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1. Introduction

Polyoxometalate (POM) boosting the light-
harvesting ability of graphitic carbon nitride for
efficient photocatalytic hydrogen productionf

Simon Yves Djoko T., @2 Estella Njoyim T.° Anh Dung Nguyen,? Jin Yang, ®¢
Huseyin Kucukkegeci,® Edith Mawunya Kutorglo, 2 Babu Radhakrishnan,®
Klaus Schwarzburg,® Shahana Huseyinova,? Prasenjit Das,® Minoo Tasbihi, 2
Michael Schwarze, ©2 Arne Thomas @ ¢ and Reinhard Schomacker @ *2

Phosphomolybdic acid (PMA) was used to achieve simultaneously P-doping and heterojunction
construction of graphitic carbon nitride (gCN). P-gCN/PMA, composites were obtained via post-thermal
annealing of bulk gCN/PMA, and characterized in detail using different techniques including XRD, XPS,
SEM, and DRS. As an in situ hard templating agent and doping source, the loaded PMA helps to provide
porous structured materials and reinforced electronic properties whereby many transitions are enhanced
resulting in the improvement of light-harvesting. The electronic properties of gCN are improved strongly
with the increased amount of PMA loaded, but the crystallinity becomes worse and the material becomes
much more amorphous and disordered. The materials were investigated for the hydrogen evolution
reaction (HER) showing the highest H, evolution performance of 625 umol g™* h™ for the P-gCN/PMA, 5
sample, which is almost 4 times higher than that of gCN with 167 umol g™ h™. The P-gCN/PMA, 5 sample
was investigated under long-term irradiation and in recycling tests indicating the good photocatalytic
stability of this material. The apparent quantum efficiency (AQE) exhibited by P-gCN/PMA;s (0.7%) is 7
times higher than the AQE measured exhibited by gCN. This is evidence of the boosting effect exhibited by
the loading of PMA onto the surface of gCN (0.1%). Thus, this study aims to offer a novel strategy to
improve the activity of gCN by applying polyoxometalates as modifiers for better light harvesting.

friendly, and available worldwide.>* Solar energy does not
need to be transported like fossil fuels, it only needs to be

Environmental and energy issues are two major challenges
nowadays. Energy needs are unavoidable to perpetuate
sustainable development, but it is very important to use
energy resources in strict compliance with environmental
protection rules." Among existing energy resources, solar
energy is one of the most reliable and clean energy sources
because it is abundant, inexhaustible, environmentally

“ Department of Chemistry, Multiphase Reaction Engineering, Technische
Universitdt Berlin, TC8, StrafSe des 17. Juni 124, 10623 Berlin, Germany.
E-mail: schomaecker@tu-berlin.de

b Higher Teacher Training College, Department of Chemistry, University of
Bamenda, P.O.Box 39 Bambili, Cameroon

¢ Department of Chemistry, Functional materials, Technische Universitit Berlin,
BA216 Hardenbergstr. 40, 10623 Berlin, Germany

4 Helmholtz-Zentrum Berlin fiir Materialien und Energie, Hahn-Meitner-Platz 1,
14109 Berlin, Germany

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3cy00496a

2114 | Catal. Sci. Technol, 2024, 14, 2114-2129

transformed and stored. Therefore, converting solar energy
into storable and transportable chemical fuels remains a
challenging issue. Based on plants' photosynthesis,’®
hydrogen® has been identified as a fuel of the future that
could help to end the world's dependence on fossil fuels and
allow for the transition to net-zero carbon emissions.>”
Light-driven photocatalytic water splitting has emerged
and is now becoming a promising technology by which solar
light harvesting could be enhanced and turned into hydrogen
fuel avoiding CO, pollution.®® The development of efficient
photocatalysts exhibiting high light-absorption ability that
improve the hydrogen evolution reaction (HER) through
photocatalytic water splitting remains one of the most
challenging aspects in this research field. Besides inorganic
metallic semiconductors (e.g. TiO,, CdS, MoP) which have
often been used so far to drive photochemical water splitting,
metal-free polymeric semiconductors have been explored for
the photocatalytic evolution of H, or O, from water with
higher performance as compared to TiO,.°™*" The best known

This journal is © The Royal Society of Chemistry 2024
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one is graphitic carbon nitride (gCN).">** This material has a
lower bandgap energy (2.7 eV), and its catalytic properties
and photocatalytic activity can be tuned by synthesis. The
photocatalytic efficiency of pristine gCN still suffers from the
fast recombination of its photogenerated electron/hole pairs,
which directly limits the light-harvesting efficiency leading to
a sluggish HER performance."*™® Thus, providing a new
modified gCN with improved photocatalytic activity would be
a big achievement. To date, various strategies including
metallic or non-metallic molecular dopants, creating fine-
tuned nano-structural motifs by controlling morphologies
(nanosheets, nanoparticles, nanotubes, etc.), coupling with
other semiconductors, and construction of heterojunction
structures, have been established to enhance the
photocatalytic activity of g-CN.'”"'® Due to its easier
procedure, doping methods with metallic or non-metallic
ionic dopants are frequently used. This is because they lead
to increased conductivity due to higher concentrations of
charge carriers."” As a result, this improves the light
absorption ability of gCN and, when combined with
structural templating methods, the photocatalytic properties
are strongly enhanced.

This study presents a new improvement strategy by
combining three single steps in one to obtain a new
structurally doped gCN exhibiting higher activity under
visible light absorption for the HER from water splitting. It
describes how a composite catalyst material is involved in a
coupling strategy with gCN to obtain a final structured doped
¢CN material. Here, a polyoxometalate (POM) is used as a
coupling material to improve the photocatalytic activity of
gCN. This work focuses on highlighting a simple, new,
efficient, and green strategy that consists of the incorporation
of phosphomolybdic acid (PMA) into gCN giving further rise
to the formation of novel nano-structured P-doped CN
together with hetero-junction construction. This promising
strategy might serve as a guideline and using other POMs,
novel gCN-based nanomaterials with high solar-to-energy
efficiency can be designed.

Polyoxometalates constitute a well-defined subset of
metal-oxygen cluster anions with enormous structural
characteristics and an unmatched range of physical and
chemical properties. As a result, POMs can make a significant
contribution to the material development for catalysis and
photochemical reactions.>**" It is reported that POMs are
not only strong photo-oxidizing compounds but also strong
Brgnsted acids. Therefore, they can be easily applied in
photochemical redox reactions under solar irradiation and
they can also help to improve the conductivity of other
materials.?®?* So far, there is little attention on the use of
POMs as a coupling material in the synthesis of gCN-based
composites. Thus, this manuscript aims also to offer a novel
strategy by which POMs of the Keggin type could be used to
improve the activity of gCN by retarding the fast
recombination of electron/hole pairs. PMA is very interesting
as an example of POM of the Keggin type suggesting that by
incorporating it into 2D structured gCN results in structured
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P-doped gCN with better hydrogen evolution performance
compared to gCN.

2. Experimental section
2.1 Synthesis of P-gCN/PMA

The synthesis of P-doped gCN consisted of three steps as
shown in Fig. 1. At first, 2 g of gCN was mixed with a
corresponding amount of PMA in a Teflon-lined stainless-
steel autoclave using methanol and water in a 1:1 ratio, and
the mixture was heated up to 180 © C for 13-17 hours to
obtain a yellow-to-brownish precipitate. Secondly, the
precipitate was collected, carefully washed with methanol
and water, and dried overnight at 60 © C. The dried material
was ground and labeled as bulk gCN/PMA,. For comparison,
composites named gCN/PMA, using different ratios of gCN
and PMA have been synthesized using the same synthesis
procedure with x being 0.1, 0.2, 0.3, 0.4, 0.5, 1, 1.5, 2, and 2.5
g of PMA. The third and last step involves post-annealing of
gCN/PMA, (450 °C, 2 h, HR = 5 C min™"), which leads directly
to the P-doped gCN material labeled as P-gCN/PMA,. This
annealing process results in the removal of the templating
(molding) matrix and creates structural defects. A detailed
experimental procedure of the synthesis is well described in
section 1 of the ESL}

2.2 Catalyst characterization

Scanning electron microscopy (SEM) images were collected
from an InLens secondary electron detector (SE) with the
help of a GeminiSEM-500 higher resolution scanning electron
microscope (HR-SEM) from ZEISS company. N, sorption
measurements were performed on a volumetric sorption
instrument (Autosorb-iQ-MP). Using the N, adsorption
isotherms, the specific surface area, pore size, and volume
distribution of samples were investigated by Brunauer-
Emmett-Teller and Barrett-Joyner-Halenda (BET/BJH)
methods on a Quantachrome QuadraSorb S.I instrument at
77 K in nitrogen adsorption/desorption experiments. The
optical properties of the samples have been investigated by
solid-state UV-vis diffuse reflectance spectroscopy (DRS) with
the help of a UV-vis spectrophotometer (Varian Cary 300) with
a ¥ 60 mm integrating sphere and BaSO, as a reference
standard. XPS measurements were carried out in an ion-
pumped chamber (evacuated to 10-9 Torr) of a photoelectron
spectrometer (Thermo Scientific) equipped with a
Hemispheric 180° dual-focus analyzer with a 128-channel
detector and with a focused X-ray source (Al Ko, hv = 1360
eV). The data were collected with an X-ray spot size of 400
um, after performing 20 scans for the survey, 50 scans for the
specific regions, and 100 scans for the valence band (VB)
regions. Powder X-ray diffraction data were collected on a
Bruker D8 Advance diffractometer in reflection geometry
operating with a Cu Ka anode (1 = 1.54178 A) operating at 40
kv and 40 mA. Samples were ground and mounted as loose
powders onto a Si sample holder. PXRD patterns were
collected from 2 to 80 26 degrees with a step size of 0.02

Catal. Sci. Technol,, 2024, 14, 2114-2129 | 2115


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cy00496a

Open Access Article. Published on 23 October 2023. Downloaded on 12/6/2025 3:55:13 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
Batch solution of
gCN+PMA15(2g:1.59g)

Water =10 mL
MeOH =10 mL

Solvothermal reaction

Oven180°C,13-17 h

50 mL Teflon-lined autoclave

ISOMER

Fig. 1 Schematic illustration of the synthesis pathway.

degrees and an exposure time of 2 seconds per step. The
Fourier transform infrared spectroscopy (FTIR) analyses of
the samples were carried out on a Varian 640IR spectrometer
equipped with an ATR cell. The separation efficiency and the
re-combination of photogenerated electrons and holes were
investigated by photoluminescence (PL) spectroscopy whose
spectra of the samples were obtained using a Varian Cary
Eclipse fluorometer with an excitation wavelength of 420 nm.
An EG&G Princeton Applied Research potentiostat (Model
273 A) coupled with a WACOM Class AAA solar simulator
(AM1.5, 100 mW cm™>) was used to perform the photo-
electrochemical measurements (PEC) using a custom Teflon
cell in a three-electrode configuration.**

2.3 Hydrogen evolution reaction

Hydrogen evolution reactions were carried out in a
homemade side-irradiation quartz glass reactor having a total
volume of V, = 35 mL, which was connected to a thermostat
that was set to 25 °© C for the water-circulating cooling system.
In practice, 10 mg of the P-gCN/PMA, sample was transferred
to the reactor and dispersed by 1 min sonication in 18 mL of
a mixture of water and triethanolamine (used as a sacrificial
agent) in a volume ratio of 16:2 mL (H,O/TEOA). Then 10 uL
of H,PtCls aqueous solution (8 wt%) was added to the reactor
as the source of the Pt co-catalyst. After sealing the reactor
with rubber stoppers, the dispersion was flushed/degassed
with argon for 15-20 minutes to remove air and to ensure
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that the reaction system was maintained under anaerobic
conditions before irradiation. The irradiation was carried out
with a 300 W Xe arc lamp through a 395 nm cut-off filter
aiming to remain near visible light conditions. After the
desired irradiation time, a gas sample was taken from the
headspace, and H, was quantified using a GC (Agilent 7820A)
equipped with a thermal conductivity detector. The detailed
experimental procedure is described in the ESI} together with
the laboratory setup for the photocatalytic HER (Fig. S167).
The solar to hydrogen efficiency (STH) was calculated
following an experimental procedure described in the ESL}

3. Results and discussion

3.1 Physicochemical characterization of composite materials

3.1.1 SEM, TEM, and EDX analysis. Fig. 2a-i show the
SEM images of various P-doped gCN samples (P-gCN/PMA,)
tuned by varying the fraction of PMA in the gCN building
block that results in the formation of the bulk gCN/PMA,
precursor composite.

As shown in Fig. 2a, the sample P-gCN/PMA, ; consists of
highly crystalline nanorods with multi-walled porous arrays
and regular shapes obtained by self-stacking of numerous
layered nanosheets. The formation of porous nanosheets can
most likely be ascribed to the in situ hard-templating effect
from where gas bubbles are taken out during the thermal
treatment.>® As a result of post-thermal annealing, some
molecules are taken out of the network leaving behind an

This journal is © The Royal Society of Chemistry 2024
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\": 4 [ > » i | .
Fig. 2 SEM images of P-gCN/PMA, composite materials: P-gCN/PMAy; (@), P-gCN/PMA,, (b), P-gCN/PMAg 3 (c), P-gCN/PMAg 4 (d), P-gCN/
PMAg 5 (e), P-gCN/PMA; (f), P-gCN/PMA, 5 (g), P-gCN/PMA; (h), and P-gCN/PMA; s (i).

ordered porous structure formed by rearrangement and hard
weaving between atoms of layered nanosheets. The gradual
introduction of PMA further contributes to a great
improvement in crystallinity and geometric structure. This is
shown in Fig. 2a-d, in which it could be observed that the
more PMA in the precursor composite (gCN/PMA,), the more
layered the porous nanosheets in the final material (P-gCN/
PMA,). These nanosheets are highly self-stacked after
rearrangement, forming extremely closed-packed 3D
nanorods P-gCN/PMA, arrays with irregular shapes and less
visible pores due to the crowding created during the stacking
of many nanosheet layers. However, the crystallinity is being
improved with the increase of PMA in the bulk solution, and
P-gCN/PMA, 5 is found to be the most crystalline material.
From P-gCN/PMA, (Fig. 2f), the crystallinity becomes worse
and the material becomes much more amorphous and
disordered when the bulk composite solution is saturated
with PMA. Moreover, the 3D nanorod arrays are gradually lost
as shown in Fig. 2g-i. For additional comparison, Fig. S1 and
S2 in the ESIT show the SEM images of bulk precursors gCN/
PMA, and gCN, respectively. The physical aspect of gCN/
PMA, looks almost the same whatever the saturation level of
the bulk material with PMA. From TEM images (Fig. 3a), gCN
(TEM 1) exhibits a geometrical shape that is less defined and
less oriented than P-gCN/PMA; ;s (TEM 2). As compared to

This journal is © The Royal Society of Chemistry 2024
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¢CN, the loading of PMA during the solvothermal synthesis
increases of course the FWHM of their corresponding XRD
patterns in the final P-gCN/PMA, material resulting in a
slightly smaller crystalline size but provides a well-defined 3D
polymeric shape with a structure well oriented like nanorods.
In Fig. 3b, the elemental mapping of sample P-gCN/PMA, 5
allows us to suggest that the P atoms are localized within the
structure at areas nearby or into the electronic cloud of C
and Mo atoms, suggesting a replacement of some C atoms or
a doping connection with some of them. Additional
information could be obtained from Fig. S23 to S28.}

3.1.2 Xray diffractometry (XRD) measurements. The
crystallinity of the P-gCN/PMA, samples was investigated by
powder X-ray diffraction measurements and the obtained
XRD patterns were compared with that of gCN as shown in
Fig. 4 with further information available in Fig. S3 and S4 in
the ESLf

The gCN XRD spectrum exhibits diffraction peaks at 20 =
13° (1 0 0) and 27.2° (0 0 2) with the highest intensity
implying its highest crystallinity among others. The (1 0 0)
peak at 13° is assigned to the in-plane trigonal nitrogen
linkage of tri-s-triazine motifs and the (0 0 2) peak at 27.2°
corresponds to the stacking layer of conjugated aromatic
rings.>*2® For P-gCN/PMA, samples (x = 0.1-1.5 g), the peaks
at 27.2° of pure gCN are observed clearly but the one initially

Catal. Sci. Technol., 2024,14, 2114-2129 | 2117
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Fig. 3 a) TEM images of gCN (TEM 1) and P-gCN/PMA; 5 (TEM 2) and b) elemental mapping of P-gCN/PMA s.

n272

126 :

. : PgCN/PMA, ,
e/ \ P-gCN/PMA,
;’/;-/k‘, 777777 N P-gCN/PMA,

= N\ P-gCNIPMA, ¢
= \_,»\__./L P-gCNPMA,

g : 3

2 : :

i M P-gCN/PMA, ;
3

2

£ P-gCN/PMA, ,

Transmittance (%)

some gCN-PMA, in comparison with gCN and P-gCN/PMA,,

——gCNIPMA,, (1)
——gCNIPMA,;  (2)
——gCNIPMA,;  (3)
~———gCN (4)
——P-gCNIPMA, 5 (5)

MR AR At hahid it Mt Mt Mt hhdd b Mddd Mkl hidid
10 15 20 25 30 35 40 45 S50 55 60 65 70 75

3500 3000 2500 2000 1500 1000 500
d Wavenumbers (cm™)

2 Theta (degree
' (degree)
350 { —— P-gCN/PMA, 4 (Sger = 59 m?/g)
= —v— P-gCN/PMA, , (Sgey = 83 m?/g)
t 390 —e—P-gCNIPMA, , (Sger = 33 m?/g)
nE, 250 - —e—gCN (Sger = 10 m?/g)
E
A
© 200+
@
Qo
S
9 150 -
o
©
2 100
§
S 50
(<]
0+

Transmittance (%)

Comparison between P-gCN/PMA,_ and gCN

T T T
0,0 0,2 04

T
0,6

T
08

Relative Pressure (P/Pj)

T
1,0

r v v v T T v
3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm™)

Fig. 4 XRD patterns (a), FT-IR spectra (b and d), and N, adsorption-desorption isotherms (c) of selected samples.
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at 13° shifts a little to 12.6° which indicated that the loading
with PMA maintains the basic structure of gCN. The slight
shift of peak (1 0 0) from 13° to 12.6° means that the
stacking distance between gCN layers is decreasing.’>*
These two peaks become less significant with increasing PMA
concentration suggesting that the My atom and some
clusters are filled in the in-plane cavities of gCN.>’° In
addition, when the batch mixture is saturated with PMA
during the solvothermal synthesis (x > 1.5 g), the XRD
patterns of the corresponding P-gCN/PMA, come closer to
that of PMA-450° (Fig. S3 in the ESIf). The increase of PMA
concentration along with solvothermal synthesis does not
affect the XRD patterns of all gCN/PMA, bulk composites
(Fig. S4 in the ESIY), indicating that the loading equilibrium
might be achieved so far for x < 1.5 g. Moreover, the
diffraction peaks related to Mgy nanoparticles are not
exhibited in P-gCN/PMA, XRD diffractograms (x < 1.5 g),
which indicates that My atoms are not chemically bonded to
the gCN backbone but form a coordination bond with it.

3.1.3 Fourier transform infrared spectroscopy (FTIR). The
structural features of P-gCN/PMA, and gCN-PMA, samples
were further investigated by FT-IR and compared to those of
gCN, PMA-450°, and pure PMA (from the literature) to obtain
further insights into the influence of the incorporation of
PMA on the gCN structure. As depicted in Fig. 4b and Fig. S6
and S7 in the ESL the precursors gCN/PMA, (obtained after
solvothermal synthesis) do not exhibit similar FT-IR spectra
like the pure gCN, implying that PMA incorporated through
solvothermal synthesis changes the chemical structure of
g¢CN. For a better understanding of this observation, the IR
spectrum of PMA®*?' has been analyzed and discussed in
section 2 of the ESIT (Fig. S5). The FTIR spectra of bulk gCN/
PMA, materials (Fig. 4b (1-3)) exhibit broadened strong
peaks in the range 2200-2700 cm™', attributed to the
stretching vibration of the isocyanate group bonded to
heterocyclic units (Ar-N=—=C=O0) or to phosphate group atoms
-P-N=C=O0. During the post-thermal annealing of these
bulk precursors, CO, molecules are taken out from this group
of atoms leaving behind a porous structure followed by
rearrangement which replaces some C atoms with P atoms,
hence the P-doping effect.

After proceeding with the post-thermal treatment of gCN/
PMA, at 450°, the P-gCN/PMA, composites (x = 0.1 to 1.5) are
obtained and their IR spectra are almost similar to those of
g¢CN only with small differences (Fig. 4d). The post-thermal
treatment helps to finalize the intercalation process and to
recover the polymeric backbone of gCN by taking some oxide
molecules out of the network leaving behind an ordered
porous structure. As depicted in Fig. 4b, P-gCN/PMA, exhibits
a characteristic peak in its FTIR spectra around 810 cm™*
assigned to the bending vibration modes of tri-s-triazine
units of the gCN.>°>> A series of peaks in the range from
1200 and 1700 cm™ are assigned to the stretching vibration
modes of the aromatic CN from heterocyclic units.**** The
most interesting observation in this range is the appearance
of several strong and wrinkled peaks showing the vibrations

This journal is © The Royal Society of Chemistry 2024
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of the metal-NC2 moiety resulting from the intercalation of
metal ions. These wrinkled peaks are exactly observed in the
range from 800-1200 cm ' and 1450-1600 cm™", and might
correspond to the bond vibrations of P-O and Mo-0.>*?’

3.1.4 Gas adsorption studies. The nitrogen adsorption-
desorption isotherms of relevant samples are displayed in
Fig. 4c and isotherms of other samples are available in Fig.
S8 in the ESLt All isotherms exhibit a type IV curve with an
H3 hysteresis loop, indicating that the gCN and P-gCN/PMA,
samples are mesoporous materials with a nanosheet porous
block arising from the aggregation of sheet-like particles. The
isotherm shapes of all samples are quite different implying
that the loading of PMA gradually changes the microstructure
of gCN. The loading of PMA clusters has a direct increasing
effect on the BET-specific area of gCN (Sgpr = 10 m> g ). The
highest value of the specific surface area is obtained for the
P-gCN/PMA, 4 sample (Sggr = 83 m> g™'). This reveals that
relatively larger mesopores are created during the synthesis
of the final nanocomposite. When the bulk composite is
saturated with PMA clusters, this results in the reduction of
Sger up to very low values (Table S1 in the ESIt). This might
be because Mo species from the PMA block the pores
between the interlayers of @CN. The changes in
microstructure pores highlighted by BET isotherms are also
correlated with the changes in textural features highlighted
by SEM. The pore size distribution suggests that by lowering
the pore sizes, the pore volume in 3D orientation was
increased, which might have a positive influence on the band
gap position and photochemical performances of the
samples. As compared to other catalysts already mentioned
in the literature,'®*"3* the relatively low Sppr of P-gCN/PMA,
is in contrast with their higher better HER performances.
This situation clarifies that the photocatalytic performance of
P-gCN/PMA, is not strictly related to the surface area and size
distribution but strictly related to the enhancement of the
electronic properties due to the P-doping phenomenon and
possible heterojunction construction. The opto-electronic
study provides a better understanding of the as-prepared
Catalysts‘9,15,20,21,28,29,32—34,36

3.1.5 Optical properties. The absorption spectra of relevant
samples are displayed in Fig. 5a. As depicted, the gCN sample
exhibits broadened absorption peaks in the region <400 nm,
corresponding to n-n* electronic transitions in the repeating
heptazine unit of gCN and n-n* electronic transitions
relating to lone pairs of nitrogen atoms inside CN units.*” All
P-gCN/PMA, composites displayed a more broadened and
intensive absorption than gCN in the wavelength range <450
nm with the highest absorption peaks located in the visible
light region, indicating that samples can absorb solar energy
in the blue-light region. The loading of PMA results in a
significant redshift of the light absorption thresholds to
longer wavelengths. This shift indicates the effect of the d-d
transition, confirming the intercalation of Mo atoms in the
original gCN lattice. The broader peaks suggest the
introduction of new transitions n-d* or n-n* related to lone
pairs of oxygen atoms. The more PMA is loaded, the more

Catal Sci, Technol.,, 2024,14, 2114-2129 | 2119
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Fig. 5 UV-vis diffuse absorption spectra (a), band gap energy of P-gCN/PMA, 5 (b), transient photocurrent responses (c), XPS valence band spectra
(d), steady-state PL spectra, (e) and time-resolved transient PL decay spectra (f).

the absorption edges are shifted. At a low concentration of
PMA, transition types of n-d* and n-n* are easily promoted
due to the occurrence of a great amount of O and N atoms
which participate in the interfacial chemical bonds formed
between O-C;N, and derivative MoO, oxidized. The sample
P-gCN/PMA, 4 has the highest absorption peak, indicating
the proportion at which every single reactant might provide
more light absorption sites in the final composite.

Fig. 5b shows the plots of (ahv)]% versus hv with n = 0.5 for
indirect transitions. Based on the existing literature,
photocatalysts with narrow bandgap energies are highly
desired in the photocatalytic water splitting process to ease
photoactivation and retain a moderately large overpotential
level. This leads to an improvement in the separation of
photogenerated electrons and inhibition of the electron-hole
pair recombination, maintaining them for more redox
reactions. Therefore, to achieve a narrow band gap, raising
the VB-XPS position of the photocatalyst is the best option
since it results in the lowering of its CB making it as negative
as possible compared to the reduction potential of H' to H,
(0 V vs. NHE at pH 0).%® In this work, we achieved the VB-XPS
position raising only by increasing the amount of PMA
resulting in the CB lowering. As illustrated in Fig. 5d and S9,}
the increase of PMA in the bulk synthesis solution helps in
the further post-thermal step to lower both the CB and VB
position and reduce the bandgap energy as compared to gCN
by providing additional optical and electronic properties to
the final corresponding catalyst. The P-gCN/PMA, ;5 sample,
having its CB positions closer to the reduction potential of

2120 | Catal Sci. Technol., 2024, 14, 2114-2129

H' to H,, is suspected to be the more photoactive material
somewhat confirmed from the experimental part by its
photocatalytic H, evolution performances. The band energy
decreased from 3.02 eV for P-gCN/PMA, ; to 2.46 and 2.70 eV
for P-gCN/PMA; and P-gCN/PMA, ;5 respectively changing the
mode into indirect transition (Fig. S10 in the ESI}). This can
be explained by the fact that, when increasing PMA in the
solvothermal step, we provide enough P atoms, which in turn
possess the required electronic energy to be engaged in the
P-doping mechanism in competition with the O-doping
mechanism. The O,p orbital becomes less dominant as a
result; we assume that the cooperation between P-doping and
O-doping gives rise to possible in situ heterojunction
constructions in the final material. This results in the
improvement of photogenerated charge separation efficiency
and effectively reduces the recombination efficiency of the
photogenerated electrons and holes." The change in
transition mode from the direct to indirect band gap is proof
that the P-doping effect needs to be achieved at a higher
amount of PMA loaded.

3.1.6 Electronic property investigations. To investigate the
chemical state and predict elements of the heterojunction
construction, the surface structural composition of P-gCN/
PMA, samples was elucidated by X-ray photoelectron
spectroscopy and compared with gCN and gCN/PMA,
composite precursors.

To obtain better insight into the electronic behavior of the
final photocatalyst, the following discussions are based on
the P-gCN/PMA,; s sample compared with the bulk gCN/

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 High-resolution deconvoluted XPS spectra of C 1s (a-c), N 1s (d-f), O 1s (g), Mo 3d (h), and P 2p (i) for the P-gCN/PMA, 5 catalyst in
comparison with high-resolution deconvoluted XPS spectra of gCN/PMA; 5 and gCN.

PMA, 5 composite precursor and gCN framework as reference
materials. As mentioned in Fig. 6¢, (Fig. S13 in the ESIf) the
high-resolution C 1s spectrum of the P-gCN/PMA; ;5 sample
mainly revealed two wide peaks as well as the C1s spectrum
of gCN (Fig. 6a) which are attributed to different types of
chemical interactions of carbons within the whole molecule.
These peaks can be further deconvoluted into main
associated peaks. The C 1s peaks of P-gCN/PMA, ; (Fig. 6¢) at
284.5 and 287.6 eV which are similar to that of gCN (Fig. 6a)
correspond to surface adventitious carbon atoms (C-C) and
sp>-hybridized C atoms (N—=C-N) bonded to N (which might
probably also be bonded to P atoms) in an aromatic ring
respectively. Similar observations have been already
described.®® Furthermore, the C1s peak located at 288.1 eV
could be ascribed to sp*hybridized C atoms ((C);-N) in the
aromatic ring attached to the N group (-NHO or -NPH). The
same peak appears at 288.6 eV in the C 1s spectrum of gCN
but results in the sp*hybridization of the C atom in the

This journal is © The Royal Society of Chemistry 2024

aromatic ring ((C);-N) attached to -NH, groups.’”*! The
other C 1s peaks centered at 285.9 and 293 eV are indexed to
oxygen-containing carbonaceous bonds corresponding mainly
to C-O and -COO groups respectively. This might come from
water molecules adsorbed, oxidation, or acidification of the
milieu by POMs in the previous solvothermal step of the
synthesis. The C 1s XPS spectrum of the gCN/PMA; ;s
precursor depicted in Fig. 6b (Fig. S12 in the ESIf) unveiled a
peak at 287.8 eV and a shoulder peak at 289.2 eV revealing
strong oxidized carbon bonds by intermediates molecules
which might be probably ascribed to MoO,, P,O, or PO,
molecules. These molecules are responsible for the upshift in
the binding energy and further, the post-thermal treatment
of this bulk precursor leaves behind a well-modified gCN
called P-gCN/PMA, 5. The change in the chemical state of P-
gCN/PMA, 5 is due to the phosphorus doping element and a
new coordination environment in which Mo’" metal ions are
involved in the formation of strong electronic interactions,

Catal. Sci. Technol., 2024, 14, 2114-2129 | 2121
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evidencing a charge transfer from MoO, to gCN. Similar
observations have already been mentioned by previous works
when using other metal oxides like TiO,, and Bi,O; to
improve the photocatalytic activity of gCN.****

The N 1s XPS spectra of gCN (Fig. 6d) can be fitted into
four characteristic peaks, whereas the deconvolution of the N
1s XPS spectrum of P-gCN/PMA; 5 exhibited five fitted peaks
(Fig. 6f). This observation confirms the introduction of new
electronic transition levels in which the electronic cloud of
nitrogen is much in demand suggesting the reaction site
where the heterojunction phenomenon might probably occur
as well. N 1s deconvoluted XPS spectra of gCN (Fig. 6d) show
peaks centered at 397.9, 398, 400, and 430.6 eV which are
ascribed to sp>hybridized N from the heterocycle bonded to
carbon atoms (C=N-N), tertiary N in the form of N(-C)s,
uncondensed amino functional groups (NH, or NH), and
charging effects represented by a wide n—n* excitation band,
respectively. These observations have been already reported
in the literature.>*** Similar peaks are reflected in the N 1s
XPS spectra of P-gCN/PMA, 5 (Fig. 6f) but shifts of these
peaks are also noticed and centered at 397.9, 398.2, 399.7,
and 403.8 eV corresponding to the above-mentioned
functional groups with a little change of their electronic
environments. The N 1s BE at 398.2 eV of P-gCN/PMA; 5 is
slightly different from that of gCN confirming that the gCN
framework in the P-gCN/PMA, s is kept; the triazine unit
remains the building block that drives the polycondensation
growthof the polymer chains providing the final chemical
structure of the synthesized materials. Other peaks (399.7 eV,
400.8 eV) exhibited by P-gCN/PMA, 5 have higher BE than
their corresponding XPS peaks exhibited in gCN (398 eV, 400
eV) confirming the presence of new electronic environments
that influence the sp®-hybridized N suggesting the presence
of P-bonded atoms from which tertiary C atoms and amino
functional groups (quaternary N) might be substituted giving
rise to the P-doping effect or bonded giving rise to NPH or
N,P bonds. Moreover, a new BE is exhibited in the N 1s XPS
of P-gCN/PMA, 5 with a peak fitted at 403.8 eV that could
presumably be attributed to sp*hybridized N (from the
aromatic ring) bonded by coordination to Mo containing
species (MoO,, Mo,0,, MoOH, etc.) or sp’-hybridized N
bonded to O containing trace species (PO,, P,O,, etc.). The N
1s XPS spectra of the gCN/PMA,; precursor depicted in
Fig. 6e (Fig. S12 in the ESI{) confirm that after the
solvothermal preparation, the gCN matrix is completely
broken and lost so that only the post-thermal treatment can
help to resurrect this backbone.

It is well known from the literature that the XPS survey
spectrum of gCN does not exhibit oxygen atoms except the ones
coming from water molecules adsorbed on the surface.>* But
regarding the high-resolution O 1s XPS spectra of P-gCN/PMA, 5
depicted in Fig. 6g (Fig. S13 in the ESIf), the O peak intensity
allows us to demonstrate that the occurrence of O does not only
come from water molecule adsorption but mostly from the
clustering molecule PMA (POMs) used in this synthesis as a
doping and coupling reagent (starting molecule). Looking at O
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1s deconvolution XPS spectra depicted in Fig. 6g, the sample P-
gCN/PMA, 5 exhibits four oxygen characteristic peaks located at
525, 527.7, 528, and 529 eV which are identified as metal oxides
(Mo(wv)), metal hydroxyl groups (Mo(wv)) from lattice oxygen,
surface adsorbed oxygen (from water molecules), and phosphate
oxide PO, , respectively, which is closer to something already
observed in the literature.>®*” However, these O 1s peaks exhibit
a different BE than somewhat already observed in many Mo
and P-modified gCN compounds.”**>*® These differences could
be explained by an electronic environment strongly influenced
by Mo oxides and P oxides. The stronger O 1s peak at 529 eV in
P-gCN/PMA, 5 could be attributed to the interstitial doping
phenomenon caused by possible PO, and the larger peak at
528 eV indicates the occurrence of more OH groups in the
lattice. The up-shift (0.3 eV) for tertiary nitrogen peaks of P-
gCN/PMA, 5 (399.7 eV) compared to the reference value (gCN-
399.4 eV) is explained by the strong interactions of N atoms with
interstitial doped PO, and the possibility of coordination
bonds with metal oxides and metal hydroxides.

The XPS deconvolution spectrum of the Mo 3d core-level
indicates four exhibited peaks as depicted in Fig. 6h. These
exhibited peaks are described as two doublets because of the
low spin-orbit splitting (3.2 eV) among Mo 3d core excitation
levels (3/2 and 5/2) as already mentioned in the literature.>”*®
As displayed in this figure, the first XPS Mo 3d doublet
centered at 231 and 234 eV is identified as Mo 3ds,, and Mo
3d;, of the metallic Mo®" cation respectively that can be
attributed to a possible formation of MoP species (even in very
low concentration) and the former is considered as one of the
active sites toward the efficient HER.?”*® The second XPS Mo
3d doublet located at 231.7 and 234.8 eV might be ascribed to
Mo"" connected with oxygen vacancies (oxide or hydroxide)
for Mo 3ds, and Mo 3d;,, respectively. In other words, Mo**
can originate from surface-oxidized Mo species.>”*®

With a surface composition of 0.61% wt (ICP-OES, Table S3
in the ESI}), P is successfully loaded in the gCN units. This is
confirmed by the survey XPS spectra of P-gCN/PMA, 5 (Fig. S14
in the ESI}) even though not visible, this is identified in the P
2p high-resolution XPS spectra (Fig. 6i). The P 2p XPS
deconvolution spectrum exhibited only one doublet peak
centered at 132.3 and 133.2 eV for P 2p3;, and P 2p;),
respectively, confirming that P atoms are mainly involved in
only two bonding relationships with another specific atom in
the lattice. 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).2%?8 As reported in the literature, this observation suggests
that phosphorus is interstitially loaded into the gCN mostly in
the form of PO, by substituting some C atoms in CN
heterocycles.>® In other words, this result suggests that some P
atoms are bonding to tertiary N atoms in the form of PO, . The
absence of C-P and the presence of a P-N signal normally
suggest that there is a direct replacement of C atoms by P atoms
in the tri-s-triazine framework of gCN.*” But this is difficult to
argue if we consider PO,  species as a doping agent group.
However, traces of P,Os; could also be an indicator of the

This journal is © The Royal Society of Chemistry 2024
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phosphorus source in the lattice.”® Moreover, the XPS spectral
pattern of Mo 3d shows many more important shearings at BE
values lower than 134 eV. This helps us to validate the
hypothesis that there would probably be weak Mo-P (metal
phosphide) and P-C interactions.*®

3.1.7 Electronic band structure. As mentioned in the
literature, the photocatalytic activity of catalyst materials does
not depend only on the optical absorption and the surface
area, but also on the electronic band structure, charge
transfer, and the adsorption of substrates (H', H,O, or
C0,).”° Thus, for a better prediction of the photocatalytic
mechanism and to further understand the photoexcitation
mechanism for the enhanced activity of P-gCN/PMA,, the
valence band edge positions of all samples were investigated
by the XPS technique and the main important ones are
summarized in Fig. 5d and Table S2 in the ESL}

Considering the previously discussed data in addition to
discussions in the ESL} the experimental energy band
structures corresponding to each sample were drawn. It could
be easily observed that the gradual introduction of PMA into
2D gCN has little change in the VBM of samples although
their VBM is lower than the VBM of the gCN framework. This
situation implies that the incorporation of PMA into 2D gCN
followed by post-thermal treatment results also in the
lowering of its activation energy which helps to ease the
photon absorption and increase its light absorption ability.>®
The VBM shift (AVB) of -0.11 eV for the P-gCN/PMA, 5 sample
suggests a stronger oxidation of photogenerated holes
(Fig. 7). However, one can observe that the gradual
incorporation of PMA into 2D gCN has a significant change
in the CBM which gradually decreases with the increased
fraction of PMA. Concerning the CBM of gCN, the CBM of P-
gCN/PMA, 5 shifts by ACB = -0.28 eV near the hydrogen
reduction potential (Eyg (H'/H,) = -3.85 eV at pH = 10.7) and
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Fig. 7 Electronic band structures of selected samples.
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this shift results in the narrowing of the band gap making
this material much more favorable for proton reduction. The
lowering of the CB leads to an appropriate reduction of the
band gap energy that matches suitably with the redox
potential of water. Thus, P-gCN/PMA; 5 having the lowest CB
value is revealed to possess the strongest reduction ability
favorable for photocatalytic hydrogen production from water.
Regarding the narrowing of the band gap energy, the easy
recombination reactions of photogenerated species (electrons
and holes) were strongly expected as already reported in the
literature.”®*® But, regarding the incredible photocatalytic
efficiency of synthesized samples that revealed fewer
recombination reactions, and considering the decreasing of
the band gap energy, it is believed that there is a mid-gap
energy state and defects states induced by the P-doping effect
and formed within the band gap that leads to heterojunction
construction between 2D gCN and 2D Mo,O, (from in situ
PMA decomposition).’>>" These mid-gap states together with
the heterojunction phenomenon facilitate the separation of
carriers and the electron transfer and hence limit the
recombination process of electrons and holes.'>?**° The
lowest CB is observed in the P-gCN/PMA, 5 sample making it
more available to establish indirect transition with the
intermediate mid-gap states and that results in the increase
of lifetime species and the reduction of the recombination
reaction. As mid-gap states are suggested to enable mediation
in the excitation of electrons from the valence band edge to
the conduction band edge, one can assume that a type-II
heterojunction mechanism is more favorable than the direct
Z-scheme for highly efficient water splitting regarding the
band structure of the P-gCN/PMA, 5 sample.**>*

3.1.8 Photoluminescence emission measurements. The PL
spectra of samples P-gCN/PMA,; and gCN have been
examined in the range of 420-600 nm with an excitation

CB
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wavelength of 400 nm as shown in Fig. 5e. It is observed that
all the samples exhibited common dominant PL peaks at
around 426.7 nm. The strongest PL peak exhibited by
pristine gCN is attributed to the near-band-edge free
emission which is related to the direct recombination of
excited species through an exciton-exciton collision
process.”"*”** The intensity of the PL emission peak strongly
decreases when gCN is modified by PMA; 5 which indicates a
substantial inhibition of charge carriers' recombination in
the sample P-gCN/PMA, 5; similar observations have been
already demonstrated in the literature.>**”** This might be
due to longer non-radiative channels in P-gCN/PMA; 5, where
the charge carriers relax for a longer time than that in gCN.
As the photocatalytic performances are related to the
concentration of free charge carriers generated during the
photocatalytic process, this weak peak originates from rapid
electron-hole transfer and then provides more electrons to
participate in the photocatalytic HER on the catalyst surface.
This lower carrier mobility is due to the P-doping effect,
which increased the dispersion of the contour distribution of
the HOMO and LUMO.” As already demonstrated in the
literature, the results show that the phosphorus doping
strategy has an excellent effect on reducing the
recombination rate of photogenerated carriers and it shows
also that the P-Mo-O bond state formed by an appropriate
amount of phosphorus doping has a greater attractive force
on electrons.®

To investigate the transfer dynamics of the charge carriers
under irradiation and the underlying mechanism explaining
this emission quenching, time-resolved fluorescence decay
spectra were recorded as shown in Fig. 5f. By fitting the TRPL
decay spectra to a 3rd-order exponential function using the
origin software, samples exhibited three distinct radiative
lifetimes. Then, the average percentage of each sample was
calculated from the fitted graph (Table 1), and their
corresponding exciton average lifetime was calculated using
the following equation:

i Aq Ay
Average lifetime = 7| ————— | + | ————
A+ Ay + A3 A+ Ay + A;

- 4
oA
\A; + A, + 4;

The pure gCN gives an average exciton-decay lifetime of 3.37

ns while the P-gCN/PMA; 5 exhibits a longer exciton-decay
lifetime of 4.72 ns. Hence, this confirms that the lifetime of

Table 1 Parameters of the exponential fitted TRPL decay emissions
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the photogenerated charge carriers is improved after the
successful P-doping modification of gCN together with the
heterojunction configuration provided by Mo metal oxide in
its lattice, suggesting a lower recombination rate of the
electron/hole pairs, thus enhancing fast electron transfer in
P-gCN/PMA, 5 compared to pure gCN. There is a short exciton
lifetime observed for 7, (P-gCN/PMA, ;) = 3 ns originating
from rapid carrier separation and fast energy transfer
between the heterostructure lattice, this provides more
evidence of heterojunction formation.>* The exciton emission
lifetime from TRPL decay spectra is longer than that of pure
¢CN and is also consistent with the result from steady-state
photoluminescence. Furthermore, as a powerful technology,
transient photocurrent spectra clearly show that the P-gCN/
PMA,s exhibits a remarkably reversible enhanced
photocurrent compared to gCN (Fig. 5c) with excellent
stability under on/off visible light illumination, revealing the
promoted separation and transfer of the photogenerated
charge carriers in the P-gCN/PMA, ;5 Z-scheme photocatalyst
system and then gCN-Mo can further enhance the separation
of electron/hole pairs. This, in turn, reflects the successful
performance of the P-gCN/PMA;s 3D nanorod composite
material for effectual water-splitting processes (Fig. S307).

3.2 Application in photocatalytic H, production

To estimate the light-harvesting ability of the P-gCN/PMA,
samples, their activities have been evaluated through
photocatalytic tests for hydrogen production (Fig. S16). Hence,
the intrinsic photocatalytic activities of the as-prepared samples
were evaluated by monitoring the H, evolution reaction (HER)
via the water-splitting reaction under visible light irradiation.
Fig. 8a displays hydrogen production using different P-gCN/
PMA, samples. The increasing amount of PMA in the bulk
solution during the solvothermal synthesis does not only affect
the electronic structure of the final material but also affects the
photocatalytic performance. The relative order of the
photocatalytic HER activity is P-gCN/PMA,; < P-gCN/PMA,, <
P-gCN/PMA, ; < P-gCN/PMA,, < P-gCN/PMA, ;5 < P-gCN/PMA,
< P-gCN/PMA, 5 > P-gCN/PMA, > P-gCN/PMA, ; which might
be attributed to both the P-doping effect and heterojunction
construction.

The optimal photocatalytic performance is obtained for
the P-gCN/PMA, 5 sample that exhibits a strong hydrogen
production with a rate of 625 umol g™* h™", which is almost 4
times higher than that of the gCN backbone (167 umol g™*
h™). This is because the addition of 1.5 g of PMA to 2 g of

Samples Components Lifetimes (ns) Relative percentage A4, (%) x> Average lifetime (ns)
gCN 7 1.26 71.83 0.999 3.37

[2) 4.76 34.82

73 20.24 6.12
P-gCN/PMA ; o 8.62 4.00 0.998 4.72

7 3.00 21.37

73 34.54 0.59
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¢CN provides the required amount of P atoms for a
successful P-doping effect during the post-thermal phase. As
a result, the doping of carbon atoms in the graphitic carbon
nitride framework not only enhances light absorption but
also inhibits the recombination of charge carriers which
consequently results in the modification of the electronic
structure and therefore improvement of the photocatalytic
performance. Such a P-doping effect has already been
reported in the literature.>**® Fig. 8b shows the monitoring
of H, evolved, related to P-gCN/PMA, 5 photocatalytic activity
over time. As soon as the light irradiation is switched on, the
HER starts immediately but the H, hardly evolves during the
first 2 hours of irradiation. That is simply because, during
the first 2 hours of irradiation, the in situ photodeposition of
Pt (from H,PtCly as the precursor) is taking place, thus, the
catalytic system is not yet completely ready to start the HER.
Beyond 2 hours of irradiation, Pt photodeposition is finalized
and the catalyst is active for the HER. Then, from the 3rd
hour of irradiation, the HER is constant and the total amount
of H, increased continuously with an evolved amount of 1800
umol g " after 6 hours of light irradiation. The total amount
of H, evolved using gCN under similar reaction conditions

This journal is © The Royal Society of Chemistry 2024

was only 97 umol g™ after 6 hours of irradiation. As the gCN
performances are being improved by elements from the PMA
precursor, P-gCN/PMA,;; is considered a bi-component
catalyst and exhibits the highest performance compared to
catalysts from the same category (Table 2 and Fig. S29%).
Looking at performances exhibited by multi-component
catalysts (Table 2), the performances of P-gCN/PMA, 5 could
be better improved with the addition of a 3rd precursor
during the synthesis, somewhat will be investigated in the
future. The stability of the catalyst was also supported by the
XRD patterns of gCN and P-gCN/PMA, ; before and after the
photocatalytic HER provided in Fig. S31.f

As depicted in Fig. S17a,f the change of -catalyst
concentration has no significant effect on the photocatalytic
HER performances both for gCN and P-gCN/PMA,s. This
confirms that the HER performances do not depend too
much on the contact surface of light with the material
catalyst but that they mainly depend on the electronic
structure of the catalyst and the availability of reaction sites.
The increase in temperature has a significant effect on both
catalysts for HER performances. The temperature of 50 °C is
regarded as the ideal temperature for optimal HER
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Table 2 Comparison of hydrogen evolution rates based on CN derivatives

View Article Online
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Catalysts Number of components Sacrificial agents TEOA (%) H, evolution rate (umol g h™) Ref.
NiS/CdS/g-C3N, 3 20 3015 6
Holey ultrathin g-C3N, 1 12 2860 55
NiCo-MOF/ZIF 2 15 4170 8
CO@NC/g-C3N4-2 2 10 161 56
C;N,-Pd-Cu,0 2 10 32.5 57
4NiL/CN 2 10 303.3 25
4Nil/NiO,/CN 3 10 524.1 25
Protonated imine-linked COFs 2 10 20.7 58
W-TEOS-CN 3 10 326 16
W-SNP-CN 3 10 286 16
P-gCN/PMA, 5 2 10 625 This work

performances and might be appropriate for large-scale
applications (Fig. S17b¥).

Another operation mode that has been carried out to
evaluate the performance range of the as-prepared P-gCN/
PMA, 5 was the photocatalytic recycling test. The experimental
procedure is described in detail in the ESI} (Fig. S16). This is
usually done to ensure the stability of the photoactivity, to
show the durability of the catalyst or the extension of the
catalyst performance over the irradiation time, and to check
whether this material could be a candidate for a large-scale
application. Often, the catalyst durability test is performed by
running up to three tests of photocatalytic reaction in
relatively short irradiation times (3-6 hours) with the recycled
catalyst from the previous reaction batch.*’”* However, it is
believed that for short irradiation times, the durability test
and the stability of photoactivity would not be reliable. In this
work, the photoactivity stability test was done only with two
tests of photocatalytic reactions with prolonged irradiation
times of 120 hours for each test (Fig. 8c and d). The amount
of H, that evolved after the second test was about 56 944 umol
g and was higher than the amount of H, that evolved after
the first run (55 620 umol g*). In the second run, the reaction
started with Pt already loaded onto P-gCN/PMA, ; implying
that the catalytic system is much more improved in the
second run than the first one. Further, during the first run, a
large fraction of Pt nanoparticles from the photoreduction
process are still in solution, having an impact on the light
absorption. But, during the second run, those nanoparticles
are not present and the catalytic system is improved for light
absorption. P-gCN/PMA, ; not only retains its photoactivity
but also maintains the photocatalytic H, production without
being deactivated after two extended runs of 120 hours each,
which revealed its stability and durability making it suitable
for large-scale practical applications. gCN was not stable
during the first extended run and it seems to be deactivated
after 48 hours of irradiation during the first test (Fig. S18 in
the ESIT). Further, the apparent quantum efficiency (AQE) at
415 nm was measured to be 0.7% for the sample P-gCN/
PMA, 5 which is 7 times higher than the AQE measured for
¢CN. This is evidence for the boosting effect through loading
PMA onto gCN. Details for the calculation of the AQE are
given in the ESLY
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3.3 Proposed charge transfer mechanism of redox reactions
on the P-gCN/PMA, 5 surface

The photocatalytic reaction mechanism is a designed concept
that helps to materialize the light-initiated reactions through
which the semiconductor photocatalyst, when irradiated by
light with energy equal to or greater than its band gap
energy, produces oxidizing and reducing entities. Thus, for
photocatalytic water splitting, the reaction mechanism
requires consideration of all the active sites in the whole
catalytic system that are involved in charge separation and
electron transfer. This allows the prediction of the reaction
path and product formation based on the electronic
transitions and the reactant molecules. Considering the band
structure and structural composition of P-gCN/PMA; s, there
is a non-negligible fraction of gCN that remains unchanged
and is assumed to be part of the catalytic system. The
modified areas of gCN are represented by the sites where the
doping process and the hetero-hybridization took place,
symbolizing P-gCN/PMA, 5. Therefore, a catalytic system
made up of a bi-component semi-conductor originating from
¢CN and molybdenum oxide provided by PMA would have
been considered as the better prediction matching with our
input. However since the second semiconductor component
is not precisely identified, its band gap determination could
not be provided and hence its band structure could not be
described in the redox mechanism demonstrating the
heterojunction configuration as mentioned above. Therefore,
the doped gCN was assumed a bi-component and considered
as P-gCN/PMA, ; catalyst material. Considering platinum and
TEOA in the catalytic system, the improvement of the
photocatalytic mechanism of P-gCN/PMA, s is shown in
Fig. 9. Both P-gCN/PMA;; and gCN can be initiated to
generate photogenerated electron-hole pairs under light
irradiation, but the initiation process is much easier in the P-
gCN/PMA, 5 sample. In gCN, the recombination of electron/
hole pairs is the promoted reaction, which is the reason for
its weak HER performance. Since the CB potential of P-gCN/
PMA, ;s is negative enough (potential vs. E(ev) NHE), the
photoinduced electrons on the CB could be easily transferred
to the reduction site (Pt) for hydrogen production. Finally,
the accumulated electrons in the CB of P-gCN/PMA, 5 can be

This journal is © The Royal Society of Chemistry 2024
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through water splitting.

involved in the photochemical reduction of protons to
generate hydrogen. Simultaneously, the holes in the VB of P-
gCN/PMA, 5 are trapped by TEOA as scavengers. Together
with the midgap state (ms), the occurrence of hetero-
hybridization helps to prevent the recombination of electron-
hole pairs, resulting in a remarkably enhanced photocatalytic
activity, 4 times higher compared to pure gCN.

4. Conclusions

In summary, the development of new photocatalysts with
efficient charge separation and an extended wavelength range
for light absorption is the key in photocatalytic water
splitting to enhance the sunlight harvesting process and
convert it into a storable energy form. However, it is
challenging for a single photocatalyst such as gCN to
simultaneously exhibit all the required properties. To boost
the photocatalytic activity, the structure of gCN was modified
by introducing the phosphorus dopant element and
heterojunction construction together with defect structures.
This has been achieved by adding phosphomolybdic acid
(PMA). The results revealed that there is a competition
between the P-doping phenomenon and the heterojunction
construction during the synthesis. At lower concentrations of
PMA, the P-doping effect has a weak impact on the final
structure. With 1.5 g of PMA loaded in the solvothermal step
(gCN/PMA; 5), the obtained P-gCN/PMA; ;s catalyst exhibits
the highest P-doping effect and hydrogen production through
photocatalytic water splitting. PMA assumes three functions
during the synthesis: a) as an in situ templating agent, it
helps to provide porous structured materials; b) as a doping
source, it helps to provide new and reinforced electronic

This journal is © The Royal Society of Chemistry 2024

properties whereby many transitions are enhanced resulting
in the improvement of light-harvesting; and c) by the
heterojunction configuration, PMA helps to introduce bridges
between HOMO and LUMO levels to optimize the charge
carrier transport. All these properties lead to a boost in the
photocatalytic hydrogen production compared to pure gCN,
and the H, evolution rate increased by a factor of four to 625
umol g h™ (gCN: 167 umol g h™') with a stable
photoactivity over 2 reaction cycles of 120 hours, making it
valuable for large-scale applications. By using POMs as a new
class of materials, this work provides a new concept for the
design and fabrication of highly efficient catalysts that could
be used for sustainable hydrogen production through water
splitting or other light-harvesting technologies, but further
optimization is needed to better meet today's energy
challenges.
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