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a b s t r a c t

The selective 2e− ORR reaction on polymeric carbon nitride framework is one of the most promising

approaches for solar-driven hydrogen peroxide production. Poly(heptazine imide) (PHI) as a class of K+-
incorporated crystalline carbon nitride framework, is highly active for photocatalytic H2O2 production.

An upgrade on the H2O2 photoproduction performance of PHI is realized and the mechanistic insights

are revealed in this work. By photochemical reaction, the electron withdrawing groups of hydroxyl group

and cyano group are grafted on the surface of PHI frameworks. The dual polarization sites on the sur-

face contribute significantly to the enhancement of the exciton dissociation. The optimized PHI with dual

polarization sites exhibits a remarkable photocatalytic H2O2 production performance, which is 2 times

of the active pristine PHI. Most importantly, the photochemical reaction method is generally applicable

to improve the exciton dissociation of a wide range of polymeric carbon nitride frameworks with vari-

ous structure and compositions; and the thiourea-derived polymeric carbon nitride framework with dual

surface polarization sites exhibits a remarkable photocatalytic performance with a high H2O2 production

rate of 40.5mmol h−1 g−1.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Hydrogen peroxide (H2O2) is a versatile chemical, which finds

wide applications in a plethora of fields, such as energy conver-

sion, environmental remediation, chemical industry medical treat-

ment [1–3]. The anthraquinone-based method is the traditionally

applied in H2O2 production. However, it requires fossil-fuel derived

H2 as the feed stock, and the operation process is complicated

and energy intensive [4,5]. A sustainable way for the production

of such a useful chemical is highly desired. Photocatalysis, using

the clean and inexhaustible solar light as the energy source, has

demonstrated its appealing sustainability in water splitting, CO2

reduction, pollutants degradation, and organics conversions, etc.

[6–11]. Production of H2O2 via photocatalytic dioxygen reduction

owns the overwhelming advantages of remarkable eco-friendliness

and cost-effectiveness, and thus attracts intensive research interest

[12,13]. Carbon-based active sites are especially favorable for se-

lective 2e− oxygen reduction reaction (2e− ORR) [14–18], and di-

verse organic and/or hybrid photocatalysts are capable of driving
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the selective 2e− oxygen reduction reaction (2e− ORR), such as co-

valent organic framework (COF), polymeric carbon nitride frame-

work (PCN), phenol-formaldehyde resin and metal-organic frame-

works (MOFs) [19–24]. PCN framework in particular, with a unique

modular structure, could be precisely designed in molecular level

and synthesized with ease through thermal polymerization pro-

cess. Moreover, PCN also possesses additional favorable features of

non-toxicity, physiochemical stability, and low-cost synthesis, etc.

[25–27]. PCN photocatalyzed 2e− ORR is therefore one of the most

promising approaches for sustainable H2O2 production. However,

low exciton dissociation is the major barrier impeding the im-

provement of the solar-to-chemical conversion efficiency [28–30].

Various efforts has been devoted to enhancing the exciton disso-

ciation in organic frameworks via nanoarchitectonics, in which the

construction of local polarizations is revealed to be intrinsically fa-

vorable for exciton dissociation [31–37].

As a fascinating class in the PCN family, poly(heptazine imide)

(PHI) frameworks own metal cations induced local polarization

centers, which exhibit remarkable photocatalytic performance [38–

40]; and the efforts on the nano-structure manipulation further

boost the efficiency of photocatalytic H2O2 production [41,42]. In

https://doi.org/10.1016/j.cclet.2023.109251
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Fig. 1. Photocatalytic performance of the samples for hydrogen peroxide produc-

tion. (a) Comparison of the photocatalytic performance of a series of PHI frame-

works. (b) The impact of pH on the photocatalytic hydrogen peroxide production.

(c) The photocatalytic decomposition of 10.0mmol/L H2O2 on photocatalysts. (d)

Long-term running performance of PHI-dual-2 in photocatalytic H2O2 production.

spite of the advances in this area, the knowledge on the structure-

activity relationship is relatively in lack. Novel approaches towards

specified nanoarchitectures favorable for exciton dissociation is

highly desired. Herein, we developed a facile method based on the

photochemical reaction for grafting the dual polar moieties of hy-

droxyl and cyano groups on the surface of the PHI framework. The

dual polarization sites on the surface remarkably extend the life

time of the charge carriers and improve the charge transfer pro-

cess. The molecularly engineered PHI exhibits a remarkable photo-

catalytic H2O2 production rate, which is 16.1 and 2.0 times of that

on PCN and pristine PHI, respectively. Additionally, the molecular

engineering could be applicable to the construction of dual polar-

ization sites on the surface of various PCN frameworks and some

covalent organic frameworks, and thereby improve their catalytic

performance in photocatalytic 2e− ORR.

As shown in Scheme S1 (Supporting information), PHI was syn-

thesized via polymerization of 5-aminotetrazole (5-AT) in a eu-

tectic salt mixture of LiCl/KCl at 550 °C. The following molecu-

lar engineering on the surface of PHI framework was realized by

the photochemical reaction in aqueous suspension containing PHI,

KSCN, and Na2S2O8. The optimum photochemical reaction time

was 30min (Fig. S1 in Supporting information). The functionalized

PHI frameworks with dual surface polarization sites are denoted

by PHI-dual-X, wherein X equals to 1, 2, and 3, respectively for the

samples synthesized with KSCN and K2S2O8 loading of 0.5 g/1.0 g,

1.0 g/1.0 g, 1.5 g/1.0 g in the suspension for photochemical reaction.

The photocatalytic H2O2 production performance was measured

under the irradiation of a solar simulator with light intensity of

100mW/cm2 in the presence of 5 vol% ethanol. As shown in Fig. 1a,

1 h irradiation on PHI produces 1.63mmol/L H2O2, while PHI-dual-

1 and PHI-dual-2 catalyzed reaction systems, respectively, generate

2.47mmol/L and 3.29mmol/L in 1 h. Further adjusting the photo-

chemical reaction conditions is unable to improve the performance

of the catalysts any more, and PHI-dual-3 exhibits a catalytic per-

formance close to that of PHI-dual-2. The H2O2 production rate of

PHI-dual-2 could reach a high value of 16.5 μmol h− 1 mg−1, which

is 2.0 and 16.1 times of that on the pristine PHI and PCN, respec-

tively.

Protonation reaction is one of the critical steps in 2e− ORR,

and the impact of the acidity of the solution was thus examined.

As shown in Fig. 1b, the photocatalytic performance of PHI-dual-2

increases gradually with acidity of the suspension, while the ba-

sic solution obviously impedes the photo-production of H2O2. The

photocatalytic H2O2 decomposition is critical for the accumulation

Fig. 2. (a) Apparent quantum yield of PHI-dual-2 in the photocatalytic H2O2 pro-

duction reaction. (b) Enhancement of the photocatalytic H2O2 production by surface

functionalization on other photocatalysts. (c) Comparing of the work and reference

catalysts for H2O2 evolution rate (experimental details in Table S1 in Supporting

information).

of H2O2 in the reaction system; as shown in Fig. 1c, the concen-

tration of H2O2 keeps stable in 2 h irradiation without photocat-

alysts. PHI and PHI-dual-2 all show negligible catalytic activity for

H2O2 decomposition, which is favorable for the accumulation of

the H2O2 in reaction process. Fig. 1d shows the long-term sta-

bility of PHI-dual-2, and the H2O2 concentration reaches a high

value of 8.47mmol/L at the reaction time of 6h. There are no ob-

vious distinctions in nano-structure and surface functional groups

of PHI-dual-2 before and after 10h of reaction (Figs. S2 and S3 in

Supporting information), indicating the structural stability of the

framework.

To evaluate the efficiency of the solar-driven H2O2 produc-

tion, apparent quantum yield (AQY) was examined. As shown in

Fig. 2a, PHI-dual-2 exhibits a remarkable AQY of 15.1% at 405nm,

and 12.2% at 420nm. For simulating the continuous H2O2 photo-

production, we then measured the photo-production of H2O2 in

flow mode employing a continuous serial micro-batch flow photo-

reactor with white LED arrays as the light source (λ ≥ 400nm)

(Fig. S4 in Supporting information). The H2O2 concentration could

reach 2.48mmol/L at a retention time of 48min with PHI-dual-2

loading of 1 g/L. When the catalytic loading increases to 3 g/L, the

amount of H2O2 raises to 4.0mmol/L in 48min photocatalytic re-

action.

To explore the general applicability of this strategy for boosting

the catalytic performance of the polymeric carbon nitride family

for 2e− ORR process, a series of polymeric carbon nitride frame-

works with distinct compositions and physiochemical properties

were subjected to the photochemical reaction for grafting the sur-

face polarization sites. As shown in Fig. 2b, a uniform enhance-

ment of the photocatalytic performance of the pristine PCN, K+-
doped crystalline lamellar carbon nitride synthesized with thiol-

urea (TU-CNK) on KCl crystal, and the engineered poly(heptazine

imide) (PHI-0.5) is observed [41–43]. Particularly, the surface func-

tionalization improves the performance of these photocatalysts by

a factor of 1.5–1.9 in terms of the H2O2 production rate. Moreover,

the H2O2 generation rates of the carbon nitride frameworks of this

work are outstanding among the recently reported highly efficient

photocatalytic reaction systems (Fig. 2c and Table S1 in Supporting

information). It is especially worth noting that the H2O2 evolution

rates of TU-CNK-modification could reach a remarkable high value

of 40.3mmol h−1 g−1.
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Fig. 3. Scanning electron microscopy (SEM) images of PHI (a) and PHI-dual-2 (b). Transmission electron microscopy (TEM) images of PHI (c) and PHI-dual-2 (d). (e, f) X-ray

diffraction (XRD) patterns and (g) FTIR spectra of PHI, PHI-dual-1, PHI-dual-2 and PHI-dual-3. X-ray photoelectron spectra (XPS) of PHI and PHI-dual-2. (h) C 1s, (i) N 1s and

(j) O 1s.

For understanding the rationale behind the superior photocat-

alytic performance of PHI with dual surface polarization sites, we

then screened the structural features, photochemical properties,

and photophysical behaviors of the photocatalysts. The morphology

of PHI and PHI-dual-2 was visualized by microscopic techniques.

As shown in Figs. 3a and b, both PHI and PHI-dual-2 show the

morphology of array of columns. Figs. 3c and d are the transmis-

sion electron microscopy (TEM) images of PHI and PHI-dual-2, the

layer stacking structure is clearly observed. The surface function-

alization process could also lead to the exfoliation of the layer-

stacking structure, and the BET surface area of PHI and PHI-dual-2

are 20.8 and 30.3 m2/g, respectively (Fig. S5 in Supporting infor-

mation).

In X-ray diffraction (XRD) patterns, PHI shows diffraction peaks

at 8.2° and 27.0°, which are assigned to (100) diffraction (ordered

heptazine units) and (002) diffraction (layer stacking structure), re-

spectively (Fig. 3e). PHI-dual-2 shows (100) and (002) diffraction

peaks at 8.0° and 28.0°, respectively. The shift of (002) diffraction

peaks of PHI-dual-2 as compared to PHI reveals that the inter-layer

spacing of PHI-dual-2 is reduced by 0.012nm. Reduced inter-layer

spacing might be beneficial for enhancing exciton dissociation, due

to the unique electronic transportation behavior of PCN frame-

works; in particular, the free polarons diffuse in Brownian motion

and are confined within the channel along the c-direction perpen-

dicular to the plane of tri-s-triazine [44]. Moreover, the diffraction

peaks at 11.9° and 14.0°, which are indexed to (110) and (010)

diffractions, respectively (Fig. 3f). As compared to PHI, the (110)

diffraction peak is strengthened and the (010) diffraction peak is

weakened in the XRD profile of PHI-dual-2. These differences are

speaking for the partial rearrangement of the layer-stacking struc-

ture in the surface functionalization process [45].

The differences in structure in molecular level were further

examined with Fourier transform infrared (FTIR) spectroscopy. As

shown in Fig. 3g, the absorption peaks at 803, 992 and 2183 cm−1

are assigned to the out-of-plane bending vibration of the heptazine

unit, the C−N−C bond in the K+−NC2 moiety, and asymmetric vi-

bration of the triple bond in the cyano group (−C≡N), respectively

[46,47]. In the spectra of PHI-dual-X, the absorption peaks of the

heptazine unit shift to 811 cm−1, which indicates that surface func-

tionalization decreases the electron density of the conjugated sys-

tem (Fig. S6 in Supporting information). In addition, the intensity

of the vibration peak resulting from K+−NC2 moiety is reduced,

which is due to the decrease of K+ in the framework during the

photochemical reaction process. By inductively coupled plasma op-

tical emission spectrometry (ICP-OES), the contents of K+ in PHI

and PHI-dual-2 are 8.6wt% and 1.2wt%, respectively. As compared

with PHI, the vibration peaks at 2183 cm−1 are enhanced for PHI-

dual-X, indicating increased amount of cyano group (−C≡N) in the

framework.

Moreover, surface functionalization introduces a new peak at

1120 cm−1, and this peak increases gradually from PHI-dual-1 to

PHI-dual-3, demonstrating the presence of C−O group on PHI-

dual-X [48,49]. Meanwhile, the broad peak at 2800–3400 cm−1,

which is attributed to N−H/O−H stretching vibration, is observed

in the spectra of surface functionalized samples [50]. Based on the

spectroscopy signals of C−O and N−H/O−H groups, the hydroxyl

groups is proposed to be introduced by the photochemical process

and is connected to the heptazine unit via C−O bond. According to

the above-mentioned data analysis, it is proposed that the photo-

chemical surface functionalization generates dual polarization sites

of cyano group and hydroxyl group on the PHI framework.

X-ray photoelectron spectroscopy (XPS) was employed for in-

vestigating the chemical environment of the elements in PHI and

PHI-dual-2 frameworks. XPS survey scans confirm the presence of

C, N, O, and K in all samples (Figs. S7 and S8 in Supporting in-

formation). As shown in Fig. 3h, the C 1s signal of PHI-dual-2 is

deconvoluted into three components at 284.9, 286.4, and 288.5 eV,

which are, respectively, assigned to adventitious carbon (C−C or

C=C), the carbon atoms connected to −NHx, −OH or cyano groups,

and the carbon atom in N−C=N unit in the heptazine unit [51–53].

Comparing with PHI, the peak of N−C=N shifts 0.3 eV toward high

binding energy for PHI-dual-2. The peak shift is also observed in
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Fig. 4. (a) UV–vis diffuse reflectance spectra. (b) Curves of the transformed Kubelka-Munk function versus photon energy. (c) Valence band X-ray photoelectron spectra. (d)

Band structure diagram. (e) Time-resolved photoluminescence (tr-PL) spectra of PHI and PHI-dual-2 under 300nm excitation. (f) Femtosecond transient absorption spec-

troscopy (fs-TAS) decay kinetics profiles of the peak at the wavelength of 680nm of PHI and PHI-dual-2 in aerobic conditions.

the N 1s signal. For PHI-dual-2, the XPS spectrum is deconvoluted

into three peaks with the binding energies of 399.0 eV (pyridinic

N), 400.4 eV (graphitic N), and 401.3 eV (bridging −NH−) (Fig. 3i)

[54–57]. In contrast, deconvolution of the N 1s signal of PHI affords

three peaks with binding energies of 398.7, 400.2, and 400.9 eV.

XPS characterizations reveal that grafting of dual polarization sites

reduces the electron density of the heptazine conjugation system.

By XPS, the C/N ratios on the surface of PHI-dual-2 and PHI are

determined to be 1.01 and 1.36, respectively. However, elemental

analysis demonstrates that PHI-dual-2 and PHI have the same C/N

ratio. XPS and elemental analysis together reveal that the dual po-

larization sites are locating at the surface of the framework, rather

than in the bulk. For a single particle under irradiation, the in-

homogeneous chemical composition from the bulk to the surface

could induce internal electric field, which is favorable for exciton

dissociation. XPS profile of O 1s electron presents a single peak

with binding energy of 532.2 eV, which is corresponded to the sur-

face adsorbed H2O and O2 [51,58]; however, there is one new peak

with binding energy of 533.7 eV observed in the O 1s signal of

PHI-dual-2, revealing the presence of O−H in the framework (Fig.

3j) [51,59]. Additionally, the H content of PHI-dual-2 is obviously

increased as compared with that of PHI (Table S3 in Supporting

information). All these experimental analyses consistently support

the formation of the hydroxyl group on the PHI framework during

photochemical surface functionalization process.

Electron spin resonance (ESR) technique was employed for

monitoring the single electron in the PHI framework. As shown

in Fig. S9 (Supporting information), the singlet Lorenz line with a

g value of 2.0035 is observed in the spectra of all the samples.

This resonance signal originates from the unpaired electron of the

sp2 hybrid orbital of carbon atom in PHI framework [60]. Most

importantly, the intensities of the singlet signal increase with the

amount of the hydroxyl and cyano groups on the framework, re-

vealing that the grafting of dual surface polarization sites alters the

electronic structure of the conjugated polymeric systems.

For understanding the relationship between the molecular

structure and the photocatalytic performance, the photo-physical

and chemical properties of the catalyst were explored. As the ex-

citation is the initial step of a photocatalytic process, we thus ex-

amine the photon absorption properties first. As shown in Fig. 4a,

blue shifts of the absorption of PHI-dual-1 and PHI-dual-2 demon-

strate an extended band gap, which is reasonable as the overall

electron density of the conjugated systems are lowered by grafting

of the surface polarization sites. In the Tauc plots from Kubelka-

Munk function transformation, the optical band gaps of PHI, PHI-

dual-1 and PHI-dual-2 are determined to be 2.44, 2.52 and 2.78 eV,

respectively (Fig. 4b).

The valence band position is determined by XPS valence band

spectra using Eq. 1:

ENHE = Φ + EVB−XPS − 4.44 (1)

wherein ENHE is the potential versus normal hydrogen electrode, Φ
is the electron work function of the analyzer (3.88 eV) [61,62].

The valence bands of PHI and PHI-dual-2 are 2.15V (vs. RHE)

and 1.85V (vs. RHE), respectively (Figs. 4c and d). The conduction

band potentials of PHI and PHI-dual-2 are thereby, respectively,

determined to be −0.42V (vs. RHE) and −0.59V (vs. RHE) (Fig.

4d). The surface functionalization enhances the oxidation power

of the PHI framework, which is beneficial for rapid hole oxidation

reaction and charges separation. The enhanced charge separation

was further confirmed by time-resolved photoluminescence (tr-PL)

spectroscopy. As shown in Fig. 4e and Table S4 (Supporting infor-

mation), PHI-dual-2 exhibits a slower decay kinetics than that of

PHI, for example, 3.21ns and 2.08ns for PHI-dual-2 and PHI, re-

spectively. The behavior of the polaron electrons was further in-

vestigated by monitoring the decay kinetics at 680nm in the ns

to μs time scale. As shown in Fig. 4f, the polaron electrons have a

longer lifetime for PHI-dual-2 (τ 1 =9.3±1.9 ns, τ 2 =177.0±3.4 ns)

than that of PHI (τ =16.6±1.9 ns). The prolonged lifetime of po-

laron electrons of PHI-dual-2 allows enhanced charge diffusion to

the surface, which are favorable for surface electron transfer reac-

tion towards dioxygen reduction. The charge transfer properties of

the frameworks were further examined in a photoelectrochemical

reaction system. As shown in Fig. S10a (Supporting information),

the photo-current performances of the electrodes with PHI-dual-1

and PHI-dual-2 frameworks as the active materials are obviously

stronger than that of the PHI framework. Moreover, in the Nyquist

plots, PHI-dual-2 shows impedance lower than that of PHI, indicat-

ing the improved charge migration by the construction of the dual

surface polarization sites (Fig. S10b in Supporting information).

We then focused on the H2O2 generation reaction initiated by

the interfacial electron transfer from photocatalyst to the surface

adsorbed dioxygen. A series of quenching reactions and spectro-

scopic analysis by electron spin resonance were thereby performed

in the PHI-dual-2 photocatalyzed reaction system. As shown in Fig.

S11a (Supporting information), H2O2 generation is sensitively im-
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pacted by the atmosphere of the reaction suspension, for example,

1-h photocatalytic reaction generates 3.31mmol/L and 1.85mmol/L

H2O2 in oxygen and air, respectively. There is 0.15mmol/L H2O2

detected under N2 atmosphere, which could result from the re-

duction of the residual dissolved oxygen in the suspension. One

electron reduction of dioxygen could produce superoxide radi-

cal (O2
•−), and parabenzoquinone (PBQ) is usually employed for

quenching O2
•− [63,64]. H2O2 production is significantly attenu-

ated by the presence of PBQ in the reaction system. Addition-

ally, in the presence of l-histidine, an efficient scavenger for sin-

glet oxygen (1O2), the H2O2 photo-production is also obviously im-

peded. These quenching experiments demonstrate that O2
•− and

1O2 could be the critical intermediates for H2O2 production.

By using ESR technique, the reactive oxygen species (ROS) in

the reaction system were further explored. In Fig. S11b (Support-

ing information), with 5,5-dimethyl-1-pyrroline N-oxide (DMPO) as

the spin trapping agent, the quartet signal could be translated into

the generation of hydroxyl radical (•OH), which might result from

the partial decomposition of H2O2. With DMPO as the spin trap-

ping agent for superoxide radicals, the characteristic peaks of the

trapped O2
•− appear upon light irradiation (Fig. S11c in Support-

ing information), which demonstrates the generation of O2
•− in

the reaction system. Using 2,2,6,6-tetramethylpiperidine (TEMP) as

the spin trapping agent for 1O2, the characteristic triplet signal is

observed in the system (Fig. S11d in Supporting information), re-

vealing the production of 1O2. Moreover, the intensities of the sig-

nals increase with reaction time. Together with the data analysis

on the quenching experiments, the 1O2 and O2
•− are proposed to

be the essential intermediates for the production of the H2O2 via

proton/electron extraction from the proton/electron donor [15,65].

Poly(heptazine imide) as a fascinating class of crystalline carbon

nitride framework, exhibits a remarkable photocatalytic H2O2 pro-

duction performance. Using the photochemical reaction approach,

the electron withdrawing groups of hydroxyl and cyano groups are

grafted on the surface of PHI frameworks, leading to dual surface

polarization sites. The presence of dual surface polarization sites

significantly extends charge carrier lifetime and improves charge

transmission performance of the polymeric framework. The opti-

mized framework of PHI-dual-2 exhibits a remarkable photocat-

alytic H2O2 production rate, which is 2.0 times of that on the

active pristine PHI. The surface functionalization method is gen-

erally applicable to the modification of a wide range of poly-

meric carbon nitride frameworks with diverse compositions, and

the best catalytic performance is observed on the thiourea derived

K+-doped polymeric carbon nitride with dual surface polarization

sites; the H2O2 evolution rate could reach a remarkable high value

of 40.5mmol h− 1 gcatal
−1. This work demonstrates a facile and ef-

ficient approach for boosting the photocatalytic performance of the

carbon nitride frameworks, and also sheds light on the design of

novel carbon nitride frameworks with outstanding photocatalytic

activity via surface functionalization.
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