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In the realm of photoelectrochemical technology, the enhancement of photogenerated charge carrier
separation is pivotal for the advancement of energy conversion performance. Carbon nitride (CN) is
established as a photocatalytic material with significant potential and exhibits unique advantages in
addressing the issue of rapid recombination of photogenerated carriers. This study utilized an efficient
in situ doping method that combined Mo,W-doped BiVO, (Mo,W:BVO) with silver-loaded CN (Ag@CN),
yielding an all-solid-state Mo,W:BVO/Ag@CN heterostructure that effectively augments the separation
efficiency of electron—hole pairs. Through the annealing process, Ag@CN was uniformly coated within
the Mo,W:BVO thin film, significantly enlarging the interface contact area to enhance visible light absorp-
tion and photogenerated carrier movement. The results of the photoelectrochemical tests showed that
the Mo,W:BVO/Ag@CN heterostructure had the highest photocurrent and charge transfer efficiency,
which were 6.4 times and 3.6 times higher respectively than those of the unmodified Mo,W:BVO. Our
research elucidates the interactions within all-solid-state Z-scheme heterojunctions, outlining strategic
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Introduction

As the process of global industrialization accelerates, the con-
sumption rate of traditional fossil fuels has risen sharply,
leading to the depletion of resources and an exacerbation of
environmental problems. In contrast to fossil fuels, solar
energy is a clean and inexhaustible source that has always been
a focal point in renewable energy research. Photoelectrochem-
ical (PEC) technology, as an effective means of converting solar
energy, is not only capable of efficiently capturing and transform-
ing solar energy but also capable of producing chemical fuels such
as hydrogen. This technology offers us a crucial avenue toward a
sustainable energy future."™ BiVO, (BVO) is recognized for its
suitable bandgap and exceptional photoelectrocatalytic activity,
making it a preferred semiconductor in hydrogen production and
CO, reduction applications.®™" However, its utility has been
hampered by the rapid recombination rate of photo-generated
electron-hole pairs and low charge transfer rate.”*™* To address
these issues, several strategies such as surface modification,
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doping modification and the construction of heterostructures
have been employed to optimize BVO and enhance its photo-
current density and stability."®>* In these strategies, the construc-
tion of heterostructures is recognized as an effective and widely
implemented approach. The function of heterojunctions includes
harnessing the driving force of the built-in electric field to
facilitate the spatial separation of electrons and holes. This
significantly prolongs the lifetime of photogenerated charge
carriers, thereby providing an enhanced number of active charges
for photocatalytic reactions. Within PEC processes, the strategic
engineering of heterostructures is pivotal in improving the effi-
ciency of water splitting, particularly given the oxygen evolution
reaction as the rate-limiting step.'®*

In recent years, CN has garnered research interest due to its
unique electronic structure, suitable band gap, high stability
and environmental friendliness.>**> Despite its modest photo-
catalytic performance, various modification methods such as
elemental doping and surface modification have been employed,
significantly enhancing its photocatalytic efficiency.>®*” For
instance, J. Zou and colleagues have presented findings in which
single atom Ag anchored in CN demonstrates exceptional photo-
catalytic activity.”® Similarly, research conducted by Y. Cui’s team
has revealed that single Pt atoms anchored on g-C;N, perform
effectively as a co-catalyst for enhancing visible-light photocata-
lytic H, evolution and ciprofloxacin degradation.?® Furthermore,
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a study led by T. Lu suggested that single Mo atom decorated
polymeric CN could facilitate the efficient photocatalytic
reduction of N,.*° These studies indicate that loading metal
elements onto CN to enhance catalytic performance is a viable
strategy. This composite approach can improve charge transfer
and separation efficiency, changing not only the electronic state
of the metal element carrier but also promoting a deeper under-
standing of the photocatalytic performance of the composite
materials.*

In this study, we employed a unique synthesis method to
fabricate an all-solid-state Z-scheme Mo,W:BVO/Ag@CN het-
erostructure aimed at enhancing the photoelectrocatalytic per-
formance of BVO. Compared to composites with Ag, CN and Ag"
as individual components, Mo,W:BVO with Ag@CN incorporated
exhibited a higher photoelectrocatalytic performance. Under the
condition of 1.23 V vs. RHE (AM 1.5G, 100 mW cm %), Mo,W:BVO/
Ag@CN demonstrated the highest photocurrent density of
5.30 mA cm 2 and 84.7% charge transfer efficiency among all
prepared photoanodes. We aim to provide new insights into
efficient photocatalysis by conducting an in-depth study of the
charge separation and transfer mechanisms within this innova-
tive all-solid-state Z-type heterostructure.**’

Results and discussion

Scheme 1 schematically illustrates the fabrication process of
the Mo,W:BVO/Ag@CN heterostructure. The Ag@CN was initi-
ally synthesized using the supramolecular self-assembly
method. This structure was then mixed with Mo,W:BVO pre-
cursor solution, then the mixture was drop-cast onto an FTO
glass substrate. Upon drying and annealing, the photoelectrode
film was successfully formed.

Fig. 1a presents the transmission electron microscope (TEM)
image of Ag@CN, revealing its amorphous cluster-like structure
of approximately a few hundred nanometers. Fig. 1b showcases
the high-resolution TEM image of Ag@CN, displaying an
absence of regularly arranged lattice stripes, implying that the
CN exhibits a polycrystalline phase with defects and amor-
phous regions. This structure might favor the loading of Ag,
facilitating the increase in the active sites for photocatalytic
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7
/7
BiVO, precursor solution
Annealing ~
RV TOE
FTO Mo,W:BVO/Ag@CN

Scheme 1 Schematic illustration of the fabrication process of
Mo,W:BVO/Ag@CN.
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Fig. 1 Ag@CN of (a) TEM image and (b) HRTEM image; (c) XRD patterns of
Mo,W:BVO/Ag@CN, BVO, Mo,W:BVO, CN and Ag@CN; Mo,W:BVO/
Ag@CN of (d) SEM image, (e) TEM image, (f) HRTEM image, (g) EDS
elemental mapping.

reactions. Furthermore, the undetected Ag nanoparticles or
clusters indicated that Ag was uniformly dispersed on the CN.
X-ray diffraction (XRD) analysis was utilized to elucidate the
composition and crystallography of the samples. Fig. 1c picto-
rially represents the XRD pattern, where after discarding peaks
associated with the FTO glass substrate, the identifiable peaks
corresponded to monoclinic BiVO, (JCPDS 14-0688), confirm-
ing the successful synthesis of BVO. The XRD pattern of
Mo,W:BVO showed no additional impurity peaks, indicating
the successful substitution of vanadium ions by Mo and W ions
in the BVO lattice.?® Parallels were drawn between the XRD
patterns of Ag@CN and CN, both displaying a prominent peak
at a central position of 27°, corresponding to the graphite’s
(0 0 2) plane. This infers that Ag@CN potentially possesses an
amorphous structure, capable of providing a significant abun-
dance of active surface sites, thereby furthering Ag loading and
dispersion.*® In addition, the amorphous property of Ag@CN
may constrain the lattice diffusion or agglomeration of Ag. Due
to the low loading of Ag on CN, diffraction peaks associated
with Ag were not observed. Upon further encapsulation of
Ag@CN within Mo,W:BVO, no diffraction peaks associated with
Ag@CN were detected in the XRD patterns of Mo,W:BVO/
Ag@CN, likely due to the minimal addition which resulted in
too weak peak intensity to be detected by the instrument.
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Similarly, for other BVO-based photoanodes as well, only the
characteristic peaks of BVO were detected, while other related
peaks went undetected (Fig. S1, ESIt). Fig. 1d displays the
scanning electron microscope (SEM) images of the Mo,W:
BVO/Ag@CN heterostructures. It can be observed that upon
adding Ag@CN to the precursor solution of Mo,W:BVO and
using the dip-coating method to apply a coating on the FTO
surface, the worm-like Mo,W:BVO thin films grow flat on the
FTO surface with the formation of distinct protrusions. These
protrusions are outlined by yellow dashed lines. The size of the
protrusions is similar to that of the Ag@CN particles, indicating
that Mo,W:BVO tightly encases Ag@CN. This structure can
increase the contact area between Ag@CN and Mo,W:BVO,
thereby promoting the formation of the heterostructure and
enhancing the efficiency of carrier transport. Further confirma-
tion of the successful construction of the heterostructure was
provided by the TEM image and high-resolution TEM image of
Mo,W:BVO/Ag@CN (Fig. 1e and f), wherein the two were in close
contact, underlining the stability of the formed heterostructure.
Interestingly, Ag@CN exhibited a more extended flocculent
shape, which was probably the result of mechanical action and
ultrasonic treatment during sample preparation, increasing its
contact area with Mo,W:BVO and facilitating rapid carrier trans-
mission. Through measurement, the 0.47 nm lattice spacing
corresponded to the (1 1 0) crystal face of monoclinic BVO. EDS
elemental mapping spectra (Fig. 1g) further confirmed the
composition of the protrusions on the BVO thin film, showing
accumulation of C and N elements at the protrusion site, while
Bi and V elements were primarily distributed around the per-
iphery of the protrusion and were less present at the protrusion
itself. This convincingly demonstrates that the formation of the
protrusions is not due to the uneven growth of BVO but rather to
the encapsulation by Ag@CN. Given the minimal content and
encapsulation of Ag, its elemental distribution was not signifi-
cantly detected.

A detailed exploration of the Mo,W:BVO/Ag@CN hetero-
structures was undertaken using X-ray Photoelectron Spectro-
scopy (XPS). This comprehensive analysis revealed the presence
of six distinct elements, including Bi, V, O, C, N, and Ag,
thereby helping to shed light on the complex interactions
among these components within the heterostructures
(Fig. S6, ESIY). These findings are consistent with the results
obtained from EDS mapping (Fig. S4 and S5, ESIf). Further,
high-resolution XPS spectra were obtained to shed light on the
chemical states of these elements. The high-resolution Bi 4f
spectrum (Fig. 2a) showed two distinct peaks at 159.1 eV and
164.4 eV, which correspond to Bi 4f;/, and Bi 4fs, of BVO.* In
addition, the V 2p high-resolution spectrum (Fig. 2b) revealed
two characteristic peaks at 516.7 eV and 524.1 eV respectively,
ascribing to V 2p;/, and V 2py,, suggesting that the chemical
environment of BVO remained constant even after the incor-
poration of Ag@CN. The O 1s spectrum (Fig. 2c) revealed
that oxygen was in three distinct chemical states: 530.7 eV
and 532.0 eV, which represented the surface-adsorbed hydroxyl
groups and the air moisture respectively, and 529.6 eV, which
associated to oxygen species within the lattice of BVO upon
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Fig. 2 XPS survey spectra of Mo,W:BVO/Ag@CN: (a) Bi 4f, (b) V 2p, (c) O
1s, (d) N 1s, (e) C 1s, (f) Ag 3d.

incorporation of Ag@CN. The characteristic peaks of N 1s were
located at 397.2 eV, 398.9 eV and 402.1 eV. The N 1s peak at
397.2 eV may be attributed to -N- or -C-N-C-environments, the
peak located at 398.9 eV may be ascribed to -N-O bonding,
while the apex at 402.1 eV could possibly be due to highly
oxidized nitrogen species originating from potential surface
treatment or atmospheric exposure of the sample. Similarly, the
main peaks of C 1s (Fig. 2e) showed three peaks located at
292.9 eV, 287.9 eV, and 284.9 eV, representing C-N, C-O
environments, and a typical C-C or C-H environment respec-
tively. Finally, the Ag 3d (Fig. 2f) peaks were located at 368.0 eV
and 374.0 eV, corresponding to Ag 3ds, and Ag 3dj,. These
peaks shifted towards lower binding energy as compared to the
standard Ag values (Ag 3ds., 368.2 eV; Ag 3dsz;,, 374.2 €V),
indicating prompt electron gain. Moreover, with a peak width
of 6.0 eV, the presence of zero-valent Ag was suggested.*'**
To evaluate the PEC water splitting activity of the samples, a
three-electrode system was utilized with a 0.1 M Na,SO, (pH = 7)
electrolyte solution. Under AM 1.5G simulated sunlight condi-
tions, the BVO-based photoanodes were prepared and subjected
to a PEC test, with the results detailed in Fig. 3. Due to the low
photocurrent density of BVO, co-doping with Mo and W led to an
increase in carrier density, which improved the rapid recombi-
nation bottleneck of photogenerated carriers. Consequently, the
photocurrent density of Mo,W:BVO increased to 0.83 mA cm ™2,
as illustrated in Fig. 3a. When the BVO photoanode was surface
modified with Ag@CN, there was a slight enhancement in the
photocurrent density. This is due to Ag’s ability to capture part of
the photogenerated electrons on the BVO surface under illumi-
nation, thereby minimizing the recombination rate of electron-
hole pairs on the surface. Doping the system with Ag ions led to
an enlargement of the photocurrent density to 3.41 mA cm >
This enhancement is likely facilitated by the introduction of
impurity energy levels into the BVO band gap, which is attrib-
uted to the embedded 3d electron orbit of Ag, augmenting the
system’s capacity to respond to visible light.** Conversely, com-
petition amongst metal ions for electrons is theorized to slow
down the rate of electron-hole recombinations. After the for-
mation of a heterojunction when Ag@CN was encapsulated
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Fig. 3 (a) LSV examination, (b) /-T curves, (c) IPCE curves and (d)
ABPE curves, (e) stability curves, (f) charge transfer efficiency of BVO-
based samples.

within the BVO film, there was a dramatic surge in photocurrent
density to 5.30 mA cm ™% This represented a significant enhance-
ment compared to the photocurrent densities of single-component
composites Mo,W:BVO/CN and Mo,W:BVO/Ag, which were
2.20 mA cm > and 2.40 mA cm™? respectively. This arguably
demonstrates a synergistic interaction between CN and Ag that
effectively augments photoelectric performance through the
formation of a heterojunction with BVO. Based on the results
of the LSV tests in the dark (Fig. S7, ESIT), we observed that the
Mo,W:BVO/Ag@CN composite photoelectrode exhibited a
higher current density under dark conditions. This suggests that
compared to the Mo,W:BVO photoelectrode, the Mo,W:BVO/
Ag@CN has a lower carrier recombination rate and better carrier
separation efficiency. The I-T curve depicted in Fig. 3b indicates
all fabricated photoanodes possessed robust transient photo-
current response capabilities, with a marginal decay in
photocurrent density after six dark-light cycle exposures. The
photocurrent densities of the photoanodes under different
wavelengths were meticulously tested at 1.23 V vs. RHE, and
their respective incident photon-to-current conversion efficiency
(IPCE) values subsequently calculated and depicted in Fig. 3c.
The IPCE value hit a peak of 77% at 360 nm when Ag@CN was
encapsulated within the BVO film, far exceeding that of other
photoanodes. Furthermore, the spectral absorption range of
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Mo,W:BVO/Ag@CN showed a clear red-shift, suggesting a con-
siderable enhancement in incident light conversion capabilities
following the encapsulation of Ag@CN, which resulted in an
expanded spectral absorption range. Applied bias photon-to-
electron conversion efficiency (ABPE) values were calculated
based on the LSV curves obtained under simulated sunlight.
As depicted in Fig. 3d, among all BVO-based photoanodes, the
Mo,W:BVO/Ag@CN composite exhibited the highest ABPE of
0.7%. This value surpassesed that of other photoanodes, all of
which had efficiencies under 0.6%. This indicates that the
synergistic effect arising from the formation of the heterojunc-
tion between Mo,W:BVO and Ag@CN significantly enhances the
photoelectric conversion capabilities of the composite structure.
Fig. 3e presents the stability test curves for the prepared photo-
anodes. Even after 1800 s of continuous exposure to simulated
sunlight, there was almost no decay in the photocurrent densities
of any of the photoanodes, clearly demonstrating the exceptional
light stability of these materials. This light stability is advanta-
geous for the sustained and steady progression of photoelectro-
catalytic reactions. Moreover, to further illustrate the improve-
ment of the performance in Mo,W:BVO/Ag@CN, the charge
transfer efficiency of the photoanode was calculated through the
LSV curves. As depicted in Fig. 3f, the charge transfer rate of
Mo,W:BVO was only 23.4%, indicating that many photogenerated
electron-hole pairs did not participate in the reaction but recom-
bined during the transmission process or on the electrode sur-
face. In contrast, the charge transfer efficiency of Mo,W:BVO/
Ag@CN reached up to 84.7%. The majority of the electron-hole
pairs were able to reach the electrode surface to participate in the
reaction, which suggested that the heterostructure we constructed
effectively promoted charge transfer, reduced carrier recombina-
tion, and thus significantly enhanced its PEC performance.

In order to investigate the factors influencing the enhance-
ment of photoanode photoelectric performance, and to analyze
the role of Ag@CN encapsulated in BVO thin films in
Mo,W:BVO/Ag@CN heterostructures, electrochemical impe-
dance spectroscopy (EIS) tests were conducted on the prepared
samples.** The Nyquist plot is shown in Fig. 4a, with the inset
representing the equivalent circuit used during fitting. The arc
shape of the Nyquist plot reflects the charge transfer dynamics,
while the diameter of the semicircle represents the charge
transfer resistance. From the curve, it can be seen that although
the PEC performance of Mo,W:BVO significantly improved after
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Fig. 4 (a) Nyquist plot of the EIS spectrum, (b) LSV curve under the
360 nm wavelength light of BVO-based samples.
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doping with a single component, it still had a large charge
transfer resistance, which hindered the reaction. However, after
the modification by Ag@CN, the charge transfer resistance
decreased significantly, indicating that AgG@CN on the surface
could promote charge carrier transport. Among all the prepared
photoanode materials, the Mo,W:BVO/Ag@CN heterostructure
had the smallest charge transfer resistance, indicating the
fastest rate of charge carrier migration. It is hypothesized that
the encapsulated Ag@CN structure played a crucial role in
enhancing the charge carrier separation and transport capabil-
ities. Fig. 4b depicts the LSV curves tested at a wavelength of
360 nm. In comparison to Mo,W:BVO, the Mo,W:BVO/Ag@CN
heterostructure showed a substantial improvement in absorb-
ing and utilizing visible light. Additionally, the effect of Ag@CN
addition on PEC performance is investigated, as shown in
Fig. S8 (ESIt). Under gradient concentrations of 40, 60 and
80 uL, the LSV curves show that the PEC performance first
increased and then decreased. The peak performance was reached
when the addition amount was 60 pL. EDS measurements showed
that the Ag content in the Mo,W:BVO/Ag@CN heterostructure was
approximately 0.33% at the optimal addition amount.

The fabricated Mo,W:BVO and Mo,W:BVO/Ag@CN photo-
anodes underwent ultraviolet-visible diffuse reflectance testing,
with results depicted in Fig. 5a. As can be seen, after encapsula-
tion by Ag@CN, the absorption edge of Mo,W:BVO/Ag@CN
photoanode was approximately at 525 nm, indicating a slight
red-shift compared to the absorption edge of Mo,W:BVO at
502 nm. This expanded the range of utilizable sunlight. Due to
the introduction of noble metal Ag, the overall light absorption
ability was notably enhanced. The Tauc plots in Fig. 5b demon-
strate that the bandgap width of Mo,W:BVO was approximately
2.41 eV, while the encapsulation of Ag@CN structure reduced
the bandgap width of the composite photoanode to 2.30 eV.
This allows for more thorough and efficient utilization of solar
energy, which is beneficial for improving PEC performance.

o
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Fig. 5 UV-vis diffusive reflection spectra (a) and Tauc plot (b) of
Mo,W:BVO and Mo,W:BVO/Ag@CN heterostructures. (c) Mo,W:BVO and
(d) Mo,W:BVO/Ag@CN degradation MB efficiency in the presence of
scavengers in visible light.
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To further elucidate the specific mechanisms of charge
transfer within the Mo,W:BVO/Ag@CN heterostructure, free radi-
cal capture experiments were conducted on Mo,W:BVO and
Mo,W:BVO/Ag@CN by degrading methylene blue (MB) under
visible light. Using benzoquinone (BQ), tert-butanol (TBA), and
ethylenediaminetetraacetic acid disodium salt (EDTA-2Na) as
quenchers, which can interact with superoxide radicals (*0°"),
hydroxyl radicals (*OH), and holes (h") respectively, leading to the
quenching of radicals and thereby identifying the predominant
radical groups playing key roles in the degradation process.
As shown in Fig. 5c, without the presence of a quencher, the
degradation efficiency of Mo,W:BVO was 61%, which did not
significantly change in the presence of BQ and EDTA-2Na. How-
ever, with TBA present, the degradation rate of MB by Mo,W:BVO
was only 17%, which suggested that the primary active species in
the photodegradation of Mo,W:BVO were *OH radicals. Fig. 5d
exhibits the degradation efficiency of MB by the Mo,W:BVO/
Ag@CN heterostructure. In the case without a quencher, the
degradation efficiency was 71%, a slight improvement compared
to Mo,W:BVO. Similarly, with the addition of TBA, the degrada-
tion rate was significantly weakened. Nevertheless, in the presence
of BQ, the MB degradation rate by Mo,W:BVO/Ag@CN dropped to
19%, which indicated that in the Mo,W:BVO/Ag@CN system, both
*OH and *O*" were the primary active species.

Based on the above analyses and free radical capture results,
the charge transfer mechanism in the Mo,W:BVO/CN hetero-
structure was deduced (Scheme 2.). When BVO and CN make
contact, their Fermi levels tend to equilibrate, leading to band
structure changes among electron-hole pairs and thereby con-
structing a type II heterostructure.”>*® However, consigning
highest redox ability to the electron-hole pairs simultaneously
limits the full water splitting reaction. With its superior photo-
catalytic properties, the Mo,W:BVO/Ag@CN heterostructure is
inferred to be not a typical type II heterostructure. Following

V vs NHE
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Scheme 2 Proposed mechanism for charge transferring over the
Mo,W:BVO/Ag@CN heterostructure.
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previous reports, the conduction band position of BVO is at
0.43 eV and the valence band position at 2.84 eV, given its
bandgap of 2.41 eV. For CN, the bandgap is 2.64 eV, with the
conduction band and the valence band located at —1.18 eV and
1.46 eV respectively.>®*” Yet, the free radical capture experi-
ments result is inconsistent with the presumed *OH generation
by the hole transfer from BVO to CN as the valence band
potential of CN is far more negative than the -OH/*OH redox
pair. Hence, these holes are likely originating from BVO, but not
CN, affirming an all-solid type Z heterostructure. After photointe-
gration, the holes from the valence bands of CN and BVO
transition to their respective conduction bands. Due to Ag’s high
conductivity and relatively high Fermi level, photogenerated elec-
trons on the conduction band of BVO migrate to the grains of Ag
upon reaching Fermi level balance at the BVO, Ag, and CN
interface. This is consistent with the XPS test results. Moreover,
the surface plasmon resonance (SPR) of Ag itself strengthens local
electric fields around the interface, allowing the injected electrons
to combine directly with the photo-generated holes produced on
the valence band of CN.*® In the end, the electrons on CN’s
conduction band transfer to the FTO substrate and then conduct
to the counter electrode to generate hydrogen, while the holes on
BVO’s valence band transfer to the electrode surface to participate
in the oxygen reduction reaction to produce oxygen. This structure
not only achieves effective spatial separation of electron-hole
pairs, thereby reducing carrier recombination, but also retains
electron-hole pairs with a high redox potential, crucial for effi-
cient PEC reactions. Therefore, the construction of ternary type Z
structure of Mo,W:BVO/Ag@CN provides insights for the design
of photoanodes with high photocatalytic activity.

Conclusions

In this study, we constructed an all-solid-state Z-type hetero-
structure, Mo,W:BVO/Ag@CN, by encapsulating an Ag@CN
structure within a BVO film through a simple internal doping
method. Compared to surface modification, the internal encap-
sulation of Ag@CN after structure modification ensures exten-
sive contact with the worm-like Mo,W:BVO and facilitates a
tight binding that is beneficial for the rapid transport of
carriers. The presence of Ag nanoparticles as a conductive
medium not only serves to eliminate non-useful photogener-
ated carriers, thereby reducing the rate of electron-hole recom-
bination in the system, but also retains photogenerated carriers
with strong redox potential, which is advantageous for the
efficient progression of PEC water splitting reactions. PEC
testing results indicate that the Z-type structure construction
enhances charge transfer efficiency and effectively reduces
carrier recombination, with PEC performance surpassing elec-
trodes constructed from single components of Ag or CN com-
bined with BVO, demonstrating a significant synergistic effect
between Ag and CN. The photocurrent density of the
Mo,W:BVO/Ag@CN reached 5.30 mA cm > at 1.23 V vs. RHE,
representing a notable improvement over bare Mo,W:BVO. This
research lays a foundation for the development of advanced
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photovoltaic heterostructures and provides a universal strategy
for constructing efficient photoanode systems.
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