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oxidation reaction†
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and Yi Xie

The inherently low dielectric properties and weak shielding effect of polymeric semiconductors cause

excitons to dominate their photoexcitation process, which greatly restricts the photocatalytic

performances mediated by charge carriers. Here, an anion and cation co-doping strategy was proposed

to weaken the binding energy of excitons by forming distinct positive and negative charge regions,

where the charge asymmetry produced an external potential to drive exciton dissociation. Using

polymeric carbon nitride as a typical model framework, we show that the incorporation of anions (Cl−,

Br−, I−) and cations (Na+, K+) could create a significant spatial separation of electrons and holes, thereby

promoting exciton dissociation. Specifically, K+ and Cl− co-doped polymeric carbon nitride could

effectively promote the dissociation of excitons into hot carriers, contributing to the outstanding

efficiency in hot-electron-involved photocatalytic processes, such as the generation of superoxide

radicals (O2c
−) and the oxidation of phenylboric acid under visible light. This work presents a practical

approach for promoting excitons dissociation through the introduction of charge asymmetry.
Introduction

Nowadays, with the rapid development of social productivity,
human demand for energy has far exceeded historical levels,
and the utilization of clean energy is in great demand.1–3 Pho-
tocatalysis is considered to be a sustainable way to convert solar
energy into chemical energy, whose efficiency is closely related
to the concentration of photoinduced charge carriers in
catalysts.4–6 As one of the most important types of photo-
catalysts, polymeric semiconductors have attracted great
attention for their properties such as low biotoxicity, tunable
band structure, and ease of structural modication.7,8 However,
the strong Coulomb interaction and the weak dielectric
shielding effect of polymeric semiconductors make excitons the
dominant photogenerated species, where only a few of them
can dissociate into free carriers to participate in the articial
photocatalytic process. Meanwhile, a high concentration of
excitons in the system leads to the occurrence of exciton–
exciton annihilation, resulting in the consumption of photoin-
duced species.9,10 Thus, the dissociation of excitons into free
electrons and holes would be a practical strategy to enhance the
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quantum efficiency of photocatalysts, and thus, it is in demand
for oxidation–reduction reactions involving charge carriers.11,12

As excitons are electrically neutral quasiparticles that are
formed by Coulomb interactions between the electrons and
holes, the introduction of charge asymmetry generates an
external potential to drive their dissociation.13–15 Among the
various strategies, elemental doping is an efficient way to break
the local charge symmetry of photocatalysts by introducing
external ions with various levels of electronegativity.16 In addi-
tion, defective structures can serve as reactive sites to improve
the separation efficiency of photo-generated charge carriers.17

Both the defective structures in the construction and elemental
doping methods could enhance the concentration of photo-
generated charge carriers by creating different structural
units. Although single-element doping may partially promote
exciton dissociation into hot carriers, the possible formation of
a steady charge-transfer state prevents further separation of
carriers.18,19 Herein, using typical polymeric carbon nitride
(PCN) as an example, we proposed an anion and cation co-
doping method to promote the exciton dissociation by intro-
ducing strong charge asymmetry. As depicted in Scheme 1, the
pristine carbon nitride with uniform distribution of the surface
electrostatic potential indicates the symmetry distribution of
charges, further conrming its potentially strong excitonic
effect. In addition, doping with either individual anions or
cations in polymeric carbon nitride results in the collection of
negative or positive charges in the PCN framework, partially
weakening the binding of electrons and holes. As for co-doping,
Chem. Sci., 2024, 15, 18543–18548 | 18543
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Scheme 1 Simulated electrostatic potential of polymeric carbon nitride under various doping conditions.
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anions (Cl−, Br−, I−) and cations (Na+, K+) located at different
sites of the PCN framework exhibit a distinct distribution of
negative and positive charges, where the as-formed electrostatic
potential facilitates the dissociation of excitons.

To further investigate this, density functional theory (DFT)
calculations were conducted to study the inuence of incorpo-
rating K+ and Cl− ions for co-doping on the exciton dissociation
of the polymeric carbon nitride matrix. Fig. 1a and b depict the
spatial distributions of the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO)
of the polymeric carbon nitride. The uniform distributions and
signicant overlaps on the tri-s-triazine structure rule out the
possibility of the dissociation of excitons within the framework.
In contrast, a signicant spatial separation between the highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) was observed in the K+ and Cl− co-
doped model (Fig. 1c and d). Specically, Cl−-containing units
with electron-rich features dominate the distribution of the
highest occupied molecular orbital (HOMO), while a K+-
Fig. 1 The highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) distributions in PCN (a and b),
and K+, Cl− co-doped CN (c and d), respectively.

18544 | Chem. Sci., 2024, 15, 18543–18548
containing unit dominates the distribution of the lowest
unoccupied molecular orbital (LUMO). Such spatial separation
of electrons and holes between the two distinct motifs indicates
the potential dissociation of excitons in the K+, Cl− co-doped
polymeric carbon nitride system.
Results and discussion

In this study, PCN co-doped with anions (Cl−, Br−, I−) and
cations (Na+, K+) was synthesized through a modied thermal
polymerization of thiourea and the corresponding doping
element-containing compounds (See detail in ESI†). Using the
typical K+, Cl− co-doped polymeric carbon nitride (denoted as
KCl–CN) as an example, a range of KCl–CN samples with varying
contents of doping element and carbon nitride samples doped
with individual K+/Cl− (denoted as K–CN and Cl–CN, respec-
tively) were synthesized for comparison. The powdered X-ray
diffraction (PXRD) patterns of KCl–CN (Fig. 2a and S1†)
exhibit a weakened (100) peak and (002) peak, indicating
a decrease in crystallinity and an increase in structural distor-
tion of PCN aer elemental doping.20 As shown in Fig. 2b, the
KCl–CN spectrum exhibits a similar Fourier transform infrared
(FT-IR) spectrum as that of PCN, indicating that both retained
essentially tri-s-triazine ring units. However, compared to the
PCN, the FT-IR spectrum of KCl–CN exhibits a prominent peak
at 2181 cm−1, which can be attributed to the stretching vibra-
tion of cyano groups (–C^N) formed from the amine groups (–
NH2) in the heptazine rings.21 Furthermore, KCl–CN shows two
new absorption peaks at 992 and 1154 cm−1, which are attrib-
uted to the ion–dipole interaction of heptazine with alkali ions
(K+) and halide ions (Cl−) over KCl–CN. Solid-state 13C NMR
spectra (Fig. 2c) show that KCl–CN presents two new peaks at
122.7 and 171.6 ppm, which are likely associated with the C (3)
atom in the cyano group (–C^N) and the C (4) atom in the
polymeric carbon nitride structure.22,23 In addition, elemental
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Powder XRD patterns, (b) FT-IR spectra, (c) solid-state 13C NMR spectra (inset: normalization intensity of solid-state 13C NMR spectra)
and (d) C 1s XPS spectra of PCN and KCl–CN; (e) Cl 2p spectrum of KCl–CN; (f) C K-edge XANES curves of PCN and KCl–CN.

Fig. 3 (a) UV-vis spectra (inset: corresponding Tauc plots), (b) pho-
toluminescence spectra (inset: time-resolved fluorescence spectra),
(c) phosphorescence spectra (inset: time-resolved phosphorescence
spectra), (d) surface photovoltage (inset: periodic on/off photocurrent
response curves at a constant potential of approximately 0.4 V vs. Ag/
AgCl reference electrode in 0.5 M Na2SO4 under the light on/off
condition) and (e) EIS Nyquist plots under visible light conditions of
PCN and KCl–CN (EIS was performed over a frequency range of
0.01 Hz to 106 Hz with an AC voltage amplitude of 5 mV); (f) schematic
illustration of the exciton dissociation process of anion and cation co-
doped samples.
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mapping with the energy-dispersive X-ray spectra (EDS)
(Fig. S4†) illustrates the uniform distribution of K+ and Cl− in
the KCl–CN. X-ray photoelectron measurements (XPS) were
performed to further explore the elements and chemical states
of samples. In the high-resolution C 1s-K 2p XPS spectra
(Fig. 2d), KCl–CN exhibits two distinct new peaks at 295.6 and
292.7 eV, corresponding to the K 2p3/2 and K 2p1/2 peaks of the K
element. Meanwhile, KCl–CN exhibits a signicant Cl 2p3/2 and
Cl 2p1/2 signal in the Cl 2p spectrum (Fig. 2e). As compared to
PCN, the peak corresponding to the C–NHx at 288.3 eV in KCl–
CN exhibits an obvious shi toward low energy, owing to the
formation of cyano groups (–C^N) with a strong electron-
withdrawing effect during the polymerization process. Similar
low-energy shis were observed in the N 1s spectra (Fig. S5b†).24

Interestingly, the binding energy of K+ and Cl− in KCl–CN is
lower and higher than that of the KCl, respectively, implying the
K+ and Cl− are incorporated into PCN and bonded with the
surrounding C and N atoms.25 In the synchrotron X-ray
absorption near-edge structure (XANES) spectra (Fig. 2f), as
compared with PCN, KCl–CN presented new peaks at 298.2 and
302.5 eV, corresponding to K L2,3.26,27 Based on these results, it is
safe to conclude that K+ and Cl− were successfully introduced
into PCN. At the same time, the other anions, i.e., Br− and I−,
and cations, i.e., Na+ and K+, were also successfully co-doped
into the PCN framework (Fig. S6 and S7†).

The introduction of K+ and Cl− into PCN is anticipated to
have a signicant impact on its excitonic effects, where spec-
troscopic measurements were carried out to investigate the
photoexcitation processes involved. Compared PCN, KCl–CN
narrows the band gap and enhances the absorption capacity of
visible light, as illustrated in ultraviolet-visible (UV-vis) spectra
and the corresponding Tauc plots in Fig. 3a. Based on their light
absorption, the excitation wavelength for photoluminescence
(PL) measurements was selected at 365 nm. As shown in Fig. 3b,
the photoluminescence intensity of KCl–CN is lower than that
© 2024 The Author(s). Published by the Royal Society of Chemistry
of PCN, indicating a signicant reduction in the population of
singlet excitons in KCl–CN. Time-resolved uorescence spec-
troscopy was carried out to monitor the corresponding lifetime
Chem. Sci., 2024, 15, 18543–18548 | 18545
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of emission peaks. The radiative decay results (Fig. 3b inset and
Table S1†) could be described as a triple-exponential tting,
yielding lifetimes of 1.96 ns for PCN and 0.41 ns for KCl–CN.
The reduction in the radiation emission lifetime can be
understood by the reduction in the population of the singlet
excitons in KCl–CN.28,29 Phosphorescence spectra (Fig. 3c) were
employed to investigate long-lived photoinduced species,
revealing that PCN exhibits a more pronounced phosphores-
cence emission compared to KCl–CN. Furthermore, time-
resolved phosphorescence kinetics spectra show that the
phosphorescence lifetime of KCl–CN is shorter than that of
PCN, indicating a distinct reduction in the population and
lifetime of triplet excitons in KCl–CN.18 Considering the
competitive relationship between excitons and hot carriers, the
reduced number of excitons is benecial to enhance the
generation of charge carriers. Electrochemical measurements
were carried out to further verify this conjecture. As shown in
Fig. 3d, KCl–CN exhibits a higher surface photovoltage intensity
than that of PCN, indicating efficient carrier generation due to
co-doping with K+ and Cl−. Furthermore, KCl–CN exhibits
a 6.1∼fold higher response on periodic on/off photocurrent to
PCN under a 400 nm cut-off lter at a 0.4 V bias voltage. As
evidenced by the electrochemical impedance spectroscopy (EIS)
results in Fig. 3e, KCl–CN possesses a lower electrochemical
impedance than the PCN under illumination, leading to
improved electron transport.30,31

The above results conrm that K+ and Cl− co-doping has
signicant positive effects on boosting exciton dissociation into
hot carriers under light excitation. Similarly, other anion (Cl−,
Br−, I−) and cation (Na+, K+) co-doped polymeric carbon nitride
samples with enhanced exciton dissociation exhibit greatly
enhanced periodic on/off photocurrent compared to that of the
Fig. 4 (a) Time-dependent NBT degradation curves, (b) ESR trapping sp
time-dependent phenylboric acid oxidation curves of PCN and KCl–
spectrum in KCl–CN, (e) illuminationwavelength-dependent phenylboric
phenylboric acid oxidation spectrum. All of the above tests and experim

18546 | Chem. Sci., 2024, 15, 18543–18548
corresponding individual anion/cation-doped counterpart
(Fig. S12†). Thus, anion (Cl−, Br−, I−) and cation (Na+, K+) co-
doped polymeric carbon nitride samples promote the dissoci-
ation process of excitons, which can be understood by the
processes illustrated in Fig. 3f.

Boosting hot carrier generation and transfer in the anion
and cation co-doped samples leads to greatly enhanced photo-
catalytic activities, which were systematically studied using
KCl–CN as an example. The Mott–Schottky curves (Fig. S14†)
demonstrate the n-type semiconducting characteristics of the
samples, where the at potentials of PCN and KCl–CN were
measured to be −1.14 and −1.04 V vs. NHE, respectively.
Consequently, the band structure of PCN and KCl–CN
(Fig. S15†) indicates that both samples are capable of driving
the reduction in ground-state oxygen (O2) to superoxide radical
(O2c

−). Nitrotetrazolium blue chloride (NBT) was used as
a feature probe to evaluate the O2c

− generation ability of
samples, which can react with O2c

− to produce endoperoxide. As
shown in Fig. 4a, the time-dependent NBT oxidation absorption
curves demonstrate that KCl–CN can quickly react with NBT, as
compared to the PCN, indicating enhanced O2c

− generation of
KCl–CN. Furthermore, electron spin resonance (ESR) measure-
ments were used to prove the existence of photogenerated
reactive oxygen species (ROS); 5,5-dimethyl-1-pyrroline-N-oxide
(DMPO) was used as a trapping agent. As shown in Fig. 4b,
compared to PCN, KCl–CN typically exhibits a stronger signal of
O2c

−. Given its capabilities in O2c
− generation, the KCl–CN is

anticipated to be an efficient catalyst for the aerobic oxidation of
organic molecules, such as the selective oxidation of phenyl-
boronic acid to corresponding phenols and derivatives. As is
known, phenols and their derivatives are important aromatic
chemicals that are widely employed in industrial, medicinal,
ectra of PCN and KCl–CN in the presence of DMPO in methanol, (c)
CN, (d) different reaction conditions for phenylboric acid oxidation
acid oxidation curves of PCN and KCl–CN, and (f) different catalysts for
ents were performed under l $ 400 nm.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Oxidation of phenylboric acid derivatives in KCl–CN. Reaction
conditions: catalyst (10 mg), phenylboronic acid (0.1 mmol), methanol
(1 mL), acetonitrile (1 mL), xenon lamp (300 W), 298 K and O2 (1 atm)
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and cosmetic domains.32,33 As depicted in Fig. 4c, KCl–CN
exhibited a robust yield in the conversion of phenylboronic acid
to phenol under visible light, while the yields of PCN were
negligible. Control experiments conducted under various
atmospheric conditions indicated that the oxidation reaction
depends on the activation of oxygen (Fig. 4d). The addition of p-
BQ (a scavenger for O2c

−) results in a signicant reduction of
yield during the oxidation process of phenylboronic acid.

In addition, Fig. 4e exhibits wavelength-dependent phenyl-
boric acid oxidation, indicating that KCl–CN possesses much
higher photocatalytic phenylboric acid oxidation ability than
PCN. Fundamentally, Fig. 4f indicates that PCN co-doped with
anions and cations has a superior oxidation capacity of phe-
nylboric acid, and thus, it shows greatly enhanced phenylboric
acid oxidation yield compared to the corresponding individual
anions (Cl−, Br−, I−)/cations (Na+, K+)-doped counterpart
(Fig. S18†). At last, the catalytic activity and structural congu-
ration of KCl–CN were maintained during ve consecutive
cycling experiments, as evidenced using PXRD and FT-IR
characterizations (Fig. S20 and S21†).

With the optimal reaction conditions in our hand, we
explored another phenylboric acid with different substitutions
to evaluate the advantages and scope of photocatalytic selective
oxidation reactions over the KCl–CN catalyst. In general, KCl–
CN demonstrated exceptional performance, regardless of the
presence of electron-withdrawing (2–6, Table 1) or -donating
groups (7, Table 1), as well as the positions of the substituents
(7–9, Table 1). Overall, KCl–CN demonstrated the ability to
catalyze the production of a wide range of phenols under visible
light, indicating its potential for application in selective pho-
tocatalytic oxidation reactions.
Conclusions

An anion (Cl−, Br−, I−) and cation (Na+, K+) co-doping method
has been proposed to achieve efficient exciton dissociation in
© 2024 The Author(s). Published by the Royal Society of Chemistry
polymeric semiconductors, where boosting the charge carrier
generation and photocatalytic efficiency have been demon-
strated. Specically, using the anion and cation co-doped
polymeric carbon nitride as an example, we show that the K+

and Cl− co-doped polymeric carbon nitride could create
a signicant spatial separation of electrons and holes in the
formation of charge asymmetry. In addition, all the samples co-
doped with anions and cations exhibit enhanced exciton
dissociation compared to the corresponding individual anion/
cation-doped counterparts. As a result, the anion and cation
co-doped samples can readily activate molecular oxygen to form
superoxide radicals (O2c

−) under visible light, which subse-
quently react with phenylboronic acid to produce the corre-
sponding phenol. This work provides a practical approach to
efficiently promote exciton dissociation and shows the great
advantage of co-doping with anions and cations in the photo-
catalytic process.
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