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Polyimide (PI), a typical donor—acceptor polymeric semiconductor, exhibits promising photocatalytic
applications owing to its distinct advantages of facile synthesis, easy functionalization and molecularly
tunable optoelectronic properties. However, Pl in its pristine form has moderate photocatalytic activity
due to non-optimal band structure and fast recombination of photo-excited charge carriers. Herein, we
report the band structure engineering of Pl for enhanced photocatalytic water splitting by simply tuning
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the feed ratio of the amine and anhydride monomer. Anhydride-rich Pl possesses lower valence band
position and stronger photooxidation capability, resulting in a preferential activity for water oxidation
over water reduction in comparison with amine-rich Pl. The structure—activity relationships revealed in
this work shed light on the rational design of polymeric photocatalysts with suitable redox energetics for

DOI: 10.1039/d3ya00038a

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 14 Mé&erz 2023. Downloaded on 06.02.26 10:22:41.

(cc)

rsc.li/energy-advances specific photoreactions.

1. Introduction

Solar-powered photocatalytic water splitting into hydrogen has
been considered a green and sustainable approach to convert
intermittent solar energy into storable chemical fuel.'”® In the
solar-to-fuel conversion process, a semiconductor photocatalyst
plays an essential role. Recently, substantial research efforts
have been devoted to organic polymers such as graphic carbon
nitride (g-C3N,4),”*® covalent organic frameworks (COFs),"®2°
covalent triazine-based frameworks (CTFs),>'* and conjugated
microporous polymer (CMPs),”®° due to their easily regulated
electron band structure, high physicochemical stability, low
cost and ease of synthesis from earth-abundant sources. Among
polymeric photocatalysts, polyimide (PI), a polymer with a
typical binary donor-acceptor (D-A) structure was demon-
strated to have photocatalytic H, evolution capability in
2012.%° PI can be prepared by simple green thermal condensa-
tion of electron-rich amines and electron-deficient dianhydride
monomers at mild temperatures below 350 °C.*' The D-A
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structure of PI endows it with diverse synthetic chemistry and is
beneficial for effective electron-hole separation and transfer.>’
However, the photocatalytic efficiency of pristine PI is still moderate
because of the severe photogenerated charge recombination, unfa-
vorable electronic band structure and poor surface reaction kinetics.
To increase the photocatalytic efficiency, a number of different
approaches have been investigated to date, such as doping,**>* co-
monomer tuning,* > morphology engineering,***> and composite
structure design.**™*

The most fundamental property of a semiconductor photo-
catalyst that directly affects its photocatalytic performance is its
band structure.’®> Ideally, the photocatalyst requires a combi-
nation of a suitable band gap for sunlight absorption and
appropriate band positions to be consistent with the water
splitting redox potentials. Theoretically, the valence band (VB)
position of a semiconductor should be lower than the redox
potential of O,/H,0, and the conduction band (CB) position
should be higher than the redox potential of H'/H, as required
by thermodynamics. Water oxidation, one of the two half-
reactions in water splitting, has sluggish reaction kinetics of
four-electron transfer processes involving the formation of O-O
bonds and the cleavage of O-H bonds, which often limits the
overall water splitting performance.”* > Therefore, it is impor-
tant to modulate the band positions to enhance the photoox-
idation strength for water oxidation.

As for the D-A polymer photocatalyst, an effective strategy to
precisely tune the band structure is to vary the compositions of
electron-donating or electron-accepting components.**™° For
example, for the purpose of photocatalytic oxygen evolution,
Wang and colleagues altered the band structure of conjugated

© 2023 The Author(s). Published by the Royal Society of Chemistry
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triazine-based polymers (CTPs).®® By increasing the number of
benzyl units in the backbone that donate electrons, the electro-
nic, optical, and redox properties of CTPs were finely adjusted,
thereby improving the photocatalytic oxygen evolution perfor-
mance. In another example, Zhang and colleagues reported on
a cluster of D-A organic semiconductors by altering the combi-
nation of electron donor and acceptor in the molecular
structure.® The redox potentials of the photocatalyst were
finely controlled to achieve optimum photocatalytic perfor-
mance in the intermolecular C-H functionalization. Very
recently, Liu and co-workers constructed an effective D-A conju-
gated polymer photocatalyst for CO, reduction by choosing appro-
priate monomers with the guidance of theoretical analysis of
molecular orbital energies.®* Based on these previous findings, we
intend to improve PI's molecular structure so that it can be used
effectively for water splitting, which remains largely unexplored.
Herein, we modulate the band structure of PI through simply
varying the content of the electron-donor and -acceptor moieties
in the polymer skeleton. The influence of band structure on the
photocatalytic water splitting performance was investigated, and
theoretical calculations were combined to clarify the connection
between structure and activity.

2. Material and methods

2.1 Sample synthesis

Melamine (MA) and pyromellitic dianhydride (PMDA) were
purchased from Shanghai Lingfeng Chemical Reagent Co.,
Ltd. and TCI Shanghai Chemical Reagent Co., Ltd, respectively.
PI samples were prepared as described in the previous report.>
MA and PMDA were mixed uniformly with a particular molar
ratio (1:1 and 1:2 for AM-PI and AD-PI, respectively) and
transferred into a porcelain crucible. The mixture was then
put into a muffle furnace, where it was heated for 4 h at a rate of
7 °C min~" to 325 °C. After washing with acetone and water, the
powder was dried in an oven to produce the resultant sample.

2.2 Sample characterization

Fourier transform infrared (FT-IR) spectra were conducted on a
Nicolet NEXUS870 spectrometer. Element analysis (EA) tests
were performed on an Elementar Vario EL and calibrated by
analytically pure MA as a nitrogen standard. X-ray diffraction
(XRD) analysis was tested on a Rigaku Ultima III X-ray diffract-
ometer with Cu Ko radiation. The UV-Vis absorbance spectra
were collected on a Shimadzu UV-2550 spectrometer. The
valence band X-ray photoelectron spectra (VBXPS) were per-
formed on a PHI 5000 Versa Probe photoelectron spectrometer
with Al Ka radiation. The steady and time-resolved photolumi-
nescence spectra (PL) were recorded on an Edinburgh FLS1000
fluorescence spectrometer. The electron spin resonance (ESR)
spectra were collected on a Bruker EMXplus-6/1 spectrometer.

2.3 Photocatalytic test

Photocatalytic tests were conducted in a closed gas circulation
system, including hydrogen and oxygen evolution half-reactions
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of water splitting. A 300 W xenon lamp equipped with a 420 nm
cutoff filter was used as the visible light source. The reaction
temperature was maintained at 10 °C by a circulating water
system. The system was evacuated multiple times to remove air
before the reaction. In the H, evolution reaction, 0.2 g of sample
was dispersed in 360 ml of water and 40 ml of methanol was
added as a hole scavenger. Before H, evolution, 1 wt% Pt was
used as the cocatalyst through the photo-deposition method by
using H,PtClg dissolved in the reaction solution. The solution
was irradiated under a xenon lamp without a filter for 1 h to
promote the photodeposition of Pt. Subsequently, the system
was evacuated again and H, evolution reaction was carried out
under visible light. The reaction of O, evolution was similar to
the H, evolution reaction, except that 0.2 g photocatalyst was
dispersed in 400 ml of water with 0.01 M AgNO; as an electron
scavenger and 0.4 g La,O; as pH buffer. The amount of
produced gas was quantified by online gas chromatography
(GC-14C, Shimadzu, TCD, Ar carrier).

2.4 DFT calculations

The Gaussian 03 program was used for molecular calculations
and the B3LYP/6-31g method was used for optimization. Based
on the optimization results, the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) were displayed in the Gview program.

3. Results and discussion
3.1 Synthesis and structural characterization

A facile thermal condensation method was used to synthesize
the PI photocatalyst according to the previous work.*® Two PIs,
denoted as AM-PI and AD-PI, were prepared by co-polymerizing
MA and PMDA at 325 °C with a molar ratio of 1:1 and 1:2,
respectively (Scheme 1). The mild reaction conditions are
attributed to the crystalline PI products with high yield over
95%. To confirm the successful synthesis of AM-PI and AD-PI,
FTIR, EA and XRD analyses were conducted. As shown in the
FTIR spectra (Fig. 1), in five-membered imide rings, the vibra-
tions of asymmetric stretching, symmetric stretching, and
bending of C=O0 are represented by the bands around 1772,
1720, and 725 cm™ . In the imide rings, the vibration of C-N-C
stretching is represented by the band at 1381 cm™'.*' These
characteristic peaks indicate the formation of a typical poly-
imide structure. Besides, the characteristic peaks of AM-PI and
AD-PI differ in a few ways. In the AM-PI sample, the three peaks
above 3300 cm™ ' and the peak at 1640 cm™ ' indicate the N-H
stretching and bending vibration of terminal amino groups,
respectively, while a peak at 1851 cm™ ' indicates the C=0
stretching vibration of terminal anhydride groups in the AD-PI
(http://AD-PI) sample.®® As expected, no characteristic absorp-
tion peaks of anhydride group and amino group were detected
in AM-PI and AD-PI, respectively, indicating the synthesis of
anhydride-terminated and amino-terminated PI. Furthermore,
the band at 1670 cm ™" of the amine-acid intermediate was not
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Scheme 1 Reaction scheme for the synthesis of AM-Pl and AD-PI.
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Fig.1 FTIR spectra of AM-PI and AD-PI.

detected in AM-PI and AD-PI, indicating that the imidization
reaction was complete.>®

To further confirm the chemical structure of AM-PI and
AD-PI, the elemental composition was analyzed (Table 1). It was
found that the experimental values of the C, H, O and N
contents of AM-PI and AD-PI are close to the theoretical values,
indicating that the presumed PI was synthesized. AM-PI has a
significantly higher nitrogen content than AD-PI because of its
amino-rich moiety. Similarly, AD-PI is rich in anhydride moiety
and has much higher oxygen content than AM-PI. An XRD test
was performed to investigate the stacking structure of the
samples. As shown in Fig. 2, by comparing the XRD patterns
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Table 1 Elemental analysis and theoretical results of AM-Pl and AD-PI

Element (wt%) C H N (0]

AM-PI (experimental) 49.52 2.20 28.70 19.58
AM-PI (theoretical, C;3H,N¢O,) 50.66 1.31 27.27  20.76
AD-PI (experimental) 53.33 1.47 17.05 28.15
AD-PI (theoretical, C,3H,N¢Oq) 54.33 0.79 16.54  28.35

of the PI and the reaction monomers, no residual peak of the
MA or PMDA was detected, indicating that the reaction was
complete and no precursor was left in the samples. The XRD
patterns of PI coincided with that in the literature.**** Both
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Fig. 2 XRD patterns of AM-PI, AD-PI, PMDA and MA.
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AM-PI and AD-PI showed high crystallization with similar peak
positions, indicating the same arrangement of chain structures.
However, AD-PI has a significantly stronger peak intensity than
AM-PI, indicating its more ordered chain arrangement. This
may be related to the solid-phase thermal polymerization
process. PMDA is in a molten state during the polymerization
process, and the PI product is crystallized from the monomer
melt.”> When the proportion of PMDA melt is higher, the n-n
electron interactions between PI chains are stronger, which is
conducive to forming a more regular chain orientation.

3.2 Optical and electronic properties

In order to investigate the band energy structures of the PI
samples, their electronic as well as optical properties were
investigated. The results of UV-Vis diffuse reflectance spectra
of AM-PI and AD-PI indicated their effective adsorption capacity
in the visible light range (Fig. 3). According to the Kubelka-
Munk formula E, (eV) = 1240/ (nm), the calculated AM-PI and
AD-PI band gaps are 2.76 and 2.88 eV, respectively. The differ-
ent band gaps can be ascribed to the different proportions of
amine and anhydride monomers. However, it cannot be
excluded that the polymerization degree and fragment size also
affect the energy band gap of PI. Besides, VBXPS was conducted
to investigate the VB position of the PI samples. As depicted in
Fig. 4, the VB values of AM-PI and AD-PI were estimated to be
1.01 and 1.78 eV, respectively. Consequently, the optical band
gaps and VB positions are used to determine the CB positions
of AM-PI and AD-PI, and the band structures of the PI samples
are displayed in Fig. 5. Both the CB and VB positions of AD-PI
locate lower than that of AM-PI. The lower VB position of AD-PI
indicates that it has a higher photooxidation ability, which can
be attributed to the more content of electron-withdrawing
anhydride components in the backbone and edge of the
catalyst.®**

To acquire a comprehensive understanding of band struc-
ture modulation, DFT calculations of PI cluster models were
performed (Fig. 6). It was found that the HOMO and LUMO of
AD-PI are both downshifted compared to AM-PI, which is

— AM-PI
— AD-PI

Absorbance / a.u.

300 400 500 600 700 800
Wavelength / nm
Fig. 3 UV-Vis absorption spectra of AM-Pl and AD-PI.
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Fig. 4 VBXPS of AM-PI and AD-PI.
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consistent with the experimental results. This is not unexpected
since the oxygen atom in the anhydride moiety is more electro-
negative than nitrogen (3.44 vs. 3.04). In addition, the DFT
calculations of the HOMO and LUMO positions of the AM-PI
and AD-PI models indicate similar distributions: the HOMO
and LUMO are situated in the MA moiety and PMDA moiety,
respectively (Fig. 7). The spatial separation of the HOMO and
LUMO positions benefits the charge carrier separation as well
as migration, which is advantageous for the photocatalytic
performance.®*°>®” It is worth noting that the calculated
energy band values differ from the experimental observations,
because the PI model used in the DFT calculations is a
simplified small molecule, and the model does not consider
the interactions between molecular chains.

PL spectra were measured to reveal their difference in the
photogenerated electron transfer. From Fig. Sla (ESIt), the
intensity of AD-PI is higher than that of AM-PI, indicating that

Energy Adv., 2023, 2, 556-564 | 559
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Fig. 6 DFT calculated HOMO and LUMO energy levels of the optimized
AM-PI and AD-PI models.

the recombination of photoexcited charge carriers was sup-
pressed in AM-PI. The rapid electron-hole recombination in
AD-PI might be due to the stronger n-m intermolecular inter-
action, which can accelerate the mobility of the charge
carriers.>®® Furthermore, ESP spectra were performed to study

AM-PI

HOMO

(@) HOMO and (b) LUMO of the geometry-optimized AM-PI model; (c) HOMO and (d) LUMO of the geometry-optimized AD-PI model.

Fig. 7
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the delocalization of & electrons. The tests were carried out in
the dark and under visible light at 10 min. As shown in Fig. S1b
(ESIt), all the samples show a Lorentzian line at g = 2.000;
however, the signal intensity is different due to the different D/
A ratios in PI. After light illumination, the intensity of AD-PI
increased significantly, while AM-PI increased slightly. This
indicates that the electrons are much easier to excite on
AD-PI to give photogenerated electron/hole pairs under visible
light irradiation. Therefore, the photogenerated carriers’
separation and transfer ability of AD-PI were higher than that
of AM-PI due to its excellent electron delocalization property
and strong n-n intermolecular interactions, which is consistent
with the results of PL.>>*°

3.3 Photocatalytic properties

Under visible light irradiation (>420 nm), two half-reactions of
photocatalytic water splitting were used as probes to investigate
the photocatalytic performance of AM-PI and AD-PIL. In the
hydrogen evolution half reaction, Pt (1 wt%) was loaded as
the cocatalyst while methanol (10 vol%) was used as a sacrificial
agent to consume holes. In the blank test, the reaction did not
occur under dark conditions, indicating that light was indis-
pensable. As depicted in Fig. 8(a), the hydrogen evolution rate
of AM-PI (15.2 pmol h™") was 3.8-fold higher than that of AD-PI
(4.0 umol h™"), which can be ascribed to the higher CB
position, narrowed band gap and larger surface area of AM-PI
compared to AD-PI (5.1 vs. 1.9 m*> g~ "). In contrast, a completely
opposite trend was found in the photocatalytic oxygen evolu-
tion reaction, when AgNO; was added as the electron sacrificial

LUMO

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Time course of (a) H, evolution from a 10 vol% aqueous methanol solution by 1 wt% Pt-deposited Pl samples and (b) O, evolution from a 0.01 M
aqueous AgNOs solution by bare Pl samples. Reaction conditions: 100 mg of PI, visible light irradiation (1 > 420 nm).

agent. The oxygen evolution rate of AD-PI was 0.7 umol h™*
(Fig. 8(b)), which was far higher than that of AM-PI
(0.4 umol h™"). In addition, we also calculated the specific
activity of hydrogen evolution and oxygen evolution; as shown
in Table S1 (ESIt), the specific activity of the hydrogen evolu-
tion rate of AM-PI was 1.4-fold higher than that of AD-PI, and
the oxygen evolution rate of AD-PI was 4.6-fold higher than that
of AM-PI, which also supports the above conclusion. Compared
with AM-PI, the VB position of AD-PI was greatly reduced by
about 0.77 V, resulting in a significantly enhanced photooxida-
tion capability and thus O, evolving activity. Therefore, band
structure modulation of PI plays a critical role in controlling the
photocatalytic oxidation and reduction performance. In order
to eliminate the possible reactivity from reactive monomers,
MA and PMDA were heated separately at 325 °C to obtain MA-
325 and PMDA-325, which were found to have no activity in the
hydrogen and oxygen evolution experiments. In addition, we
carried out FTIR and XRD characterizations on the monomer
samples and found that the structure of the two samples did
not change after heating solely (Fig. S2, ESIt). Therefore, it can
be determined that the hydrogen and oxygen evolution activ-
ities were generated by PI.

The catalyst stability tests of the PI samples were
also performed. After four cycles, the hydrogen evolution rate
of AM-PI did not decrease obviously (Fig. S3, ESIt). As shown in
Fig. S4 (ESIf), the FTIR and XRD signals of AM-PI after the
hydrogen evolution cycle experiment are almost the same as
before. In oxygen evolution cycle experiments, the oxygen
evolution rate of AD-PI decreased significantly from
0.7 pmol h™" to 0.3 umol h™' in the second run. This can be
ascribed to the deposition of Ag nanoparticles on the surface of
the PI catalyst (generated from the photoreduction of Ag),
which leads to a light shading effect and hinders optical
absorption. The hydrogen and oxygen evolution activities
reported in this work are comparable with the reported values
of PI in the literature (Table S2, ESIt). However, the perfor-
mance of hydrogen and oxygen evolution can be further
improved, considering the large band gaps of AM-PI (2.76 eV)

© 2023 The Author(s). Published by the Royal Society of Chemistry

and AD-PI (2.88 eV) resulting in limited visible light absorption.
In the subsequent work, the band gap of PI can be optimized by
tuning the polymerization temperature and co-monomer
structure.

4. Conclusion

In summary, we demonstrate the band structure regulation of
PI by simply adjusting the feed ratio of amine and anhydride
monomer. Compared with amine-rich PI, anhydride-rich PI
possesses lower valence band position and stronger photoox-
idation capability due to the electron-withdrawing property of
the anhydride constituent, leading to a preferential photoactiv-
ity for water oxidation over water reduction. This work opens
new opportunities on the rational design of polymer photo-
catalysts with suitable energy band structure for enhanced
photocatalytic performance.
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