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Synthesis of Doped g-C3N4 Photonic Crystals for
Enhanced Light-Driven Hydrogen Production from

Catalytic Water-Splitting

Simon Y. Djoko T., Sunil Kwon, Prasenjit Das, Vincent Weigelt, Warisha Tabhir,
Babu Radhakrishnan, Klaus Schwarzburg, Arne Thomas, Michael Schwarze,*

and Reinhard Schomacker

Dopants are frequently used to improve graphitic carbon nitride (gCN) photo-
activity. As a doping source, phosphomolybdic acid (PMA) can activate doping
sites inside the gCN lattice, resulting in 2D Mo:P-gCN porous material. However,
the gradual loading of the PMA fraction has no systematic improvement in the
Mo:P-gCN photoactivity. For improving the optoelectronic properties of Mo:P-
gCN, its textural geometry is a controllable parameter that can provide enhanced
photonic properties, achievable by shaping its morphology through a crystalline
template structure, namely, photonic crystals (PCs). Herein, a doped PC material
is made of Mo:P-gCN and PCs and labeled as Mo:P-gCN/PCs. The impact of PCs
is highlighted in the structural, electronic, and optical performances of Mo:
P-gCN. A well-defined 3D crystalline network is evidenced by microscopic
measurements (scanning electron microscopy, AFM, focused ion beam). Mo:
P-gCN/PCs shows a hydrogen production rate (750 pmol g ' h™') one time
higher than Mo:P-gCN and 6 times higher than pure gCN. The synthesis strategy
proposed in this work leads simultaneously to the Mo:P codoping effect provided
by PMA and the slow photon effect due to the PC structure, offering a novel
strategy to improve the gCN photoactivity by simultaneously applying polyox-
ometalates as modifiers and polystyrene opals as templates.

a chemical framework to synthesize
highly efficient catalyst materials to
enhance light harvesting."  Thus,
several approaches, including using dop-
ants, have been undertaken to narrow
the bandgap of gCN and mitigate charge
recombination, substantially improving
its catalytic performances.”! Several
studies have shown that compounds
containing phosphorus, such as nickel
phosphide,”! molybdenum phosphide,*™
phosphomolybdic acid (PMA),”! and hypo-
phosphite monohydrate,”’ can improve the
electronic properties of gCN when they are
used as precursors to promote the doping
phenomenon. Unfortunately, these doping
materials do not allow the modified gCN
to achieve the highest quantum efficiency
for the hydrogen evolution reaction (HER)
during the photocatalytic water-splitting reac-
tion."” To some extent, it has been demon-
strated that other metal cluster compounds
from the polyoxometalate (POM) family
not only provide a pronounced doping effect
but also help to give heterohybridizations and

1. Introduction

When used as a catalyst for light-driven reactions, graphitic
carbon nitride (gCN) exhibits low performance due to the slow
charge separation and fast recombination. Still, it can be used as

structural defects in the final catalyst"” Whatever the doping
capability the promotor material exhibits, controlling the doping
selectivity to improve the electronic properties remains challenging.

The textural geometry is a controllable parameter that
could also give Mo:P-gCN a 3D-oriented porous structure with
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exceptional dielectric and optoelectronic properties. This helps
ensure the desired band transitions and avoid the undesired
ones. By definition, photonic crystal (PC) materials based
on inverse opal structures (IOS) are periodic dielectric struc-
tures designed to form the energy band structure for photons,
allowing or forbidding the propagation of electromagnetic
waves of specific frequency ranges, making them ideal for
light harvesting applications.!'"'?] They were first proposed
by Bykov!"*l in 1972, and it was suggested that electron-hole
radiative recombination would be severely inhibited for a 3D
periodic dielectric structure with an electromagnetic bandgap
overlapping the electronic bandgap. The photonic bandgap
(PBG) of PCs can be tuned to specific wavelengths, forming
regions where the light propagation with certain frequencies
is forbidden and slow near its stop band, resulting in radiative
multiple scattering."**%! Such a slow-light effect combined
with other material features can considerably increase the
effective optical path, leading to photon delay and light con-
finement in PC-based materials. These attractive properties
exhibited by the PCs have been widely used for practical
applications such as sensors and solar cells and are also
appealing for photocatalysis.['**”! Considering these advan-
tages, it is believed that combining the enhanced electronic
properties of Mo:P-doped gCN with the PBG properties of
PCs would significantly contribute to the enhancement of
the light harvesting

In this study, we have fabricated a PC material out of Mo:
P-doped gCN for the first time. These PCs have been applied
as photocatalysts, showing efficient light harvesting and charge
separation in photo-electrocatalytic and photocatalytic sunlight
energy conversion. Suspended polystyrene (PS) spheres were
used as a template to prepare the desired PC structure. PMA
was a doping source to prepare Mo:P-doped gCN. Simon
et al.l'% used PMA as a P-doping source to improve the elec-
tronic properties of gCN, which resulted in enhanced photoca-
talytic performances. However, despite the successful doping of
P atoms and the in situ incorporation of Mo ions, the final Mo:
P-doped gCN performances were not satisfactory to compete
with other CN-based materials. Thus, in this study, the bulk
gCN/PMA composite was prepared following the reported pro-
cedure!'” and it was used as the precursor of the PC generation.
The synthesis strategy leads to a new material with simulta-
neously improved electronic properties (from the Mo:P-doping
effect) and optical properties (from the slow photon effect
of its PBG). Both properties lead to a remarkable enhancement
of the photocatalytic performance during light-driven hydrogen
evolution. For comparison, pure gCN-based PCs were prepared,
and their photocatalytic activities were compared to those of
Mo:P-gCN/PCs. The effect of the PS template agent was
demonstrated by preparing the equivalent PS-free material
labeled as gCN and Mo:P-gCN. This work offers a simple
strategy to simultaneously provide a doping effect and slow
PBG effect in a single-component material, resulting in the
better enhancement of light harvesting and reduced charge
recombination. It could be applied to designing highly
efficient photocatalytic systems like artificial leaves to achieve
artificial photosynthesis for better solar-to-energy conversion
efficiency.
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2. Synthesis of PCs (Mo:P-gCN/PCs Powders and
FTO-immobilized)

The synthesis of P-doped gCN-based PCs consisted of two or
three steps depending on the final requested state of the material,
as shown in Figure 1. The gCN/PMA composite, the precursor of
Mo:P-gCN/PCs, must be prepared earlier. The bulk gCN/PMA
composite precursor was obtained from pure gCN and PMA
through a reported solvothermal synthesis procedure.'” The
PMA was used in the former study as the doping source, and
it has already been proven to boost the photoactivity of
gCN." The synthesis procedure of the gCN/PMA composite
is well described in the Supplementary Information (SI).

Once the gCN/PMA composite is readily prepared, Mo:
P-gCN/PCs powder state samples are obtained through a chemi-
cal vacuum-assisted impregnation method in colloidal suspen-
sion by mixing alkoxide gCN/PMA composite (2mL, see SI
for the gCN/PMA Alkoxide preparation) into a vial containing
PS template solution (30pL) suspended in ethanol (1mlL).
After 10-15 min of gentle mechanical shaking, the obtained pale
yellow colloidal mixture was transferred to the desiccator con-
nected to a vacuum pump. Then, 20-30 min of vacuum was
applied up to 40 mbar along the wet impregnation process to
force the bulk gCN/PMA precursor to permeate the void spaces
between the colloidal close-packed PS spheres. The vials contain-
ing the colloidal suspension mixture were then transferred to
15 min centrifugation at 8 500 rpm to accelerate the decantation
process and collect the pale-yellow sludge back. The sludge was
dried overnight in an air atmosphere at room temperature, and
then at 60 °C for about 6-7h to obtain the close-packed crystal
composite gCN/PMA@PS. Subsequently, the P-doped gCN-
based PCs were then obtained as inverse opals by removing
the PS spheres template from the close-packed crystal composite
gCN/PMA@PS and the resulting powder material was labeled as
Mo:P-gCN/PCs (Figure 1a). The PS spheres removal was pro-
ceeded by annealing the close-packed gCN/PMA@PS into a
muffle furnace at 450 °C for 2h at a raping rate of 5°Cmin~'
under an argon atmosphere. For comparison, pure gCN-based
PCs were prepared following the same procedure by replacing
the gCN/PMA precursor composite with the pure gCN to derive
the close-packed gCN@PS crystal. After PS removal by thermal
annealing in the same conditions mentioned above, the derivate
powder PCs were obtained and labeled as gCN-PCs (Figure S1a,
Supporting Information).

For photoelectrochemical (PEC) applications, the Mo:P-gCN/
PCs film immobilization is required to get the PEC setup well
assembled. Therefore, glasses-coated fluorine-doped tin oxide
(FTO) was used as substrates on which the 3D ordered Mo:
P-gCN/PCs structures were grown. Mo:P-gCN/PCs film immo-
bilization was achieved in three steps, as described in Figure 1b.
The first step consisted of the PS sphere assembly onto FTO sub-
strates. Herein, the evaporation-assisted self-assembly method
via vertical deposition allowed a well-controlled and uniform
deposition of colloidal PS particles driven by lateral capillary
forces.'*31771% This results in multilayered opal array films
of highly ordered and closely packed spheres that would be used
further as the template of the desired I0. The FTO substrates
were placed vertically (35-40° concerning the vertical plan) inside
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Figure 1. Schematic illustration of the PCs synthesis pathways for: a) Mo:P-gCN/PCs powders and b) FTO-Mo:P-gCN/PCs.

a vial glass containing 1% colloidal PS in an aqueous solution
and kept in an oven at about 39-40 °C to allow the slow-down
evaporation-assisted self-assembly.'"*'>'819 The second step
consists of the void filling of the close-packed PS with the bulk
gCN/PMA precursor. The gCN/PMA alkoxide solution was ini-
tially prepared for easier drop-coating (see SI for gCN/PMA alk-
oxide preparation). By drop-coating under 60°C heating, the
alkoxide precursor infiltrated the voids of the PS spheres tem-
plate through capillary forces. The drop-coating was repeated
(6-9 times) after drying each previous layer and stopped once
the gCN/PMA precursor fully recovered the FTO surface.
~1.5-2mL of alkoxide gCN/PMA precursor was estimated
enough to get optimal void permeability and fully recover
1cm? FTO substrate; the resulting close-packed crystal was
labeled as FTO-gCN/PMA@PS. The third step consists of PS
removal. This was carried out by thermal annealing of FTO-
gCN/PMA@PS following the same conditions in the powder
Mo:P-gCN/PCs synthesis procedure. The final immobilized
material was labeled as FTO-Mo:P-gCN/PCs. The detailed proce-
dure for the FTO-Mo:P-gCN/PCs film immobilization is well
described in the Supporting Information (SI). For comparison,
pure gCN-based PCs films were also immobilized on FTO sub-
strates following the same procedure by replacing the gCN/PMA
precursor composite with the pure gCN to derive the close-
packed FTO-gCN@PS crystal. After PS removal by the thermal
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annealing (decomposition of PS) in the same conditions men-
tioned above, the derivate PCs film was obtained and labeled
as FTO-gCN/PCs (Figure S1b, Supporting Information).

3. Results and Discussion

3.1. SEM, AFM, TEM, EDX, and EDS Analysis

When synthesizing PC structures, microscopic analysis is con-
sidered the most important analytical technique that helps inves-
tigate the geometrical structure and reveal the occurrence of
inverse opal lattices. Scanning electron microscopy (SEM) was
used to prove the occurrence of a 3D hexagonal porous structure.
The temperature of the self-assembly process, the concentration
of the PS spheres template, the amount of precursor, and the
FTO surface area are important factors that need to be consid-
ered to achieve a well-defined and 3D-oriented IOS. Figure 2a,b
shows SEM images for 30 and 60pL of self-assembled PS
spheres (¢=250nm), describing the best situation that
might be much more favorable for forming well-defined and
3D-oriented PCs. Figure 2a demonstrates that 1% of colloidal
PS in an aqueous solution is suitable enough to provide a PS
sphere population required for covering 1 cm?® FTO surface fol-
lowing an orderly stacking and carefully disposed arrangement
in well-defined directions, forming a compact and sufficiently
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Figure 2. SEM images of PS spheres lattice obtained from a) self-assembly process with 1% colloidal PS solution, b) self-assembly process with 2%
colloidal PS solution, c) self-assembly process at 60 ° C, d) self-assembly process at 37 ° C in water, €) self-assembly process at 37 ° C in methanol, and

f) free-FTO self-assembly process for powder samples.

aerated 3D crystalline network resulting from the correct and
coordinated positioning of the opals with each other. This situa-
tion is more required for preparing close-packed crystal arrays
with a high degree of ordering and face-centered cubic (fcc)
arrangement that is favorable for forming delicate 10S.2” In this
situation, the spheres are in point contact with each other, dis-
playing several voids in 3D orientation in the crystalline opal
array whereby the precursor would penetrate by capillary force
to provide layers uniformly filled on the FTO surface. As a result,
after PS removal, a 3D ordered hexagonal porous and close-
packed array structure will be obtained, which will then be con-
sidered as IOS or PCs from the corresponding precursor.
Figure 2b demonstrates that 2% of colloidal PS provides an aque-
ous solution saturated in the PS spheres population, and as a
result, the FTO surface would be highly overloaded, and the crys-
talline 3D opals lattice would exhibit fewer voids that the precur-
sor for the formation of the corresponding I0S would have filled.
Although a well-defined 3D opal array is formed, this situation is
unfavorable for creating solid and uniform IOS after PS removal
from the FTO surface. In fact, at PS concentrations higher than
1%, the electrostatic attractive forces between PS spheres are too
intense, and it would result in higher collision forces between
them. Thus, the opal spheres will be highly tightly packed
together so that the voids will be few, and those available will
be inaccessible or hardly accessible by the precursor. A prolonged
evaporation-assisted self-assembly process enables a stable, uni-
form, close-packed opal sphere lattice. This helps to obtain an
orderly arrangement of opal spheres and to prevent any cracking
structure on the FTO surface. A stable temperature and the
nature of the solvent are also two main parameters that need
to be controlled to achieve this requirement better. Figure 2c
illustrates the cracking formation and the weak alignment of
the close-packed opals structure when the self-assembly process
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is carried out at 60 °C with water as the solvent. Figure 2d illus-
trates the perfect situation to obtain a well-defined and uniform
I0S. This situation corresponds to a self-assembly process per-
formed at about 39-40 °C with water as the solvent. This results
in a well-stacked, diagonal alignment of opal spheres following a
3D orientation. With another solvent like methanol, the self-
assembly process goes much faster, resulting in a disorderly
stacking of opal spheres on the FTO surface (Figure 2e). The eas-
ier way to prepare disorder-orientated 3D IOS was by making
powder material, i.e., without any FTO substrate. This is through
a free-FTO closed-packed PS spheres template, as illustrated in
Figure 2f. Thus, depending on how the final IOS should look, the
surface distribution, the morphology, and the geometry of the
assembled opal spheres lattice are the crucial factors that directly
affect the IOS assembly and hence need to be controlled. The
template formation is the foundation of well-defined 3D PCs.
Failing this step would lead to the failure of the final structure.

However, getting a well-defined 3D opal sphere crystal lattice
as a PC template is insufficient to form a uniform hexagonal
porous 3D structure. In addition to achieving well-assembled
and well-defined 3D opal spheres, one should also consider
the physical and chemical properties of the precursor material
from where the corresponding IOS should be obtained. This
parameter is significant because it directly affects the final
PCs’ morphology, geometry, and physical and chemical proper-
ties. To get excellent powder PCs or immobilized PCs, the pre-
cursor should be able to penetrate enough between the voids
created by the close-packed PS template spheres (for immobi-
lized PCs, see Figure 3a), or the PS template spheres should
be able to nucleate and agglomerate enough at the precursor
surface (for powder PCs, see Figure 3b,e).

Whatever the case is, an excellent affinity between the precur-
sor and the template spheres is required. For the powder PCs, the
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Figure 3. a-d) SEM images: FTO-gCN/PMA@PS (a), gCN/PMA@PS powder (b), FTO-gCN@PS (c), and gCN@PS powder (d). e,f) TEM images:

gCN/PMA@PS powder (e) and gCN@PS powder (f).

strong penetration force applied by the vacuum is insufficient to
provide this affinity. As the surface of opals is very hydrophilic
and capable of forming numerous hydrogen bonds, the surface
of the precursor should also exhibit good hydrophilicity in favor
of the opal spheres; as a result, this situation would provide a
good adhesion between the precursor surface and the PS
spheres, and hence a good wetting condition (Figure 3a,b,e).
Once the affinity suits well between both components (PS and
precursor), attractive electrostatic forces occur in the milieu,
resulting in the simultaneous occurrence of nucleation and
nuclei aggregation enveloping the surface of precursor particles.
As far as the PC precursor used in this study is a gCN/PMA com-
posite made up of gCN and PMA, the higher hydrophilicity with
PS spheres has been achieved by forming a chemically stable
semisolid colloidal suspension, evenly mixed with appropriate
solvents, and used as alkoxide. The choice of solvent is essential
to fulfill this requirement. This study used H,0, (30%wt), DW,
and EtOH to prepare an evenly mixed and stable alkoxide gCN/
PMA composite. The preparation of alkoxide gCN/PMA and the
formation of sol-gel are well described in the SI. It has been
found that the fraction of PMA in the gCN/PMA composite plays
a vital role in the hydrophilicity of the final composite. Figure 3a—d
shows SEM images of immobilized and powdered close-packed
gCN@PS crystal and close-packed gCN/PMA@PS crystal compo-
sites, illustrating the wetting condition and the affinity that the
precursor surface should fulfill for enhancing higher hydrophilic-
ity with PS spheres. Figure 3a,b demonstrates that the gCN/PMA
surface is well compatible for hydrophilicity and a strong affinity
with PS opals, which is impossible with the gCN surface
(Figure 3c,d). This phenomenon is also evidenced by the transmis-
sion electron microscopy (TEM) image of each close-packed crystal
composite (Figure 3ef). Figure S2, Supporting Information,
better supports the observation of this phenomenon, and
Figure S3, Supporting Information, describes the hydrophilicity
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of the precursor against the PS opals. It has been found that
the precursor gCN/PMA composite with 1.5g PMA loaded is
more compatible with a perfect nucleation and nuclei aggregation
of PS spheres on its surface due to an electrostatic environment
suitable for higher hydrophilicity (Figure 3a). Then, the gCN/
PMA, 5 precursor composite with average particle ¢ =3.2nm
and average pore volume of 0.049 cm® g™ * (Sggr = 3.0 m?g ™) dis-
plays the best hydrophilic condition for enhancing the PS nucle-
ation and nuclei aggregation on its surface. Hence, this study has
used it as a precursor following the simplified notation gCN/PMA
(unless specified) for preparing Mo:P-gCN/PCs powders
and FTO-Mo:P-gCN/PCs. Less or no nucleation and nuclei
aggregation were observed on the surface of the gCN precursor
(Figure 3f and S2, Supporting Information) due to the higher
hydrophobicity exhibited on its surface.

After PS spheres removal from close-packed gCN@PS and
close-packed gCN/PMA@PS crystal composites by thermal
annealing, the final 3D ordered hexagonal porous and close-
packed array structures are obtained, and their SEM and TEM
images are shown in Figure 4. As compared to gCN/PCs
(Figure 4c,d), the prior incorporation of PMA to gCN structure
for the gCN/PMA precursor formation not only has a positive
effect on the size of the PCs array but also affects the texture
and crystallinity of the final Mo:P-gCN/PCs array (Figure 4a,b).
The pores of FTO-Mo:P-gCN/PCs (Figure 4b) are well arranged
in an fcc arrangement and connected to the neighboring
pores by the contact point created by PS spheres, indicating
that the spherical pores in that sample are also 3D ordered in
a hexagonal close-packed array like the PS spheres array.
Similar observations were already found with PCs made from
other precursors.'*=%¥! Compared with the PS particle sizes,
the FTO-Mo:P-gCN/PCs pore size is about 170 nm, indicating
a significant volume shrinkage of about 68% originated from
the thermal annealing (PS removal) and the sol-gel formation.
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Figure 4. a—d, g—i) SEM images: Mo:P-gCN/PCs powder (a,g,h), FTO-Mo:P-gCN/PCs (b,i,j), gCN/PCs powder (c), and FTO-gCN/PCs (d). e,f) TEM

images: Mo:P-gCN/PCs powder (e) and gCN/PCs powder (f).

The shrinkage effect is well observed on the Mo:P-gCN/PCs
powder (Figure 4a). This shrinkage effect has been reported
in previous works related to similar materials.?°~? Figure 4gh
shows additional SEM images of Mo:P-gCN/PCs powder
measured at different areas with different magnifications.
Supplementary SEM images of Mo:P-gCN/PCs powder are
provided in Figure S4, Supporting Information.

The higher crystallinity and the defined morphology of Mo:
P-gCN/PCs are well evidenced by TEM images (Figure 4e),
whereas the TEM image of gCN/PCs (Figure 4f) confirms the
lower crystallinity and the amorphous structure of this material.
Porous structures are not exhibited in the gCN/PCs powder due
to the weak hydrophilicity of PS spheres with the gCN precursor.

Adv. Energy Sustainability Res. 2024, 5, 2400181 2400181 (5 of 16)

Very few pores are observed in FTO-gCN/PCs; this sample is not
3D-oriented. Moreover, the material is not mechanically stable
on the FTO substrate and collapses easily under any influence.
Figure 4i,j shows additional SEM images of FTO-Mo:P-gCN/PCs
measured in different areas with different magnifications.
Additional SEM images of FTO-Mo:P-gCN/PCs are supple-
mented in Figure S5, Supporting Information.

The surface topography of Mo:P-gCN/PCs and its chemical
composition were investigated by atomic force microscopy
(AFM), focused ion beam (FIB), and energy dispersive X ray
spectroscopy (EDX) mapping analysis combined with energy
dispersive spectroscopy (EDS) analysis, respectively, and their
results are shown in Figure 5. The 3D AFM image of
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Figure 5. a) 3D AFM images and b) 2D AFM images of FTO-Mo:P/PCs. c—e) FIBM images, f) TEM-EDX, and g) EDS of Mo:P-gCN/PCs powder.

FTO-Mo:P-gCN/PCs (Figure 5a) reveals that several longitudinal
regular holes are observed on its surface, and their average
depths have been estimated as 38 nm, which is considered the
thickness of the Mo:P-gCN/PCs array on FTO substrate.
Figure S6, Supporting Information, supplements this observa-
tion. The 2D AFM image (Figure 5b) shows regular pores, but
the most relevant observation is a dark region across each pore.
This confirms the occurrence of a tiny region (with different
refractive indices) between the top layer and the layer that follows
it; this region is known as an area that blocks the passage of light
at specific wavelengths.”” In that region, the reflected light
waves from interfaces between the layers would be scattered
at specific wavelengths out of the stack, and the light would
be confined radially and guided along the length of the material.
This is called the PBG effect."®?****] Figure S6, Supporting
Information, supplements more observations about the overall
topography of the material surface. To support the AFM images,
the FIB microscopy images with different magnitudes were mea-
sured on the powder PCs, and their results are shown in

Adv. Energy Sustainability Res. 2024, 5, 2400181 2400181 (7 of 16)

Figure 5c—e. This measurement helps to show that the porous
structure is exhibited on the material’s surface and inside the
material structure, which is favorable for wave light scattering
and confirms the templating effect played by the PS spheres.
The PCs grew up following the agglomeration of PS spheres crys-
tal. Additional FIB images supporting the hexagonal 3D porous
structure are shown in Figure S7, Supporting Information.
The TEM-EDX elemental mapping has been recorded only on
the powder Mo:P-gCN/PCs sample concerning the requirements
of the measurement device, and the EDS analysis was also asso-
ciated (Figure 5f,g, respectively). The TEM-EDX raw map
(Figure 5fi) supplements the fact that the skeleton structure
of the PCs grew following the way the PS template has been
assembled and agglomerated on its precursor surface. The crys-
tallinity of gCN was also improved by the doping elements (Mo
and P atoms) present in its structure, as evidenced by TEM-EDX
mapping and its EDS spectra analysis (Figure 5f,g). The EDS
spectra of Mo:P-gCN/PCs (Figure 5g) describe the composition
of its elements (Table S1, Supporting Information) and indicate
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that Mo and P atoms are indeed doped into the structure
gCN/PCs. Furthermore, their uniform distribution is illustrated
by the TEM-EDX elemental mapping (Figure 5f(v,vi)). In addi-
EDS peaks of C and N atoms imply that these atoms carry the
building block of the final PCs structure originated from the
gCN, meaning that the gCN backbone is not destroyed after
the simultaneous effect of the doping and template process.
The nonlabeled peaks observed in the EDS spectra (Figure 5g)
originated from trace elements in the PS spheres solution and
FTO substrate. This observation is well supplemented in
Figure S8, Supporting Information.

3.2. FTIR, XRD, BET, TGA, UV-vis DRS Analysis

Figure 6a shows the UV-vis diffuse reflectance spectroscopy
absorption spectra of each PCs material, and a comparison is pro-
vided with the spectra of their corresponding non-PCs, which
means the same materials as the free-PS template. All the sam-
ples exhibit broadened absorption peaks in the same region
(<450 nm). Still, the PC samples exhibit higher absorbances than
the non-PC; thus, according to the Beer—Lambert law,*®! the inci-
dent light is less transmitted in these materials. Hence, the light
is more confined inside the materials. This behavior is related to
the slow photon effect these materials exhibit and is governed by
Bragg’s law about light diffraction in 3D materials.*” Thus, the
PBG wavelength of materials has been tuned by controlling the
morphology and pore diameter with the help of PS templates.
Moreover, its electronic properties must be improved and

www.advenergysustres.com

engaged during light absorption to exploit the light confined
inside a material. This has been achieved by Mo:P doping,
evidenced by the broadened absorption tail and the blueshift
of the light absorption threshold, indicating a d-d transition
in the sample Mo:P-gNC/PCs (Figure 6a).

Figure 6b shows the Tauc’s plot derived from the absorption
spectra of each sample for n =2 (direct transition). By the linear
interpolation of the tangent of each plot with the x-axis, the value
of the bandgap energy (E,) of Mo:P-gCN/PCs was estimated at
2.97 eV against 2.87 eV for gCN/PCs, which is the same as the E,
of pure gCN (Figure S9b, Supporting Information). As the
bandgap of pure gCN remains unchanged after the direct shap-
ing of the PS spheres template, this proves that its absorption
bands cannot be tuned directly by an opal crystal structure.
Consequently, the PBG property derived from PC structures
is not directly transferable to pure gCN. Hence, wave light prop-
agation cannot be forbidden in this material. As gCN/PCs keep
the same optical properties as pure gCN, they cannot be consid-
ered PCs, as evidenced by SEM and TEM results (Figure 4c,d,f).
This observation reveals the vital role PMA played at the earlier
synthesis stage. The absorption bands of pure gCN have been
tuned indirectly by the opal crystal template with the help of
PMA, which is used as a mediator. As well as mediating the tem-
plating process, PMA subsequently provides the doping effect
and presumably the heterojunction formation simultaneously,
as reported by Simon et al.'” The doping effect has been evi-
denced by the narrowing of the bandgap energy (Mo:P-gCN,
E;=2.70eV) when the PS spheres crystal template was not
involved (Figure S9a, Supporting Information). Narrowing the
bandgap of the given photocatalyst can inevitably cause
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Figure 6. a) UV-vis diffuse absorption spectra, b) Tauc’s plot for bandgap energy, c) N, adsorption—desorption isotherms, d) pore size distribution plot

(inset), e) FTIR spectra, f) XRD patterns, and g) TGA curves.
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weakened redox ability, whereas?” the construction of a hierar-
chical structure benefits the light-matter interactions because of
the multiple scattering of light, thus enhancing light utilization
efficiency,'®?*?! which justifies making doped gCN 3D struc-
tures like PCs in this study.

The nitrogen adsorption—desorption isotherms (Figure 6c¢)
reveal that Mo:P-gCN/PCs exhibits a type IV curve of nitrogen
adsorption with an H3 hysteresis loop, indicating a mesoporous
material with an average pore size of 3.5 nm and pore volume of
0.59cm® g~ ! determined from the Barrett Joyner Halenda pore
size distribution method (insert Figure 6d). As compared to the
size of a single PS sphere particle (¢=250 nm), the significant
difference observed with the pore size value comes from the fact
that during the formation of the closed-packed gCN/PMA@PS
composite, several PS sphere particles have been stuck on the
precursor surface from the tiny part of their meniscus (see
Figure S3, Supporting Information, to understand this point).
In addition, the post-thermal annealing caused a severe volume
shrinkage on the powder Mo:P-gCN/PCs, but for the FTO immo-
bilized material, this volume shrinkage is not severely pro-
nounced, hence the advantage of the FTO-Mo:P-gCN/PCs.
Mo:P-gCN/PCs shows a Brunauer Emmett Teller (BET) surface
area of 60 m* g~ ', which is 10 times higher than the BET surface
area of gCN/PCs (6 m® g~ '). As compared to other gCN-modified
materials exhibiting higher surface area,”” > the photocatalytic
performances of Mo:P-gCN/PCs are not ascribed to their surface
area but to their improved electronic properties and 3D hierar-
chical structure. The average pore size for gCN/PCs was 3 nm,
and its pore volume was 0.088 cm® g~ *. The lower value of these
previous parameters indicates that the PS sphere particles were
not wetted on the gCN precursor due to the hydrophobicity of its
surface compared to the PS spheres. As a result, its porosity did
not improve and pore volume did not change.

The Fourier transform infrared spectroscopy (FTIR) spectra
(Figure 6e and S9c, Supporting Information) disclose better
the final chemical structure of the Mo:P-gCN/PCs. Looking at
the overall shape of pure gCN and Mo:P-gCN/PCs FTIR spectra,
it is observed without any hesitation that the gCN backbone
remains in the majority in the final structure of Mo:P-gCN/
PCs, confirming that its framework structure carries up the main
skeleton of the PCs network; hence, the improved polymeric
array’s structure is made up of single monomer unit of tri-s-
triazine. However, additional vibration modes and some changes
in vibration intensities have been exhibited in the Mo:P-gCN/
PCs IR spectrum, constituting the preservation of its structure.
The vibration band at the wave number of 808 cm™" is derived
from the breathing vibration of the triazine ring. This peak is
commonly attributed to the out-of-plane bending vibration char-
acteristic of heptazine rings.***% This peak is more intense in
the Mo:P-gCN/PCs spectrum, meaning that there is a new atom
(with lower electronegativity than the N atom) surrounding the
electronic cloud of the heptazine unit that makes this vibration
easier and more intense. This atom is suspected to be a P atom.
The vibration band at 885 cm ™" in gCN spectra originating from
the cross-linking N—H deformation between CN layers is exhib-
ited as a shoulder in the Mo:P-gCN/PCs spectrum. In the gCN
spectrum, this peak is caused by the inadequate condensation of
the -NH, amino groups.?®*" The weak intensity of this peak
in the Mo:P-gCN/PCs spectrum implies the almost total
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condensation of amino groups, which gives place to forming a
new bond with an atom that makes the N—H bond deformation
hardly possible. This atom is suspected to be Mo present in the
form of an oxide molecule. Additional shoulder peaks at 997 and
1079 cm™! are attributed to the phosphoric acid group’s asym-
metric and symmetric stretching, respectively, confirming the
P-doping into the gCN lattice.*???? The wrinkled line band
observed from 1020 to 1230 cm ™ in the gCN spectrum is attrib-
uted to the stretching vibration of the bridging secondary amines
units (C—NH—C). Mo:P-gCN/PCs spectrum exhibits a shoulder
vibration peak at 1150cm™!, but the wrinkled line is not
observed, confirming the prolonged condensation of amino
groups under the influence of an oxidizing agent, allowing the
increase of the polymeric chain and suggesting the presence
of Mo atom indirectly bonded with the secondary N from the
amino group as previously mentioned. The increase of the poly-
meric chain is evidenced by the higher transmittance (60%) and
the less broadened band peak observed in the region with the
wavenumbers between 1243 and 1610 cm ™', which are attrib-
uted to the stretching vibrations of conjugated heterocyclic rings
of tris-s-triazine units and secondary amine. The higher intensity
in this range stems from the more ordered packing layers of hep-
tazine motifs in the 3D PC array. Around 1457 cm ™", the band
vibration is sharper for Mo:P-gCN/PCs, implying the implication
of the P atom in the heterocyclic conjugated ring of heptazine.
There is a broadband vibration with a peak centered at 3180 cm ™
with a shoulder at 3320 cm ™ assigned to the stretching vibration
modes due to the N—H or O—H of the uncondensed/oxidized
groups. The FTIR spectrum of gCN/PCs shows that its structure
is severely altered due to the vigorous oxidation reaction driven
by H,0, under temperature. This demonstrates the protecting
and mediator role that PMA played during the synthesizing of
the Mo:P-gCN/PCs lattice.

The crystallinity of Mo:P-gCN/PCs was investigated by pow-
der X-ray diffraction (XRD) measurements, and its result was
compared to pure gCN, gCN/PCs, and Mo:P-gCN (Figure 6f
and S9f, Supporting Information). The diffraction peaks of pure
gCN (27.2° and 13.00°), which are also exhibited in the Mo:
P-gCN/PCs XRD pattern (27.2° and 12.0°), are consistent with
the polymeric structure of the 3D IO crystal arrays and evidence
that the gCN backbone is the main skeleton of the final frame-
work. The diffraction peak at 19.45° in Mo:P-gCN/PCs XRD
spectrum is consistent with the hexagonal and fcc structure of
the PS opal crystal, whose characteristic diffraction peak is well
evidenced in Figure S11, Supporting Information. The XRD peak
at 27.2 in gCN is not shifted in Mo:P-gCN/PCs, revealing that the
interlayer stacking of conjugated aromatic systems (002)1?¢3* is
typically exhibited in Mo:P-gCN/PCs structure with an average
interlayer distance of d=0.33 nm. However, this peak is less
sharp and much broader than the same peak in the pure gCN
XRD pattern, confirming a change in atoms from conjugated aro-
matic systems and, hence, the doping effect. As a result, the X-ray
beams at this interatomic distance would not be scattered at the
same intensity. The broadening of this peak is evidenced by lat-
tice defects in the crystalline structure, and the lower XRD inten-
sity of this peak reveals a dopant size (P atom) more prominent
than the host lattice. The XRD peak at 13° in pure gCN corre-
sponding to the intralayer structural stacking of aromatic motifs
(100)12%*% is shifted to 12° in Mo:P-gCN/PCs crystal, leading to
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Table 1. Physical parameters and crystalline characteristics.

Mo:P-gCN/PCs gCN/PCs gCN
FWHM? [rad] 49 4 3.4
Crystallinity [%] 61 58.7 55.9
Eg [eV]” 2.97 2.87 2.87
Sger (M2 g9 60 6 10
Ps [nm]® 3.5 3 17
Py [cm g ' 0.59 0.088 0.06

AFull width at half maximum; ®Bandgap energy; 9Specific surface area; ¥Pore size
diameter; ©Pore volume.

an increase of the interatomic distance from 0.34 nm to 0.73 nm
and revealing Mo atom intercalated in the crystalline lattice.
Despite exhibiting a higher FWHM (4.9 rad) according to the
Scherrer equation meaning presumably a lower crystallinity,
the average crystallinity of Mo:P-gCN/PCs was calculated using
the XRD integration method, and the value is recorded in
Table 1. Mo:P-gCN/PCs possess the highest crystallinity
(61%), and its XRD pattern exhibits much more crystalline peaks
than XRD patterns of gCN and gCN/PCs. XRD patterns of gCN
and gCN/PCs reveal several amorphous phases (Figure S10,
Supporting Information). The influence of PS templates on
the crystal structure of PCs is also demonstrated through the
XRD patterns of free-PS samples (Mo:P-gCN and gCN)
compared with that, including PS spheres (Figure S10a—d,
Supporting Information). The XRD pattern of gCN is even simi-
lar to the XRD pattern of gCN/PCs, confirming that there is no
chemical affinity between gCN and PCs.

The thermal stability, the thermal-assisted PS removal, and
the supplement chemical compositions of materials were
assessed by thermogravimetric analysis (TGA) (Figure 6g, S9d,e,
Supporting Information). The close-packed crystal composite
gCN/PMA@PS and PS sphere templates were assessed for
TGA analysis to get the suitable temperature at which the PS
spheres should be removed from the lattice composite, leaving
behind the formation of the Mo:P-gCN/PCs. From Figure 6g,
one can observe that 450 °C is the suitable temperature to apply
for the complete removal of the PS template without any alter-
ation of the gCN framework in the final PCs lattice. Hence, after
its formation, the Mo:P-gCN/PCs sample is thermally stable up
to 600 °C (Figure S9e, Supporting Information), and it has also
been observed that the TGA curves of gCN/PMA@PS and
gCN@PMA composites exhibited almost the same shape, dem-
onstrating that, during the gCN/PMA@PS composite formation
and Mo:P-gCN/PCs thermal formation, the PS spheres template
do not react with the host material, thus it is not chemically
bound with the precursor composite (Figure S9d, Supporting
Information); it plays only the role of template agent. The Mo:
P-gCN/PCs formation takes place at 450 °C in one step with a
mass loss of 80% following a simultaneous 100% mass loss at
the same temperature by the PS template. After this step, the
following represents almost 20% of the mass loss, considered
as the residual Mo:P-gCN/PCs with a TGA curve shown in
Figure S9e, Supporting Information. The gCN/PCs formation
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occurs in two steps without following the PS template’s mass
loss, confirming the PS sphere’s weak affinity with gCN and
no aggregation and nucleation formation on the gCN surface.

3.3. XPS, PL, Valence Band Spectra, and Electronic Band
Structure

Elementary analysis and the electronic chemical state of sample
Mo:P-gCN/PCs were investigated by X-ray photoelectronic spec-
troscopy (XPS) and compared with elements from pure gCN.
Figure 7 shows the high-resolution XPS spectra for each element
revealed from the corresponding sample’s XPS survey (Figure S12,
Supporting Information).

The C 1s XPS deconvoluted spectrum in Mo:P-gCN/PCs
(Figure 7a) reveals shift peaks compared to Cls XPS peaks in
pure gCN corresponding to new chemical interactions that affect
the chemical environments of elements. The C 1s peaks of Mo:
P-gCN/PCs at 284.4 and 288 eV correspond to surface adventi-
tious carbon atoms (C—C) and sp*-hybridized C atoms in an
aromatic ring, respectively. The shift of these peaks and the
change in their intensity suggest carbon oxidation, which
evidenced the formation of Mo oxide and phosphate ions. The
N 1s XPS shoulder peak at 399.9 eV is less sharp than the one
in pure gCN (399.1 eV), confirming a higher degree of polymeri-
zation than pure gCN. The deconvoluted N 1s peaks at 398.1 eV
are attributed to the interaction of a heteroatom (P or O) with the
aromatic ring exhibited by phosphate ions or Mo oxides. The
sharp peak of the = electrons in Mo:P-gCN/PCs confirms this
observation. The higher resolution XPS also reveals that Mo
and P atoms are exhibited as two doublets of 3ds,, and 3d;/,
for the Mo atom and one doublet of 2P;,, and 2P;), for the P
atom, respectively. The Mo 3d doublet located at 234.5 and
231.4 eV might be ascribed to Mo*" connected to oxygen vacan-
cies. In contrast, the Mo 3d doublet centered at 235.7 and
232.6eV is identified as a metallic Mo®>" cation responsible
for a possible formation of MoP species and considered as
one of the active sites toward the efficient HER."'***! The P
2p XPS deconvolution spectrum exhibited only one doublet peak
centered at 132.3 and 133.2eV for P 2p;;, and P 2p; ,, respec-
tively, confirming that P atoms are mainly involved in only
two bonding relationships with another specific atom in the lat-
tice. This doublet peak could be ascribed to phosphorus (metal
phosphate) bonded to oxygen (P—O) and phosphorus bonded to
nitrogen (P—N bonds) with a high oxidation state (+4).

To better understand the photoexcitation mechanism of Mo:
P-gCN/PCs, the XPS technique investigated its valence band
edge positions (Figure 8a) and compared them with those from
gCN/PCs and gCN. The experimental energy band structures
corresponding to each sample were drawn (Figure 8b). The band
structure features induced by the photonic effect of Mo:P-gCN/
PCs were demonstrated by comparing its energy band level with
that of free-PS material (Mo:P-gCN), which has already been
reported."”! The valence band minimum (VBM) of samples is
lower than the VBM of the gCN framework. Simon et al.'”
reported that incorporating PMA into 2D gCN followed by
post-thermal treatment slightly lowers its VBM. Thus, its activa-
tion energy helps to ease the photon absorption and increase its
light absorption ability. Despite its boosting light absorption
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Figure 7. High-resolution deconvoluted XPS spectra of C 1s (a, b), N 1s (c, d), Mo 3d (e), and P 2p (f) for Mo:P-gCN/PCs compared to high-resolution
deconvoluted XPS spectra of main elements from gCN.
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Figure 8. a) XPS valence band spectra, b) electronic band structures, c)

ability, the valence band (VB) and conduction band (CB) posi-
tions are unsuitable for promoting HER; hence, incorporating
PMA into the gCN backbone is insufficient to tune the electronic
band structure of gCN in favor of efficient HER enhancement. In
addition to the doping phenomenon provided by PMA, it is dem-
onstrated that transferring the photonic effect of PCs (exhibited
by PS spheres) to the doped gCN results in the accurate tuning of
the electronic band’s structure to the potential that would easily
promote HER better than OER (Figure 8b). Thus, Mo:P-gCN/
PCs exhibit a VB position located very far away from the OER
potential, and its CB position is located very near to the HER
potential, matching well for photocatalytic hydrogen production.

To evaluate the extent of charge transfer/separation and to
estimate the energy-wasteful recombination in the pure gCN
and the PCs products, photoluminescence (PL) spectra and PL
lifetime of the powdered samples (Figure 8c,d) have been exam-
ined in the range of 420-650 nm with an excitation wavelength of
407nm and transferred onto Si Wafer for measurements. A
strong PL emission was observed at around 460 nm for the pure
gCN due to the radiative recombination of charge carriers. This
PL emission peak was slightly suppressed for the gCN/PCs sam-
ple. However, further suppression of this peak is observed for
Mo:P-gCN, indicating that the bicontinuous framework could
create a large electron trapping center.*®*”) Despite the lower
specific surface area, The PL emission was strongly suppressed
for Mo:P-gCN/PCs (Table 1). This observation demonstrates that
in addition to the doping phenomenon, providing a 3D porous
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steady-state PL spectra, and d) time-resolved transient PL decay spectra.

structure to gCN material could help tune its electronic band
structure and further improve its optical and photonic properties,
which are being used to enhance HER. The PL spectrum of Mo:
P-gCN/PCs showed the obvious blueshift of the PL emission
peak, and the broadened tail emission observed in other
samples above the PL maximum wavelength is also suppressed,
demonstrating the PBG effect exhibited by the doped gCN PCs
(Figure 8c) aiming to stop or attenuated the radiative propagation
of specific frequencies. To investigate the transfer dynamics of
the charge carriers under irradiation and underlying the emis-
sion quenching, time-resolved photoluminescence (TRPL) decay
spectra were recorded, as shown in Figure 8d. The lifetime of
Mo:P-gCN/PCs TRPL became longer (8.86 ns) due to the stop-
band suppression, indicating the opening of an additional chan-
nel of electron transfer from Mo:P-gCN to Mo:P-gCN/PCs. 173!
Mo:P-gCN/PCs TRPL quenching and its longer lifetime indicate
a new electron transfer route in another less radiative quenching
mode, leading to energy transfer and implying the improved
lifetime of excited species in this material structure.

4. Application: Photocatalytic HER and PEC
Response
To estimate the light-to-energy conversion of the Mo:P-gCN/PCs

sample, its photoactivity has been evaluated through a
photocatalytic reactor setup for hydrogen production (Figure S16,
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Supporting Information) and compared with other samples.
Hence, the intrinsic photocatalytic activities of the as-prepared
samples were evaluated by monitoring the HER via the water-
splitting reaction under visible light irradiation. Figure 9c shows
screening HER tests performed in the small glass reactions for
only shorter irradiation times (see SI for the experimental part).
These tests were beneficial in giving an idea about the photoac-
tivity of each sample and predicting the reaction behavior before
running for longer irradiation time in the big reactor. From this
test, it appears that the amount of hydrogen produced is about
2050 pmol g~* over 6 h of irradiation, corresponding to a reaction
rate of about 342 pmol g~ h™" against 300 umol g~ h™" for Mo:
P-gCN/PCs. Pure gCN and gCN/PCs had already predicted their
weak activity from the screening test (Figure 9c). However, run-
ning an HER for shorter irradiation is inefficient in demonstrat-
ing the reliability and stability of a photocatalytic system for
large-scale applications. Figure 9a displays the pressure control
concerning hydrogen produced inside the big reaction chamber
for longer irradiation time. Higher pressure evolution is
observed for Mo:P-gCN/PCs over irradiation time, implying a
higher hydrogen volume produced. The gas chromatograph
quantified the gas produced from the reaction chamber, the
volume percentage of H, evolved was recorded, and its amount
was calculated from the slope of the graph pressure and the ideal
gas equation following previous works.'%*?) The plot of H,
evolved for longer irradiation time is shown in Figure 9b.

The reaction rate was 750 pmolg ' h™' for Mo:P-gCN/PCs
against 625, 150, and 167 pmolg™'h™" for Mo:P-gCN, gCN/
PCs and gCN, respectively. Hence, it is demonstrated that

www.advenergysustres.com

Mo:P-gCN/PCs exhibited higher light-to-energy conversion than
the other samples, proving that by combining the doping
effect with the slow photon effect of PCs, it is there possible
to significantly tune the electronic band structure and optical
properties of gCN and thus improving its photocatalytic activi-
ties. Furthermore, to demonstrate the photocatalytic activity over
longer irradiation times, the HER from the reaction chamber
(Figure 9b) also describes the stability of the photocatalytic sys-
tem integrating Mo:P-gCN/PCs. For over 120h of irradiation,
Mo:P-gCN/PCs material is not deactivated compared to gCN
and gCN/PCs, which exhibit a deactivation reaction.

For PEC investigations, the sample FTO-Mo:P-gCN/PCs and
FTO-gCN/PCs were used as working electrodes (see SI). These
powder samples were immobilized onto FTO, as mentioned in
Section 2. In addition, transient photocurrent and the electro-
chemical linear sweep voltammetry (LSV) analysis can also reveal
the charge transfer and separation efficiency. Figure 9e shows
the chronoamperometry (CA) of the photocurrent density col-
lected at 1.23 V and demonstrates that Mo:P-gCN/PCs displays
a rapid response for periodic light on—off cycles despite the low
current density as compared to that one from gCN/PCs
(Figure S13, Supporting Information). Higher photocurrent den-
sity implies higher utilization of visible light and more efficient
photocarrier transportation. The light source for this measure-
ment was near the visible range, which explains why the current
density of Mo:P-gCN/PCs was lower than gCN/PCs. Table S2,
Supporting Information, describes the reaction conditions
applied to the photocatalytic HER. The current density observed
for Mo:P-gCN/PCs did not follow the photocatalytic hydrogen
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Figure 9. a) Reactor pressure control for long-time photocatalytic HER, b) hydrogen evolved from the reaction chamber over long-time photocatalytic
reaction, c) screening of photocatalysts, d) LSV, e) transient photocurrent responses, and f) the Nyquist plots of electrochemical impedance

spectroscopy.
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evolution rate in Figure 9b,c. The main reason for this situation
is the difference in the reaction conditions between the electro-
chemical and photocatalytic parts. The photocatalytic reaction
was carried out with a 300 W Xe lamp with a 395 nm cutoff filter
and a temperature control system. The light source was used
without any temperature control for the PEC measurements.
gCN/PCs sample is more sensitive to visible light than Mo:P-
gCN/PCs under an applied potential but was not sensitive at
all under visible only. In contrast, the Mo:P-gCN/PCs sample
is sensitive under applied potential and visible light. The easy
photocurrent response of Mo:P-gCN/PCs reveals at least the evi-
dence of efficient charge generation and separation, which is well
evidenced by PL measurements. The Nyquist plot of EIS shown
in Figure 9f supplements the easy charge transfer for sample Mo:
P-gCN/PCs. Performed under dark conditions, the Nyquist plot
of pure gCN has been compared to that from Mo:P-gCN and Mo:
P-gCN/PCs to elucidate the effect of contact resistance on photo-
catalytic performances. All the samples show semicircle curves in
the tested frequency region, which mainly reflected the resis-
tance of interfacial charge transfer impedance of active mate-
rial *®* Its smallest Nyquist curves diameter demonstrates
that the internal charge transfer resistance of Mo:P-gCN/PCs
is lower than the other samples, suggesting that this 3D material
greatly enhanced the electron transport speed, leading to the best
photocatalytic performance. Thus, the above results indicate that
the photonic effect of the PS template has been transferred to
Mo:P-gCN, resulting in promoted charge transfer and inhibiting
charge carriers from fast recombination, consistent with its high-
est hydrogen evolution rate. However, the reaction stability of
Mo:P-gCN/PCs is well described on the LSV and CA of the
recycled sample. Figure S14, Supporting Information, shows that
the recycled Mo:P-gCN/PCs give a photocurrent response,
whereas the recycled gCN/PCs sample does not (Figure S14c,d,
Supporting Information). The photocatalytic cycle and reusability
test were performed cyclically to supplement the stability of the
photocatalytic system. Hence, the system exhibits its photoactiv-
ity after several reaction cycles despite the change in reaction
rate. By showing the photocatalytic cycle and reusability cycle test
(Figure S17, Supporting Information), we can demonstrate the
extent of the stability and reusability of our material for large-
scale applications. The optoelectronic properties of Mo:P-gCN/
PCs are additionally demonstrated by the LSV measurements
following electrochemical water oxidation potential (Figure 9d,
Supporting Information), which show the redox properties of
this material and the recycled one (Figure S14a,b, Supporting
Information) with periodic light ON-OFF cycles. Thus, these
results indicate that Mo:P-gCN/PCs promotes charge transfer
and inhibits charge carriers from fast recombination; therefore,
it could be used to improve light-to-energy conversion. The
unchanged texture and morphology and the less change in
structural composition after the photocatalytic HER ensure the
prolonged activity and stability of Mo:P-gCN/PCs over long-term
HER (Figure S18, S19, and S20, Supporting Information).

5. Conclusion and Outlooks

When harvesting the light energy and converting it into its
storage form for long-term use, we may ultimately need to
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mimic natural photosynthesis. The effectiveness of the light-
to-energy conversion is dedicated to the material’s ability to
absorb radiative wavelengths, generate photo-generated charges
(electrons and holes), and suppress their rapid recombination
for promoting prolonged light-driven chemical reactions result-
ing in its conversion into energy carrier. Despite its ability to
easily initiate the light-driven water-splitting reaction, gCN
exhibits several drawbacks. Still, it provides at least one of
the best chemical frameworks for synthesizing highly efficient
catalyst materials to enhance light harvesting. Hence, this work
describes for the first time a unique strategy involving POM and
PS opals in three steps that results simultaneously in the
P-doping effect and slow photon effect to gCN lattice, resulting
in the substantial improvement of its electronic band structure
and its optoelectronic properties. We have demonstrated the
effect of Mo:P codoping by demonstrating the effect of PS
sphere crystals on the structural, electronic, PEC, and optical
performances of modified gCN with direct application on the
photocatalytic HER from the water-splitting reaction. It has
been demonstrated that a fine Mo:P-gCN/PCs powder structure
is obtained when there is a perfect nucleation and PS aggrega-
tion between PS template spheres and precursor composite,
meaning that the chemical composition of gCN/PMA compos-
ite should play in favor of a suitable chemical affinity with PS
spheres. For the immobilized sample (FTO-Mo:P-gCN/PCs), a
well 3D-orientated close-packed PS opal is required. The final
Mo:P-gCN/PCs exhibited an HER activity (750 pmol g~*h™}),
which is 1.2 times higher than Mo:P-gCN (625
umol g~ " h™'), demonstrating that the slow photon effect exhib-
ited by the PS opal crystal has been transferred to the final PCs
resulting in the improvement of its photocatalytic active. The
apparent quantum efficiency for Mo:P-gCN/PCs was calculated
as 1.3% compared to 0.7% for Mo:P-gCN. The photoactivity of
pure gCN and gCN/PCs was found to be very low, demonstrat-
ing that the simultaneous P-doping followed by the slow photon
effect can improve the electronic and optical properties of gCN
and shape the morphology of gCN material has a positive
impact on the final structure and properties. Despite the goals
achieved, it should be mentioned that the photoactivity of
final Mo:P-gCN/PCs remains weak compared to other materi-
als.*>*3! But we must say that these materials, whose enor-
mously improved light harvesting, are mainly composed of
multicomponent semiconductors or very heavy and complex
molecules comprising several units from different monomers.
This study demonstrated how it could substantially improve the
light-to-energy conversion only with a single material polymer
consisting of units from a unique monomer. Our results open
new opportunities for using gCN with other POMs to synthe-
size other gCN/POM composite precursors for further assem-
bly with PS opals to prepare other PCs materials. We started
with the PMA as a representative for POM materials and
obtained good HER activity when a certain amount is loaded
onto gCN. We guess that a screening of other POM materials
might enhance the photocatalytic activity further and this might
also lead to more active PCs. Also, a facile and efficient photo-
catalytic activity could be obtained by varying the light source
(Figure S15, Supporting Information) and testing different
applications like CO, reduction or water decontamination.
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