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Selective construction of C(sp®)—P bonds remain a fundamental challenge in green chemistry due to the
widespread use of transition-metals, peroxides, or stoichiometric oxidants in state-of-the-art method-
ologies. Here, we report a metal-free, selective and sustainable strategy for oxidative C(sp®)—P bond for-
mation using nitrogen-vacancy-engineered carbon nitride (Nv-CN) photocatalysts. A series of Nv-CN
were synthesized by thermal annealing of pristine CN under controlled temperatures and atmospheres,
revealing a clear structure—defect—activity relationship that correlates nitrogen vacancies with their
enhanced photocatalytic performance. Among them, cyanamide-based Nv-CN annealed at 650 °C under
argon atmosphere, Nv-CN(C)-650Ar, demonstrated the highest photocatalytic activity in the photoredox
C(sp®)—P bond formation, achieving up to 92% yield within 1 hour under blue LED irradiation at room
temperature, outperforming previously reported photocatalytic systems. Structural analyses revealed that
the superior performance of Nv-CN(C)-650Ar is closely linked to an optimized N-vacancy concentration
and favorable material properties, including a highly disordered structure, increased —NH, functionalities,
and a high density of paramagnetic defects. The photocatalyst also exhibits a porous architecture, large
surface area, strong visible-light absorption, a narrowed bandgap, and suppressed charge recombination
due to the mid-gap states. Mechanistic studies indicate a single-electron oxidation pathway mediated by
superoxide radicals. Nv-CN(C)-650Ar demonstrates broad substrate scope, excellent stability, and re-
usability over five consecutive cycles. For the optimized model C-P bond formation on a 0.25 mmol
scale, the E-factor was calculated to be E = 1.4 by excluding the recyclable solvents. This work not only
fills a critical gap in green C(sp®)—P bond formation, but also introduces the vacancy-performance relation
through mechanistic understanding of defect engineering in CN materials and offers a sustainable, metal-
free photocatalytic strategy for C—H functionalization.

1. This work advances green chemistry by developing a metal- and oxidant-free photocatalytic strategy for visible-light-driven oxidative C(sp®)-P bond for-

mation under mild conditions.

2. The presented photocatalytic strategy offers a sustainable alternative to current precious-metal catalysts, peroxides, and energy-intensive methods, enabling
greener C(sp*)-H functionalization with an E-factor of 1.4 through a using reusable heterogeneous photocatalyst composed of solely C, N and H.

3. This work establishes a clear structure-defect-activity relationship, identifying nitrogen vacancies as a key design element for achieving high efficiency and

selectivity in carbon nitride photocatalysts for C(sp®)-P bond formation. Integrating this methodology into continuous flow photoreactors could reduce
solvent use, improve scalability, and accelerate industrial translation.

Introduction

Over the last two decades, sustainable C(sp®)-H bond
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functionalization has emerged as a powerful synthetic strategy
for constructing C-X (X = C, N, P, etc.) bonds under energy-
efficient and atom-economic conditions while minimizing
waste generation.'” Tertiary amines bearing accessible a-C
(sp®)-H bonds are frequently investigated in this context due
to their prevalence in biologically active scaffolds.* Among the
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various C-X bond forming reactions, C(sp*)-P bond construc-
tion via oxidative coupling of tertiary amines with phosphorus-
based nucleophiles, particularly P(v)-containing heterocycles,
has emerged as a valuable strategy due to its directness and
utility in synthesizing key intermediates for medicinal chem-
istry, flame retardants,” and advanced materials.®”
Constructing stable C(sp*)-P bonds, with typical bond energies
of ca. 272 k] mol™,'° has traditionally rely on classical
methods such as Michaelis-Arbuzov, Pudovik, Abramov,
Kabachnik-Fields, Michael, and Aza-Henry type additions,
those suffer from poor sustainability profiles.'™"?
Conventional approaches typically form C-P bonds either by
coupling  C(sp®)-H bonds with  organophosphorus
nucleophiles’®™ or by generating P-centered radicals.'®"”
These transformations often require transition-metal catalysts
or photo-/electrochemical systems and primarily proceed
through the nucleophilic addition of phosphorus species to
intermediates such as iminium ions, aldehydes, allylic or
benzylic cations, or through radical addition of P-centered
species to enolates'® and alkenes.'® Moreover, the most
current methods also rely on precious metal catalysts,>® strong
oxidants,*** or elevated temperatures that limit their scalabil-
ity, selectivity, and environmental compatibility.**** Even
current photocatalytic approaches employ ZnO, TiO,,"> Ru*® or
Pd-based®® photocatalysts that either employ catalyst loadings
of 1-10% to introduce metal waste, require higher energy
input for exceeding 6-24 hours, or limited reusability.>”!
Therefore, the development of metal-free, reusable, and
visible-light-driven photocatalysts prepared under sustainable
conditions for such oxidative C(sp®)-P coupling remains an
ongoing challenge in the current literature, where various C-P
bond formations are commonly performed by transition metal
catalysts with moderate yields.'”**

In response to this challenge, two-dimensional (2D) semi-
conductors composed of earth-abundant elements such as
carbon, nitrogen, and phosphorus have emerged as promising
photocatalysts owing to their tunable structures, favorable
optoelectronic properties, and intrinsic sustainability.>*73*
Among these, graphitic carbon nitride (CN) stands out for its
metal-free semiconducting properties, broad visible light
absorption around 2.7 eV, and high thermal and chemical
stability.*®™*° Structurally, CN is formed by n-conjugated hepta-
zine (tri-s-triazine) units linked by sp>-hybridized C and N
atoms, along with H terminations, forming a layered frame-
work held together by van der Waals forces.*® The band struc-
ture of CN makes it a suitable semiconductor for a wide range
of photoredox transformations.*’ Nevertheless, pristine CN
suffers from major drawbacks, including low surface area
(<10 m* g™ "), limited charge mobility, and high electron-hole
recombination rates that restrict the effectiveness of CN in
challenging organic photocatalysis.*>™*> To overcome these
limitations, researchers have explored a variety of strategies,
including chemical doping,*®*” heterojunction formation,*%*°
structural functionalizations,”®”" and defect engineering,’>">*
which are also discussed previously by our group in a review
article.>® The defect engineering strategies with particular
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focus on generating nitrogen vacancies (Nv) through controlled
annealing are one of the most effective approaches to enhance
the photocatalytic performance of CN.’**” These vacancies
introduce mid-gap states that can modify the band structure
and charge carrier mobility, increase the specific surface area,
and enhance the light absorption, while also serving as active
sites or charge carrier traps that improve separation
efficiency.’®>® Furthermore, Nv-engineering enables selective
tuning of redox potential and surface polarity, which are
highly important for photocatalytic applications.

Despite extensive efforts dedicated to defect engineering
strategies,®® current studies largely fall short in systematic and
mechanistic understanding for the relationship between CN
precursors, the conditions favoring Nv formation, and their
impact on structure-activity correlation. On the other hand,
from an application-oriented perspective, although there are
examples of Nv-CN materials for various photocatalytic appli-
cations including water splitting,°® carbon dioxide reduction,!
wastewater treatment, and photoredox organic
transformations,®*®* the synergistic interplay between Nv and
mid-gap states in driving photooxidation reactions within
organophosphorus chemistry remains still a subject of active
discussion.

To address the knowledge gap in defect engineering of
carbon nitride and its impact on photocatalytic activity, while
advancing an efficient and sustainable strategy for C(sp’)-P
bond construction, we report herein the superior photo-
catalytic performance of nitrogen-vacancy-engineered carbon
nitride (Nv-CN) in the C(sp*)-P bond formation. To get the
best photocatalysts with the optimal Nv, a comprehensive and
comparative systematic study on defect-engineered CN photo-
catalysts was performed by using three different nitrogen-rich
precursors and varying thermal annealing conditions under
different atmospheres. These parameters include the effects of
(i) precursor choice as cyanamide, dicyandiamide, and mela-
mine, (ii) annealing temperature as 600 °C and 650 °C, and
(iii) annealing atmosphere as under nitrogen and argon on the
structural, photophysical, and electrochemical properties, as
well as photocatalytic activities. Comprehensive structural and
photophysical characterization revealed enhanced visible-light
absorption, improved charge separation, and favorable elec-
tronic alighment in the annealed materials compared to their
pristine analogues. Among the synthesized CN materials, Nv-
CN(C)-650Ar exhibited the highest photocatalytic efficiency,
catalyzing the oxidative C-P bond formation between tertiary
amines and organophosphorus compounds entirely metal-free
and without peroxides, strong oxidants, or high temperatures,
using only blue LED irradiation, with high yields and excellent
selectivity. The remarkable activity of Nv-CN(C)-650Ar in the
photoredox C-P bond formation was elucidated through in-
depth structural and electronic analyses, supported by detailed
mechanistic investigations. The optimized reaction conditions
were successfully applied to six challenging substrates, yield-
ing products in the range of 73-92% without the need for
metal catalysts or hazardous oxidants. Furthermore, reusability
studies confirmed the chemical and photostability of Nv-CN

This journal is © The Royal Society of Chemistry 2026
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(C)-650Ar, with no significant loss in activity observed over five
consecutive cycles using a minimal catalyst amount. For the
optimized model C-P bond formation on a 0.25 mmol scale,
the E-factor was calculated to be E = 1.4 (excluding recyclable
solvents), which represent an excellent value for a challenging
synthetic transformation like C(sp®)-P bond formation.®®
Nevertheless, the solvents used in this study are comparably
more sustainable rather than halogenated solvent systems and
the E-factor underline the potential of Nv-CN(C)-650Ar as a
green and low-waste photocatalyst. Hence, by establishing
direct links between synthesis, vacancy engineering, and cata-
lytic outcomes, this study provides a mechanistic and design-
oriented pathway that supports green metal-free photocatalysis
for sustainable C(sp®)-P bond formation.

Experimental section
Synthesis of CN(X) and Nv-CN(X)-TG derivatives

Pristine CN(X) materials (X = C, D, M) were synthesized via
thermal condensation of three nitrogen-rich precursors: cyana-
mide (C), dicyandiamide (D), and melamine (M), each pro-
cessed individually to yield the corresponding CN structures
by a standardized method developed for urea (Fig. 1a).°® In
this procedure, 10 g of the selected precursor was grinded in a
mortar to fine powder and placed into a quartz crucible, which
was heated in a muffle furnace with the heating program con-
sisting of heating up to 550 °C with 5 °C min~" heating rate
and then maintaining the temperature for 4 hours. The cruci-
ble was naturally cooled down to room temperature. From
each precursor, the obtained CN materials weighed 0.8, 5.4,
and 4.4 grams and with 8%, 54%, and 44% for CN(C), CN(D),
and CN(M), respectively.

For the annealing, 1 g of as-prepared pale-yellow powder of
CN(X) derivatives was compactly placed in a quartz boat,
covered, and placed in a horizontal quartz-tube oven. Each
derivative was annealed at 600 and 650 °C for 2 hours under
N, or Ar gas flow with a 2 °C min™" heating rate. The powders
of varying colors from dark-yellow to orange were obtained,
and the resulting materials were labeled as Nv-CN(X)-TG,
where X denotes the starting precursor, T represents the
annealing temperature, and G indicates the gas atmosphere.
While the weights of the Nv-CN derivatives vary between
0.4-0.9 g, the most efficient photocatalyst, namely Nv-CN(C)-
650Ar was obtained 0.42 g with 42% yield.

Photoredox C-P bond formation

In a small vial with a stirring bar, the photocatalyst was dis-
persed in the solvent, which was gassed with O, gas prior to
use. The mixture was sonicated for 30 minutes for the dis-
persion. Subsequently, 62.75 mg of compound 1 (0.25 mmol)
and 58.00 mg of compound 2 (0.25 mmol) were added to the
vial. The vial was placed in the ThalesNano PhotoCube
System.®” The ambient temperature was controlled by a chiller
while the reaction occurs. After the mixture was stirred under
blue LED for 1 h, 43.3 mg of 1,3-dinitrobenzene (0.25 mmol)
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was added as the internal standard. The mixture was filtered
through a syringe filter, extracted with ethyl acetate, then con-
centrated with a rotary evaporator. The yields were calculated
based on "H-NMR ratios.

Results & discussion
Synthesis and characterization of materials

To elucidate the relationship between the nitrogen-rich precur-
sors, annealing conditions, and photocatalytic activity in the
defect engineering of CN, the synthesis of Nv-CN was carried
out through various routes starting from diverse precursors
and employing a range of processing conditions (Fig. 1a).
Pristine CN(X) materials (X: C, D, M) were synthesized via
thermal condensation of three different nitrogen-rich precur-
sors-cyanamide (C), dicyandiamide (D), and melamine (M)-
each heated independently to obtain the corresponding CN
structures. The obtained yields were relatively high compared
to conventional urea-based synthesis that underline the poten-
tial scale-up synthesis.

To introduce Nv, as-prepared CN(X) materials were further
annealed at two selected temperatures (600 °C or 650 °C)
under inert atmospheres (argon or nitrogen). The annealed
materials were denoted as Nv-CN(X)-TG, where X indicates the
starting precursor, while T and G denote the annealing temp-
erature and gas type, respectively. From a sustainability per-
spective, the synthesis of Nv-CN photocatalysts presents
several advantages. The preparation relies on well-known
solvent-free thermal condensation and annealing processes to
avoid the use of toxic solvents, purification steps, or hazardous
reagents. Hence, the generation of chemical waste is minimal
and primarily limited to gaseous by-products such as
ammonia that suggests a low E-factor compared to solution-
processed or metal-containing photocatalysts. The versatile
use of earth-abundant, low-cost nitrogen-rich precursors also
improves economic feasibility and supports scalability.
Although thermal treatment contributes to the overall energy
input and carbon footprint, the drawback is neutralized by the
high synthesis yields and the long-term stability and re-
usability of the catalyst.

X-ray diffraction (XRD) patterns of pristine CN(X) and Nv-
CN(X)-TG derivatives were thoroughly investigated to elucidate
their crystalline structures (Fig. 1b and Fig. S1) and to assess
changes induced by defect engineering. The XRD patterns of
all photocatalysts exhibited two diffraction peaks. While the
major diffraction peak appears at 26 = 27.2° corresponding to
the (002) plane due to the interplanar stacking of the conju-
gated n-system of CN sheets, the minor peak observed at 260 =
12.9° corresponds to the (100) plane due to the intraplanar
repeating motifs of heptazine units.*® Although the major
(002) diffraction peak is preserved in all samples, shrinking of
the (100) plane in Nv-CN(X)-TG derivatives suggests the loss of
periodicity due to the partial breakdown of heptazine units
during defect engineering.®®

Green Chem., 2026, 28, 5259-5274 | 5261
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Fig. 1 (a) The synthesis procedure, (b) XRD pattern, (c) FT-IR spectra, high-resolution (d) C 1s, (e) N 1s XPS spectra, (f) 23C CP MAS NMR spectra,

and (g) EPR spectra of CN-based materials.

To examine the generated functional groups, present in the
synthesized materials and their changes during the annealing
process, Fourier-transform infrared spectroscopy (FT-IR) was
performed (Fig. 1c and Fig. S2). The sharp peak observed at
804 cm ™" was assigned to the out-of-plane bending vibration
of the heptazine ring, which is also known as the breathing
mode.®® While a set of peaks in the 1200-1400 cm™" region
corresponds to the C-N and C-NH bond vibrations within the
heptazine rings of the two-dimensional layers, a subsequent
set of peaks in the 1400-1600 cm ' region corresponds to
imine like-C=N vibrations.”® Broad peaks observed around
3000-3300 cm™" are the peaks of N-H groups located at the

5262 | Green Chem., 2026, 28, 5259-5274

edges of the heptazine units, which were also confirmed by
XPS analysis later.”" A peak around 2200 cm ™" is barely seen
and is attributed to the C=N bond formed during the syn-
thesis process, so that the defective structure begins to exhibit
C=N functionalities.”” X-ray photoelectron spectroscopy (XPS)
was conducted for oxidation state and chemical environment
analysis of elements before and after the annealing process.
The survey spectra (Fig. S3) showed that the materials are
solely formed by carbon and nitrogen without any impurities.
High-resolution XPS analysis of the C 1s and N 1s regions
(Fig. 1d, e and Fig. S4) revealed similar spectral trends for both
CN(X) and Nv-CN(X)-TG derivatives. In the C 1s spectra, peaks

This journal is © The Royal Society of Chemistry 2026
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at 284.5 eV, 285.7 eV, and 287.9 eV correspond to reference
carbon (C-C, C=C), the C-N adjacent to the bridging amino
group, and C=N bonds of tri-s-triazine units, respectively.”?
Furthermore, a shift of the C=N peak to higher binding ener-
gies in the annealed materials suggests that the formation of
Nv alters the carbon atoms to become more electron-deficient.
On the other hand, in the N 1s spectra, peaks observed at
398.4 €V, 399.7 €V, and 400.9 eV are attributed to surrounding
N=C bonds outside of tri-s-triazine units, the central N-(C);
nitrogen atom in the ring, and bridging -NH, species, respect-
ively.”® Indeed, a decrease in the intensity of the N=C peak
underlines the formation of Nv. Conversely, a slight increase
in the peak area (Table S1) corresponding to -NH,. species was
observed, so that vacancy formation favors the enrichment of
-NH, functionalities on the surface.”* As the annealing temp-
erature increased, the ratio of N=C to -NH, groups on the
surface decreased, which was quantitatively determined by
peak areas, which further supports that higher annealing
temperatures result in a greater degree of defect formation
within the structure.

To further investigate the structural changes in Nv-CN(C)-
650Ar, solid-state >C cross-polarization magic angle spinning
nuclear magnetic resonance (CP MAS NMR) spectroscopy was
employed as shown in Fig. 1f. In the spectrum of pristine CN
(C), characteristic signals at 156.2 and 164.1 ppm were attribu-
ted to CN,(NH,) (C1) and CNj; (C2) units of the CN framework,
respectively. These aromatic carbon environments exhibit dis-
tinct chemical shifts due to variations in their proximity and
orientation relative to edge hydrogen atoms, which influence
shielding effects. In the case of Nv-CN(C)-650Ar, the intensity
of the C2 peak increased compared to CN(C), suggesting that
thermal treatment promoted the formation of additional
hydrogen bonds within the tri-s-triazine units. Furthermore,
the C1 signal shifted upfield, likely due to the disruption of
n-electron delocalization caused by Nv. In contrast, the down-
field shift of the C2 peak indicates the presence of electron-
withdrawing groups introduced near these sites in the modi-
fied structure. Electron paramagnetic resonance (EPR) spec-
troscopy was employed to confirm the presence of Nv in CN(X)
and Nv-CN(X)-TG samples and to evaluate their relative abun-
dance, as shown in Fig. 1g. All samples exhibited a character-
istic signal at g = 2.0029, which is attributed to unpaired elec-
trons localized in the n-conjugated tri-s-triazine units.”®
Furthermore, the EPR signal intensity followed the order: Nv-
CN(C)-650Ar > Nv-CN(M)-650Ar > Nv-CN(D)-600N, > CN(M) >
CN(C) > CN(D), indicating that the Nv concentration can be
effectively tuned by varying the precursor type and annealing
conditions. Elemental CHN analysis was performed to assess
the overall chemical composition (C, N, and H) of the CN(X)
and Nv-CN(X)-TG samples. As can be concluded by Table S2,
higher annealing temperatures result in a lower N/C ratio,
regardless of whether N, or Ar was used as an annealing atmo-
sphere. Notably, the Nv-CN(C)-650Ar sample showed the lowest
nitrogen content, which is attributed to the formation of Nv
and the thermal decomposition of nitrogen-rich moieties
during high-temperature annealing. These chemical changes

This journal is © The Royal Society of Chemistry 2026
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overall in the nitrogen environment of heptazine units contrib-
ute to mid-gap states formation that was later evidenced by
photophysical analyses (vide infra).

To investigate the morphological and topological character-
istics of the synthesized materials, transmission electron
microscopy (TEM) and scanning electron microscopy (SEM)
analyses were conducted (Fig. 2 and Fig. S5). As shown in
Fig. 2a and b, pristine CN(C), synthesized via thermal conden-
sation of cyanamide, exhibits a layered and porous structure.
Meanwhile, the TEM images of Nv-CN(C)-650Ar (Fig. 2c and d)
reveal a thinner 2D architecture with more uniformly distribu-
ted and well-defined pores. Similarly, SEM images reveal that
pristine CN(C) materials (Fig. 2e and f) exhibit a typical layered
morphology, whereas Nv-CN(C)-650Ar (Fig. 2g and h) consist
of thinner nanosheets with mesoporous nanostructure com-
pared to other CN(X) and Nv-CN(X)-TG (Fig. S5). To gain
further insight into the porous structure, nitrogen adsorption—
desorption isotherms were measured to evaluate the
Brunauer-Emmett-Teller (BET) surface areas of CN(X) and Nv-
CN(X)-TG samples (Fig. S6). The introduction of Nv led to a
notable increase in surface area, indicating enhanced porosity
as shown in Fig. S6. All samples exhibited type IV isotherms
with Hi-type hysteresis loops, characteristic of mesoporous
materials with uniform pore size distributions. These porous
features are indicative of nitrogen-containing species release
during post-annealing and play a crucial role in enhancing
photocatalytic performance by increasing the number of active
sites, expanding the specific surface area, and introducing
structural defects that facilitate improved charge carrier
mobility.

The Nv-engineering by thermal annealing is expected to
have a substantial impact on the electronic structure and
charge carrier dynamics of the material.”® As discussed pre-
viously, these defects can introduce localized energy states and
modified band edge positions. The following photophysical
characterizations were performed to comprehensively evaluate
these effects. Ultraviolet-visible diffuse reflectance spec-
troscopy (UV-Vis DRS) was employed to examine the photo-
physical properties of pristine CN(X) and Nv-CN(X)-TG deriva-
tives. Compared to pristine CN(X) derivatives as shown in
Fig. 3a and Fig. S7, Nv-CN(X)-TG derivatives exhibited a signifi-
cant red shift in the absorption band edge to higher wave-
lengths up to 600 nm. A significant red shift in absorption
edge is observed in Nv-CN(X)-650G samples as the annealing
temperature increased up to 650 °C (Fig. S7). The shifts in
absorption edges indicate enhanced light-harvesting capability
for the Nv-CN(X)-TG derivatives, with Nv-CN(C)-650Ar exhibit-
ing the most pronounced improvement among the annealed
samples.”” Furthermore, mid-gap states, located between the
conduction band (CB) and valence band (VB), were observed,”®
which can be attributed to defect formation in the CN struc-
ture, contributing to sub-bandgap absorption. Tauc plots were
constructed to estimate the optical bandgaps of CN(X) and Nv-
CN(X)-TG derivatives (Fig. 3b and Fig. S8). The bandgap of
pristine CN(X) derivatives was determined to be 2.7 eV, which
is consistent with the reported literature values.”® The decrease
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Fig. 2 TEM images of (a and b) CN(C) and (c and d) Nv-CN(C)-650Ar, SEM images of (e and f) CN(C) and (g and h) Nv-CN(C)-650Ar.

in bandgap values down to 2.4-2.5 eV with the formation of
Nv as the annealing temperature increases highlights the role
of defect engineering in modifying photophysical properties.*°
The bandgap values corresponding to crafted mid-gap states
are determined as 2.06 eV.”®®' Moreover, samples synthesized
under nitrogen atmosphere mostly exhibited higher bandgap
values compared to their Ar-treated analogs (Fig. S8).5> The
variation in bandgap values suggests that annealing under dis-
tinct gas flow leads to a different defect formation mechanism.
Photoluminescence (PL) spectroscopy was conducted to inves-
tigate the radiative charge recombination/separation behavior
and kinetics of photogenerated electron-hole pairs in as-pre-
pared materials. All samples exhibited a broad emission band
centered between 450-520 nm upon excitation at 320 nm
(Fig. 3c and Fig. S9). The emission peak wavelength of 460 nm
for CN(X) samples corresponds to a characteristic energy of the
n-m* transitions and band-to-band recombination processes in
the CN structure.®® Compared to their pristine structure, the
Nv-CN(X)-TG samples demonstrated significantly diminished
PL intensities, and the most pronounced diminishment was
observed in the Nv-CN(C)-650Ar material. The decrease in
emission intensity shows that the recombination is suppressed

5264 | Green Chem., 2026, 28, 5259-5274

so that a more efficient separation of photogenerated charge
carriers is achieved, especially in the vacancy-rich materials.®*
The charge carrier dynamics are further investigated by time-
resolved photoluminescence (TRPL) measurements. The TRPL
decay profiles of CN(X) and Nv-CN(X)-TG samples were fitted
using an acknowledged biexponential function as a function
of 7, and 1,, the lifetimes of fast and slow decay components,
respectively.®® The fast component (z;) is typically associated
with surface recombination or mid-gap intervened processes,
and the slow component (z,) reflects the bulk recombination
of charge carriers.?® Fig. 3d illustrates that 7,. of CN(C)
decreased remarkably from 7.2 ns to 5.5 ns after annealing
under argon at 650 °C. While CN(C) was fitted for 7; and 7,
having 2.2 ns and 10.2 ns with 37.3% and 62.7% intensities,
respectively, Nv-CN(C)-650Ar was fitted for z; and z,, having 1.7
ns and 8.2 ns with 41.2% and 58.8% intensities, respectively.
The decrease in the lifetime and the increase in the intensity
of the fast component confirm the nitrogen vacancies promot-
ing the nonradiative decay pathways and a more efficient sep-
aration through suppressed radiative recombination.®” In con-
trast, the 7,,. of CN(D) and CN(M) increased after annealing,
which suggests that the defect formation in these materials

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Photophysical characterization was given by (a) UV-Vis absorption spectra, (b) Tauc plots, (c) PL and (d) TRPL spectra of CN(X) derivatives
and their most catalytically efficient Nv-CN(X)-TG derivatives, (e) Nyquist plots and (f) TPC responses of the most promising Nv-CN(C)-650Ar and

pristine CN(C).

contributed more to carrier stabilization than mid-gap assisted
recombination.”®

From both PL and TRPL analyses, Nv-CN(C)-650Ar promises
a remarkably higher photocatalytic activity than other
materials synthesized along. Electrochemical impedance spec-
troscopy (EIS) measurements were carried out to assess the
charge transfer behavior of CN(C) and Nv-CN(C)-650Ar. In
Fig. 3e, the Nyquist plots for both samples exhibit a typical
semicircular arc in the high-frequency region that represents
the interfacial charge transfer resistance at the electrode-

This journal is © The Royal Society of Chemistry 2026

electrolyte interface.®® Nv-CN(C)-650Ar displays a significantly
smaller arc radius compared to pristine CN(C), and so a more
efficient charge transport. The reduction in charge transfer re-
sistance can be attributed to the introduction of Nv during the
annealing process. In order to assess the photo-responsive be-
havior and interfacial charge transfer efficiency of CN(C) and
its annealed derivative Nv-CN(C)-650Ar, transient photocurrent
(TPC) measurements were performed under dark and visible-
light illumination. As illustrated in Fig. 3f, both materials
exhibit a drastic increase in photocurrent density upon
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illumination, revealing their fundamental photoactivity.
Expectedly, Nv-CN(C)-650Ar generated a significantly higher
and more stable photocurrent density compared to pristine
CN(C), so that a more efficient generation, separation, and
transport of photogenerated charge carriers were achieved.
Altogether, these results collectively confirm that defect engin-
eering not only alters the structural properties of CN but also
enhances charge separation and transport dynamics. The
synergy of these effects suggests that annealed materials,
specifically Nv-CN(C)-650Ar, are the most promising candi-
dates for the superior photocatalytic activity.

Utilization of the Nv-CNs in C-P bond formation

Combining all these structural, photophysical, and electro-
chemical characterizations, Nv-rich materials, especially Nv-
CN(C)-650Ar, are anticipated to predominate over their pristine
derivatives in visible-light-driven photoredox C-P bond for-

a)

View Article Online

Green Chemistry

mation. To evaluate the photocatalytic activity of as-syn-
thesized Nv-CN-based materials, a model C-P bond-forming
reaction was designed using N-(4-acetylphenyl)-tetrahydroiso-
quinoline (1) and 9,10-dihydro-9-oxa-10-phosphaphenan-
threne-10-oxide (DOPO, 2) as substrates. Compound 1 is a ter-
tiary amine bearing an electron-withdrawing acetyl group at its
N-functionality that was intentionally selected for the model
reaction. Considering the reported oxidation potentials of the
tetrahydroisoquinoline derivatives (E,x = (+1.07 V) — (+2.38 V)
vs. SCE in MeCN), compound 1 has a relatively medium level
challenging potential with its deactivated a-C(sp®)-H site.*"*°
Compound 2 is a phosphine oxide heterocycle that served as
the organophosphorus source. The model reaction (Fig. 4a)
was performed in oxygenated MeCN using a photoreactor
system with tunable-wavelength LEDs, active cooling via a fan
and chiller, and operated under controlled-intensity blue light
irradiation. At first, all synthesized materials (3 mg each) were

3 mg Photocatalyst
Blue High Mode LED

CO 9
_N @ ﬁ\o
+

b)

Ne\dCls

[ 3 mg Nv-CN(C)-650Ar
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Fig. 4 (a) The model reaction. The optimizations of (b) catalyst type, (c) light intensity, (d) solvent screening ®MeCN/DMF (9 : 1), PMeCN/THF (9: 1),
€MeCN/DMSO (9 : 1), “MeCN/DMSO (9.5 : 0.5), (e) irradiation color and duration.
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tested under identical conditions, which are 1 mL MeCN (satu-
rated with O,), blue LED (low mode), and 1 hour irradiation.
Nv-engineered materials consistently outperformed their pris-
tine catalysts in photocatalytic yield, and Nv-CN(C)-650Ar, Nv-
CN(D)-600N,, and Nv-CN(M)-650Ar showed the highest yields
among the cyanamide, dicyandiamide, and melamine-derived
series, respectively (Fig. 4b, for details, see Table S3). While
the reaction yielded 14% in the absence of any catalysts, the
photocatalysts produced yields in the range of 15-30% so that
the results were promising, but there was a need for optimiz-
ation. Since Nv-CN(X)TG is a polymeric material, poor dis-
persion in low solvent volumes was suspected to hinder cata-
lytic efficiency. Increasing the solvent volume to 5 mL MeCN
led to an improvement in yield of up to 37%, with Nv-CN(C)-
650Ar having the highest yield (Fig. 4c). Subsequently, the
intensity of light irradiation was increased by switching the
LED to high mode, which resulted in a sharp increase in yield
to 70% under identical conditions. Conversely, increasing the
catalyst loading to 5 mg and 7 mg led to diminished yields,
most likely due to excessive light scattering at higher particle
concentrations, and so 3 mg of photocatalyst was used as the
optimal catalyst amount in subsequent experiments (Fig. 4d).
Solvent volume and ratio were further optimized, and MeCN
volumes up to 15 mL were tested, with the highest yield (76%)
achieved at 10 mL of volume. Solvent mixtures were then
explored while maintaining a constant total volume of 10 mL.
Among the mixtures tested, MeCN/DMSO (9:1) provided the
highest yield of 92%. In a time-course study ranging from
15 min to 2 h, the product yield increased up to 1 h, after
which a gradual decline was observed upon prolonged reaction
times (Fig. 4e). To understand this behavior, the reaction
mixture obtained at extended irradiation times was analyzed
by 'H NMR and GC-MS and compared with the spectra of pure
compound 3. These analyses revealed the formation of
additional byproducts, consistent with oxidative degradation
of substrate 1. Initially, the decreased yield was tentatively
attributed to possible phosphorus adsorption or deactivation
of the photocatalyst. However, ICP-MS analysis of the recovered
catalyst showed no detectable phosphorus uptake. We there-
fore attribute the decline in yield at longer reaction times to
product degradation and over-oxidation of the reactants under
prolonged photochemical conditions (Fig. S10 and S11). After
all these findings, the optimized conditions are defined as
3 mg Nv-CN(C)-650Ar in 10 mL MeCN/DMSO (9:1) and under
blue LED (high mode, 457 nm) irradiation for 1 hour (for
detail, see Table S3). Finally, the influence of light energy was
investigated by varying the wavelength. As expected, a decrease
in yield was observed with lower-energy light sources that were
tried with white (correlated color temperature of 6500 K), cyan
(500 nm), and green (523 nm), since the energy of photons is
reduced as the wavelength increases. Moreover, the dark
control experiment further confirmed the photocatalytic
nature of the reaction, resulting in no observable product for-
mation. The reaction conducted under white LED for 1 hour
gave a yield (59%) comparable to that obtained under blue
LED in only 30 minutes (63%). Overall, the photocatalyst devel-

This journal is © The Royal Society of Chemistry 2026
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oped via defect engineering achieved an impressive yield of
92%, notably surpassing conventional metal-catalyzed systems
with comparable substrates.’® The optimized conditions yield
a diastereomeric ratio of 1:3 that is marginally below the
reported values of phosphorylation reactions with metal cataly-
sis in the literature.”"**> This remarkable enhancement under-
scores the pivotal role of Nv in promoting efficient charge sep-
aration and boosting photocatalytic performance under mild,
metal-free conditions, as evidenced by our characterization
results.

The band diagram, mechanistic studies, and reusability test

In order to gain a deeper insight into the photocatalytic per-
formance of as-synthesized materials, the CB and VB edge
positions were determined by Mott-Schottky analysis and
XPS-VB spectroscopy, respectively. The flat band potentials
(Eg) of the pristine CN(X) and Nv-CN(X)-TG materials were
first found using Mott-Schottky analysis (Fig. 5a, ¢ and e).

In the CN(C) series, the Eg, of pristine CN(C) was measured
as —0.88 V vs. Hg/Hg,Cl,, which shifted to —0.80 V in Nv-CN
(C)-650Ar, indicating a change in electronic structure upon Nv
formation. These potential values were converted to the
normal hydrogen electrode (NHE) scale using the relation: (Eg,
(vs. NHE) = Eg, (vs. Hg/Hg,Cl,) + 0.24 V).”® Accordingly, the Eg,
values vs. NHE were calculated to be —0.64 V for CN(C) and
—0.56 V for Nv-CN(C)-650Ar. The positive slopes observed in
the Mott-Schottky plots confirm the n-type semiconductor be-
havior of all CN-based materials.*® In such semiconductors,
the Fermi level (Ey) is typically approximated by the Eg,. Since
the CB edge lies approximately 0.10-0.20 V more negative than
Ep,>* the CB potentials for CN(C) and Nv-CN(C)-650Ar were
estimated to be —0.74 V and —0.66 V vs. NHE, respectively.
Similar calculations were performed for dicyandiamide and
melamine-based materials. The VB potentials (Fig. 5b, d and f)
of annealed Nv-CN(X)-TG materials were measured as
1.64-1.79 eV using the VB-XPS spectrum, while the pristine
materials were found as 1.82-1.85 eV. The potential of the VB
converted by the equation of (Exug = ¢ + Evgxps — 4.44, where
Enue: normal hydrogen electrode; ¢: electron work function of
the XPS analyzer that is 4.543; Eyp.xps: VB value was tested by
VB-XPS),”>® the VB edge potentials of pristine and Nv-CN(X)-
TG materials were found to be 1.92-1.95 eV and 1.74-1.89 eV,
respectively. An overall schematic representation of the band
edge positions for all materials was presented in Fig. 5g.

After investigation of band positions, mechanistic studies
were conducted to further understand the underlying photo-
catalytic pathway. Radical scavenger experiments were con-
ducted to identify the key reactive species involved in the C-P
bond formation reaction under visible-light irradiation. The
scavenger experiments (Fig. 6a) were performed with p-benzo-
quinone (BQ), 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO),
triethanolamine (TEOA), isopropanol (IPA), and silver nitrate
(AgNO;) scavengers. The BQ scavenger is used for superoxide
radical anions ("O,”) that resulted in a yield drop to 50%
which suggests that superoxide species have a partial contri-
bution to the C-P bond formation.®” The addition of TEMPO,
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sodium azide (NaNj;) are hydroxyl radical ("fOH) and singlet
oxygen ('O,) scavengers, respectively, causing a moderate
reduction in yield to 61-64% implying that neither hydroxyl

radicals nor singlet oxygen are the main species of the reaction
100

a scavenger for free radicals, completely suppressed the reac-
tion so that a radical cation intermediate was generated prob-
ably through single-electron oxidation of compound 1.°%
Similarly, TEOA is a hole scavenger and dramatically reduced
the yield to 7% which underlines the critical role of photo-
induced holes for initiation of the oxidation.”® IPA and

but they may play a secondary or supporting role.
Furthermore, the presence of AgNOj;, a potent electron scaven-
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Fig. 6
the proposed reaction mechanism.

ger, resulted in a yield decrease to 38% which confirms the
importance of photogenerated electrons during the catalytic
cycle.'® To demonstrate the influence of Nv on the formation
of reactive oxygen species under irradiation, light-on EPR spec-
troscopy (Fig. 6b) was employed using DMPO as a spin-trap-
ping agent for superoxide radical anions (O, ™). Upon visible-
light illumination, both pristine CN(C) and Nv-CN(C)-650Ar
exhibited the characteristic signal pattern. However, the Nv-
material consistently produced substantially higher signal
intensity that underlines enhanced O, generation under
identical conditions. From the scavenger experiments and EPR
results, a plausible mechanism was proposed in Fig. 6¢ as
similar to the previous reports.’"'%> After the formation of
photogenerated charge carriers under light illumination, the
process begins with a simultaneous single-electron transfer
(SET): an electron from the CB is transferred to molecular
oxygen, generating a superoxide anion radical (E;eq(0,/05") =
—0.33 V vs. NHE),” while a hole in the VB accepts an electron
from compound 1, forming the radical cation intermediate 1a.
Intermediate 1a was then converted into an iminium cation 1b
through a hydrogen-atom transfer (HAT) by superoxide anion
radicals.®® Synchronously, compound 2 tautomerizes to com-
pound 2', which is a nucleophile due to a lone pair on phos-
phorus.'® Compound 2’ attacks the electrophilic a-carbon of
the iminium cation to form the desired product 3.

To assess the practical applicability, the stability and re-
usability of Nv-CN(C)-650Ar were tested by subjecting the
photocatalyst to ten consecutive photocatalytic cycles under
the optimized reaction conditions. As shown in Fig. S12a, the
yield remained relatively high with a minute decline over the

This journal is © The Royal Society of Chemistry 2026
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(a) The scavenger experiments, (b) the light-on/off EPR spectra of pristine CN(C) and Nv-CN(C)-650Ar for superoxide radical anion and (c)

first three cycles, and the initial durability of the photocatalyst
was fine. However, a gradual decrease in activity was observed
in subsequent runs as the yields dropped to 79% in the fourth
and 71% in the fifth cycle. While yields remained around 50%
between sixth and ninth cycles, the yield diminishes at the
tenth cycle due to a reduction in the catalyst amount.
Nevertheless, the heterogeneous photocatalyst retained over
70% yield after five cycles and is reusable for practical appli-
cations in visible-light-driven C-P bond formations. Post-
characterization of Nv-CN(C)-650Ar using XRD, FTIR and XPS
analyses were employed in Fig. S12b—f to compare structural
integrity of the photocatalyst before and after use. All these
analyses, especially the high-resolution XPS N 1s spectrum,
revealed alterations in the peaks attributed to Nv, and the XRD
pattern further confirmed the presence of a small amount of
impurity in the crystal structure. Furthermore, TEM analysis
revealed that both the thickness and porous nature of the cata-
lysts changed compared to its fresh version, as shown in
Fig. S13a-d. The observed increase in layer thickness and
structural alterations indicates a partial healing of nitrogen
vacancies, which is associated with a decline in photocatalytic
activity.

The substrate scope of Nv-CN(C)-650Ar catalyzed C(sp®)-P
bond formation

To explore the generality of the developed photocatalyst, a
series of structurally diverse tertiary amines and organopho-
sphorus compounds were mostly subjected to the optimized
reaction conditions using Nv-CN(C)-650Ar as the photocatalyst
(Fig. 7). The scope was initially expanded to include different

Green Chem., 2026, 28, 5259-5274 | 5269
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C(sp®)-H coupling partners with P(O)H compounds under
standard conditions. The reaction showed broad functional
group tolerance on the phenyl ring, including unsubstituted 4
and methyl-substituted 6 derivatives, reflecting a range of elec-
tronic effects. Notably, N-substituted tetrahydroisoquinoline
derivatives provided high yields of 80% for compound 4 and
76% for compound 6, respectively, due to their electron-rich
nature. In contrast, N-substituted piperidine showed no reac-
tivity, likely due to the low activity of its a-C(sp’)-H bond."**
Further exploration with different phosphoesters and com-

5270 | Green Chem., 2026, 28, 5259-5274

pound 1 under the same conditions revealed that diethyl,
dibutyl, and diphenyl phosphonates were also effective, deli-
vering the desired products in yields of 83% (11), 76% (13),
and 71% (15), respectively. These results correlated with the
steric bulk of the phosphoesters."®

The yields for the substrates were approximately between
70-80%, which were competitive with those in the literature
reactions performed with metal-catalysis.'®>'%® These sub-
strate trials confirm that the developed photocatalyst is not
only efficient for the model reaction but also adaptable to a

This journal is © The Royal Society of Chemistry 2026
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broader range of substrates. Nv-CN materials, specifically Nv-
CN(C)-650Ar, have a superior potential for their utility in the
construction of C-P bonds under mild and sustainable
conditions.

In this work, a sustainable and chemoselective approach
for C(sp®)-P bond formation through Nv-CN photocatalyst
having a versatile and green synthesis was demonstrated. The
reaction between tetrahydroisoquinoline derivatives and phos-
phoesters was generalized wusing similar substrates.
Nevertheless, the optimized conditions fail to perform phos-
phorylation of other types of substrates including diazonium
salts and some other heteroaromatic compounds. Since this
work establishes a green strategy for such synthesis, the future
work in this area would focus on the broadening of the usabil-
ity of the protocol in various substrates while preserving sus-
tainability. Furthermore, the stereoselectivity of the reaction
would be improved more to reach reported diastereomeric
ratio values obtained by metal-catalysis in the literature.

Conclusions

In summary, this study provides a comprehensive investigation
into the design and application of Nv-CN materials, syn-
thesized via thermal annealing of three nitrogen-rich precur-
sors under systematically varied conditions for photoredox
C(sp®)-P bond formation. Among the synthesized twelve
photocatalysts, Nv-CN(C)-650Ar efficiently fostered the photo-
oxidative C(sp®)-P bond formation under mild conditions and
achieved up to 92% yield in 1 hour without requiring metals
or toxic oxidants. The superior photocatalytic performance of
Nv-CN(C)-650Ar, compared to CN(X) and other Nv-CN(X)-TG
materials, is attributed to its optimized structural, morphologi-
cal, and photophysical properties. XRD analysis revealed that
the (002) diffraction peak of Nv-CN(C)-650Ar is the broadest
among all samples, indicating a thinner, more disordered, and
amorphous layered structure. XPS and CHN elemental ana-
lyses confirmed the formation of more NH, surface groups
and a lower nitrogen-to-carbon stoichiometry, reflecting a
higher concentration of nitrogen vacancies. These findings
were further supported by EPR spectroscopy, which showed
the highest signal intensity, indicating the greatest defect
density. SEM and BET surface area measurements demon-
strated that Nv-CN(C)-650Ar possesses a more porous mor-
phology and the largest surface area, enhancing the accessibil-
ity of active sites. Additionally, UV-DRS revealed stronger
visible-light absorption with mid-gap state, and based on Tauc
plot analysis, a narrower bandgap compared to other samples.
PL and TRPL analyses exhibited significantly reduced emission
intensity and shorter carrier lifetimes, indicating suppressed
charge recombination and more efficient charge separation.
These combined features collectively account for the enhanced
photocatalytic activity of Nv-CN(C)-650Ar in the photoredox
C(sp®)-P bond formation. The substrate scope was successfully
expanded to a variety of challenging organophosphorus com-
pounds, highlighting the versatility and functional group toler-

This journal is © The Royal Society of Chemistry 2026
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ance of the catalyst system. Mechanistic studies, including
radical scavenger experiments, indicated that the reaction pro-
ceeded via a single-electron oxidation pathway initiated by
photogenerated holes and mediated by superoxide radicals. In
addition, reusability tests demonstrated excellent stability and
recyclability of Nv-CN(C)-650Ar over five consecutive cycles
without any notable loss in activity. This metal-free strategy
enables the sustainable synthesis of P(v)-based organopho-
sphorus compounds, widely demanded in pharmaceuticals,
bioactive agents, and flame retardants. Overall, this work not
only deepens the mechanistic understanding of defect engin-
eering in CN-based photocatalysts but also paves the way for
their broader application in selective and green organic
transformations.
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