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In this work atomically dispersed antimony P-doped carbon nitride was prepared with the aim of producing
hydrogen peroxide under visible light irradiation and of obtaining organic contaminants degradation. The
conjugation of the P-doping can induce significant increase in visible light harvesting, narrowing of band gap
energy and shift of the upper edge of the VB to less positive value and the introduction of Sb can efficiently trap
oxygen molecules in the Sb-OO end-on structure and at the same time accumulate electrons which act as the
photoreduction sites for Oy via a 2e” ORR pathway. Pristine C3N4 and P-doped C3N4 were prepared as references
using melamine and ammonium dihydrogen phosphate as precursors and different amount of Sb were added (x =
0.5, 1, 3, 5 mmol) to synthetize Sbx P-doped C3N4. All materials were characterized with multiple techniques,
tested for the hydrogen peroxide production and for the degradation of carbamazepine. The pristine C3N4 led to a
H>0; poor production but with the introduced modifications the yield increased and an upward trend during the
time was observed. The optimum amount of Sb was found to be 1 mmol and it led to the production of more than
7 times the amount produced by pristine carbon nitride. The degradation of carbamazepine using only visible
radiation required prolonged timescales but when we expand the light spectrum to include near-UV, the
abatement of the pollutant is achieved in a few hours. The efficiency of the synthesized materials in hydrogen
peroxide production suggests possible future developments that take advantage of the excellent peroxide pro-
duction of atomically dispersed antimony P-doped carbon nitride photocatalysts in Fenton-like processes or
involve the use of peroxidase enzymes to achieve enhanced degradative performances.

like processes, due to its high oxygen content and the absence of harmful
by-products [6-8]. Moreover, H2O5 is necessary to activate peroxidase,

1. Introduction

The scarcity of water and the worsening of its quality due to pollution
is one of the great crises that the modern world is facing. Traditional
water treatment plants are often unable to remove contaminants of
emerging concern, and the development of new methodologies that are
effective in removing these pollutants while being environmentally
friendly and low cost is of paramount importance [1,2]. Photocatalysis
and the use of reactive oxygen species (ROS) are viable strategies for the
removal of organic contaminants, and research in this field is focusing
on modifying and doping photocatalysts to increase their degradative
performance and to be able to use sunlight efficiently [3-5].

Hydrogen peroxide is extensively used for the activation of hydroxyl
radicals (-OH) for wastewater treatment by exploiting Fenton or Fenton-
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an enzyme widely distributed in nature, which can be easily extracted
from plant cells and some animal tissues and organs [9]. Because of its
properties, such as low selectivity and high resistance to chemical and
thermal denaturation, this enzyme appears to be suitable for biotech-
nological applications, such as the removal of phenol and phenolic de-
rivatives or the degradation of dyes [10-12].

The traditional industrial process for HO4 production (over 95 % of
total production) is the anthraquinone oxidation process that includes
hydrogenation and oxidation reactions that consume significant
amounts of energy and generates a lot of waste resulting in a not envi-
ronmentally sustainable process [13,14]. Therefore, recently, large
attention has been directed to the possibility of efficiently producing
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H»0; by a photocatalytic reaction process, particularly through carbon
nitride-based materials [15,16]. However, the activity of pristine g-C3N4
is still restricted by low efficiency because of high rate of charge
recombination due to defects introduced into the structure following
polymerization, large band gap (2.7 eV) and small absorption of visible
light which results in inadequate visible-light harvesting [17-19];
moreover, to achieve high efficiency for H,O2 production, it is crucial to
boost the 2e™ oxygen reduction reaction (ORR, Eq. (1)) or the 2e™ water
oxidation reaction (WOR, Eq. (3)) whereas when using pristine carbon
nitride, it is difficult to prevent the competitive stepwise 1e” to 1e” ORR
[20].

0,+2H"+2¢ ™ Hy0; (0.695V vs. NHE) @
2H,0+44 hte 0)+4H" (1.23V vs. NHE) 2
H,0, 4+ 2H"' + 2¢™ < 2H,0 (1.76V vs. NHE) 3)

With the aim of addressing these issues, several strategies have been
studied such as metal [21-24] and non-metal doping [25,26]. In this
work atomically dispersed antimony P-doped carbon nitride was pre-
pared. In fact, according to the literature the P-doping can induce sig-
nificant increase in visible light harvesting, narrowing of band gap
energy, shift of the upper edge of the VB to less positive value and the
decrease of binding energy between electrons and holes [27-30];
additionally, it can boost charge transfer mobility since the lone electron
that is still present can delocalize from the P atom to the p-conjugated
triazine ring, resulting in the induction of an electron-rich state [31,32].
On the other hand, the introduction of single Sb sites that can accu-
mulate electrons, which act as photoreduction sites for O, via a 2e” ORR
pathway [33] and is expected to provide effective photogenerated car-
rier charge transfer, lower carrier recombination rates, therefore raising
the efficiency of photocatalytic hydrogen production [34].

Pristine C3N4 and P-doped C3N4 were prepared as references using
melamine and ammonium dihydrogen phosphate as precursors and
different amount of Sb were added (x = 0.5,1,3,5 mmol) to synthetize
Sbx P-doped C3N4. All materials were characterized with multiple
instrumental techniques (x-ray diffraction, photoluminescence, X-ray
photoelectron spectroscopy, UV-visible spectroscopy, FT-IR and elec-
trochemical analysis). Prepared photocatalysts were then tested for
hydrogen peroxide production without using a sacrificial reagent
exploiting visible light and for the degradation of a model pollutant,
namely carbamazepine (CBZ). This was chosen since it is a common
anticonvulsant primarily used to treat epilepsy and nerve pain currently
consumed in large quantities worldwide and after its oral administra-
tion, only 72 % is absorbed by the human body and metabolized up to a
99 % level, while the rest is discharged into the sewage system where is
scarcely degraded [35-37].

2. Experimental

Ammonium dihydrogen phosphate, carbamazepine (>99 %), mel-
amine (99 %), sodium hexafluoroantimonate (V), thiourea (99 %), 4-
aminoantipyrin, phenol, phosphoric acid (>85.0 %), acetonitrile and
ethanol were purchased by Sigma Aldrich. All solutions were prepared
with ultrapure water Millipore Milli-Q™ (TOC < 2 ppb, con-
ductivity>18MQ cm).

2.1. Synthesis of the photocatalysts

The synthesis of pristine C3N4 was performed through the following
procedure: melamine (10 g) was heated in Ny atmosphere in a closed
ceramic crucible up to 520 °C at 3 °C min}, the temperature was
maintained for 2 h and then it was cooled down obtaining bulk graphitic
carbon nitride. Phosphorous doped C3N4 material was prepared by
adding slowly 2 g of NH4(H2PO4) to an aqueous suspension containing
melamine (10 g). The final suspension was stirred at room temperature
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for 1 h and then heated at 50 °C until complete dryness. The obtained
powder (A) was calcinated with the same temperature programme
described above and the resulting material was labelled P-doped C3N4
[27]. Sb(x) P-doped C3N4 materials, where x indicates Sb mmols, were
prepared by wet chemical method synthesis. X mmol of NaSbFg were
dissolved in 120 mL of EtOH (x = 0,0.5, 1, 5, 15) and the flask was kept
in an ultrasound bath for 60 min at 60 °C. Then, 4 g of (A) were added
and maintained in ultrasound bath for 60 min at 60 °C. The solvent in
the solution was removed by rotatory evaporation and the obtained
white powder was transferred into a tube furnace and calcinated
increasing the temperature to 560 °C at a ramp rate of 2 °C min~! in Ny
atmosphere then keeping it at 560 °C for 4 h [33].

2.2. Characterization

The crystalline phases of the synthetized photocatalysts were char-
acterized by a powder X-ray diffraction (XRD) instrument (MiniFlex II,
Rigaku Co.) with CuKa (A=1.5418 A) radiation (cathode voltage: 30 kV,
current: 15 mA). Fourier transform infrared spectra were recorded with
an FT-IR spectrometer (IR Shimadzu Prestige-21). X-ray photoelectron
spectroscopy (XPS) measurements were performed using a Kratos AXIS
Nova spectrometer (Shimadzu Co.) with a monochromatic Al Ka X-ray
source. UV-vis diffuse reflectance spectroscopy (UV-DRS) was executed
using a UV/VIS/NIR spectrometer UV-2600 (Shimadzu Co.). Photo-
luminescence (PL) spectroscopy was acquired using a FP-8500 spec-
trofluorometer (JASCO Corporation, Japan). An electrochemical
workstation CHI760E (Chenhua corporation) was used to test the Mott-
Schottky plots. Morphological analyses were performed with FEG-SEM
TESCAN model S9000G, Schottky-type FEG source, theoretical resolu-
tion in In-Beam SE (Ultra High Resolution) mode: 0.7 nm at 15 keV.
Point microanalysis and element distribution maps were obtained with
energy dispersive spectrometer (EDS) for X-ray microanalysis, OXFORD
EDS Ultim Max detector and AZTEC Software. The samples were
deposited on special aluminium stubs to which double-sided carbon tape
was applied in advance to facilitate conductivity and subsequently
samples were subjected to metallization with a thin layer of chromium
(5 nm).

Branauer-Emmett-Teller (BET) surface area measurements were
performed by a full analysis of nitrogen adsorption-desorption tests at
liquid nitrogen temperature of 77 K.

Electron Paramagnetic Resonance (EPR) spectroscopy using an
Adani EPR, working in CW, X bad. The samples have been prepared
according to the following procedures: 10 mg of samples in 0,5 ml 0,044
M DMPO. The formation of OH radicals has been evaluated for the
samples under irradiation with a light > 420 nm.

2.3. Hydrogen peroxide production

All the synthetized photocatalysts were tested for the hydrogen
peroxide production, using a concentration equal to 2 g/L. No sacrificial
reagent was used, so Milli-Q water was used as reaction medium, and
oxygen was bubbled for 15 min before starting to irradiate with a Xenon
lamp equipped with cut off filters so that the range of wavelengths used
to irradiate could be modulated; specifically, a filter was used to cut
wavelengths below 420 nm to simulate visible light and a filter at 340
nm to also include near UV-A and simulate sunlight. The concentration
of produced hydrogen peroxide was determined at three sampling time
for five hours and was determined by a colorimetric method using
PACKTEST (WAK-H202, Kyoritsu Chemical-Check Laboratory, Corp.)
equipped with a digital PACKTEST spectrometer (ED723, GL Sciences
Inc.) or by using the horseradish peroxidase-coupled oxidations method
described by Frew et al. [38]. Experiments were repeated using ultra-
pure water as reaction medium without oxygen bubbling prior to irra-
diation. Analyses of Na content in the samples after irradiation was
carried out with an inductively coupled plasma optical emission spec-
trometer (ICP-OES), the Perkin Elmer Optima 7000 (Perkin Elmer,
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Fig. 1. XRD patterns of prepared samples and enlargement of the region between 25° and 30°

100 77 "

90

80

pristine C5N,

70 J —— P-doped C;N,

—— Sb0.5 P-doped C,N,
——Sb1 P-doped C;N,
60 - —— Sb3 P-doped C;N,
—— Sb5 P-doped C;N,

Trasmittance (a.u.)

110 - /\

Trasmittance (a.u.)

99.04

98.5 4

AN

0 - - - — T
3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

50

Wavenumber (cm™")

T T T T T T
4000 3500 3000 2500 2000 1500 1000

Fig. 2. FTIR spectra of the synthetized photocatalysts.

Norwalk, CT, USA).
2.4. Organic substrates degradation

The degradation tests were performed on a solution of carbamaze-
pine at 10 mg/L at natural pH (pH = 7.1) in the presence of the pho-
tocatalyst at 0.5 g/L. Experiments were carried on in Pyrex glass cells
kept under magnetic stirring and filled with 5 mL of sample and catalyst
suspension. The cells were irradiated in a Solarbox (CO.FO.MEGRA
Milan, Italy) equipped with a 340 or 420 nm cut-off filter. The samples
were filtered through a 0.45 pm PTFE membrane and the photo-
degradation process was followed over time. Analyses were performed
with a Merck-Hitachi HPLC system equipped with a 1-6200A Intelligent
Pump, a 1-4200 UV-VIS Detector and a six-way Rheodyne valve injec-
tion system. The detection wavelength was set at 285 nm eluting with 65
% of phosphoric acid solution at pH 2.8 and 35 % of acetonitrile at a flow
rate of 1 mL/min. The retention time was 5.1 min.

Adsorption tests were performed keeping the samples containing
carbamazepine and photocatalysts in the dark for sixteen hours. More-
over, in order to further comprehend the mechanism of degradation of
carbamazepine by synthetized photocatalysts, experiments were
repeated using EtOH as holes’ scavenger.

3. Results and discussion
3.1. Morphology and structural information

XRD measurements were used to initially explore the crystalline
structures of synthetized materials (Fig. 1). XRD patterns of all samples
revealed two characterisation peaks at about 27.3° and 13.2°, related to
the interlayer stacking (002) and the inner planar structure packing
(100) of tri-s-triazine units, respectively [39]. They reveal the presence
of graphitic C3N4 phase only for pristine and modified samples, showing
that the precursors are entirely condensed, and no crystalline phosphate
impurities are present. The intensity of the diffraction maxima measured
in Sb(x) P-doped materials is lower than in pristine sample and it de-
creases especially with samples with a higher amount of antimony. The
considerable decrease in peak intensity at 13.2°, corresponding to the
(100) plane, indicates a lower crystallinity degree than the pristine
material. The position of the peak at 27.3° attributed to the (002) plane
undergoes a little shift because of the electrostatic repulsion between
interlayers matrix caused by the positive ions incorporated into the
matrix.

The FTIR spectra of all the photocatalysts are displayed in Fig. 2 and
confirmed the carbon nitride structure of the materials, no major
changes between the samples are revealed. The broad groups of peaks
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Fig. 3. FEG-SEM images of a) pristine C3N4 2 pm, b) pristine C3N4 200 nm, ¢) P-doped C3N4 10 um, d) P-doped C3N4 2 um, €) Sb1l P-doped C3N,4 10 pm, f) Sb1 P-
doped C3N4 1 um, g) Sb5 P-doped C3N4 20 um, h) Sb5 P-doped C3N4 2 um (enlargement of the red square of g), i) Sb5 P-doped C3N4 5 pm.

extending from 3500 to 2700 cm * are attributed to O—H and N—H typical C=N and C—N stretching vibrations modes of heptazine het-
stretching bands because of the presence of adsorbed water and erocyclic ring units. The absorptions at 810 cm ™! correspond to the tris-
uncondensed amino groups on the surface. triazine breathing mode [27]. FTIR spectra of Sb(x) P-doped C3N4 look

The strong absorption bands in the 1650-1000 cm™! region are very similar to that of pristine carbon nitride, except for the signal
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Fig. 4. EDS map and elemental spectrum of Sb1 P-doped C3Ny.

around 2167 cm™! that is due to the introduction of antimony, and it is
related to—C = N- [40], demonstrating that their chemical structures are
essentially consistent. The existence of phosphate cannot be established
by P=O stretching, which is in the same range as heptazine stretching
modes. Moreover, no additional vibrational group can be observed after
functionalizing with Sb.

To investigate the morphology of the samples, analyses were per-
formed with a FEG-SEM and the obtained images are shown in Fig. 3.

The average dimension of C3N4 particles is around 20 nm and
looking at the pure sample in comparison with the phosphorus-doped
sample, a slight morphological alteration can be noticed.

On the other hand, the addition of antimony leads to a noticeable
alteration in the structure. In fact, the sample becomes more porous and
BET analyses show that the surface area is slightly influenced by P and
Sb doping ranging from 5 to 6 m%/g for pristine C3N4 and Sb P-doped
C3Ny. Interestingly, in the sample with the highest concentration of
antimony (as shown in Fig. 3g and h), distinct morphological regions can
be observed within the same sample and upon closer examination, a
very distinctive structure appeared, which has been identified as an
agglomerate.

Energy Dispersive Spectroscopy (EDS) and Element Mapping Ana-
lyses were utilized to provide additional confirmation of the composi-
tions and the spatial distribution of elements in the materials.

As shown in Fig. 4, the EDX results indicate that the main

components of the sample are C, N, O P, Sb and Na, the latter deriving
from the precursor used for the synthesis of antimony-containing ma-
terials, namely NaSbFe. Elemental mapping reveals that N and C ele-
ments are the main components and evidences a homogeneous
distribution of P and Sb throughout the sample, indicating the successful
incorporation of P into the structure of C3N4 and the uniform dispersion
of antimony throughout the sample.

To further reveal the surface chemical compositions of the obtained
materials, X-ray photoelectron spectra (XPS) were recorded, as shown in
Fig. 5. The presence of phosphorus as a dopant is also evident from the
XPS analysis (Fig. 5e). In fact, the binding energy peak of P 2p in P-
doped C3Ny, centred around 133.4 eV is typical of P-N coordination,
indicating the presence of phosphorus incorporated into the C3Ny4
structure with the phosphorus heteroatom that can either replace corner
or bay carbons in the structure, forming a P-N bond in the doped C3Ny,
or occupy interstitial positions, forming two P-N bonds [27,41].

The C 1s spectrum (Fig. 5¢) of C3N4 can be deconvoluted into three
peaks, with the main ones located at 284.8 eV and 288.2 eV, respec-
tively. The peak at 284.8 eV can be attributed to carbon impurity signals.
The more intense peak with a binding energy of 288.2 eV can be iden-
tified as sp? hybridized carbon in an aromatic ring containing nitrogen
(N—C=N).

The N 1 s spectrum (Fig. 5d) can be deconvoluted into three peaks
with binding energies of 398.6 eV, 400.1 eV, and 401.1 eV, respectively.
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The main peak at 398.6 eV is assigned to sp? hybridized nitrogen in
triazine rings containing C triazine (C—N=C), while the peak at 400.1
eV is typically attributed to tertiary nitrogen groups N-(C)s. The peak at
401.1 eV indicates the presence of amino groups (N—H) [42-44].
Therefore, XPS analyses further confirm the triazine heterocyclic ring
structure of the P-doped C3Ny.

XPS spectroscopy of C 1s of the Sb1 P-doped C3N4 material shows no
substantial difference from the antimony-free material. The binding
energy of Sb 3d, specifically Sb 3d3/, at 539.5 eV and Sb 3ds/, at 531.1
eV, is close to that of SbyO3 (Sb 3ds,»2 at 539.8 eV and Sb 3ds /5 at 530.5
eV)[33,45], suggesting that the oxidation state of Sb is close to +3.

3.2. Charge transfer properties

Photoluminescence analyses were employed to investigate charge
recombination in synthesized photocatalysts, enhancing our compre-
hension of their effectiveness and the transport dynamics of charge
carriers in different materials. Indeed, this technique yields valuable
insights into the behaviour of charge carriers, electrons and holes, by
measuring the emission of photons, i.e., luminescence, that occurs when
these charge carriers recombine after the material has been exposed to
light; therefore, stronger photoluminescence intensity corresponds to a
higher charge recombination [46,47].

As shown in Fig. 6, the influence of the amount of antimony on
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charge recombination is marked; in fact, the intensity of photo-
luminescence noticeably decreases when increasing the Sb millimoles,
so indicating that electron-hole recombination is suppressed. In fact, the
intermediate band in the band structure can be eliminated by incorpo-
rating atomically dispersed antimony with the d10 electronic configu-
ration. This is advantageous for effective charge separation and the
formation of reactive centers with a high density of electrons and holes
[32].

3.3. Optical properties

The absorption spectra of the synthesized materials are shown in
Fig. 7 and, as can be observed, P-doped C3N4 material exhibits an ab-
sorption profile similar to the pristine CsNy4, whereas the inclusion of
antimony results in a notable enhancement of the absorption band,
peaking at approximately 380 nm, and an extension of the absorption
range into the visible region, reaching up to 550 nm, as perceived in
Fig. 7 (right).

From the study in diffuse reflectance, processing the Kubelka-Munk
function of the spectra, through the Tauc plot method [48] it is
possible to determine the optical band gaps of the materials (Table 1),
highlighting that the introduction of phosphorous and antimony led to
narrowed band gaps and consequently to an increase in visible light
harvesting.

The Mott-Schottky plots in Fig. 8 indicate a progressive increase in
the conduction band minimum of the prepared samples, transitioning
from -1.26 eV for the pristine C3N4 to -0.62 eV for Sb5 P-doped C3Ny.
Using this information, together with the energy band gaps obtained by
Tauc plots, the band position diagram was assessed for pristine C3N4 and
modified samples, as depicted in Fig. 9.

The phosphorous doping and Sb introduction appear to be pivotal in
shifting the upper limit of the valence band toward more positive values.
Considering the purpose of these photocatalysts, one must remember

Table 1
Band gap (eV) values determined from absorption spectra for
different synthesized materials.

Sample Band gap (eV)
M-C3N, 2.75
P-doped M-C3Ny4 2.72
Sb0.5 P-doped M-C3N4 2.65
Sb1 P-doped M-C3N, 2.63
Sb3 P-doped M-C3N,4 2.57
Sb5 P-doped M-C3N4 2.55

16

— pristine C;N,
P-doped C;N,
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—— Sb1 P-doped C;N,
Sb3 P-doped C;N,
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Fig. 7. DR-UV-Vis spectra for the obtained materials (left) and enlargement of the 400-525 nm region (right).
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that in order to enhance the overall efficiency of producing hydrogen
peroxide, it is essential to promote either the two-electron oxygen
reduction reaction (ORR) and having a sufficient oxidization potential
for overcoming the large overpotential of water oxidation [40]. There-
fore, the increase in valence band potential values makes it more plau-
sible that water oxidation may occur on these catalysts, thus enabling
effective HyO2 production from O, and water.

3.4. Hydrogen peroxide production

The photoactivity of the synthesized photocatalysts was evaluated
for hydrogen peroxide production without adding a sacrificial agent,
hence Milli-Q water was used as reaction medium, and oxygen was
bubbled for 15 min before irradiation. As shown in Fig. 10a, the use of
pristine carbon nitride led to a poor production of HyO, whereas the
doping with phosphorus and antimony allowed to significantly increase
the concentration produced.

The optimal quantity of Sb was determined to be 1 mmol, resulting in
the generation of 3 mg/L after a five-hour period. This amount is over
seven times greater than what is produced by the unmodified carbon
nitride. The capability to produce H30- is slightly decreased after the
third cycle of catalyst reuse (see Fig. S2).

As the ultimate objective is to use photocatalysts in conditions
closely resembling those found in practical treatment systems, experi-
ments were replicated without oxygen bubbling. Despite this, an effi-
cient production of H,O5 was maintained, with values that, after five
hours were only slightly lower than those obtained when oxygen was
introduced, as illustrated in Fig. 10c. The increased Hy05 production for
the co-doped C3N4 under these conditions is supported by the results
obtained via EPR measurements. In Figure S1 the integrated area of EPR
signal directly correlated to the ‘OH radicals concentration measured for
pristine material and P doped or co-doped samples. Despite a similar
yield of OH radicals produced, P-doped as well as the bare C3N4 sample
show the highest activity in the formation of ‘OH radicals in the first
minutes, while the Sb1 P-doped C3Ny4 activates a little bit later but then
maintains the activity much longer than the other samples. However,
there was a slightly reduced increasing trend, as highlighted in Fig. 10b.
In fact, after three hours, the production reached a plateau, and this can
be explained by considering that at first instance the generation of
hydrogen peroxide can occur through the oxygen reduction reaction
(ORR). Once the oxygen in the reaction vessel is depleted, the produc-
tion yield decreases, since more oxygen needs to be produced by water
oxidation and at the same time, the competitive decomposition of the
produced hydrogen peroxide can take place.

The discussed results refer to the experiments performed using
visible light, then they were repeated including the near UV-A (A>340
nm) and obtained data are shown in Fig. 11.

In this case, it is evident that the overall production of hydrogen
peroxide improves, especially by increasing the amount of antimony in
the synthesis step, but the linear trend of increasing production with
time is completely lost; in fact, after two hours the HyO2 concentration
drops, returning to values like those obtained after one hour of
irradiation.

This phenomenon could be explained considering the recombination
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with the holes resulting in the decomposition to water or it can be due to
the release of Na' ions in solution. In fact, from EDS analyses the
presence of sodium in the prepared materials containing antimony, was

highlighted; ICP-OES analyses of the solutions after irradiation and
filtration of the photocatalyst were performed, showing a considerable
release of Na into solution, amounting to 10 ppm after 3 h for the sample
obtained using Sb1 P-doped C3N4 and with increasing concentrations
over time and using the materials with higher Sb content.

3.5. Organic substrates degradation

The newly developed materials underwent testing not only for
hydrogen peroxide production but also for the photocatalytic degrada-
tion of organic substances. Carbamazepine was chosen as a target
pollutant, and its degradation efficiency was assessed by irradiating the
solution containing the drug and the photocatalyst suspension with a
Xenon lamp equipped with cut-offs to select wavelengths greater than
340 or 420 nm. In dark conditions, adsorption tests revealed that no
adsorption occurred during the sixteen-hour period considered.

It is worth noting that when irradiation was conducted using a filter
that entirely excluded UV-A radiation (as depicted in Fig. 12a), the
degradation of carbamazepine was notably poor. However, when the
wavelength range was expanded (as shown in Fig. 12b), complete
degradation of the substrate occurred within 4 h for the most effective
materials. In this scenario, contrary to what was observed in peroxide
production, the most efficient photocatalysts were those not containing
antimony, namely the pristine carbon nitride and the phosphorus-doped
one, indicating an opposite trend. This divergence can be elucidated by
recognizing that the primary mechanism for carbamazepine degradation
predominantly involves photogenerated holes, as validated by
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Fig. 12. Carbamazepine degradation over time using A>420 nm (a) or A>>340 nm irradiation (b) and degradation percentage after 2 h of irradiation (A>>340 nm) with

and without the holes scavenger (c).

experiments conducted in the presence of a hole scavenger like ethanol
(as illustrated in Fig. 12c). In fact, the degradation rate of carbamaze-
pine in such cases was significantly lower compared to when no scav-
enger was present. For this reason, the materials that are most efficient
in producing hydrogen peroxide by oxygen reduction and water oxida-
tion, on the other hand, are the least efficient for the degradation of a
substrate like carbamazepine.

Moreover, considering the band diagram results presented in Fig. 9,
pristine C3N4 and P-doped CsN4 exhibit an advantage in terms of
oxidizing capability. However, these two materials have minimal ca-
pacity for generating HyOs, indicating that the primary reaction involves
the production of superoxide anion radicals through a one-electron
reduction of oxygen. In this context, pristine C3N4, which possesses a
more negatively positioned CB, enjoys a favourable position due to these
trade-offs, resulting in a good reaction trend.

As for Sbx P-doped C3Ny4, with an increasing quantity of Sb, the VB
shifts towards a more positive position, consequently enhancing its
oxidizing potential. Conversely, the CB also shifts towards the positive
side, diminishing its capacity to generate hydrogen peroxide and su-
peroxide anion radicals through one-electron reduction of oxygen. Once
again, a reaction trend resulting from these trade-offs was evident.

4. Conclusions
The present study aimed to create atomically dispersed antimony P-

doped carbon nitride with the objective of generating hydrogen
peroxide under visible light irradiation and facilitating the degradation

10

of organic pollutants. Photocatalysts were prepared via facile syntheses
and comprehensive characterization techniques were employed to
assess materials features. The P-doping and introduction of antimony
were confirmed by FE-SEM, EDS and XPS analyses and resulted in
enhanced visible light absorption, a reduction in the band gap energy,
and a shift of the valence band edge to a less positive position and
reduced charge recombination. Photocatalysts performance was evalu-
ated in terms of hydrogen peroxide production and the degradation of
carbamazepine. Pristine C3N4 exhibited limited hydrogen peroxide
production, but the introduced modifications led to an increased yield,
showing an upward trend over time. The optimal amount of antimony
was determined to be 1 mmol, resulting in more than a sevenfold in-
crease in hydrogen peroxide production compared to pristine carbon
nitride. Considering carbamazepine degradation, expanding the light
spectrum to include near-UV radiation, pollutant removal was achieved
within a few hours. The efficacy of the synthesized materials in
hydrogen peroxide production suggests potential future applications,
such as utilizing atomically dispersed antimony P-doped carbon nitride
photocatalysts in Fenton-like processes or incorporating peroxidase
enzymes to enhance degradative performance.
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