
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Ju

ne
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

1/
6/

20
25

 2
:5

4:
41

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Leveraging phen
aKey Laboratory for Advanced Materials and

for Precision Chemistry and Molecular En

Joint Research Center, Frontiers Science C

Chemistry, School of Chemistry and Molecu

Science and Technology, Shanghai, 200237,
bKey Laboratory of Precision and Intelligent C

and Engineering University of Science and T

China. E-mail: hxu@ustc.edu.cn
cDepartment of Chemistry Fudan University
dState Key Laboratory of Green Chemical En

for Computational Chemistry and Research I

University of Science and Technology, Sha

ecust.edu.cn

† Electronic supplementary informa
https://doi.org/10.1039/d4sc02832e

‡ Contributed equally to this work.

Cite this: Chem. Sci., 2024, 15, 11972

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 29th April 2024
Accepted 26th June 2024

DOI: 10.1039/d4sc02832e

rsc.li/chemical-science

11972 | Chem. Sci., 2024, 15, 11972–11
azine and dihydrophenazine redox
dynamics in conjugated microporous polymers for
high-efficiency overall photosynthesis of hydrogen
peroxide†

Shufan Feng‡a Lei Wang‡b Limei Tian‡c Ying Liu‡d Ke Hu, c Hangxun Xu, *b

Haifeng Wang *d and Jianli Hua *a

Harnessing solar energy for hydrogen peroxide (H2O2) production from water and oxygen is crucial for

sustainable solar fuel generation. Conjugated microporous polymers (CMPs), with their vast structural

versatility and extended p-conjugation, are promising photocatalysts for solar-driven H2O2 generation,

though enhancing their efficiency is challenging. Inspired by the crucial role of phenazine derives in

biological redox cycling and electron transfer processes, the redox-active phenazine moiety is rationally

integrated into a CMP framework (TPE-PNZ). By leveraging the reversible redox dynamics between

phenazine and dihydrophenazine, TPE-PNZ sets a new benchmark for H2O2 production among CMP-

based photocatalysts, reaching a production rate of 5142 mmol g−1 h−1 and a solar-to-chemical

conversion efficiency of 0.58% without requiring sacrificial agents. This interconversion allows for the

storage of photogenerated electrons by phenazine and subsequent conversion into dihydrophenazine,

which then reduces O2 to H2O2 while reverting to phenazine, markedly facilitating charge transfer and

mitigating charge recombination. Experimental and computational investigations further reveal that this

reversible process enhances O2 adsorption and reduction, significantly lowering the energy barrier

towards H2O2 formation. This study offers critical insights into designing advanced materials for

sustainable energy research.
Introduction

The escalating global demand for hydrogen peroxide (H2O2),
anticipated to reach 5.7 million tons by 2027, demonstrates its
indispensable role across various application areas, including
papermaking, mining, chemical engineering, and water treat-
ment.1 The conventional reliance on the anthraquinone process
for industrial H2O2 production, despite its high efficacy, raises
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signicant environmental and energy consumption concerns,
given its high energy inputs and hazardous waste outputs.2

These challenges have spurred the search for alternative green
and sustainable production methodologies, with articial
photosynthesis at the forefront as a viable and promising
solution.3 Nevertheless, this technology is still far from
commercial viability for scalable H2O2 production. The primary
impediment stems from the fact that the efficiency and stability
of current photocatalysts fail to meet the stringent demands of
industrial applications. This discrepancy highlights the urgent
necessity for the innovative creation of photocatalysts that are
not only cost-efficient and robust but also exhibit superior
efficiency.4

Conjugated microporous polymers (CMPs) emerge as a novel
class of polymer photocatalysts for solar-driven H2O2 produc-
tion, owing to their extensive p-electron systems, high surface
areas, and exibility in their structural modication. However,
despite these fascinating characteristics, the photocatalytic
efficiency of CMPs is oen compromised by pronounced charge
recombination and high energy barriers during H2O2 genera-
tion.5 To address these limitations, research has ventured into
incorporating diverse functional groups into CMPs, such as
triazines, thiophenes, and furans, aiming to enhance
© 2024 The Author(s). Published by the Royal Society of Chemistry
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photocatalytic performances of CMPs.6 Unfortunately, CMP-
based photocatalysts still tend to underperform when
compared to other polymer photocatalysts such as resorcinol–
formaldehyde resins, covalent organic frameworks, and g-C3N4

derivatives.7 Thus, enhancing the photocatalytic efficiency of
CMPs through molecular engineering, particularly by intro-
ducing innovative redox-active groups that can improve charge
transfer and lower the energy threshold for H2O2 production, is
highly desirable.8

Phenazines are naturally abundant compounds that can be
synthesized by various bacteria, including strains of Pseudo-
monas and Streptomyces.9 These compounds can undergo redox
cycling within biological systems, oscillating between oxidized
(phenazine) and reduced (dihydrophenazine) states. The inter-
conversion between phenazine and dihydrophenazine has
essential implications in biological systems, including redox
reactions, electron transfer, and cellular signaling.10 In light of
the exceptional ability of phenazine-based compounds to
transfer electrons and their pivotal role in redox reactions
within biological systems, integrating phenazine as a functional
group into the structure of CMPs could potentially enhance
their performances in photocatalytic H2O2 production. This
makes phenazine an excellent candidate for designing CMPs
with enhanced photocatalytic efficiency.

In this study, we show that the unique redox-active property
of phenazine can be leveraged to develop a phenazine-
incorporated CMP (TPE-PNZ) to enhance the photocatalytic
production of H2O2 from H2O and O2. The integration of
phenazine into TPE-PNZ allows it to serve as an effective elec-
tron transfer mediator, reecting its role in natural microbial
redox processes. This capability enables the transition of
phenazine to dihydrophenazine through the photoreduction
process, facilitating the reduction of O2 to H2O2, while dihy-
drophenazine can be oxidized by oxygen to regenerate phena-
zine. As a result, TPE-PNZ achieves an impressive H2O2

production rate of 5142 mmol g−1 h−1 and a remarkable solar-to-
chemical conversion (SCC) efficiency of 0.58%. This is in stark
contrast to a similarly designed CMP without the phenazine
component, TPE-AC, which exhibits a much reduced H2O2

production rate, highlighting the critical role of the reversible
phenazine/dihydrophenazine conversion in enhancing photo-
catalytic efficiency. Further studies indicate that the strategi-
cally incorporated phenazine enhances both the adsorption and
reduction of O2, effectively lowering the energy barrier for H2O2

production. This study not only introduces a valuable func-
tional moiety for the design of CMPs but also offers substantial
insights into optimizing charge dynamics and active sites
within CMPs for future solar fuel production.

Results and discussion

As shown in Fig. 1a, TPE-PNZ and TPE-AC were synthesized via
Sonogashira coupling reactions using tetrakis(4-ethynylphenyl)
ethane (TEPE) with 2,7-dibromophenazine (PNZ-Br) and 2,6-
dibromoanthracene (AC-Br), respectively. The detailed synthetic
routes are illustrated in Fig. S1 and S2.† In this manner, the
phenazine unit was rationally integrated into TPE-PNZ, creating
© 2024 The Author(s). Published by the Royal Society of Chemistry
a donor–acceptor (D–A) structure through the interaction of the
electron-decient phenazine and the electron-rich TEPE. The
Fourier transform infrared (FTIR) spectra, shown in Fig. 1b,
were employed to conrm the chemical structures of TPE-PNZ
and TPE-AC. The stretching vibration peaks around
3275 cm−1 can be attributed to thehC–H bonds of the terminal
alkynes in TEPE, while the peaks at 1042 cm−1 in PNZ-Br and
AC-Br correspond to the C–Br bond. Remarkably, the charac-
teristic stretching vibration peaks observed in the precursors
are absent in the spectra of TPE-PNZ and TPE-AC, suggesting
the complete polymerization of TEPE with PNZ-Br and AC-Br,
respectively.11 In addition, the high-resolution C 1s X-ray
photoelectron spectroscopy (XPS) spectra of TPE-PNZ display
peaks at approximately 282.0, 284.0, and 286.0 eV (Fig. 1c),
which can be assigned to the C]C, C^C, and C]N bond,
respectively.12 In contrast, the peak associated with the C]N
bond cannot be found in the XPS spectra of TPE-AC. The
chemical structures of both CMPs were further characterized by
solid-state 13C NMR spectroscopy (Fig. 1d). For TPE-PNZ, peaks
in the range of 120–140 ppm are ascribed to aromatic carbons,
and peaks at 90 ppm are associated with carbon atoms in the
alkyne groups. Moreover, the peaks at 170 ppm can be attrib-
uted to the carbon atoms in phenazine moieties, which are not
observed from the spectrum of TPE-AC.13 These characteriza-
tions conclusively conrmed the successful synthesis of
designed CMPs.

The powder X-ray diffraction (PXRD) patterns, as shown in
Fig. S3,† reveal that both TPE-PNZ and TPE-AC polymers
possess amorphous structures. Both TPE-PNZ and TPE-AC
exhibit irregularly aggregated particle structures as observed
from scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) images (Fig. S4 and S5†). This
observation is consistent for both TPE-PNZ and TPE-AC, high-
lighting a common structural feature despite they incorporate
different functional moieties. Meanwhile, energy-dispersive X-
ray spectroscopy (EDS) mapping conrms the homogeneous
distribution of carbon (C) and nitrogen (N) elements across the
surface of TPE-PNZ (Fig. S6†). The uniform distribution of
elements further suggests that the phenazine moieties are well-
integrated throughout the polymer framework.14 The N2 sorp-
tion measurements were conducted at 77 K to assess the
permanent porosity of both CMPs (Fig. S7†). The measured
Brunauer–Emmett–Teller (BET) surface areas of TPE-PNZ and
TPE-AC are 722.4 and 759.6 m2 g−1, respectively. Notably, the
primary pore sizes were found to be below 2 nm, indicating
predominantly microporous structures for both TPE-PNZ and
TPE-AC. The microporosity of TPE-PNZ and TPE-AC can be
particularly advantageous for photocatalytic applications,
providing abundant active sites for photocatalytic reactions and
facilitating efficient mass transfer.15 Furthermore, it is note-
worthy that the N2 adsorption/desorption isotherms of TPE-PNZ
and TPE-AC do not exhibit closure. The phenomenonmay result
from a variety of reasons related to the physical and chemical
environments experienced by N2 molecules during the
adsorption/desorption process. During adsorption, N2 mole-
cules can penetrate deeply into the micropores, causing the
pores to swell and the polymer structure to reorganize. This
Chem. Sci., 2024, 15, 11972–11980 | 11973
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Fig. 1 (a) Schematic illustration of the synthetic routes towards TPE-PNZ and TPE-AC from their corresponding precursors. (b) FTIR spectra of
TPE-PNZ, TPE-AC, and their corresponding precursors. (c) High-resolution C 1s XPS spectra of TPE-PNZ and TPE-AC. (d) Solid-state 13C NMR
spectra of TPE-PNZ and TPE-AC.
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reorganization can create new pathways and barriers that alter
the adsorption dynamics. During desorption, N2 molecules
encounter different kinetic barriers compared to adsorption.
These barriers can include narrow pore openings, irregular pore
shapes, and variations in pore connectivity, which can slow
down or hinder the release of N2 molecules. The process of
adsorption and desorption may follow different thermody-
namic pathways. This can result in the isotherms not over-
lapping perfectly, especially at lower pressures where the effects
of pore structure and molecular interactions are more
pronounced.16,17

Fig. 2a presents the UV-vis diffuse reectance spectroscopy
spectra of both CMPs, which exhibit pronounced absorption
within the visible light range, indicating their potential for
solar-driven photocatalytic applications. Based on the Tauc
plots, the optical bandgaps were determined to be approxi-
mately 2.19 eV for TPE-PNZ and 2.01 eV for TPE-AC (Fig. S8†).18
11974 | Chem. Sci., 2024, 15, 11972–11980
Meanwhile, the positive slope observed in the Mott–Schottky
plots for the CMPs implied that both CMPs were n-type semi-
conductors (Fig. S9†). This characteristic is crucial for their
photocatalytic applications, indicating efficient electron
conduction upon photoexcitation.19 The at band potentials of
TPE-PNZ and TPE-AC, when measured against the saturated
calomel electrode (SCE) at a neutral pH of 7, were identied to
be −0.63 and −0.56 V, respectively. Consequently, the conduc-
tion band (CB) levels were calculated to be −0.59 V for TPE-PNZ
and −0.52 V for TPE-AC relative to the normal hydrogen elec-
trode (NHE).20 Therefore, the band structures of both TPE-PNZ
and TPE-AC are well-positioned for photocatalytic H2O2

production from pure water without using any sacricial agents
(Fig. 2b).3

The photocatalytic performances of TPE-PNZ and TPE-AC
were assessed in pure water under visible-light irradiation (l >
420 nm). As shown in Fig. 2c, TPE-PNZ demonstrates
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) UV/vis DRS spectra and (b) band structures of TPE-PNZ and TPE-AC. (c) Typical time course of H2O2 production in pure water using
TPE-PNZ and TPE-AC, error bars are derived from standard errors from three tests. (d) Summary of H2O2 production rates from recently reported
CMP-based photocatalysts for H2O2 production. (e) Wavelength-dependent AQEs of TPE-PNZ, error bars are derived from standard errors from
three tests.
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a remarkable H2O2 production rate of 5142 mmol g−1 h−1,
surpassing all previously reported CMP-based photocatalysts
(Fig. 2d).5,11,21–34 Meanwhile, TPE-PNZ achieved an impressive
SCC efficiency of 0.58%, surpassing most CMP-based photo-
catalysts reported to date (Table S1†). In contrast, TPE-AC,
designed as a comparative benchmark by replacing phenothi-
azine with anthracene in TPE-PNZ, only exhibited a much lower
H2O2 production rate of 2183 mmol g−1 h−1. This observation
indicates that the phenazine moiety plays a crucial role in
enhancing the photocatalytic activity towards H2O2 generation.
The apparent quantum efficiency (AQE) of TPE-PNZ at a wave-
length of 420 nm was calculated to be 9.37%. The AQE values
across different wavelengths correlate well with the absorption
spectrum of TPE-PNZ, as illustrated in Fig. 2e. Notably, TPE-PNZ
also exhibits a high photocatalytic H2O2 production rate in
seawater (5250 mmol g−1 h−1), indicating that its photocatalytic
activity would not be inuenced by the high concentration of
ions in seawater (Fig. S10†). This observation indicates that the
as-synthesized TPE-PNZ holds great potential for solar-driven
H2O2 production from seawater.35

The stability of TPE-PNZ, an essential aspect of performance
evaluation, was conrmed through cyclic tests showing that
TPE-PNZ retains its prominent H2O2 production rate aer ve
rounds of photoirradiation (Fig. S11†). In addition, FTIR and
XPS measurements revealed no substantial changes in the
chemical structure of TPE-PNZ, evidencing that CMPs with fully
p conjugated structures are highly robust photocatalysts for the
photosynthesis of H2O2 (Fig. S12†). Both TPE-PNZ and TPE-AC
exhibited minimal H2O2 decomposition activity, suggesting
that the variance in H2O2 production rates between them is not
due to their H2O2 decomposition capabilities (Fig. S13†).3

Furthermore, inductively coupled plasma (ICP) analyses found
© 2024 The Author(s). Published by the Royal Society of Chemistry
no obvious correlation between the photocatalytic perfor-
mances of TPE-PNZ and TPE-AC and their residual Pd contents
(Table S2†). This nding rules out the possibility that the
performance difference between the two CMPs is caused by
different Pd content levels.36

In biological systems, phenazine derivatives are produced by
certain microorganisms and play a crucial role in electron
transfer processes.9 TPE-PNZ exhibits notably enhanced pho-
tocatalytic performance compared to TEP-AC, implying that the
redox-active phenazine moiety has a signicant impact on the
charge transfer process in CMPs. The comparative analysis of
photocurrent responses and electrochemical impedance spec-
troscopy (EIS) measurements for TPE-PNZ and TPE-AC are
presented in Fig. 3a and b, respectively. Here, TPE-PNZ
demonstrates a substantially enhanced photocurrent with
lower electrochemical impedance, implying that the phenazine
moiety can facilitate charge separation.37 Additionally, we also
evaluated the internal electric elds within CMPs by measuring
their surface voltages and surface charge densities (Fig. 3c and
S14†). The results reveal that TPE-PNZ exhibits an enhanced
built-in electric eld intensity (3.94) compared to TPE-AC (1.00),
providing further evidence that the phenazine component can
effectively promote charge separation.38 Density functional
theory (DFT) calculations were then utilized to elucidate the
differences in charge transfer dynamics between TPE-PNZ and
TPE-AC (Fig. 3d). For TPE-PNZ, photoexcitation prompts
a transition from the highest occupied molecular orbital
(HOMO) to the lowest unoccupied molecular orbital (LUMO),
resulting in an electron density shi from the TPE segments to
the phenazine units. This redistribution facilitates effective
intramolecular charge transfer within the p-conjugated frame-
work. In contrast, for TPE-AC, DFT calculations show that both
Chem. Sci., 2024, 15, 11972–11980 | 11975
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Fig. 3 (a) Transient photocurrents, (b) Nyquist plots, and (c) relative internal electric field intensities of TPE-PNZ and TPE-AC. (d) The calculated
distribution of the HOMO and LUMO of TPE-PNZ and TPE-AC. The TA kinetics trace of (e) TPE-PNZ and (f) TPE-AC probed at 500 nm under Ar.
The TA kinetics trace of (g) TPE-PNZ and (h) TPE-AC probed at 500 nm under air.
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HOMO and LUMO levels are uniformly distributed throughout
the entire polymer framework. The uniform distribution of
HOMO and LUMO levels is unfavorable for charge separation
within the polymer framework due to the lack of a preferential
direction or region for the dynamic movement of photo-
generated electrons and holes.39 We also utilized nanosecond
transient absorption (ns-TA) spectroscopy to probe the
dynamics of photogenerated charge carriers within CMPs.
Based on the results of the spectroelectrochemical test
(Fig. S15†), the absorption peak at 500 nm in the TA spectra of
both TPE-PNZ and TPE-AC corresponds to their photoinduced
charge-separated states.40 As shown in Fig. 3e and f, the average
relaxation lifetime of photoinduced charge-separated states in
TPE-PNZ under an Ar atmosphere is 3.09 ms, which is about
5060 times the lifetime observed for TPE-AC (610.30 ns). This
stark contrast substantiates the vital role of the phenazine
moiety in enhancing charge transfer efficiency and inhibiting
charge recombination.12 Under an ambient air environment,
the charge separation lifetimes for TPE-PNZ and TPE-AC
decrease markedly to 1.96 ms and 115.71 ns, respectively
(Fig. 3g and h). Our calculations reveal that the quenching effect
of O2 on the charge separation lifetime of TPE-PNZ reaches an
efficiency of 99.98%, notably higher than that for TPE-AC, which
11976 | Chem. Sci., 2024, 15, 11972–11980
is only 81.01%. This demonstrates a faster electron transfer
from TPE-PNZ to O2 as compared to TPE-AC, highlighting the
signicance of phenazine moiety in enhancing the interaction
with O2 and improving the efficiency of O2 reduction to H2O2.41

A series of control experiments were conducted to elucidate
the mechanism responsible for photocatalytic H2O2 produc-
tion. Fig. S16† demonstrates that no H2O2 production was
observed under the N2 atmosphere, conrming that H2O2 is
generated through the reduction of O2. We also performed
steady-state uorescence tests on TPE-PNZ and TPE-AC under
Ar and O2 conditions, respectively. The experimental results
showed that the uorescence of both catalysts could be
quenched by O2, conrming the efficient transfer of photo-
generated electrons to O2 for the production of H2O2

(Fig. S17†).42,43 To further unravel reactive species during H2O2

formation, radical trapping experiments were carried out. These
experiments revealed that the introduction of AgNO3 led to the
absence of H2O2 detection while adding 10% benzyl alcohol
notably enhanced H2O2 production, reecting that H2O2

synthesis in both CMPs is a result of the O2 reduction process.44

The introduction of para-benzoquinone (p-BQ) into the reaction
system inhibited H2O2 production, further suggesting that
superoxide radicals (cO2

−) act as the primary intermediates in
© 2024 The Author(s). Published by the Royal Society of Chemistry
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H2O2 formation, through a mechanism involving stepwise
single-electron transfer process (O2 / cO2

− / H2O2).45 This
mechanism is corroborated by the results obtained from elec-
tron paramagnetic resonance (EPR) spectroscopic measure-
ments, with the EPR spectra of TPE-PNZ under visible light
showing distinctive peaks for the DMPO-cO2

− adducts
(Fig. S18a†). On the other hand, the absence of DMPO-cOH spin
adduct peaks in the EPR spectra of TPE-PNZ when AgNO3 was
employed as an electron scavenger under light irradiation
(Fig. S18b†) rules out the possibility of hydroxyl radicals (cOH)
formation through water oxidation. Moreover, only O2 can be
detected when AgNO3 is used as an electron scavenger, implying
that photogenerated holes in TPE-PNZ oxidize water to produce
O2 through a four-electron process (Fig. S19†).46 The average
electron transfer number for the O2 reduction reactions, as
determined from the RDE tests, is calculated to be 2.05 and 1.66
for TPE-PNZ and TPE-AC, respectively (Fig. S20†). This indicates
that the incorporation of the phenazine moiety into the CMP
framework is benecial for the conversion of O2 into H2O2 via
the two-electron reduction pathway.14,45 We also monitored the
changes in the photocatalytic system's pH value over time. As
shown in Fig. S21,† no detectable change in the pH value of the
solution can be observed over time.47,48

In situ diffuse reectance infrared Fourier transform spec-
troscopy (DRIFTS) measurements were carried out to further
explore the mechanism for H2O2 production from TPE-PNZ. As
illustrated in Fig. 4a, spectral features appearing at 1384 and
1260 cm−1 can be attributed to the stretching vibrations of C–N
Fig. 4 (a) In situDRIFT spectra of TPE-PNZ saturated with Ar under visible
under dark. (c) In situ DRIFT spectra of TPE-PNZ saturated with O2 under
AC for the photosynthesis of H2O2 via the oxygen reduction process. (e
without the interconversion of phenazine and dihydrophenazine in TPE-

© 2024 The Author(s). Published by the Royal Society of Chemistry
and C]N bonds in TPE-PNZ, respectively.49,50 Upon exposure to
visible light under the Ar atmosphere, there was a noticeable
decrease in the intensity of the C]N bond peak within the
phenazine units, along with an increase in the C–N bond peak
intensity. This observation provides strong evidence that the
phenazine moiety in TPE-PNZ can be photochemically reduced
to dihydrophenazine under photoirradiation. To better illus-
trate the conversion process from phenazine to dihy-
drophenazine, we overlaid the curves in the spectrum
(Fig. S22†). It's note that in spectroscopic analyses, changes in
peak intensity are more pronounced during the initial stages of
the reaction. This phenomenon can be attributed to the system
approaching equilibrium between the interconversion of
phenazine and dihydrophenazine under the given reaction
conditions. Once equilibrium is established, the rate at which
peak intensities change diminishes, reecting the characteristic
behavior of dynamic equilibrium systems where the rates of
forward and reverse reactions balance over time.23,51–53 Mean-
while, the continuous production of H2O2, even in the absence
of light, further indicates that the phenazine moiety is capable
of storing electrons (Fig. S23†).54 In contrast, when O2 was
purged under dark conditions, the peak intensity of the C–N
bond gradually decreased, whereas the intensity of the peak
corresponding to the C]N band gradually increased (Fig. 4b),
suggesting that O2 can oxidize dihydrophenazine back to
phenazine. Notably, no signicant changes in the intensities of
C–N and C]N bands were observed when TPE-PNZ was irra-
diated under light with O2 purging, as shown in Fig. 4c. This
light irradiation. (b) In situDRIFT spectra of TPE-PNZ saturated with O2

visible light irradiation. (d) Free energy diagrams of TPE-PNZ and TPE-
) Comparison of the Gibbs free energy for H2O2 production with and
PNZ.
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Fig. 5 Schematic illustration of the reversible transformation between phenazine and dihydrophenazine in TPE-PNZ during H2O2 production.
(Color denotation: gray: C; blue: N; red: O; white: H in benzene; green: H in dihydrophenazine).
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suggests the existence of a dynamic equilibrium between
phenazine and dihydrophenazine in the presence of O2 under
photoirradiation. Additionally, it suggests that during the
photocatalytic production of H2O2, the rate of water oxidation
matches the rate of O2 reduction.25,51,52 The insights from the in
situ DRIFTS measurements conclusively demonstrate the
reversible interconversion between phenazine and dihy-
drophenazine during the photocatalytic generation of H2O2 by
TPE-PNZ.51

DFT calculations were performed to thoroughly understand
how the rationally embedded phenazine moiety in TPE-PNZ can
facilitate H2O2 production. These calculations pinpointed the
rate-determining step of the stepwise single-electron O2 reduc-
tion reaction in both TPE-PNZ and TPE-AC as the formation of
the *OOH intermediate.45 For TPE-PNZ, electrons generated
upon photoexcitation initially reduce phenazine to dihy-
drophenazine (Fig. 4d). This is followed by the adsorption of O2

onto dihydrophenazine, where it gains an electron and a proton
to form *OOH. For TPE-AC, anthracene acts as the adsorption
site for both *O2 and *OOH. The Gibbs free energy for *OOH
formation on TPE-AC (1.69 eV) is much higher than that on TPE-
PNZ (−0.24 eV). This disparity indicates that the phenazine
moiety can drastically lower the energy requirement for *OOH
formation, thereby enhancing the efficiency of H2O2 produc-
tion.1 To further validate the impact of the reversible intercon-
version between phenazine and dihydrophenazine on H2O2

generation, we also simulated the photocatalytic pathways for
H2O2 production in TPE-PNZ by excluding the reversible inter-
conversion process. In this model, *O2 is protonated by the
surrounding medium to yield *OOH,14 with the *OOH adsorp-
tion occurring at the N atom of the phenazine unit (Fig. 4e). The
Gibbs free energy associated with *OOH formation in this
11978 | Chem. Sci., 2024, 15, 11972–11980
scenario is −0.08 eV, a value markedly higher than that ob-
tained during the reversible phenazine–dihydrophenazine
conversion (−0.24 eV). This nding highlights the crucial role of
phenazine–dihydrophenazine interconversion in reducing the
energy barrier for O2 reduction to facilitate H2O2 production.

Combining both experimental evidence and computational
results, we have elucidated a comprehensive reaction mecha-
nism for high-efficiency H2O2 production by TPE-PNZ. Initially,
upon photoirradiation, the phenazine moiety in TPE-PNZ
undergoes a redox process, wherein it captures two photo-
generated electrons along with two protons, resulting in its
conversion to dihydrophenazine. Following this reduction, O2 is
adsorbed onto the dihydrophenazine unit, where it engages in
a sequential, single-electron transfer process, receiving two
electrons and two protons from dihydrophenazine. This reac-
tion leads to the direct synthesis of H2O2, concurrently regen-
erating the phenazine unit by oxidizing dihydrophenazine back
to its original state, as illustrated in Fig. 5. This intricate
interplay of redox reactions and electron–proton transfers
points out a clear pathway for the efficient production of H2O2,
highlighting the pivotal role of the phenazine moiety within the
TPE-PNZ framework.
Conclusions

In summary, our study unambiguously indicates that embed-
ding the redox-active phenazine moiety within CMPs can
markedly enhance the efficiency of photocatalytic H2O2 gener-
ation. This enhancement is primarily attributed to the phena-
zine units acting as critical sites for the reduction of O2 and
promoting effective charge separation within the polymer
framework. More importantly, our study sheds light on the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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fundamental principles guiding the molecular design of metal-
free polymers for photocatalytic applications. This approach
not only exemplies the strategic incorporation of functional
moieties to enhance photocatalytic efficiency but also offers
a blueprint for the development of advanced materials aimed at
harnessing solar energy for chemical synthesis.
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