (b) FT-IR spectra of CN/WO heterostructures. (c)
UV-vis DRS of CN, WO, and CN/WO-12.5% heterostructure. High-resolution XPS spectra of C 1s (d), N 1s (e), W 4f (f), and O 1s (g) for (I) CN/WO-
12.5%, (II) CN, (III) WO. (h) EPR spectra of CN/WO heterostructures. (i) Electrochemical impedance spectra of CN, WO, and CN/WO-12.5%
heterostructure.
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resulting in a decrease in the electron cloud density and
a weakened electron shielding effect of the WO component.43

Electron paramagnetic resonance (EPR) spectroscopy was
utilized to detect the presence of oxygen vacancies (Fig. 2h). All
catalysts except pure CN showed strong EPR signals, demon-
strating the existence of abundant oxygen vacancies in the
catalyst. The number of oxygen vacancies in the hetero-
structures could be effectively regulated by the regulation of the
ratio of WO. Photoelectrochemical (PEC) tests of different
catalysts also explored the ability of charge separation.55

Compared with CN and WO, CN/WO-12.5% exhibited a highly
superior photocurrent density, proving the efficient separation
and migration in the heterostructure (Fig. S11†). Electro-
chemical impedance spectra (EIS) curves were collected to
elucidate the interfacial kinetics of CN, WO, and CN/WO-12.5%
(Fig. 2i). The charge transfer resistance of CN/WO-12.5% was
signicantly lower than that of CN and WO, indicating
a signicantly-enhanced conductivity and better charge transfer
kinetics.

Transient absorption (TA) spectroscopy was used to further
investigate the kinetic behavior of the photogenerated charge
1202 | J. Mater. Chem. A, 2023, 11, 1199–1207
carriers, especially the photoinduced charge separation at
semiconductor interfaces.38,56 The intuitive pseudo-color TA
spectra of CN and CN/WO-12.5% were recorded (Fig. 3a and d).
With 500–775 nm as the detection wavelength of the probe,
both CN and CN/WO-12.5% exhibited positive TA signals
(Fig. 3b and e), which indicate that photogenerated charge
recombination occurred at the interface of CN and WO, while
a decrease in TA intensity could be observed for both catalysts
as the detection time progressed, signifying a decrease in the
number of active charges in the photocatalyst.38 However, the
signal intensity of CN/WO-12.5% is lower than that of CN,
which revealed that a large amount of charge transfer occurs at
the interface of the Z-scheme. As shown in Fig. 3c and f, the
delay decay kinetics of different probe wavelengths were used to
investigate the surface charge lifetimes of CN and CN/WO-
12.5%. The tted kinetic curves at 600 nm are given in Table
S2.† Signicantly, the average lifetime of CN/WO-12.5% is
clearly longer than that of CN, proving the enhanced charge
separation efficiency of CN/WO-12.5%. The recombination of
the photogenerated carriers at the W–N bond interfaces was
inhibited, thereby increasing the probability of the electron
This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Kinetic analysis. Pseudo-color fs-TA spectra of (a) CN and (d) CN/WO-12.5% (excitation at 400 nm). Transient fs-TA spectra of (b) CN and
(e) CN/WO-12.5% under various probe delays. TA kinetics plots and typical fitting curves of (c) CN and (f) CN/WO-12.5% probed at different probe
wavelengths. (g) Steady-state PL spectra of CN and CN/WO-12.5%. Time-resolved PL spectra of (h) CN and (i) CN/WO-12.5%.
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participation in the reaction.56 These results are consistent with
time-resolved transient photoluminescence (TRPL) spectra and
steady-state photoluminescence (PL) spectra (Fig. 3g), which
indicate that the Z-scheme mechanism improves the charge
separation efficiency. Meanwhile, the analysis from the biex-
ponential kinetics tting of PL (Fig. 3h and i and Table S1†)
further reveals that the average lifetime of CN/WO-12.5% (savg =
8.17 ns) is higher than that of CN (savg = 5.42 ns). The combi-
nation of the valence band (VB) of WO and the conduction band
(CB) of CN in the Z-scheme junction can occur between the
photogenerated electrons and holes, suppressing the direct
compounding of electrons and holes in CN and enhancing the
carrier separation efficiency, thus contributing to the high
efficient photocatalytic synthesis of H2O2.

To evaluate the performance of photocatalytic O2 reduction
to produce H2O2, the photocatalytic tests were performed using
various heterostructures under the controllable conditions of
variable environmental factors. Meanwhile, a standard curve
was established to determine the concentration of H2O2 by the
traditional cerium sulfate method (Fig. S12†).21 Under visible-
light irradiation (l > 420 nm), the photocatalytic reaction was
saturated with oxygen and water containing 10% isopropanol in
volume fraction for 4 hours, and all the photocatalysts exhibited
This journal is © The Royal Society of Chemistry 2023
the enhanced H2O2 production performance (Fig. 4a). CN/WO-
12.5% presented the highest H2O2 yield of 732.4 mmol g−1 h−1

(Fig. 4b), much higher than that of the pure CN (240.0 mmol g−1

h−1) and WO (18.5 mmol g−1 h−1). Aer ve times of photo-
catalytic cycle tests, CN/WO-12.5% still showed stable and effi-
cient catalytic performance (Fig. S13†). As shown in Fig. 4b, the
average yield of CN/WO-12.5% (562.5 mmol g−1 h−1) was 3.75
times that of CN (150.0 mmol g−1 h−1) and 22.5 times that of WO
(25.0 mmol g−1 h−1) under 4 hours of visible-light irradiation. To
explore the role of O2, the photocatalytic H2O2 production by
CN/WO-12.5% under different atmosphere conditions was
studied (Fig. 4c). Under the condition of N2, no product was
detected, while CN/WO-12.5% still showed a certain photo-
catalytic performance (198.8 mmol g−1 h−1) under air atmo-
sphere because O2 in the air could provide reactants for it.
These results imply that H2O2 was produced by O2 reduction
rather than by the oxidation of H2O by photogenerated holes.
Fig. 4d reveals the inuence of different light intensities on the
reaction. The condition of 100 mW cm−2 has the best catalytic
performance, which may be ascribed to the slow reaction
caused by low light intensity, while too high light intensity may
lead to partial decomposition of H2O2. At the same time, as
shown in Fig. 4f, the acid–base conditions of the reaction were
J. Mater. Chem. A, 2023, 11, 1199–1207 | 1203
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Fig. 4 Performance characterization. (a) H2O2 production of CN/WO heterostructures under visible light irradiation (l > 420 nm). (b) Time
course of H2O2 production of CN, WO, and CN/WO-12.5% for 4 h. (c) Time course of H2O2 production of CN/WO-12.5% under different
atmospheric conditions. (d) H2O2 production of CN/WO-12.5% at different light intensities for 1 h. (e) H2O2 production of CN/WO-12.5% under
visible light irradiation (l > 700 nm). (f) Photocatalytic H2O2 production of CN, WO, and CN/WO-12.5% under pH = 3, 7 and 13. (g) H2O2

production for g-C3N4-based photocatalysts in recent years.
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also probed. CN/WO-12.5% showed excellent photocatalytic
performance at different pH conditions, with pure water at pH
= 7 (162.5 mmol g−1 h−1) exceeding pH= 3 (117.1 mmol g−1 h−1)
and pH = 13 (28.6 mmol g−1 h−1). Also, as shown in Fig. S14,†
the properties of CN/WO aer thorough calcination in the
muffle furnace were also investigated. In Fig. 4e, the CN/WO-
12.5% heterostructure still showed certain articial photosyn-
thesis of H2O2 capacity (140.5 mmol g−1 h−1) under the irradi-
ation (>700 nm), while, remarkably, no products were detected
for CN and WO. This is attributed to the LSPR absorption,
which leads to the transfer of hot electrons to CN through the
chemical bond for O2 reduction. In contrast, the performance of
the articial photosynthesis of H2O2 on CN/WO-12.5% is
superior to that on most of the carbon nitride-based catalysts
currently reported.28,52,57–73

The reaction mechanism of the articial photosynthesis of
H2O2 was further investigated. Firstly, EPR was used to detect
the reaction intermediate superoxide radicals (cO2

−) with the
use of 5,5-dimethyl-1-pyrroline N-oxide (DMPO) as the capture
agent in methanol solution (Fig. 5a).38 The test indicates that no
signals were detected in either CN or CN/WO-12.5% under the
condition of no visible light, indicating that cO2

− cannot be
1204 | J. Mater. Chem. A, 2023, 11, 1199–1207
generated in the system in the dark. Aer 5 minutes of visible
light, both CN and CN/WO-12.5% showed strong signals,
which, the CN/WO-12.5% signal was much stronger than that of
CN, thus, proving that the H2O2 production in this system is
a sequential two-electron reduction (O2 / cO2

− / H2O2),
rather than the one-step reduction (O2 / H2O2). The possible
mechanism of the photocatalytic oxygen reduction for the H2O2

production of CN/WO heterostructures is shown in Fig. 5b. In
the Z-scheme heterostructure with chemical bond, the light-
trapping ability of the system was enhanced by beneting
from the LSPR absorption. The CB electrons of WO could
recombine directly with the holes on the VB of CN to the effect
of the internal electric eld. Hot electrons generated on WO
excited by LSPR can be continuously injected into CN through
the W–N bond, which electrons (including hot electrons) on CN
accomplish the efficient catalytic activity. Meanwhile, aer the
catalytic reaction, the morphology and structure of CN/WO-
12.5% did not signicantly change (Fig. S15–S18†), indicating
the structural stability of the photocatalyst, which provided the
necessary conditions for the articial photosynthesis of H2O2.

Density functional theory (DFT) calculations were used to
further probe the thermodynamics and dynamics of the CN/WO
This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Mechanism analysis. (a) EPR signals of cO2
− over CN and CN/WO-12.5% (DMPO in methanol). (b) Possible mechanism of artificial

photosynthesis of H2O2 of CN/WO heterostructures. Adsorption energies of (c) O2 and (d) H under different simulated electric fields on CN/WO
heterostructures. (e) Charge density difference of CN/WO heterostructures. Yellow and blue indicate electron accumulation and depletion,
respectively. (f) Free energy profiles for photocatalytic H2O2 performance of pristine CN and CN/WO heterostructures under different electric
fields.
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heterostructures (Fig. S19 and Tables S3–S9†). Numerous
previous studies have shown that the local electric eld of
plasma semiconductors tends to be enhanced under LSPR
absorption.43,74 Therefore, we applied an incremental electric
eld along the negative direction of the Z-axis to simulate the
photogenerated electric potential during the catalytic process.
In the 2e− ORR hydrogen peroxide production reaction, the
rate-determining step is the formation of *OOH, for which the
adsorption of O2 and H is the critical prerequisite.75 The
adsorption sites of O2 and H at the pure CN and CN/WO het-
erostructures were analyzed (Fig. S20 and S21†), meanwhile, the
adsorption energies of O2 (Fig. 5c) and H (Fig. 5d) correspond-
ing to the CN/WO heterostructures under different simulated
electric eld strengths were given separately. The changes in
adsorption energies of O2 revealed that the adsorption of O2 was
signicantly intensied. Whereas, the variations of adsorption
energies of H point to the adsorption of H rstly weaker until
the electric intensity of 0.6 eV Å−1, then turns to augmented,
revealing that the local electric eld generated by LSPR can
indeed increase the adsorption of O2 and H, which is conducive
to the formation of *OOH. At the same time, in Fig. 5e, the
This journal is © The Royal Society of Chemistry 2023
charge difference density of CN/WO heterostructures was
calculated by kinetics, with more signicant charge redistribu-
tion between CN and WO, the electron bias toward the CN side
that favored the 2e− ORR reaction, consistent with our experi-
mental results. The Gibbs free energy (DG) of the reaction step
(Fig. 5f), and the 2e− ORR free energy for each species were
calculated and are shown in Tables S3–S9.† When there was no
simulated electric eld, both *O2 and *H in CN/WO were far
lower than pure CN, which indicated that the Z-scheme junction
is favorable for the *OOH formation. This in turn reects that
the 2e− ORR performance of the CN/WO is thermodynamically
superior to that of CN. Aer increasing the simulated electric
eld, the energy barrier of the intermediate decreases, which
indicated that the enhanced local electric eld means the
concentration of plasma, generating high-energy hot electrons
on the surface of WO, which can then be directly injected into
CN, thus, contributing to 2e− ORR activity. It is worth noting
that the appropriate electric eld within 0–0.6eV Å−1 is bene-
cial to the catalytic process. Whereas, in an oversized electric
eld such as 0.8 eV Å−1 or 1 eV Å−1, the energy barrier of *OOH
will be lower than that of *H2O2, and the process from *OOH to
J. Mater. Chem. A, 2023, 11, 1199–1207 | 1205
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*H2O2 will pose difficulties leading to unfavorable photosyn-
thesis of H2O2.
Conclusions

In summary, a chemically bonded and plasmonic Z-scheme
junction has been developed for high-performance articial
photosynthesis of H2O2 by the in situ assembly of plasmonicWO
onto two-dimensional carbon nitride nanosheets. The typical Z-
scheme photocatalyst exhibits an intriguing H2O2 generation
rate of 732.4 mmol g−1 h−1, even maintaining 140.5 mmol g−1

h−1 under broad-spectrum response irradiation (l > 700 nm).
Based on detailed experimental characterization and DFT
calculations, LSPR greatly promotes light trapping and
enhances the adsorption of oxygen. Attributed to the Z-scheme
mechanism by the internal electric eld with a W–N bond, it
signicantly boosts carrier separation and transfer, while elec-
trons can be continuously transferred to CN through chemical
bonding, fostering an efficient photocatalytic activity. This work
not only elucidates the key role of chemically bonded and
plasmonic heterostructures but also provides an avenue for the
rational design and construction of Z-scheme photocatalysts for
solar energy conversion.
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