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A localized electron density modulation strategy is proposed to
enhance the intrinsic surface catalytic proton reduction reaction by
introducing dual pyridinic nitrogen (N) atoms into the polymer skel-
eton. Theoretical calculations suggest that the increased localized
electron density at the N site can enhance the electron density of
states around the Fermi level, which would lower the energy barrier to
H adsorption and activation during the photocatalytic hydrogen
evolution (PHE) process. Moreover, the increased localized electron
density also contributes to accelerating the photo-induced charge
separation and transportation. Resultingly, an apparent quantum yield
of 35.5% of the newly developed conjugated polymer (termed as COP-
PB-N2) can be achieved at a polymer concentration of 1 mg mL™?,
which is the highest value achieved for conjugated microporous
polymers to date. This work provides a new strategy through modu-
lating the electronic properties of catalytically active sites for boosting
the intrinsic photocatalytic performance.

Introduction

Photocatalytic hydrogen evolution (PHE) from water has been
widely recognized as an ideal strategy to alleviate the energy
crisis and environmental pollution.”” Recently, conjugated
polymers with remarkable advantages, such as versatile chem-
ical composites,*® tunable molecular structures,”® and high
thermal/chemical stability,>'® have attracted extensive interest
for synthesizing efficient hydrogen evolution photocatalysts.
The pioneer conjugated polymer photocatalyst poly(p-phenyl-
ene) exhibited a low H, evolution rate (A = 290 nm) in 1985,"
but it inspired scientists to look further into developing novel
polymer-based photocatalysts. Enormous efforts have been
devoted to improving PHE performance mainly via three crucial
approaches, ie., by enhancing (i) the visible light absorption,
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(ii) charge carrier separation, and (iii) surface catalytic reac-
tion.”” Most recently, numerous reported studies mainly
focused on the first two approaches. The visible light absorption
can be increased via the copolymerization method with large
planar conjugated monomers and different substituent-
modified cross-linkers."**® Meanwhile, the photo-induced
charge recombination can be suppressed by fabricating
donor-acceptor structures,””*° building organic hetero-
junctions,** or reducing conjugated polymers into polymer dots
(Pdots).>>>* However, studies on boosting the intrinsic surface
catalytic activity have rarely been performed, and the poor
surface catalytic activity is a critical obstacle to further
improving the PHE efficiency of conjugated polymers. Loading
cocatalysts on the surface of polymer photocatalysts is consid-
ered to be the most common way to reduce the energy barrier
for boosting the sluggish surface proton reduction reaction,**°
but how to improve their intrinsic surface catalytic activity is
still a great challenge.

Alternatively, introducing heteroatoms into the skeleton of
conjugated polymers can adjust the electronic configuration of
the relevant reactive sites to improve catalytic performance.*~**
For instance, doping N into a metal sulfide is carried out to
modulate the electron density of the S site, via the interaction
between the 2p orbital of the N atom and 2d orbital of transition
metals, to facilitate its surface catalytic proton reduction for
electrocatalytic hydrogen evolution.*® After introducing
pyridinic N into poly(phenylene) derivatives, the apparent
quantum yield (AQY) can be dramatically enhanced from 0.4%
to 6.7% at 420 nm.** However, the surface catalytic activities are
still not satisfactory and need to be further improved.

Herein, we newly developed a localized electron density
modulation strategy to enhance the intrinsic surface catalytic
proton reduction reaction by introducing dual pyridinic N
atoms into a conjugated polymer nanosheet (termed as COP-PB-
N2). As a control, we also synthesized a fully conjugated polymer
nanosheet without N doping (termed as COP-PB) and theoreti-
cally developed another polymer doped with only one
pyridinic N in the skeleton (denoted as COP-PB-N1). The sp?
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occupied orbital of the pyridinic N with lone-pair electrons can
interact with the empty 1s orbital of H which makes pyridinic N
serve as a reactive site for proton reduction. More importantly,
the introduced dual N atoms in COP-PB-N2 can increase the
electron density around the N site, which will further
strengthen the electron density of states at the Fermi level and
thus lower the energy barrier to the formation of intermediate
products during the PHE process. Consequently, the newly
developed COP-PB-N2 shows a visible-light-driven hydrogen
evolution rate of 51.5 pmol h™" which is 5-fold higher than that
of undoped COP-PB, and achieves an apparent quantum yield
(AQY) of 35.5% at 400 nm exceeding that of the state-of-the-art
conjugated microporous polymer photocatalysts and even being
comparable to that of the benchmark inorganic photocatalysts.

Results and discussion

The theoretical models of the three fully conjugated polymers in
this work, i.e., COP-PB, COP-PB-N1 and COP-PB-N2, are shown
in Fig. S1.T The partial charge density image (Fig. 1a) illustrates
that the increased localized electron density is mainly concen-
trated around pyridinic N. Moreover, the Bader effective charge
(Fig. S2 and S37) clearly reveals that the introduction of dual
pyridinic N can induce the redistribution of surface charge and
the N atom of COP-PB-N2 at site 1 is more negative than that of
COP-PB-N1 at the same position, which would enable the
pyridinic N to more easily anchor hydrogen atoms to form
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intermediate configurations. In order to clearly show the
influence of localized electron density change on hydrogen
adsorption which is a crucial step to determine the catalytic
reaction rate,*”*® we calculate the charge density difference of
the optimized adsorption configurations based on density
functional theory (DFT), presented in Fig. 1b and S4.} The
interaction between adsorbed H and polymers can be
strengthened when introducing pyridinic N into conjugated
polymers. The COP-PB-N2 has the maximum number of elec-
trons transferred from polymers to adsorbed H, which is
beneficial to the H activation.*

As shown in Fig. S5,1 the electron density of states of COP-
PB-N2 at the Fermi level is the largest among the three
samples due to the increased localized electron density on
pyridinic N atoms, which contributes to the lower energy barrier
to intermediate product formation during the PHE process.***!
Beyond that, the electron localization function (ELF) also
confirms that the interaction of chemisorbed N-H on COP-PB-
N2 is stronger than that on COP-PB-N1, which might lead to
a more efficient proton reduction (Fig. 1c). Furthermore, due to
the absence of one atom in the steric structure, the steric
hindrance to chemisorbed N-H in COP-PB-N2 is a little smaller
than that in COP-PB-N1 (Fig. 1c), which is favourable for H
adsorption.

As mentioned above and emphasized in the reported N-
doped polymers,>'”** our theoretical screening finds that the
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G o (N,

——COP-PB —COP-PB-N1

——COP-PB-N2

H'+e' 1/2H,
Reaction Coordinate

Fig. 1 (a) Partial charge density of the polymers. (b) The charge density differences of H chemisorbed on different polymers; cyan and yellow
represent charge depletion and accumulation, respectively. The iso-surface value is 0.002 e A= and the Fermi level is set to be O eV. (c) The
electron localization function (ELF); the bond angles of carbon—nitrogen—H. (d) The H, evolution process (C grey, N blue, H from COP-PB-N2:
white, H from water: orange). (e) The calculated hydrogen evolution reaction energy profile.
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pyridinic N in the COP-PB-N2 skeleton is confirmed as the
surface catalytic site for PHE (vide infra). The catalytic process of
H-adsorption-reduction to H, is shown in Fig. 1d, ie., the
hydrogen atom from water is first bonded with pyridinic N from
COP-PB-N2 to become activated H, which will react with another
H from water to produce hydrogen. Furthermore, the calculated
Gibbs free energy (AGy+) of COP-PB, COP-PB-N1 and COP-PB-
N2, which is a good descriptor for evaluating the catalytic
activity,*” exhibits different values ranging from 0.26 eV to
1.28 eV (Fig. 1e). The AGy+ of COP-PB is relatively far from the
optimal value of AGy+ = 0 eV, indicating an inherently low
catalytic activity for the hydrogen evolution reaction.****
Meanwhile, the AGy+ of the N site from COP-PB-N2 is only
0.26 eV which is much smaller than the N site (0.80 eV) at the
same position in COP-PB-N1 (Fig. 1e). Hence, COP-PB-N2
demonstrates the highest intrinsic catalytic activity for PHE
compared with COP-PB and COP-PB-N1.

The as-prepared polymers of COP-PB and COP-PB-N2 were
synthesized via a Suzuki cross-coupling reaction with corre-
sponding monomers 1,4-phenylenebisboronic acid, 2,7-dibro-
mophenanthrene and 3,8-dibromophenanthroline (Fig. 2a).
The characterization results of FT-IR spectra and *>C solid-state
NMR spectra confirm the successful synthesis of COP-PB and
COP-PB-N2 (Fig. 10 and S117).** Additionally, the powder X-ray
diffraction (PXRD) (Fig. S12t) reveals the typical quasi-
crystalline properties of both polymers.*® The transmission
electron microscope images (Fig. 2b and c) of the two as-
synthesized polymers exhibit a nanosheet texture along with
atomic force microscopy. The thickness of COP-PB-N2 and COP-
PB nanosheets is determined to be 8 and 4 nm, respectively
(Fig. 2d and e). The thin sheet-like structure can facilitate
charge transfer to the conjugated polymer surface rapidly.*®*”
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Fig.2 (a) Schematic illustration for the synthesis of COP-PB and COP-
PB- N2. (b and c) Transmission electron microscopy (TEM) images of
COP-PB-N2 and COP-PB. (d and e) Atomic force microscope (AFM)
images of COP-PB-N2 and COP-PB (the insets show the height
profiles). (f) UV-vis diffuse reflectance spectra (the inset shows the
Tauc plots of COP-PB-N2 and COP-PB). (g) The diagram of electronic
band structures for COP-PB and COP-PB-N2.
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As shown in Fig. 2f, a broad visible light absorption of COP-
PB ranging from 400 to 600 nm was measured by UV-vis
reflectance spectra in the solid state. The absorption of COP-
PB-N2 is enhanced owing to the extended m-conjugation
caused by the increased electron delocalization. Correspond-
ingly, the bandgaps are determined to be 2.75 and 2.55 eV for
COP-PB and COP-PB-N2 with the Kubelka-Munk functions
from the absorption spectra (Fig. 2g). Meanwhile, ultraviolet
photoelectron spectroscopy (UPS) determined the valence band
(VB) to be 1.70 eV and 1.85 eV for COP-PB and COP-PB-N2,
respectively, below the Fermi level (Eg) (Fig. S13t). The work
functions (®) of COP-PB and COP-PB-N2 are calculated to be
4.78 and 4.70 eV based on the secondary electron cut-off
(Fig. S147). Therefore, the VB of COP-PB and COP-PB-N2 turn
out to be 6.48 and 6.55 eV correlated with the vacuum level.
Consequently, the bandgaps along with the corresponding
conduction band (CB) positions could endow the conjugated
polymers with suitable thermodynamic driving force for the
proton reduction reaction (Fig. 2g).

The PHE performance of the as-synthesized polymers is
studied in a mixture of water, methanol and triethylamine
(TEA), where the methanol accelerates the mixing of water and
TEA.*® The COP-PB shows a moderate PHE of 11 pmol h™* under
visible light (A = 400 nm). Encouragingly, after introducing dual
pyridinic N into the skeleton of COP-PB, the PHE performance
of COP-PB-N2 can be elevated to 51.5 umol h™' (Fig. 3a).
Significantly, the apparent quantum yield (AQY) of COP-PB-N2
reaches 22.1% at 400 nm and can be further elevated to
35.5% when the polymer concentration is increased from
0.25 mg mL~" to 1 mg mL~", which remarkably exceeds the
state-of-the-art conjugated microporous polymers (Fig. 3b and
g) and is even comparable to the benchmark inorganic photo-
catalysts.**® Although the photocatalytic H, evolution rate is
high in the field of conjugated microporous polymers, it is not
enough to meet the practical applications, which needs to be
further improved.

The active site screening in COP-PB and COP-PB-N2 confirms
the pyridinic N to be the reactive site (Fig. 3¢ and S151). The
optimal AGy+ of the carbon site is much larger than that of
the N site, demonstrating the pyridinic N to be the reactive site,
which is ascribed to the suitable electron configuration of
pyridinic N. As illustrated in Fig. 3d and e, the electron structure
of the pyridinic N atom is 2s*2p® and the sp> hybridization of
these orbitals will generate three sp> hybrid orbitals, two of
which are half filled and the third one is occupied with a pair of
electrons. Both the p, orbital of the pyridinic N atom and the
other five p, orbitals of C atoms will result in a large closed ©
bond. The sp® hybrid orbital with a pair of electrons will be
conducive to bonding with the H 1s orbital and will thus boost
the H activation. Therefore, the photocatalytic hydrogen
production process of COP-PB-N2 can be illustrated as in Fig. 3f.
The photo-excited electrons and holes inside conjugated poly-
mers can rapidly transfer to the surface and subsequently react
with adsorbed H and TEA, respectively.

The control experiments are carried out (Fig. S161) in order
to avoid the influence of the above mixed solvent. The pristine
H,0O/methanol/TEA solvent cannot generate hydrogen with or
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Fig. 3

(a) Visible-light-driven hydrogen production of COP-PB-N2 and COP-PB (1 = 400 nm). (b) Apparent quantum yield (AQY) of COP-PB-N2

and COP-PB; red represents a polymer concentration of 1 mg mL™?, pink and orange represent a polymer concentration of 0.25 mgmL™?. (c) The
calculated hydrogen evolution reaction energy profile of different sites on COP-PB-N2. The inset is the structure of COP-PB-N2. (d) The
electronic configuration of a pyridinic N atom and a N atom with sp? hybridization. (e) Illustration of H bonding to a pyridinic N atom on COP-PB-
N2. (f) The illustration of photocatalytic hydrogen production with COP-PB-N2 under visible light irradiation. (g) The AQY performance
comparison between COP-PB-N2 and other reported conjugated polymer photocatalysts; the star represents COP-PB-N2 with a polymer
concentration of 1 mg mL™* at 400 nm (most results are at 400 nm or 420 nm and the detailed irradiation conditions can be found in Table $27).

without visible light irradiation and no hydrogen is measured
for the two conjugated polymers in the H,O/methanol/TEA
solvent in the dark. Meanwhile, hydrogen cannot be produced
with the mixture of water/methanol or pure water, but can be
evolved when using a mixture of TEA/water. These results
demonstrate that methanol acts as a co-solvent and TEA is
a hole scavenger rather than the polymer itself. The FT-IR
spectrum indicates that the skeleton of COP-PB-N2 does not
fall apart after photocatalysis (Fig. S177). In addition, we have
also synthesized three different batches of samples under the
same experimental parameters to ensure the repeatability of the
two polymer photocatalysts. Each of the polymers exhibits an
almost identical H, production rate under the same photo-
catalytic conditions, manifesting the outstanding reproduc-
ibility of the as-prepared polymers (Fig. S18+). It is imperative to
point out that the COP-PB has more residual palladium than
COP-PB-N2 (Table S3t); however, it has much lower photo-
catalytic performance, which suggests that the residual Pd does
not play a crucial role in improving photocatalytic H, evolution.
Meanwhile, we have also carried out photocatalytic cyclic
testing of COP-PB-N2, which shows that the photocatalytic H,
evolution rate has been significantly decreased after one cyclic
testing (Fig. S19t). To find the reason why the photocatalytic

19628 | J Mater. Chem. A, 2021, 9, 19625-19630

performance is dramatically decreased, we further conducted X-
ray photoelectron spectroscopy (XPS) measurements (Fig. S207).
The slight shift of nitrogen peaks indicates that the state of
some pyridinic nitrogen atoms may have been changed after
photocatalytic H, evolution. This result confirms that the pyr-
idinic nitrogen atoms are the main catalytic sites. Additionally,
the COP-PB-N2 nanosheets tend to aggregate after the photo-
catalytic cyclic test (Fig. S217), which might be another reason
for the photocatalytic performance decline. Furthermore,
previous research has also confirmed that the residual palla-
dium can play a partial catalytic role, but is not the major factor
for maximizing the photocatalytic hydrogen evolution rate.>*>*

Additionally, the photo-excited charge separation and
transportation are also fully investigated. The behaviour of
photo-induced electrons and holes is detected via electron
paramagnetic resonance (EPR) assisted by 2,2,6,6-tetramethyl-i-
piperidine-N-oxyl (TEMPO).>> The obvious triplet peak from
Fig. 4a in the dark is the characteristic signal of TEMPO, and
then the TEMPO will be reacted with photo-induced electrons
(e7) or holes (h*) to produce TEMPOH or TEMPO" in different
solutions (Fig. S227). Subsequently, the decreased intensity of
the triplet peaks at intervals of time confirms that the polymers
can really produce electrons (e”) and holes (h") under visible

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 (a) EPR curves for monitoring photo-excited electrons and
holes. (b) Time-resolved transient PL decay spectra. (c) On-off
photocurrent response under visible light or in the dark. (d) Electro-
chemical impedance spectroscopy Nyquist plots.

light irradiation.*® Moreover, the time-resolved PL decay plots
(Fig. 4b) of the above polymers have been fitted with a multi-
exponential kinetic function and the average lifetime has
been calculated in the ESI (Table S11).°”°* A slightly longer
lifetime of COP-PB-N2 than COP-PB might reveal the improved
separation of photo-excited electron-hole pairs.***** The tran-
sient photocurrent intensity of COP-PB-N2 under on-off visible
light irradiation is slightly stronger than that of COP-PB, which
confirms the presence of a few more photo-excited charge
carriers due to the relatively enhanced visible light absorp-
tion.®*> Additionally, we conducted a contact angle experiment
to explore the wettability as shown in Fig. S23.1 After intro-
ducing pyridinic N into the polymers, the surface affinity of
COP-PB-N2 with H,0 or H,0/MeOH/TEA is enhanced contrib-
uting to boosting the interfacial charge transfer.®® Furthermore,
on the basis of electrochemical impedance spectroscopy
(Fig. 4d), the smaller Nyquist semicircle curve of COP-PB-N2
than COP-PB also demonstrates the slightly improved interfa-
cial charge transfer.®#*® These results reveal that the separation
of photo-induced electron-hole pairs can also be enhanced
after introducing dual pyridinic N apart from improving inter-
facial charge transfer, and both of them synergistically improve
PHE performance.

Conclusions

In summary, we have successfully developed a highly efficient
conjugated polymer towards PHE via a localized electron
density modulation strategy using dual pyridinic N atoms. The
newly developed COP-PB-N2 has achieved an excellent photo-
catalytic H, production rate of 51.5 umol h™*. An AQY of 35.5%
can be achieved at a polymer concentration of 1 mg mL *,
which exceeds that of the state-of-the-art conjugated micropo-
rous polymer photocatalysts. Our theoretical calculations and
experiments suggest that the sp® hybridized orbital of
pyridinic N with lone-pair electrons is favourable for facilitating

This journal is © The Royal Society of Chemistry 2021
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H adsorption and activation. The improved localized electron
density of COP-PB-N2 plays a decisive role in increasing the
electron density of states at the Fermi level, which significantly
lowers the energy barrier to intermediate product formation
during the PHE process. Meanwhile, the optimal Gibbs free
energy (AGy+) of COP-PB-N2 demonstrates its superior intrinsic
surface catalytic activity. Moreover, the increased localized
electron density is also conducive to enhancing the charge
separation and transfer. Therefore, the strategy of localized
electron density modulation offers new avenues to develop
more highly efficient conjugated polymers for photocatalytic or
even other catalytic reactions.
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