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Construction of Z-scheme heterojunctions has been considered one superb method in promoting solar-
assisted charge carrier separation of carbon-based materials to achieve efficient utilization of solar
energy in hydrogen production and CO2 reduction. One interesting concept in nanofabrication that has
become trend recent years is nanoarchitectonics. A heterostructure photocatalyst constructed based on
the idea of nanoarchitectonics using the combination of g-C3N4, metal and an additional semiconducting
nanocomposite is investigated in this paper. Z-scheme tungsten oxide incorporated copper modified gra-
phitic carbon nitride (WOx/Cu-g-C3N4) heterostructures are fabricated via immobilization of WOx on Cu
nanoparticles modified superior thin g-C3N4 nanosheets. Mechano-chemical pre-reaction and a two-step
high-temperature thermal polymerization process are the keys in attaining homogeneous distribution of
Cu nanoparticles in g-C3N4 nanosheets. The horizontal growth of homogeneously distributed WOx nano-
belts on Cu modified g-C3N4 (Cu-g-C3N4) base via solvothermal synthesis is achieved. The photocatalytic
performances of the heterostructures are evaluated through water splitting and CO2 photoreduction
measurements in full solar spectrum irradiation condition. The presence of Cu nanoparticles in the com-
posite system improves charge transport between g-C3N4 and WOx and thus enhances the photocatalytic
performances (H2 generation and CO2 photoreduction) of the composite material, while the presence of
WOx nanocomposites enhances light absorption of the composite material in the near infrared range. The
synthesized heterostructure with optimizedWOx to Cu-g-C3N4 ratio and in case of no co-catalyst addition
exhibits enhanced photocatalytic H2 evolution (4560 lmolg-1h�1) as well as excellent CO2 reduction rate
(5.89 lmolg-1h�1 for CO generation).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcis.2023.01.052&domain=pdf
https://doi.org/10.1016/j.jcis.2023.01.052
http://creativecommons.org/licenses/by/4.0/
mailto:k.matras@pk.edu.pl
mailto:mse_yangp@ujn.edu.cn
mailto:S.Jiang@curtin.edu.au
https://doi.org/10.1016/j.jcis.2023.01.052
http://www.sciencedirect.com/science/journal/00219797
http://www.elsevier.com/locate/jcis


X. Zhang, K. Matras-Postolek, P. Yang et al. Journal of Colloid and Interface Science 636 (2023) 646–656
� 2023 The Authors. Published by Elsevier Inc. This is an open access article under the CCBY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction

Solar-assisted chemical fuel production has been receiving
growing attention recent years due to the rising global energy
demand and escalating climate crisis [1–5]. Topics such as conver-
sion of CO2 and water into valuable fuels using semiconducting
photocatalysts has been extensively studied, particularly, the con-
version of solar energy to hydrogen energy via water splitting [6–
10]. One of the major challenges confronted in developing catalysts
with high light-harvesting ability for a variety of photocatalytic
applications is the utilization of solar energy over broad spectral
range, especially in the visible (Vis) to near-infrared (NIR) range
(which constitutes about 90 % of the solar energy) [11].

For completing overall water splitting reaction to generate O2

and H2, the valence band maximum of the photocatalyst has to
be more positive than the oxidation potential of water (O2/
H2O, 1.23 V vs normal hydrogen electrode (NHE)), and the conduc-
tion band minimum needs to be more negative than the reduction
potential of H+/H2 (0 V vs NHE). Moreover, efficient separation and
transport of the photogenerated charge carriers plays the key role
in enhancing hydrogen evolution performance of the catalyst [12–
14]. In case of CO2 reduction for valuable carbon-based fuel
(methane, methanol, ethylene etc.) production, compared with
electrocatalytic CO2 reduction, photocatalytic CO2 reduction is
advantaged by its applicability under ambient temperature and
pressure [15–17]. Semiconductor photocatalysts have been widely
exploited in H2 generation and CO2 photoreduction applications
[18,19]. The construction of semiconducting heterostructure pho-
tocatalysts with enhanced charge separation and transport effi-
ciency has been drawing great attention [20–22], particularly, the
development of heterostructures with suitable band gaps,
enhanced interfacial properties and high solar energy conversion
efficiency [23–25].

Metal-free graphitic carbon nitride (g-C3N4) has been given con-
siderable attention in the application of photocatalytic solar-to-
fuels conversion in recent years due to its high stability, electronic
band structure, visible-light responsiveness, low-cost and nontox-
icity nature [26,27]. A variety of approaches have been investigated
to enhance charge separation and transport in g-C3N4 including
metal and non-metal doping, morphology adjustment, and con-
struction of heterostructural composites. Particularly, superior thin
two-dimensional (2D) g-C3N4, as a carbon-based 2D layered sub-
strate material with large surface area, has been considered a great
option for constructing g-C3N4-based heterostructures [28]. Highly
conductive metals (Ag, Au, Cu) have been considered excellent
options for modifying g-C3N4 attaining enhanced photocatalytic
performances, because these metal atoms incorporated into the
heptazine-based p-conjugated system of layered g-C3N4 are able
to improve the in-plane charge transport in the composite system.
Moreover, the presence of abundant N sites in g-C3N4 nanosheets
also favours metal incorporation in g-C3N4 [29]. Although plenty
of research works has been done on metal incorporation in g-
C3N4, especially in noble metal modification of layered g-C3N4

nanosheets [30], to achieve homogeneous distribution of these
metal particles is still not easy. It is thus imperative to develop
novel photocatalysts with homogeneously distributed metal parti-
cles for controlled photocatalytic oxidation and reduction
processes.

Due to the poor electron affinity and high stability of CO2 mole-
cules, the sluggish kinetics of CO2 reduction reaction, particularly
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the C@O bond dissociation reactions (with a dissociation energy
of higher than 750 kJ/mol), is the main cause of the requirement
of a substance (catalyst, photosensitizer) that can facilitate CO2

conversion [31,32]. The energy required for photocatalytic CO2

conversion facilitated by the presence of a photocatalyst (with
improved photogenerated electron-hole separation and migration
efficiency) is much lower than that required for direct C@O bond
dissociation. Photocatalysis utilizing semiconducting heterostruc-
ture photocatalysts, has been one promising approach to perform
efficient CO2 photoreduction [33,34]. The built-in electric field
developed within semiconducting heterostructures facilitates
charge separation and migration, leading to improved catalyst sur-
face reaction efficiency and catalytic activity [35–40]. Transition
metal nanocomponents involving tungsten oxides are commonly
used for modification of g-C3N4 to construct g-C3N4-based type II
heterostructures. For instance, g-C3N4 nanosheets based layered
heterostructures with horizontally grown WOx nanobelts have
been examined to have excellent photocatalytic performances
under visible and NIR light irradiation due to extended light
absorption range [15]. WO3-x nanorods modified g-C3N4

nanosheets based heterostructures have been reported to have
enhanced CO2 photoreduction activity [41]. Despite of the efficient
separation of photogenerated charge carriers in type II heterostruc-
tures, the redox abilities of the photogenerated electrons and holes
on the reaction sites of these heterostructures are in most of the
cases relatively weak. Construction of multicomponent
heterostructural composites (e.g., type II, S-scheme, Z-scheme
heterostructure system) with improved charge carrier separation
efficiency and high redox ability are thus needed. Nanoarchitecton-
ics has been one of the novel concepts in nanofabrication that has
become trend recent years. The basic idea of nanoarchitectonics is
the construction of multifunctional nanomaterial by combining
and coupling different functional nanomaterials and nanostruc-
tures [5,9]. Z-scheme heterostructure photocatalysts constructed
using the combination of g-C3N4, noble metal (Cu) and semicon-
ducting nanocomposite (WOx) is studied in this paper.

In general, a photocatalytic Z-scheme heterostructure system
involves a two-step photoexcitation process that efficiently sepa-
rates the photogenerated charge carriers and improves the redox
performance of the catalyst material. To date, a variety of g-C3N4

based Z-scheme heterostructure composites with enhanced pho-
toinduced charge carrier separation efficiency has been developed
[38,42] Noble metal (Pd, Au, Pt, Cu) loaded Z-scheme heterostruc-
tures are hot choices in attaining improved H2 generation, owing to
the low overpotential observed in the catalyst system and the
enhanced charge separation achieved via facilitated transport of
photogenerated electrons in the conduction band of g-C3N4

[30,32]. The photoinduced electrons in the catalyst system can be
transported across the metal–semiconductor interface due to the
Schottky effect, resulting in enhanced photogenerated charge car-
rier separation and improved catalytic activities. For instance, Pd
nanoparticles modified g-C3N4 composites were reported to have
outstanding catalytic activity for room-temperature Suzuki-
Miyaura coupling reaction [43]. Moreover, the interfacial charge
transport and electronic structure of g-C3N4 nanosheets can be
modulated by the formation of Z-scheme heterostructures via
incorporation of noble metal nanoparticles to improve the photo-
catalytic activities of the heterostructures. However, to achieve
homogeneous dispersion of metal nanoparticles in g-C3N4 and
modulated interfacial charge transport in semiconducting
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nanocomponents incorporated Z-scheme heterostructures for
attaining high H2 generation and CO2 reduction efficiency can be
challenging.

As a relatively low-cost noble metal, copper and copper base
composite materials have been widely exploited in electrocataly-
sis, particularly in selective CO2 reduction [44]. The Cu (100) facet
is generally favourable to C2H4 generation (from CO2 reduction) at
relatively low overpotential, while Cu (111) facet favours CH4 pro-
duction [44]. To improve the photocatalytic performance of copper
base composites, extending light absorption range and increasing
photogenerated charge carrier separation and transport efficiency
are imperative. In this paper, a novel approach utilizing the combi-
nation of mechano-chemical pre-reaction and thermal condensa-
tion processes at high temperature condition was developed for
treating superior thin g-C3N4 nanosheets with Cu nanoparticles
to enhance charge carrier separation and transport efficiency of
the composite system. A solvothermal synthetic process was used
to incorporate WOx on the Cu-g-C3N4 nanosheets to create the
2D/2D WOx/Cu-g-C3N4 layered Z-scheme heterostructures (as
illustrated in Scheme 1) with extended light adsorption in NIR
region. The photocatalytic mechanism of these Z-scheme
heterostructures were studied utilizing various techniques involv-
ing transmission electron microscopy (TEM), X-ray photoelectron
spectroscopy (XPS), X-ray diffraction (XRD), and Raman spec-
troscopy etc. The heterostructures synthesized using optimized
preparation conditions showed enhanced CO2 photoreduction per-
formances with a CO evolution rate of 6.8 lmolg-1h�1 and a CH4

generation rate of 3.2 lmolg-1h�1.
2. Experimental section

2.1. Chemicals and preparation of Cu modified g-C3N4

Chemicals used (with no further purification) for the prepara-
tion and characterization of the samples including melamine
(99 %), copper (II) acetylacetonate (Cu(acac)2, 97 %), ethanol
(99 %), triethanolamine (99 %), ascorbic acid (AA, 99 %), and WCl6
(99.99 %) were purchased from Sigma Aldrich. For comparison
uses, pure ultrathin g-C3N4 nanosheets (CN in Table 1) with no cop-
per addition was synthesized using a two-step calcination method
reported in one of our preliminary works [21]. Cu modified g-C3N4

(Cu-g-C3N4) was prepared via a combination of mechano-chemical
pre-reaction and two-step thermal polymerization processes (us-
ing high temperature setting). Bulk g-C3N4 (as the substrate mate-
Scheme 1. Formation mechanism of W
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rial) was synthesized via thermal polymerization at 500 �C using
melamine as the precursor. To construct Cu-g-C3N4, a mixture of
certain amount of Cu(acac)2, 2 g of bulk g-C3N4 and ethanol were
ground to dry before undergoing thermal treatment in tube fur-
nace. For instance, 0.5, 1.0, and 1.5 wt% of Cu(acac)2 in 2 g of g-
C3N4 was used to obtain the Cu modified g-C3N4 sample Cu-CN-
1, Cu-CN-2, and Cu-CN-3, respectively (with detailed preparation
conditions used for each sample listed in Table 1). Thermal poly-
merization process was then carried out in an inert atmosphere
at 700 �C for 2 h using a ramp rate of 5 �C/min. To test the effects
of the mechano-chemical pre-reaction process on the samples, a
Cu modified g-C3N4 sample (named as Cu-CN-4 in Table 1) synthe-
sized using similar processes as other Cu-g-C3N4 samples but via
no mechano-chemical pre-reaction was also fabricated.

2.2. Preparation of WOx/Cu-g-C3N4 heterojunctions

WOx incorporated Cu modified g-C3N4 (WOx/Cu-g-C3N4)
heterojunctions were fabricated using sample Cu-CN-2 as the base.
To verify the effects of tungsten source on the heterojunction for-
mation, different weight percentage of WCl6 (as the tungsten
source) was added to a mixture containing ethanol and 0.8 g of
sample Cu-CN-2 followed by 5 min of sonication treatment. 6.0,
8.0, and 10.0 wt% of WCl6 were treated with the Cu-CN-2 base to
obtain the WOx incorporated Cu modified g-C3N4 composite sam-
ple W-Cu-CN-1, W-Cu-CN-2, and W-Cu-CN-3, respectively
(Table 1). Scarce amount of AA was added (with the molar ratio
of WCl6 to AA been 1:1) to ensure the presence of oxygen vacancies
in WOx. 20 min of stirring was required before heat treatment at
220 �C for 10 h. The products were washed several times with
ethanol before freeze drying. For comparison, WOx incorporated
composite samples using sample Cu-CN-4 as the base were also
prepared (named as W-Cu-CN-4 in Table 1).

2.3. Characterization

Material characterization: To investigate the morphology of
the WOx/Cu-g-C3N4 samples, transmission electron microscope
(TEM) (FEI Titan G2 80–200 TEM/STEM) was used to collect TEM
images and HAADF-STEM images of the samples. X-ray diffrac-
tometer (Bruker D8) and Kratos AXIS Ultra DLD spectrometer were
utilized to collect X-ray diffraction (XRD) patterns and X-ray pho-
toelectron spectroscopy (XPS) spectra of the samples. UV–vis dif-
fuse reflectance and absorbance spectra of the WOx/Cu-g-C3N4
Ox/Cu-g-C3N4 heterostructures.



Table 1
Sample preparation conditions.

Sample Composition Cu(acac)2 (wt %)* WCl6 (wt %)** Procedure

CN g-C3N4 0 0 Two-step calcination
Cu-CN-1 Cu-g-C3N4 0.5 0 Pre-reaction
Cu-CN-2 Cu-g-C3N4 1.0 0 Pre-reaction
Cu-CN-3 Cu-g-C3N4 1.5 0 Pre-reaction
Cu-CN-4 Cu-g-C3N4 1.0 0 No pre-reaction
W-Cu-CN-1 WOx/Cu-g-C3N4 0.5 6.0 Pre-reaction
W-Cu-CN-2 WOx/Cu-g-C3N4 1.0 8.0 Pre-reaction
W-Cu-CN-3 WOx/Cu-g-C3N4 1.5 10.0 Pre-reaction
W-Cu-CN-4 WOx/Cu-g-C3N4 1.0 8.0 No pre-reaction

* Weight ratio percentage of Cu(acac)2/melamine during preparation.
** Weight ratio percentage of WCl6/Cu-g-C3N4 used for preparation.
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samples were also recorded using UV–vis spectrophotometer (U-
4100, Hitachi).

Photocatalytic characterization: Photocatalytic H2 evolution
measurements was performed on samples using a testing system
with glass-closed gas circulation and Pyrex top-irradiation reaction
vessels. Mixture containing 10 mg of the composite sample and
100 mL of triethanolamine solution (with triethanolamine to
deionized water ratio of 1:9) was used for sample testing. 25 min
of sonication and degassing (to remove air in the reaction vessel
system) were done on samples before light exposure. A 300 W
Xe arc lamp was used as the light source. The amount of H2 evolved
was measured via gas chromatography (Shimadzu GC-7920) using
Ar as the carrier gas. To estimate the experimental error, repeated
measurements (3 times) were also done on the samples. Sample
solution for photocatalytic CO2 reduction test was prepared using
20mg of theWOx/Cu-g-C3N4 sample and 15mL of deionized water.
15 min of high-purity CO2 bubbling was done on the sample solu-
tion before CO2 reduction measurements. A 300 W Xe lamp was
used as the light source while GC-7920 gas chromatograph was
used to analyze the gases generated during measurements. The
photocatalytic rhodamine B (RhB) degradation performances of
the samples were also evaluated using 10 mg/l RhB solution and
a 300 W Xe arc lamp equipped with wavelength cut-off filters as
the light source (800 nm and 420–760 nm filters were used for
NIR and Vis irradiation, respectively).

Similar procedures as RhB photodegradation measurements
except for the addition of scavengers were used to investigate
the active species in photocatalytic process under full spectrum
irradiation condition. 0.0216 g of Benzoquinone (BQ), 2 mL iso-
propanol (IPA), 0.034 g of AgNO3, and 0.0744 g of Ethylenedi-
aminetetraacetic acid disodium salt (EDTA-Na2) in 35 mL of
sample photocatalyst dispersed RhB solution was used as the scav-
engers for superoxide radicals (�O2

–), hydroxyl radicals (�OH) elec-
trons (e-), and holes (h+), respectively. The electron spin resonance
(ESR) signals of hydroxyl and superoxide radical adducts of 5,5-
dimethyl-1-pyrroline-N-oxide (DMPO) were collected using Bruker
model ER200-SRC spectrometer (under full spectrum irradiation
condition).

3. Results and discussion

The bulk g-C3N4 nanosheets utilized as the base precursor was
obtained via thermal polymerization of melamine at 500 �C. A
mechno-chemical pre-reaction process was required to treat bulk
g-C3N4 with copper (II) acetylacetonate before calcination at
700 �C, as illustrated in Scheme 1. In general, ideal g-C3N4

nanosheets are composed of melem building blocks involving tri-
s-triazine (C6N7) and triazine (C3N3) units [25–29]. In the p-
conjugated system of layered g-C3N4 base consisting of nitrogen
and sp2 hybridized carbon, the abundant N sites worked as the
key reaction sites for anchoring Cu atoms on g-C3N4 during the
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thermal polymerization process [29]. The mechanical grinding pro-
cess before thermal polymerization treatment was crucial for
forming Cu incorporated g-C3N4 composites via nucleation and
growth of Cu nanoparticles on ultrathin g-C3N4 nanosheets. And
a 220 �C solvothermal treatment method was utilized to immobi-
lize WOx on Cu modified g-C3N4. The detailed experimental condi-
tion used for sample preparation are listed in Table 1.

The TEM images of the Cu modified g-C3N4 composites (sample
Cu-CN-1, Cu-CN-2, and Cu-CN-3) are shown Fig. 1a to 1c. Superior
thin nanosheet morphology was observed for all three samples.
Homogeneously distributed small Cu nanoparticles (with diame-
ters less than 4 nm) can be observed on the TEM images. The
amount of Cu nanoparticles formed in the Cu-g-C3N4 composite
system increases as the the amount of Cu source (copper (II) acety-
lacetonate) added increases (as observed for sample Cu-CN-1, Cu-
CN-2, and Cu-CN-3). An enlarged TEM image of sample Cu-CN-3
showing a typical layered structure with clear Cu lattice fringes
confirming the successful incorporation of Cu nanoparticles in g-
C3N4 nanosheets is shown in Fig. S1 in the Supporting Information
section. The lattice spacing of 0.22 nm measured in the insets in
Fig. 1a to 1c corresponds to the lattice fringes of Cu (111) facet.
The lattice spacing estimated (0.22 nm) coincide well with that
measured for pristine Cu nanoparticle (0.21 nm) reported in liter-
ature [45], and this can be ascribed to the incorporation of g-C3N4

substrate in the composite system. To examine the role of
mechano-chemical pre-reaction process in the distribution of Cu
in the composites system, sample Cu-CN-4 was prepared with no
mechano-chemical pre-reaction treatment. Chunky Cu particles
were observed as shown in the TEM images of sample Cu-CN-4
(see Fig. S2 in Supporting Information). Fig. 1d to 1f shows the
TEM images of sample W-Cu-CN-2. The fiber-like darker area on
Fig. 1e and 1f can be associated with the WOx nanobelts incorpo-
rated in the W-Cu-CN-2 heterostructures as they are similar to
the WOx nanobelts observed in sample W-Cu-CN-3 (in Fig. 1g to
1i). An enlarged image of the darker area in Fig. 1f are shown in
Fig. S3 (see Supporting Information). The lattice spacing measured
in Fig. S3 matched with the spacing of g-C3N4. The TEM images of
sample W-Cu-CN-3 are shown in Fig. 1g to 1i. As the amount of W
source (WCl6) added increased, the amount of WOx nanobelts
formed along the surface of Cu-g-C3N4 nanosheets also increased.
The lattice spacing of 0.38 nm measured in the nanobelts area in
Fig. 1i corresponds to the (010) facet of WO3.

The elemental mappings of the composite samples before and
after WOx immobilization on Cu-g-C3N4 nanosheets (sample Cu-
CN-2 and W-Cu-CN-2) were recorded and are shown in Fig. 2. As
shown in Fig. 2a, except for a few evident Cu chunky nanoparticle
area observed, the distribution of Cu in most of the randomly
selected scanned area was quite homogeneous. This indicates that
the Cu incorporated in sample Cu-CN-2 are mostly in the small
nanoparticle form. Completely homogeneously distributed C and
N elements were observed for both sample Cu-CN-2 and W-Cu-



Fig. 1. TEM images of g-C3N4 and heterostructures: (a) Cu-CN-1; (b) Cu-CN-2, (c) Cu-CN-3; (d to f) W-Cu-CN-2; (g to i) W-Cu-CN-3. The insets in (a) to (c) are enlarged Cu
nanoparticles area with a lattice spacing of 0.22 nm corresponding to the Cu (111) facet. The inset in (i) shows the lattice fringes of WOx with a spacing of 0.38 nm
corresponding to the (010) facet of WOx.
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CN-2 (Fig. 2c, 2b, 2e, and 2f). The HADDF-STEM image of sample
W-Cu-CN-2 (prepared using sample Cu-CN-2 as the base material)
is shown in Fig. 1d. The distribution of Cu on sample W-Cu-CN-2
(shown in Fig. 2g) was much more homogeneous than those on
sample Cu-CN-2, which can be attributed to the secondary diffu-
sion process of Cu during the solvothermal synthesis stage [7].
The fiber-like aggregates observed in W and O mappings in
Fig. 2h and 2i are due to the formation of WOx nanobelts in the
heterostructure, which also matched with the WOx nanobelts area
observed on the HADDF-STEM image (Fig. 2d). The presence of W
an O elements in the whole specimen area (in Fig. 2h and 2i) con-
firms the presence of WOx across the whole Cu-g-C3N4 nanosheets
area. In addition, the successful incorporation of W and Cu into the
W-Cu-CN-2 composites system was also confirmed by using TEM
energy dispersive X-ray spectroscopy (EDS) analysis (see Fig. S4
in Supporting Information).

According to the XPS spectra collected for sample W-Cu-CN-2
shown in Fig. 3, the four main peaks observed in the C 1 s spectrum
in Fig. 3a corresponded to the O-C@O (289.1 eV), CAN/C@O
(288.4 eV), C-OH (286.3 eV), and CAC (284.7 eV) peaks. The N 1 s
spectrum in Fig. 3b has three main peaks corresponding to the gra-
phitic N (401.0 eV), pyridinic N (398.7 eV), and pyrrolic N
650
(399.8 eV) peak; as well as two p excitation peaks at 406.2 and
404.5 eV. The pyridinic N is the key N active sites on the
heterostructure that promotes nucleation of WOx in the compos-
ites system. The O 1 s spectrum in Fig. 3c was fitted into three
peaks at 532.9, 531.3, and 530.2 eV, corresponding to the organ-
ics/H2O, hydroxide, and oxide peaks, respectively. The peaks
observed at 35.4 and 37.3 eV in Fig. 3d can be attributed to
W4f7/2 and W 4f5/2 of W6+ state, while the peaks at 33.9 and
36.4 eV are attributed to the W5+ state [38]. The presence of W5+

and W6+ states of WOx confirmed the presence of oxygen vacancies
in theWOx/Cu-g-C3N4 heterostructure system. The oxygen vacancy
defects can be considered one of the key factors that promotes the
separation of photogenerated charge carriers of WOx incorporated
catalysts thus enhancing the photocatalytic performances of the
catalysts. The sharp and symmetrical Cu 2p peaks observed at
932.4 and 952.5 eV in Fig. 3e corresponded to the Cu 2p3/2 and
Cu 2p1/2 peaks. And these peaks can be indexed to Cu(0) [42,43],
owing to the fact that the characteristic peaks of Cu(I) often have
strong satellite features around 936 eV and within the
940 � 950 eV range [44,45].

The XRD patterns recorded for sample Cu-CN-2, Cu-CN-3, W-
Cu-CN-2 and W-Cu-CN-3 (Fig. 4a) illustrated that the diffraction



Fig. 2. (a to c) Elemental mapping of sample Cu-CN-2: (a) Cu; (b) C; and (c) N. (d to i) HADDF image. Elemental mapping of sample W-Cu-CN-2: (e) C; (f) N; (g) Cu; (h) O; and
(i) W.
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peaks corresponding to the (100) and (002) facets of g-C3N4 were
observed in all four samples. Due to the incorporation of WOx in
the Cu-g-C3N4 composites system, peak shift (towards larger angle)
occurred for the most intense peak (that are associated with the
stacking of conjugated system of g-C3N4) in the WOx immobilized
samples, from 27.8� for sample Cu-CN-2 to 27.9� for sample W-Cu-
CN-2, as shown in Fig. 4b. The XRD pattern of sample W-Cu-CN-2
in Fig. 4a consists of peaks of both WO2 and WO3 phases, suggest-
ing the existence of both two phases in the highly crystalline Cu-g-
C3N4 based WOx composites. The presence of WO2 phase peak (in
Fig. 4a) is due to the use of reducing agent during the solvothermal
synthesis stage, indicating successful incorporation of defects-
engineered WOx in the composites system. Moreover, the weak
peak intensities observed for the WOx components also demon-
strated that the amount of WOx incoporated in sample W-Cu-
CN-2 and W-Cu-CN-3 was relatively low.

The UV laser excited Raman spectra of sample CN, Cu-CN-2, and
W-Cu-CN-2 were collected for microstructure comparison (Fig. 4c).
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Sample CN showed a typical Raman spectrum of g-C3N4 with rela-
tively weakened peak intensity, confirming the successful forma-
tion of layered g-C3N4 via the two-step calcination process.
However, an increase in g-C3N4 related peak intensity was
observed after Cu nanoparticle immobilization. This can be attrib-
uted to the effects of copper on thermal polymerization. The
mechano-chemical pre-reaction treatment (of copper source and
g-C3N4 precursors before thermal polymerization) was the key that
causes Cu ions been able to enter the g-C3N4 network easily, creat-
ing a Cu immobilized g-C3N4 composite with highly ordered
nanostructure. Moreover, the Raman peaks recorded for sample
W-Cu-CN-2 were similar to that for sample Cu-CN-2, suggesting
that the relatively ordered unit arrangement and nanostructure
of Cu modified g-C3N4 nanosheets were able to be maintained after
solvothermal treatment. In comparison with the Raman peaks of
pristine g-C3N4 nanosheets (sample CN), the relatively intense
peak observed in the 800–1000 cm�1 range (marked using asterisk
symbol in Fig. 4c) confirms the interplay among g-C3N4, Cu, and



Fig. 3. XPS spectra of sample W-Cu-CN-2: (a) C1s spectrum; (b) N1s spectrum; (c) O1s spectrum; and (d) W4f spectrum; (e) Cu 2p spectrum.

Fig. 4. (a & b) XRD patterns of the samples. (c) UV–vis diffuse reflectance spectra of the samples. (d) Raman spectra of the samples. The inset in (a) shows the XRD patterns of
sample W-Cu-CN-2 and W-Cu-CN-3 in the 30 � 40� range.
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Table 2
H2, CO, and CH4 evolution rate obtained for the samples (under full solar spectrum).

Sample H2 (mmol/g/h) CO (lmol/g/h) CH4 (lmol/g/h)

CN 0.25 n/a n/a
Cu-CN-1 0.48 0.30 0.27
Cu-CN-2 0.62 0.52 0.33
Cu-CN-3 0.56 0.48 0.30
Cu-CN-4 0.24 n/a n/a
W-Cu-CN-1 2.99 3.78 1.65
W-Cu-CN-2 4.56 5.89 2.31
W-Cu-CN-3 3.48 4.35 1.78
W-Cu-CN-4 2.75 1.08 0.89
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WOx in the heterostructure. The UV–vis diffuse reflectance spectra
of sample CN, Cu-CN-2, and W-Cu-CN-2 (Fig. 4d) shows that the
diffuse reflectance spectrum of the sample remained almost
unchanged only after Cu modification. A drastic change in the spec-
trum was observed after WOx incorporation, enhanced visible and
near infrared absorption was observed for the WOx modified sam-
ple (W-Cu-CN-2), which can be attributed to the band gap narrow-
ing and decreased band-to-band excitation energy [46]. The
extended light absorption to the full solar spectrum range resulted
in significant enhancement in photocatalytic performances.

Photocatalytic hydrogen evolution and CO2 photo-reduction
measurements were done on the samples under full solar spec-
trum condition without the addition of co-catalysts. The results
are shown in Fig. 5 and Table 2. Cu-CN-2 showed the highest
H2 generation activity (0.62 mmolg-1h�1) among the Cu modified
g-C3N4 (Cu-CN) samples. The H2 generation rate (in case of no
co-catalysts addition) obtained for sample W-Cu-CN-1,
W-Cu-CN-2, and W-Cu-CN-3 were 2.99, 4.56, and 3.49
mmolg-1h�1, respectively. The amount of H2 evolved from WOx

incorporated Cu-g-C3N3 composites was significantly higher than
their Cu-g-C3N4 base counterparts. In comparison with the H2 gen-
eration rate measured for sampleW-Cu-CN-4 (synthesized with no
mechano-chemical pre-treatment, 2.75 mmolg-1h�1), sample
W-Cu-CN-2 showed a much higher efficiency of 4.56 mmolg-1h�1

that is about 7.35 times of that of sample Cu-CN-2 (which is also
higher than most of the WOx modified g-C3N4 composites reported
in literature) [15,41,47]. These indicate that the addition of WOx

and mechano-chemical pre-treatment process, as well as the con-
trol of the amount of Cu incorporated into the composites system
are the key factors that causes drastic enhancement in H2 evolution
efficiency. In addition, the photocatalytic measurements in NIR
light irradiation condition were also performed to further examine
the role of WOx nanocomposites in the heterostructure system. The
H2 evolution rate of sample W-Cu-CN-2 under NIR light irradiation
was 1.78 mmolg-1h�1, and almost no H2 evolution was observed
for sample Cu-CN-2. This also confirms that the extended light
absorption range in the NIR region (owing to the presence of
WOx nanobelts) is one of the keys to photocatalytic performance
enhancement of heterostructures. The cyclic stability data in
Fig. 5b shows that sample W-Cu-CN-2 also revealed excellent sta-
bility in photocatalytic H2 generation as the evolution rate
remained almost unchanged after 5 cycles of measurements. To
further examine the change in crystal phase and in WOx compo-
nent after photocatalysis measurements, XRD data were collected
for the used sample (sample after 20 cycles of H2 evolution mea-
surements). The XRD analysis shows that no obvious WO2 XRD
peak was observed, which can be attributed to the oxidizing of
WOx by the photoinduced holes that leads to diminishing or disap-
pearing of oxygen vacancies.
Fig. 5. (a) H2 generation activity plot (with error bars) of the samples under xenon l
photocatalytic H2 evolution on sample W-Cu-CN-2 (for five cycles in 15 h).
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In order for photocatalytic overall water splitting involving the
oxygen evolution reaction (also called the water oxidation reac-
tion, eq. (1)) and hydrogen evolution reaction (proton reduction,
eq. (2)) to occur, the band gap of the photocatalyst has to be larger
than 1.23 V, specifically, the valence band maximum of the photo-
catalyst needs to be more positive than the oxygen evolution
potential (0.82 V vs NHE at pH = 7, eq. (1)), and the conduction
band minimum of the photocatalyst is required to be more nega-
tive than the proton reduction potential (-0.41 V vs NHE, at
pH = 7, eq. (2)) [48,49].

H2O + 2 hþ !O2 + 2Hþ + 4e� E0 = 0.82 V vs NHE ð1Þ

2Hþ + 2e� !H2 E0 = -0.41 V vs NHE ð2Þ
In general, loading of metal co-catalyst is often required for

improving hydrogen evolution efficiency because these metal co-
catalysts are pivotal to trapping photogenerated charge carriers
and promoting charge transport as well as suppressing the recom-
bination of charge carriers. However, in the case of the WOx incor-
porated Cu modified g-C3N4 (W-Cu-CN) heterostructure, no
additional co-catalysts were required since Cu worked perfectly
as the charge carrier trapping site in this case.

CO2 photoreduction (CO and CH4 evolution) tests were also per-
formed on the samples and the data are listed in Table 2. In case of
photocatalytic CO2 conversion, the conduction band minimum of
the photocatalyst has to be more negative than the standard
carbon-based fuel (e.g., CO, CH3OH, CH4 etc. generated from CO2

reduction reaction) evolution potential (-0.24 V vs NHE at pH = 7
for CH4 generation, eq. (3); �0.52 V for CO generation, eq. (4))
[49,50].

CO2 + 8Hþ + 8e� !CH4 + 2H2O E = �0.24 V ð3Þ

CO2 + 2Hþ + 2e� !CO + H2O E = �0.52 V ð4Þ
amp irradiation (full spectrum) with no co-catalyst addition. (b) Time courses of
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Sample W-Cu-CN-2 exhibited higher CO (5.89 lmolg-1h�1) and
CH4 (2.31 lmolg-1h�1) evolution efficiency than that of the other
WOx incorporated Cu-g-C3N4 composites (W-Cu-CN-1, W-Cu-CN-
3, W-Cu-CN-4) and the Cu modified g-C3N4 samples. Similar trend
was also observed for the H2 evolution measurements. No CO and
CH4 were evolved in case of using pristine g-C3N4 nanosheets
(sample CN). Among the Cu modified g-C3N4 samples, Cu-CN-2
showed the best CO (0.52 lmolg-1h�1) and CH4 (0.33 lmolg-
1h�1) evolution rate. The incorporation of WOx into the Cu-g-
C3N4 base system is the key in improving CO2 photoreduction effi-
ciency of the heterostructure composites. As expected, the photo-
catalytic performances of sample Cu-CN-4 and W-Cu-CN-4
(synthesized with no mechano-chemical pre-treatment) were not
satisfactory.

Construction of multicomponent semiconductor photocatalysts
with narrowed band gap and extended light absorption range (to
absorb greater proportions of solar spectrum) based on the idea
of nanoarchitectonics, can be pivotal to improving photocatalytic
performance of the catalyst material. WOx with suitable bandgap,
abundant surface oxygen vacancies and localized surface plasmon
resonance (LSPR) property shows a broad absorption in the Vis and
NIR region [38]. The presence of abundant oxygen vacancies in
tungsten oxide causes collective oscillations of free charges, which
is also similar to that of the LSPR phenomenon observed in noble
metals. The three electron transition pathways under solar light
irradiation proposed for the nonstoichiometric WOx (possessing
abundant oxygen vacancies) are illustrated in Scheme 2a, involving
direct electron excitation from valence band to conduction band;
electron transition from valence band to the energy states associ-
ated with oxygen vacancies; and transition caused by LSPR excita-
tion. By creating extra charge carrier transport pathways in the
composite material (with conduction band and oxygen vacancies
working as the electron traps), the charge carrier transport effi-
ciency was improved and enhancement in photocatalytic perfor-
mance was achieved.

To further investigate the photocatalytic mechanism and active
species of WOx incorporated Cu-g-C3N4 composites, quenching
experiments aimed at identifying active species for rhodamine B
(RhB) degradation and electron spin resonance (ESR) measure-
ments were done on sample W-Cu-CN-2 (Fig. 6 and Fig. S5 in Sup-
porting Information). EDTA-Na2, BQ, IPA, and AgNO3 were used as
scavengers of h+, �O2–, �OH, and e-, respectively. The result shows
that RhB photodegradation was significantly inhibited by the addi-
tion of BQ, indicating �O2– to be the main active species for RhB
degradation in this case. The ESR spin-trap test was performed
on sample W-Cu-CN-2 using DMPO as the nitrone-type spin trap
agent for detecting DMPO-radical adducts generated in water
(DMPO-�O2–) and in methanol (DMPO-�OH). As shown in Fig. 6,
Scheme 2. Schematic diagram of electron transition pathways in WOx (a) and
photocatalytic mechanism of Z-scheme photocatalytic system for WOx/Cu-g-C3N4

composites (b).
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no adduct signal was observed in dark condition, signals of both
DMPO-�O2– and DMPO-�OH adducts were observed only under
light irradiation. It is thus confirmed that the �O2– and �OH are
two major active species generated in the WOx/Cu-g-C3N4

heterostructure assisted photocatalysis process. The photocatalytic
�OH (eq. (5)) and �O2– (eq. (6)) generation reactions are shown
below [49].
OH— + hþ !�OH, 2.7 V, vs NHE ð5Þ
O2 + e� !�O2—, �0.046 V, vs NHE ð6Þ
Since the O2/�O2– potential of �0.046 V is more positive than

the conduction band minimum of g-C3N4 but more negative than
the conduction band minimum of WOx, pristine WOx is incapable
of generating �O2– under light irradiation condition. However,
according to the ESR analysis, �O2– and �OH were demonstrated
to be the active species generated in the WOx/Cu-g-C3N4 photocat-
alytic system. Thus, the WOx/Cu-g-C3N4 composites photocatalyst
does not adapt to the conventional type II heterojunction structure.
Instead, the WOx/Cu-g-C3N4 composites showed a direct solid-
state Z-scheme charge transport pathway as illustrated in
Scheme 2b (with the position of conduction and valance band esti-
mated based on the Tauc plots and XPS valence-band spectra data
reported in our previously published papers and in literature)
[25,27,36,41,44,51,52]. Since the photogenerated electrons trans-
port from the conduction band of WOx to the valence band of g-
C3N4 (Scheme 2b) in this case, the WOx/Cu-g-C3N4 Z-scheme pho-
tocatalytic system with improved spatial separation of photogen-
erated charge carriers and suppressed electron-hole pair
recombination is beneficial for facilitating redox reactions and
improving photocatalytic activity. The incorporation of Cu
nanoparticles in the heterostructure system and the integration
of WOx in the g-C3N4 hybrid heterostructure are pivotal to to band
gap narrowing and light absorption enhancement, resulting in sig-
nificantly improved photocatalytic activity of the constructed Z-
scheme WOx/Cu-g-C3N4 photocatalyst. In addition, the presence
of homogeneously incorporated Cu nanoparticles is also beneficial
for enhancing the conductivity of the heterostructures and facili-
tating charge migration in the heterostructure system. Moreover,
since the Cu (111) surface has excellent binding abilities to H2O
and CO2, H2O-assisted CO2 photoreduction on Cu (111) surface
can be achieved via the dissociation of CO2 into *CO intermediate
followed by hydroxy-methylidyne intermediate (*C-OH) formation
via *CO reduction. The *C-OH intermediate is crucial in facilitating
photocatalytic CO2 reduction reaction since this intermediate can
be reduced and hydrogenated for producing carbon-based fuels.
For example, methane can be generated from *C intermediate for-
mation (via *C-OH reduction) followed by the hydrogenation pro-
cess, while ethylene can be produced through *C-OH
hydrogenation (forming *CH2 intermediate) and dimerization
process.

In case of Z-scheme WOx/Cu-g-C3N4 heterostructures, the
charge carriers generated from the photocatalytic system migrate
quickly through Cu nanoparticles to g-C3N4 to achieve enhanced
charge carrier separation. Meanwhile, the photo-excited electrons
generated from WOx (exhibiting LSPR property) are imperative to
facilitating photocatalytic reactions. As a metal oxide with rela-
tively high work function, WOx with abundant oxygen vacancy is
able to create extra charge transport paths in Z-scheme
heterostructure system to enhance charge carrier transport. The
built-in electric field developed at the interface of WOx and g-
C3N4 facilitates interfacial charge carrier separation and transport
and improves the photocatalytic activity of WOx/Cu-g-C3N4

heterostructure composites.



Fig. 6. DMPO spin-trapping ESR spectra of sample W-Cu-CN-2: (a) recorded in aqueous solution for DMPO-�OH adduct under light irradiation; and (b) in methanol solvent
for DMPO-�O2

– adduct.
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4. Conclusions

Z-schemeWOx/Cu-g-C3N4 heterostructures with enhanced pho-
tocatalytic performance under full solar spectrum irradiation con-
dition were constructed based on the idea of nanoarchitectonics
using a mechano-chemical pre-reaction assisted two-step thermal
polymerization method with relatively high temperature settings.
The homogeneous distribution of Cu nanoparticles in the ultrathin
g-C3N4 nanosheets plays the key role in improving the photocat-
alytic performance of the heterostructure composites. The H2 gen-
eration (4560 lmolg-1h�1) and CO2 photoreduction performance of
the constructed WOx/Cu-g-C3N4 composites were significantly
improved even in case of no co-catalyst addition. The optimized
preparation parameters of the WOx/Cu-g-C3N4 composites are
the keys in enhancing CO2 photoreduction efficiency (with a CO
generation rate of 5.89 lmolg-1h�1 and a CH4 evolution rate of
2.31 lmolg-1h�1) of the composite material, which is also much
higher than that of WOx modified g-C3N4 composites [15,41]. The
improved photocatalytic activity of WOx/Cu-g-C3N4 composites
are due to the synergistic effects in-between the three components
in the heterostructure system--WOx nanocomposites, Cu nanopar-
ticles and g-C3N4 nanosheets. Moreover, the incorporation of Cu
nanoparticles in the composites system resulted in enhanced
charge transport and increased conductivity (as well as improved
catalytic activity) of the WOx/Cu-g-C3N4 composites, while the
presence of WOx nanocomposites in the heterostructure system
was the key to the extended light absorption range (to visible
and NIR region) and enhanced photocatalytic performances of
the material. This work offers a novel strategy for constructing
heterostructures with enhanced catalytic activity by incorporating
Cu nanoparticles into ultrathin g-C3N4 nanosheets providing a bet-
ter understanding of interactions between metal nanoparticles and
the g-C3N4 matrix in a composite system, especially for developing
layered ultrathin g-C3N4 nanosheets based multicomponent photo-
catalysts in full-spectrum solar fuel conversion application.
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