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ABSTRACT
The contamination of rivers, lakes, and oceans by synthetic toxic dyes has become a critical issue that is undermining water safety

around the globe. Metal-free semiconductors, and in particular the family of carbon nitrides, represent an appealing solution to

degrade pollutants triggered by solar light illumination. Here, we present a new fabrication strategy for phosphorus-doped carbon

nitride starting from two abundant fertilizers widely used in agriculture: thiourea and diammonium phosphate. We show that in

the resulting P-doped carbon nitride P is incorporated by substitution of C atoms in the lattice, eventually increasing the popula-

tion of photoexcited states and efficiently suppressing charge-carrier recombination. Doped samples, and specifically the one

obtained with an initial 1 %wt of P dopant in the precursor, demonstrate superior abilities in the degradation of four persistent

dyes (Rhodamine B, malachite green, indigo carmine, Congo red) compared to the pristine carbon nitride. This P-doped semi-

conductor efficiently catalyzes the quantitative photodegradation of common dyes in less than 60min, thus proving noteworthy

versatility and applicability for use in environmental remediation applications.

1 | Introduction

The rapid industrialization mankind experienced in the last two
centuries has fostered human progress and the advancement of
science, leading to the expansion of knowledge and wealth.
Nevertheless, all of this came with severe environmental costs
in terms of air, soil, and water pollution, which the new gener-
ations of scientists are called to face [1]. In particular, the scarcity
and contamination of water sources are regarded as one of the
greatest challenges of our times [2, 3].

Synthetic organic dyes account for an estimated 17%–20% of
industrial wastewater pollution, posing a severe threat to

aquatic ecosystems and human health [4]. Their high molar
absorptivity reduces light penetration in water, depriving
aquatic organisms of necessary solar radiation, while their
chemical stability renders many conventional wastewater treat-
ment methods ineffective [5]. Photocatalysis has emerged as a
promising strategy to remove and mineralize these pollutants.
Using only light and an appropriate semiconductor catalyst,
pollutants can be oxidized into harmless end products such
as CO2 and H2O. When the semiconductor absorbs light,
electron–hole pairs are generated and can participate in inter-
facial redox reactions. This leads to the formation of reactive
oxygen species (ROS), including hydroxyl (HO•) and superoxide
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(O2
•−) radicals, which effectively degrade the organic dye mol-

ecules in solution.

Among several semiconductors, carbon nitrides have gained a
pivotal role as suitable photocatalysts for a broad spectrum of
processes, including water splitting [6], CO2 reduction [7], and
environmental remediation [8]. In recent years, carbon nitrides
have also attracted considerable attention for biomedical
research, hence expanding their applicability even beyond the
field of catalysis [9, 10]. The interest in this class of semiconduc-
tors arises from their nontoxicity, cheap and facile fabrication,
medium bandgap (2.7 eV) enabling the absorption in the visible
range, and great thermal and chemical stability [11, 12]. The term
“carbon nitrides” actually refers to a broader family of com-
pounds that includes different polymorphs (α-C3N4, β-C3N4),
C/N ratios (C3N4, C3N5), and ionic structures (poly (heptazine
imides), poly(triazine imides)) [13–15]. Each class of carbon
nitrides has unique properties that arise from their composition,
spatial configuration, and electronic properties. This enables a
wide range of applicability in a variety of fields, including fabri-
cation of hard materials [16], solar energy storage and conversion
[17], electrocatalysis [18], photocatalysis [19–21], and photoelec-
trocatalysis [22]. Among the broad scope of carbon nitride mate-
rials, heptazine-based carbon nitride, whose ideal parent
structure is the “graphitic carbon nitride” (g-C3N4), encompasses
the presence of residual hydrogen (CxNyHz) from nonideal con-
densation and short-range order in the structure [23]. For this
reason, the term “polymeric carbon nitride” [24] has been intro-
duced to describe g-C3N4 with incomplete condensation, and
hereafter referred to simply as “CN”.

Regarding the synthetic methodology, CN is usually obtained by
thermal condensation of suitable N-rich organic precursors such
as melamine, urea, thiourea, cyanamide, and dicyanamide, at
temperatures between 500°C and 600°C [25–28]. The synthetic
procedure and the choice of precursors greatly influence the
physico-chemical properties of the final material. Different pre-
cursors undergo decomposition and condensation at varying
rates, which strongly affect the degree of polymerization and
the structural order in the final CN. Melamine condenses rap-
idly, typically yielding denser structures with higher crystallinity,
whereas urea and thiourea condense more slowly, leading to
more porous and less polymerized materials. The lower degree
of polymerization of these CN materials introduces more struc-
tural defects that can be beneficial for photocatalysis [29–31].

CN typically suffers from poor electrical conductivity, restricted
absorption interval, low specific surface area (SSA), and fast
charge recombination [32, 33]. Therefore, exploiting its structural
tunability, researchers have focused on doping CN with heteroa-
toms to overcome its intrinsic limitations and enhance the photo-
catalytic activity. Nonmetal elements such as O [34], S [35], B
[36], and halogens [37–39] have stemmed as dopants for CN
since they allow improved photocatalytic performances, via tun-
ing of the band edges and suppression of charge recombination,
without the need for precious or critical metals. Recently, doping
with phosphorus has attracted increasing attention since P atoms
can be incorporated into the carbon nitride backbone, boosting
the photocatalytic activity toward various processes like H2 evo-
lution [40], H2O2 production [41], N2 reduction [42], and degra-
dation of pollutants [43]. However, the use of P-doped CN is still
in its infancy, and the underlying catalytic mechanisms of action
of this emerging material are still not fully understood.

In this work, we address the existing gap in synthetic approaches
and the mechanistic understanding of the photodegradation pro-
cess. We report a straightforward synthesis of P-doped CN
derived from thiourea and diammonium phosphate, two widely
available fertilizers [44, 45]. A thorough physico-chemical char-
acterization reveals successful inclusion of phosphorus by
replacement of C atoms in the CN lattice, leading to great sup-
pression of exciton recombination. The final material tested in
photocatalytic processes provides superior performance and high
versatility in the degradation of four different water-polluting
dyes. By simple centrifugation, the P-doped semiconductor can
be easily recovered and reused while retaining its catalytic effi-
ciency. The mechanistic pathways are investigated by a combi-
nation of scavenger experiments, EPR studies, and H2O2

colorimetric assays to unravel the production of ROS and their
role in the photocatalytic reactions. The oxidation of benzylic
substrates in acetonitrile is also employed as a further study to
probe the activity of P-doped CN in a different solvent and reac-
tion environment.

2 | Results and Discussion

The synthesis of P-doped CN is straightforward. Thiourea (T) is
used as the precursor of CN, while diammonium phosphate (AP;
(NH4)2HPO4) is the source of P (Figure 1). The two reagents are
first dissolved in deionized H2O to achieve an optimal mixing,

FIGURE 1 | Schematic illustration of the synthesis of P-doped CN starting from thiourea as CN precursor and diammonium phosphate as phos-

phorus source. Upon calcination of the precipitate at 550°C, thermal polymerization occurs, and orange powders are obtained.
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and upon evaporation of the solvent, the precipitate is collected
and calcined at 550°C. By varying the amount of diammonium
phosphate (AP), we prepared samples with increasing phospho-
rus content (wt%): TAP_0.5 (0.5 wt% P), T-AP_1 (1.0%wt P), T-
AP_1.5 (1.5 wt% P), and T-AP_2 (2.0 wt% P).

Scanning electron microscopy (SEM) micrographs (Figure 2)
show the evolution of morphology from a denser and layered-like
structure typical of 2D materials (T-CN Figure 2a) to a more
amorphous one with the formation of large cavities upon doping
with 1 wt% (T-AP_1, Figure 2d) and 2 wt% of phosphorous (T-
AP_2, Figure 2g). These cavities are attributed to the release
of volatile species during thermal condensation. This morpholog-
ical transformation of the materials was also investigated with N2

physisorption, which shows a small SSA that increases signifi-
cantly (three to more than fourfold) upon P-doping (Figure

S1a in the Supporting Information). All the samples display type
II isotherms with H3 hysteresis loops, according to the IUPAC
classification, corresponding to typical mesoporous materials fea-
turing open slit-shaped pores and a disordered porous network
[46, 47]. The calculation of the pore size distributions also con-
firmed an increasing mesoporous character of the specimen,
whose pore network evolves with P-doping (Figure S1b in the
Supporting Information). Such a disordered system of pores
and cavities of variable dimensions is most likely due to the out-
burst of endogenous gases generated from the condensation and
decomposition of the precursors. In the pristine T-CN, the struc-
ture is denser and the pore size distribution features lower mes-
oporous content since the only volatile species generated are due
to the condensation of thiourea. When AP is added, the volume
of endogenous gases increases. These act as porogens thus

FIGURE 2 | SEM micrographs (left column; a,d,g), EDX elemental mappings (central column; b,e,h), and TEM images with SAED insets (right

column; c,f,i) of T-CN (photos a–c), T-AP_1 (photos d–f ), and T-AP_2 (photos g–i). The formation of a porous network is clearly visible going from

pristine CN (a) to T-AP_1 (d) and T-AP_2 (g). Uniform P doping is confirmed by EDX for both T-AP_1 (e) and T-AP_2 (h), compared to T-CN (b). The

ordered crystalline domains found in TEM and SAED of the undoped CN (c) evolve into smaller crystallites in T-AP_1 (f ) and become even fewer and

more distorted in T-AP_2 (i).
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leading to samples with a more pronounced mesoporous charac-
ter in the pore size distribution and improved SSA (T-AP_0.5 and
T-AP_1). The higher AP content in T-AP_1.5 and T-AP_2 deter-
mines an even larger volume of endogenous gases. During the
calcination, they escape from the powders, leaving behind a net-
work of larger pores visible at SEM (see the evolution of pore size
from T-AP_1 in Figure 2d to T-AP_2 in Figure 2g), resulting in a
more random pore size distribution and a slightly lower SSA
(Figure S1a,b).

The morphological studies were integrated with compositional
analysis performed with energy-dispersive X-ray spectroscopy
(EDX). The obtained maps show a uniform distribution of phos-
phorus in T-AP_1 (Figure 2e) and T-AP_2 (Figure 2h) samples,
pointing to a homogeneous doping with P without preferential
aggregation. As expected, the P signal is totally absent in the pris-
tine T-CN (Figure 2b). The increasing amount of AP in the pre-
cursor mixture is successfully reflected in an increased
percentage of P in the final P-doped CN, ranging from 0.64 %
at (T-AP_0.5) to 3.6 %at (T-AP_2) (see Table S1 in the
Supporting Information).It must be noted that little to no sulfur
(≤0.1%at) was measured by EDX in pristine and P-doped CN
samples.

At the nanoscale, transition electron microscopy (TEM) shows
the structure and symmetry of the samples, thanks also to the
selected area electron diffraction (SAED) technique. Pristine
CN shows ordered crystalline domains with a slightly distorted
hexagonal pattern (Figure 2c), probably due to the sulfur impu-
rities induced by the use of thiourea. The inclusion of P, which
has a larger atomic radius than C and N, introduces higher dis-
order in the lattice, as shown by the T-AP_1 (Figure 2f ) and
T-AP_2 (Figure 2i) images, in good agreement with X-ray diffrac-
tion (XRD) patterns (Figure 3a). The latter display the character-
istic (100) and (002) reflections of CN materials, which account
for the in-plane order and the interlayer stacking along the crys-
tallographic c axis, respectively [48]. The (100) signal is found at a
2θ value of 13.0° for all samples, whereas the (002) position
decreases in value with increasing P doping, as clearly visible
by zooming in this area. The shift from 27.4° in the pristine sam-
ple (T-CN) to 27.1° (T-AP_2) is due to the incorporation of the
relatively large P atoms in the lattice, which causes an expansion
of the (00l) interlayer distance [41]. Alongside the change in posi-
tion, the full-width-at-half-maximum significantly increases, and

the intensity of the (002) reflection decreases. This indicates that
P-doped CNs are characterized by shorter-range order than the
undoped ones.

Fourier transform infrared (FT-IR) spectroscopy was used to
further probe the structure of the obtained materials. The corre-
sponding spectra exhibit broad absorption in the 3400–3000 cm−1

range typical of uncondensed amino groups and –NH2 terminal
moieties, and O–H bonds of adsorbed water (Figure 3b). The
bands in the region from 1700 to 1200 cm−1 are ascribed to
the characteristic combination of C=N stretching modes of the
CN heterocycles [49]. The breathing of the heptazine ring is also
observed at 805 cm−1 [50]. All the samples show the typical spec-
troscopic features of CNmaterials constituted by heptazine units,
thus correlating with previous characterization. Upon doping, a
slight broadening of the peak at 888 cm−1 is also noticeable,
which can indicate a structural change in the material induced
by the incorporation of phosphorus. The vibrations of the
P–N bonds do not clearly emerge in the spectral region from
1200 to 900 cm−1 due to the overlapping strong absorption arising
from the CN heterocycles [51].

Surface chemical properties are critical for catalytic performan-
ces, and thereby X-ray photoelectron spectroscopy (XPS) pro-
vides pivotal information. Survey spectra were first measured
scanning all over the instrumental range of binding energies,
finding the characteristic peaks of P 2s and P 2p electrons in
the series from T-AP_0.5 to T-AP_2 (Figure S2b in the
Supporting Information). The relative chemical composition of
P in all samples is higher than the one measured by EDX
(Table S1 in the Supporting Information), pointing to a surface
enrichment in P. High-resolution spectra were measured for C 1s,
N 1s, O 1s, and P 2p electrons to evaluate the chemical bonds
(Figure 4). The C 1s signal of all the samples can be fitted with
4 components: the main arise from electrons involved in the –N–
C=N– (288.2 to 288.4 eV), C–C (284.8 eV), and C–NHx (286.2 to
286.4 eV) bonds, while the peak at 289.4 eV is ascribed to C–O
bonds formed as defects during the calcination in air [52]. The
deconvolution of the N 1s region shows the characteristic signals
of carbon nitride for electrons of –C–N=C– (398.7 to 398.5 eV),
N–(C)3 (399.6 to 399.8 eV), and H–N–C (400.9 to 401.1 eV) bonds.
However, in the doped samples, a shoulder at lower values of
binding energy indicates the presence of N–P bonds
(397.3 eV), which grows in intensity and area with increasing

FIGURE 3 | XRD patterns of all the CN samples with a detail of the shifting of (002) reflection upon P-doping marked by the arrow (a), and FT-IR

spectra with highlighted regions for CN characteristic bands (b).
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P content [53]. A similar trend is found in O 1s spectra, where the
O–P signal of residual phosphates from diammonium phosphate
is rising at 532.1 eV upon doping [54]. This causes a broadening
of the overall signal compared to the T-CN one, thus shifting the
O–H component of residual adsorbed water and the O–C peak to
slightly higher (533.1 eV) and slightly lower (531.1 eV) binding
energies, respectively. The P 2p region is characterized by a major
contribution from P–N electrons of 2p 3/2 (133.3 eV) and 2p 1/2
(134.2 eV) orbitals with a splitting of 0.9 eV, which indicates the
presence of P atoms in the P-doped CN backbone. A minor con-
tribution from P–O electrons of 2p 3/2 (134.5 eV) and 2p 1/2
(135.4 eV) orbitals featuring the same splitting accounts for resid-
ual phosphates, hence matching the O–P peak found in O 1s
spectra [55]. The region of S 2p orbitals was also probed
(Figure S2c in the Supporting Information), but it features little
to no signal emerging from the background, hence correlating
with the extremely scarce sulfur content detected with EDX.
Generally, XPS indicates that P is introduced in the CN structure
by replacing the C of the heptazine units, which also explains the
trend in decreasing C/N and increasing P/C ratios found with
elemental analysis and EDX, respectively (Table S1 in the
Supporting Information). All these structural and electronic sig-
natures consistently confirm that P substitutes C within the hep-
tazine framework while simultaneously contributing to the
observed increase in SSA.

The spectroscopic characterizations of the materials are of para-
mount importance for their application in photocatalysis, as they
provide information on the electronic properties, absorption
edge, recombination, and the presence of unpaired electrons.
Diffuse reflectance UV–vis spectroscopy (DRS UV–vis) can be
used to establish the absorption edge and to calculate the
bandgap of the synthesized materials. From the spectra in
Figure 5a, all the samples show a steep absorption edge at
450 nm, with no significant differences, and characteristic

absorbance in the UV range. The tail in the green >480 nm is
a typical feature of thiourea-derived CN, and it is due to synthe-
sis-induced structural defects, vacancies, or impurities [25, 56].
No specific absorption related to phosphorus doping is noticeable
in the spectra. This agrees with experimental observations since
the color of the as-prepared powders showed no significant dif-
ference, regardless of the dopant precursor concentration (Figure
S2a in the Supporting Information).

The optical bandgap (Egap) values reported assuming a direct
semiconductor behavior show negligible variation from
2.79 eV for the undoped CN to 2.84 eV for T-AP_1 (Figure 5b
and Table S2 in the Supporting Information) [57]. However,
the energies of the valence band maximum (EVB), conduction
band minimum (ECB), and Fermi level (EF) are expected to
change upon doping. Therefore, valence-band XPS (Figure S2d
in the Supporting Information) and Kelvin probe force micros-
copy (KPFM; Figure S3 in the Supporting Information) were used
to calculate the difference between the Fermi level and the
valence band (EF−EVB) and the work function (Φ) of the pre-
pared semiconductors, respectively (Table S2 in the
Supporting Information). The combination of these techniques
and the Egap values calculated from DRS UV–V is allowed us
to reconstruct the energy levels of the materials (Figure 5c).
Although doping does not seem to affect the bandgap, the inclu-
sion of P perturbates the electronic system of the material, caus-
ing a clear shift of the band levels toward more negative energy
(vs. vacuum), or in other words, making P-doped CN signifi-
cantly more oxidative.

With this regard, models of pristine and P-doped heptazine-based
gC3N4 structures were constructed with varying doping schemes
that mimic T-CN, TAP_1, and TAP_2 samples. Structural and
electronic parameters of these model systems were computed
using periodic density functional theory (DFT) calculations at
the PBE-D3(BJ) level of theory. Specifically, P doping was

FIGURE 4 | XPS high-resolution spectra of sample T-CN (bottom-row graphs), T-AP_1 (middle-row graphs), and T-AP_2 (top-row graphs) in the

regions of C 1s, N 1s, O 1s, and P 2p orbitals (from left to right). The experimental data is represented by empty gray dots, the blue line is the fitting, and

the black line is the Shirley’s background function. All the spectra share the same y-axis dimension. In the N 1s region, the component of electrons

involved in N–P bonds (highlighted in violet) is clearly emerging upon doping, thus showing the substitution of C atoms by P. The O–P and P–O peaks of

residual phosphates are visible in the O 1s and P 2p regions, respectively.
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introduced in the form of C atom substitution, either at C1 (cor-
ner of heptazine unit) or C2 (edge of heptazine unit) sites, and
distributed uniformly in the material to emulate a bulk doping.
With the supercell approach, introducing 5 and 8 P atoms leads to
a doping of 2.23% and 3.57%, closely resembling the T-AP_1 and
T-AP_2 samples, respectively (Tables S3 and S4 in the Supporting
Information). After optimization of the lattice and atomic
degrees of freedom, we observe that doping leads to lattice expan-
sion in every direction. The higher the doping, the more the lat-
tice is expanded to accommodate the increased size of P atoms,

which substitute carbon (Table S4 in the Supporting
Information). We noticed a considerable difference depending
on whether C1 or C2 sites are substituted. The lattice expands
more in the case of C1 substitution, both in the stacking plane
and in the out-of-plane direction. Energetically, the C2 substitu-
tion is most stable in both T-AP_1 and T-AP_2 by −23 and
−46 meV, respectively, compared to the C1-substituted bulk.
Additionally, a mixed C2/C1 substitution was considered, and
it resulted in the lowest energy stability (i.e., less table structure
compared to the C2 substitution) by 134meV.When P substitutes

FIGURE 5 | DRS UV–vis spectra of pristine and P-doped CN samples (a). Tauc plots calculated assuming a direct semiconductor behavior, and the

corresponding bandgap energy values (Egap) showing no substantial difference with each other (b). Band structure scheme of pristine and P-doped CN

calculated by the combination of DRSUV–vis, KPFM, and valence-band XPS data (c). SS-PL spectra recorded in water solution after excitation at 400 nm;

the arrow highlights a strong quenching of the measured PL due to efficient suppression of radiative charge recombination upon doping (d). TCSPC

spectra showing PL decay in time (e); the inset reports a magnification of the main signal, which highlights faster recombination (i.e., shorter lifetime of

charge carriers) than the pristine sample, as indicated by the arrow. CW-EPR spectra of selected solid samples measured at 77 K prior (yellow), during

(green), and after 10 min illumination (violet) with a 405 nm LED (f ).
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C, an additional electron per doping site is introduced into the
unit cell. This leads to a shift of the Fermi level, which now
resides above the CB, and as a result, the Kohn–Sham gap
(VB to CB eigenvalue difference) decreases. However, the differ-
ence between VB and the lowest unoccupied CB (the first one
above the Fermi level) is slightly higher than the Kohn–Sham
gap in pristine CN (Table S4 in the Supporting Information).
This may explain the apparent widening of the experimental
optical bandgap. The VB of undoped and doped CN consists
entirely of N(p) orbitals (Figures S4 and S5 in the Supporting
Information), while the CB of pristine CN consists of mixed
C(p) and N(p) orbitals, dominated by C(p), as evidenced by
atom-projected density of states (PDOS). When P is introduced,
all the bands are shifted down in energy, and now the Fermi level
crosses the CB. While the VB still consists of N(p) orbitals, the CB
shows a mix of the three atoms, in which the P contribution
depends on its position and amount. Overall, these observations
are in line with the experimental band character, thus confirming
the crucial role of P for band edges modulation.

The optical properties of the newly synthesized P-doped CN
materials were further studied by steady-state photolumines-
cence (SS-PL) and transient photoluminescence spectroscopies
(TR-PL) and compared to those of pristine CN. SS-PL spectra
of the doped samples show a considerable PL compared to the
pristine one upon excitation at 400 nm (Figure 5d), and a redshift
of the maxima position. The drop in signal intensity follows the
increasing phosphorus content, meaning that P-doping success-
fully suppresses radiative charge recombination of the CN semi-
conductor [58]. TR-PL carried out by time-correlated single
photon counting (TCSPC) allows to investigate the charge car-
riers’ lifetime, revealing a slightly shorter lifetime in all the doped
materials with respect to T-CN (Figure 5e). In particular, the sig-
nals can be well fitted with a tri-exponential decay in which the
contribution of the component τ1, which accounts for emission in
the shortest time scale, grows with the P atomic percentage
(Figure S6 and Table S5 in the Supporting Information).
Combining the SS-PL and the TR-PL data, it is clear that the
inclusion of phosphorous strongly hinders the recombination
of the photogenerated electrons and holes, which is only possible
with lower radiative intensity and in a shorter time frame com-
pared to the undoped T-CN, thus showing good chances for
increased efficiency of charge transfer for photocatalytic redox
processes.

Continuous-wave electron paramagnetic resonance spectroscopy
(CW-EPR) was further performed to compare the radical defects
of undoped and P-doped CN under dark and illuminated condi-
tions (Figure 5e). In pristine T-CN, the conduction band (CB) is
largely C 2p´(π*) in character, whereas the valence band (VB) is
dominated by N 2p (lone-pair) states. Upon photoexcitation, elec-
tron (e−)/hole (h+) pairs form; the electrons preferentially local-
ize in C-rich π* states and produce a nearly isotropic resonance at
g= 2.003, characteristic of carbon-centered spins. Weak hyper-
fine coupling of these CB electrons to nearby 14N nuclei
(I= 1) manifests as slight broadening rather than resolved hyper-
fine lines. In contrast, holes tend to localize on N-rich motifs and
experience stronger, anisotropic 14N hyperfine and quadrupolar
interactions, which shorten spin–spin relaxation time T2 and
broaden the hole signal beyond detection in CW-EPR.
Moreover, heterogeneity in both undoped and P-doped samples
further increases inhomogeneous linewidths, obscuring any

individual 14N or 31P (I= 1/2) splitting. Across all samples, the
CW-EPR spectra collected during dark-light cycles show a single,
approximately Gaussian line, the intensity of which increases
under illumination. The magnitude of this light-induced inten-
sity gain depends on phosphorus doping: P incorporation does
not markedly alter the g-value or the line shape but increases
the number of free charge carriers (probed by CW-EPR), which
are central in photocatalysis as they can promote specific chemi-
cal reactions [59]. With this regard, T-AP_1 stems from its high-
est charge separation as well as lowest recombination efficiency,
which should be a strong support for the enhanced photocatalytic
process.

Morphological and spectroscopical characterizations suggest that
the P-doped materials possess improved specific surface and out-
standing charge separation properties, thus holding great prom-
ise for the photodegradation of polluting dyes. Therefore, the
photocatalytic activity of all the samples was tested in the degra-
dation of four common water-polluting toxic dyes widely
employed in industry: Rhodamine B (RhB), malachite green
(MG), indigo carmine (IC), and Congo red (CR) [5]. These mol-
ecules have very different structures and functional groups,
which is ideal to test the activity of a photocatalyst on a broader
range of chemically different compounds. The experiments were
conducted in a 50 μM water solution of the dyes under the illu-
mination of a blue LED with a sharp emission at 400 nm
(Figure 6), and the extent of the degradation was evaluated
via UV–vis spectroscopy. All the detailed procedures, parameters,
and setups used for these tests are available in the Supporting
Information. Figure 6a shows the performance of the samples
in the degradation of MG. A neat increase in the degradation effi-
ciency characterizes the P-doped samples, which outperforms T-
CN. In particular, a full decolorization is reached within 50 min
with T-AP_1, whereas at a higher percentage of phosphorus, the
process is slower. Similarly, testing the other dyes (Figure S8b–d
in the Supporting Information), T-AP_1.5 and T-AP_2 demon-
strate an even worse activity than T-CN, while T-AP_1 shows
the best performance. The rate constants were calculated assum-
ing first-order kinetics of dye degradation, and the resulting val-
ues are reported in Figure S9 in the Supporting Information.
Across the different dye molecules tested, similar volcano plots
were obtained, with T-AP_1 emerging as the most active catalyst,
thus allowing the fastest reactions. For MG degradation, in par-
ticular, a first-order rate constant k= 0.10287 cm−1 was calcu-
lated for T-AP_1, thus showing noteworthy performances
when compared to other CNs [60], MOFs [61], and biochar nano-
composites [62] recently reported in literature. This correlates
well with the increased population of photoexcited states found
in the CW-EPR spectra of T-AP_1. In this context, dopant con-
centration is a critical parameter that significantly alters the elec-
tronic structure of the catalyst, possibly resulting in less favorable
excitonic splitting when the doping percentage exceeds the opti-
mal one. Recyclability experiments also demonstrate that T-AP_1
is able to retain its photocatalytic activity over consecutive reac-
tion cycles with MG (Figure 6b) and similarly with all the other
dyes (Figure S10a–c in the Supporting Information).
Investigations on the role of T-AP_1 inMG degradation were car-
ried out by adding selected scavenger species to the initial reac-
tion mixture. The results are reported in Figure 6c, which also
shows the starting pH measured after the addition of the scaven-
ger in large excess. Indeed, scavengers often carry acidic or basic
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moieties that can influence the pH of the solution and the kinet-
ics of the overall process by their protonation/deprotonation
equilibria. However, none of the specific scavengers used signifi-
cantly hindered the process by trapping the target species they
were meant to intercept. Therefore, the radical scavenger
2,6,6-tetramethyl-4-piperidine-N-oxide (TEMPO) was chosen as
it is able to indistinctively and actively trap any ROS possibly gen-
erated during the photocatalytic process. The result was a much
more sluggish reaction, which proved that highly reactive

radicals are produced. To further investigate the chemical nature
of these radicals, EPR experiments were performed in the pres-
ence of 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) by measuring
the paramagnetic signature of specific scavenger-radical adducts
before and after irradiation. As shown in Figure 6d, the forma-
tion of the DMPO/O2

•− adduct [63] was detected upon light
absorption in every sample and with a higher intensity when
T-AP_1 was used. This means that T-AP_1 has a higher produc-
tion rate of O2

•−, which can then oxidize and mineralize the dye

FIGURE 6 | Photocatalytic degradation of MG using pristine T-CN, P-doped samples, and a “control” with no catalyst (a). Recyclability experiments

of T-AP_1 in 3 consecutive catalytic runs of MG degradation (b). Scavenger experiments made by adding different species to the reaction mixture

containing MG and T-AP_1 in order to intercept possible oxygen active species: O2
•− (Tiron), HO• (Tryptophan), 1O2 (D-mannitol). IPA and

Na2EDTA are scavengers for the photogenerated holes, while TEMPO is a nonspecific radical trap (c). EPR measurements of selected samples in dark

and under irradiation with 405 nm LED in the presence of DMPO scavenger (d); the characteristic spectral signature for DMPO/O2
•− adduct emerges

under the blue light, featuring the strongest intensity for T-AP_1. Results of the photocatalytic oxidation of Bn–OH in CH3CN under blue LED light (e);

T-CN outperforms all the P-doped CNs, which afford systematically lower conversions. Results of the photocatalytic oxidation of Bn–OHwith T-CN and

T-AP_1 in the presence of different amounts of HCl and TEA (f ); the acid boosts the reaction in the presence of the doped catalyst, whereas the base

suppresses the process.
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molecules faster, thus following the degradation activity trend. It
can be concluded that P-doped CN is active in the reduction of O2

to O2
•− in water via the photoexcited electrons. The produced

radical species can then oxidize the dye, causing a decolorization
of the solution and eventually mineralization. The acidic condi-
tions determined by the addition of the dye can also lead to the
protonation of surface-bound O2

•− thus resulting in the produc-
tion of H2O2 in situ, another active, strong oxidant species.
Generally, T-AP_1 features the optimal content of phosphorus
necessary to form P surface sites where photogenerated electrons
can reduce O2 rather than recombine with the holes, as is more
likely to happen at higher doping percentages. This boosts the
reaction rates, leading to better photocatalytic performances than
T-AP_2. Furthermore, surface P sites might effectively bind
molecular oxygen, fostering its reduction to hydrogen peroxide
in an acidic environment. H2O2 colorimetric assays, indeed,
revealed an improved formation of H2O2 that is influenced by
the P content (Figure S10d in the Supporting Information).
This can also be due to the more negative VB energies of P-doped
CN, which may allow hydrogen peroxide production also via
water oxidation. To better assess the effect of the electronic mod-
ifications induced by P-doping on catalysis, the work functions Φ
of pristine and P-doped surfaces were calculated by evaluating
the planar electrostatic potential (Figure S12 in the Supporting
Information). The value of Φ is determined by comparing the
vacuum potential to the Fermi level. Together with the positions
of Kohn–Sham eigenvalues corresponding to the valence and
conduction bands, it allows determining the band positions com-
pared to the vacuum level (Figure S4 in the Supporting
Information). Doping on C1 and C2 sites differed substantially
in the calculated Φ (Table S3 in the Supporting Information),
with a considerable jump when C1 atoms were replaced. The
mixed C2/C1 was more similar to C1 in terms of Φ. The lowest
energy C2 substitutions were also the ones with a trend that
closely reproduces the experimental values (Figures S5 and
S11 in the Supporting Information). The planar electrostatic
potential analysis reveals how the work function shift ΔΦ of
the different systems is affected by the degree of P doping. A posi-
tive shift in the work function decreases the hole injection bar-
rier, while a negative shift reduces the electron injection barrier.
In the pristine T-CN, ΔΦ is slightly positive, with a value of
20 meV. The presence of P doping has interesting effects which
depend on the doping amount; at low doping (T-AP_1), ΔΦ
becomes more positive, with a value of 60 meV, indicating a fur-
ther decrease in hole injection barrier and an increased yield for
the oxidation of H2O to H2O2. In contrast, increasing the doping
amount (T-AP_2) shifts the work function to a negative value of
−20 meV, suggesting that now the reduction reaction is favored.

The scope of the applicability of the T-AP series of samples was
further extended by selecting three different organic substrates to
test the activity of the prepared P-doped CN photocatalysts in
oxidation reactions: ethylbenzene (Ph–Et), benzyl alcohol (Bn–
OH), and benzyl amine (Bn–NH2). The photocatalytic oxidation
of Ph–Et is a benchmark reaction known to be driven by O2

•−

radicals [64, 65]. Nevertheless, no desired product was detected
with any of the catalysts (Figure S12a in the Supporting
Information). The oxidation of Bn–OH (Figure 6e) resulted in
conversions from 42% to 60% with a selectivity≥96% for the benz-
aldehyde product over the benzoic acid (Table S6 in the
Supporting Information), while oxidative coupling of Bn–NH2

afforded N-benzylbenzamide with conversions ranging from
57% to 91% (Figure S12b in the Supporting Information). In
the case of Bn–OH and Bn–NH2, T-CN outperformed the doped
catalysts showing, opposite trends compared to the dye degrada-
tion. Elucidation of the reaction mechanism and the involved
radical species was performed via EPR experiments with
DMPO spin-trap in CH3CN by suspending T-AP_1 and bubbling
O2, as done for the reactions in batch. The strong resonance sig-
nal arising from the formation of the DMPO/O2

•− adduct
emerged upon illumination, thus validating the photogeneration
of O2

•− by P-doped CN (Figure S12c in the Supporting
Information). When the measurement was repeated, adding
Bn–OH to the mixture, the intensity of the same signal under
illumination was found much lower, indicating that the benzylic
substrate is competing with the DMPO scavenger for O2

•− rad-
icals (Figure S12c in the Supporting Information). These obser-
vations are consistent with a mechanism where O2 is first
reduced to O2

•− which then participates in the oxidation of
the benzylic substrates, as already seen for the dyes photodegra-
dation. As previously shown, the material can also produce H2O2

in water by photoreduction of molecular oxygen bound to the
surface of the catalyst, hence colorimetric H2O2 assays were per-
formed in CH3CN following the same protocol previously used
for H2O. The results revealed a fivefold increase in H2O2 genera-
tion by T-AP_1 and T-AP_2 compared to the pristine CN (Figure
S12d in the Supporting Information). Complementary tests were
also made on T-CN and T-AP_1 by adding selected quantities of
HCl and triethylamine (TEA). HCl acts as a Brønsted acid by
donating protons, while TEA is both a Brønsted base and an effi-
cient hole scavenger that decreases proton availability and
diverts photogenerated holes away from the substrate. Upon
the addition of 0.5, 1, and 2 equivalents of HCl, a significant
increase in the conversion rate was achieved, with T-AP_1 out-
performing T-CN (Figure 6f ), but with lower selectivity than the
acid-free reaction (Table S6 in the Supporting Information).
Conversely, 2 equivalents of TEA suppressed the reaction regard-
less of the catalyst used. In particular, the detection of benzyl
benzoate in solution hints at an acid-catalyzed Fischer esterifica-
tion between the produced benzoic acid and the leftover Bn–OH.
Combining all the results, we ascribe the lower conversions to a
stronger stabilization of O2

•− at P-containing surface sites. This
effect is competitive with the oxidation of the benzylic substrates
by O2

•−, and, in the case of doped samples, there is additional
competition due to H2O2 generation. As a result, the conversions
afforded by P-doped CN are systematically lower than in the case
of T-CN. The addition of acid allows the protonation of O2

•− to
H2O2, which then oxidizes Bn–OH to benzaldehyde, while TEA
enhances the basicity of the mixture, hence resulting in an even
less favored process. However, the decreasing selectivity values
with increasing HCl content account for the formation of benzyl
benzoate from the acid-catalyzed Fischer esterification between
the produced benzoic acid and the leftover Bn–OH. Therefore, it
is imperative to control the acid content in order to favor the for-
mation of H2O2 without fostering parallel reactions. In general,
the experiments of oxidation of benzylic substrates suggest that
P-doped CN is a promising photocatalyst for H2O2 production via
effective binding and subsequent reduction of molecular oxygen
mediated by the photogenerated electrons. In particular, slightly
acidic conditions favor the in situ generation of H2O2 and the
eventual oxidation of Bn–OH, in agreement with experimental
observations already reported for CN materials [49, 66–68].
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Eventually, the P-doped CN presented here proved to be a ver-
satile material that can catalyze several processes under visible
light and in different solvents. In water, electrons are excited
to the CB upon light absorption and are used to reduce the dis-
solved O2 to O2

•−, this can then generate H2O2 upon protonation
or directly oxidize the dye molecules, leading to their minerali-
zation and decolorization of the solution (Figure 7). The photo-
generated holes may also contribute to oxidative pathways,
consistent with the slightly lowered VB position in P-doped sam-
ples. Therefore, T-AP_1 has the suitable band structure to simul-
taneously degrade the dye and oxidize water, whereas in the
pristine CN, the higher energy of the holes makes charge transfer
less probable, thus leading to poor photodegradation activity. In
acetonitrile, the photogenerated electrons reduce the bubbled O2

to O2
•−, which is stabilized by the phosphorus on the surface of P-

doped CN. The result is a less favorable oxidation of Bn–OH and
Bn–NH2 when T-AP_1 is used instead of T-CN, or even little to
no conversion in the case of Ph–Et. Upon addition of acid, simi-
larly to the behavior of T-AP_1 in the dye aqueous solution, O2

•−

is protonated to H2O2, which finally oxidizes the benzylic sub-
strate. In this case, T-AP_1 shows improved photocatalytic per-
formances in comparison to T-CN, as P-containing sites likely
allow a better binding of O2 to the surface of the catalyst, hence
enabling the generation of a larger amount of H2O2. Altogether,
these findings indicate that P-doped CN flexibly switches
between oxidative and reductive routes depending on the reac-
tion medium, with surface-bound oxygen intermediates playing a
key mechanistic role.

3 | Conclusions

We developed a new and sustainable route to P-doped CN by sim-
ply combining thiourea and diammonium phosphate. The result

is a mesoporous CN material with an improved SSA without
complex processing or expensive chemicals. XPS and DFT calcu-
lations confirm that P is incorporated into the CN backbone by
partial substitution of C within the heptazine framework. While
the optical absorption remains generally unchanged, PL and EPR
reveal that P-doping efficiently suppresses charge-carrier recom-
bination by creating catalytically active paramagnetic centers.
The improvement of the electronic properties translates into a
marked enhancement of the photocatalytic performance toward
the degradation of four persistent dyes, with T-AP_1 achieving
the best balance between dopant density, surface area, and elec-
tronic structure. Mechanistic studies show that P-doped CN pro-
motes O2 activation to O2

•− and, in mildly acidic media, to H2O2,
enabling both the direct dye degradation and the in situ genera-
tion of additional oxidants. In organic media, the strong interac-
tions between activated oxygen species and P sites require proton
donors to drive the oxidation of benzylic substrates efficiently.
Overall, this work demonstrates that phosphorus doping affords
a dual-function, metal-free photocatalyst capable of flexibly oper-
ating through reductive and oxidative pathways depending on
the reaction environment. The simplicity of the synthesis, cou-
pled with improved catalytic behavior and concurrent H2O2 pro-
duction, positions P-doped CN as a promising platform for
scalable solar-driven environmental remediation and energy con-
version technologies. These results provide a practical path
toward the development of sustainable CN-based photocatalysts
in real wastewater treatment and chemical synthesis processes.
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Batista, and R. R. Solís, “Towards the Photocatalytic Production of
Cinnamaldehyde with Phosphorous-Tailored Graphitic-Like Carbon
Nitride,” Applied Catalysis A: General 674 (2024): 119607, https://doi.
org/10.1016/j.apcata.2024.119607.

56. S. Bhowmik, T. Pal, D. D. Khubchandani, and P. K. Iyer,
“Understanding the Structural Intricacies in Carbon Nitride Materials
through Multimodal Characterization: A Critical Review,” Journal of
Physics: Condensed Matter 37 (2025): 463003, https://doi.org/10.1088/
1361-648X/ae191f.

57. P. Makuła, M. Pacia, and W. Macyk, “How To Correctly Determine
the Band Gap Energy of Modified Semiconductor Photocatalysts Based on
UV–Vis Spectra,” The Journal of Physical Chemistry Letters 9 (2018): 6814–
6817, https://doi.org/10.1021/acs.jpclett.8b02892.

58. R. Godin and J. R. Durrant, “Dynamics of Photoconversion Processes:
The Energetic Cost of Lifetime Gain in Photosynthetic and Photovoltaic
Systems,” Chemical Society Reviews 50 (2021): 13372–13409, https://doi.
org/10.1039/D1CS00577D.

59. A. Actis, P. Fornasiero, M. Chiesa, and E. Salvadori, “Photo-Induced
Radicals in CarbonNitride and Their Magnetic Signature,”ChemPhotoChem
8 (2024): e202300203, https://doi.org/10.1002/cptc.202300203.

60. A. Ma, H. Qian, H. Liu, and S. Ren, “Degradation of Malachite
Green by g-C3N4-Modified Magnetic Attapulgite Composites Under

Visible-Light Conditions,” Environmental Science and Pollution
Research 30 (2023): 96360–96375, https://doi.org/10.1007/s11356-023-
29201-5.

61. K. Mhalshekar, S. Selvam, A. Sahoo, M. P. Illa, M. Gaydhane, and
S. Sontakke, “Efficient Photocatalytic Degradation of Malachite Green
and Cr(VI) Using Co-MOF and Bacterial Cellulose@Co-MOF
Biocomposite: A Green Approach,” ACS Omega 10 (2025): 45965–
45981, https://doi.org/10.1021/acsomega.5c06750.

62. P. A. Ajibade and T. B. Mbuyazi, “Photocatalytic Degradation of
Single and Binary Mixture of Malachite Green and Rhodamine B Dyes
by Biochar-Capped Iron Oxide Nanocomposites,” Environmental
Science and Pollution Research 32 (2025): 23588–23606, https://doi.org/
10.1007/s11356-025-37025-8.

63. K. Makino, T. Hagiwara, and A. Murakami, “A Mini Review:
Fundamental Aspects of Spin Trapping with DMPO,” International
Journal of Radiation Applications and Instrumentation. Part C.
Radiation Physics and Chemistry 37 (1991): 657–665, https://doi.org/10.
1016/1359-0197(91)90164-W.

64. M. Xia, H. Huang, X. Zhang, Q.-H. Wei, and Z. Xie, “Single-Atom
Cobalt-Fused Biomolecule-Derived Nitrogen-Doped Carbon Nanosheets
for Selective Oxidation Reactions,” Physical Chemistry Chemical Physics
23 (2021): 14276–14283, https://doi.org/10.1039/D1CP01113H.

65. H. Zhu, J. Zhao, C. Ma, Z. Yu, J. Li, and Q. Meng, “Bridging Effect of
Carbon Nitride with More Negative Conduction Potential and Halogens
Promotes the Liquid-Phase Oxidation of Aromatic C–H Bonds,” ACS
Applied Materials & Interfaces 15 (2023): 59280–59295, https://doi.org/
10.1021/acsami.3c08461.

66. O. Savateev, “Selective Oxidation of Alcohols Using Carbon Nitride
Photocatalysts,” in UV-Visible Photocatalysis for Clean Energy
Production and Pollution Remediation, (John Wiley & Sons, Ltd., 2023),
ISBN: 978-3–527–83799–1.

67. F. Su, S. C. Mathew, L. Möhlmann, M. Antonietti, X. Wang, and
S. Blechert, “Aerobic Oxidative Coupling of Amines by Carbon Nitride
Photocatalysis with Visible Light,” Angewandte Chemie International
Edition 50 (2011): 657–660, https://doi.org/10.1002/anie.201004365.

68. F. Su, S. C. Mathew, G. Lipner, et al., “Mpg-C3 N4 -Catalyzed Selective
Oxidation of Alcohols Using O2 and Visible Light,” Journal of the
American Chemical Society 132 (2010): 16299–16301, https://doi.org/10.
1021/ja102866p.

69. P. D. Josephy, T. Eling, and R. P. Mason, “The Horseradish
Peroxidase-Catalyzed Oxidation of 3,5,3 0,5 0-Tetramethylbenzidine. Free
Radical and Charge-Transfer Complex Intermediates,” Journal of
Biological Chemistry 257 (1982): 3669–3675, https://doi.org/10.1016/
S0021-9258(18)34832-4.

70. M. Jakešová, D. H. Apaydin, M. Sytnyk, et al., “Hydrogen-Bonded
Organic Semiconductors as Stable Photoelectrocatalysts for Efficient
Hydrogen Peroxide Photosynthesis,” Advanced Functional Materials 26
(2016): 5248–5254, https://doi.org/10.1002/adfm.201601946.
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