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Electron-rich pyrimidine rings enabling crystalline
carbon nitride for high-efficiency photocatalytic
hydrogen evolution coupled with benzyl alcohol
selective oxidationt
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Photocatalytic water splitting over polymeric carbon nitride (PCN) has been seriously limited by the poor
charge carrier transfer ability and sluggish four-electron water oxidation kinetics. Herein, crystalline
carbon nitride (CCN-Pr) with electron-rich pyrimidine rings introduced in the molecular structure is
synthesized by a two-step self-assembly and molten-salt annealing strategy for photocatalytic hydrogen
evolution coupled with benzyl alcohol selective oxidation to benzaldehyde, instead of the kinetically
sluggish water oxidation reaction. Owing to the synergistically tuned band and electronic structures, the
obtained CCN-Pr exhibits excellent photocatalytic performances, with the highest hydrogen and
benzaldehyde production rates reaching 149.39 pmol h™! and 154.62 pumol h~?, respectively. The
apparent quantum yield for hydrogen evolution is determined to be 20.27% at 420 nm, encouragingly
standing at the highest level reported for simultaneous hydrogen and benzaldehyde production over
PCN-based photocatalysts. It is well evidenced that the introduced electron-rich pyrimidine rings could
finely tune the band structures for extended optical absorption and matched redox potentials for water
reduction and benzyl alcohol oxidation. Theoretical calculation and experimental results reveal that the
electronic structure engineered by pyrimidine rings alters the charge density distribution for promoted
charge transport, and creates abundant reactive sites to accelerate the surface oxidation reaction
kinetics. This work provides a reliable strategy to design efficient photocatalysts with band and
electronic structures engineered by the tunable molecular structures, and also paves an alternative way
to promote the economic benefits and the technology upgrading of solar energy conversion and
utilization.

Photocatalytic water splitting for hydrogen production has been considered a promising technology to convert solar energy to chemical energy via zero-carbon

cycle. However, the overall water splitting performance is still far from satisfactory, as it is mainly limited by the sluggish kinetics and endergonic

thermodynamics of the water oxidation reaction. Moreover, oxygen production via photocatalytic water splitting is not economically and technically
competitive, given the fact that oxygen could be easily produced on a large scale via simple air distillation process. Herein, crystalline PCN with electron-

rich pyrimidine rings introduced in the molecular structure is used for photocatalytic hydrogen evolution coupled with benzyl alcohol selective oxidation to

benzaldehyde, instead of the kinetically sluggish water oxidation reaction. It is well evidenced that the synergistic effects contributed from the tuned band and

electronic structures give rise to the remarkable enhancement in photocatalytic benzyl alcohol oxidation and hydrogen evolution over PCN with molecular
structures rationally engineered via the introduction of electron-rich pyrimidine rings. This work provides a reliable strategy to design efficient photocatalysts

with band and electronic structures engineered by the tunable molecular structures, and also paves an alternative way to promote the economic benefits and
technology upgrade of solar energy conversion and utilization.
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Introduction

Photocatalytic water splitting to produce hydrogen and oxygen
is thought to be a promising and sustainable approach for solar
energy conversion via zero-carbon cycle, which is expected to
reduce the world’s dependence on fossil fuels."” The key to
efficiently converting solar energy into hydrogen energy via
photocatalytic water splitting is to develop stable, high-
performance, and low-cost photocatalysts.® Except for various
metal-based semiconducting photocatalysts, polymeric carbon
nitride (PCN), as a visible-responsive, inexpensive, nontoxic,
and stable conjugated polymer semiconductor, has attracted
much research attention and been extensively explored for
photocatalysis in past years.” Nevertheless, the fast charge
carrier recombination, sluggish surface reaction kinetics, and
the narrow visible photoresponse range largely limit its photo-
catalytic activity for water splitting.” To overcome these draw-
backs, many effective attempts have been proposed to improve
the photocatalytic activity of PCN, including crystal structure
engineering,”” element doping,® morphology tuning,”'® hetero-
structure construction,""™™ and single metal atom loading."*'>
Based on boron-doped and nitrogen-deficient PCN nanosheets,
Shen et al. designed an all-PCN based 2D/2D Z-scheme hetero-
junction for efficient photocatalytic overall water splitting.'®
Benefiting from the strong interfacial interaction, the matched
band structure, and ultrathin nanostructures, this Z-scheme
heterojunction received a solar-to-hydrogen (STH) efficiency as
high as 1.16%. However, one should be aware that the overall
water splitting performance is still far from satisfactory, as it is
mainly limited by the water oxidation reaction with sluggish
kinetics and endergonic thermodynamics.'” Moreover, oxygen
production via photocatalytic water splitting is not economically
and technically competitive, given the fact that oxygen could be
easily produced on a large scale via simple air distillation process.'®
Alternatively, oxidative synthesis of value-added organics that cou-
ples with hydrogen evolution could be expectedly more viable and
valuable, with both photocatalytic efficiency and product value
much improved, as compared to the photocatalytic water splitting
system for simultaneous hydrogen and oxygen production.

In the photoredox-catalyzed coupling reaction system, the
organic substrate oxidation reaction would be much more
kinetically favored than the four-electron process for oxygen
production, accompanying the great enhancement in hydrogen
evolution activity."> Moreover, the value-added oxidative pro-
ducts generated by the coupled photocatalytic reactions could
be widely used as fine chemicals with large economic benefits.>°
As an essential industrial raw material, benzaldehyde obtained
from the oxidation of benzyl alcohol is an important inter-
mediate for the synthesis of herbicides, pharmaceuticals, and
perfumes.>® However, the conventional oxidation method for
benzaldehyde production requires hazardous oxidants (e.g.,
K,Cr,0;, V,05, and KMnO,), with the oxidation reactions
always occurring at high temperature and high pressure,??
which would inevitably increase production costs and cause
environmental pollution. Thus, selective oxidation of benzyl
alcohol to benzaldehyde by photocatalysis, along with efficient

© 2023 The Author(s). Published by the Royal Society of Chemistry
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hydrogen production via water reduction, would be of great
promise in industry and has made noticeable advances in
recent years. For example, by introducing r-arginine into the
molecular structure, Fu et al. prepared a PCN photocatalyst
with adjustable bandgaps and achieved excellent photocatalytic
performances for water reduction and benzyl alcohol oxidation
to benzaldehyde,”® with the hydrogen evolution rate reaching
95.3 umol h™* and benzaldehyde production selectivity achiev-
ing 99.7%. Moreover, it has been proven to be effective to
enhance the photocatalytic activity for hydrogen evolution
coupled with benzyl alcohol selective oxidation, with the charge
carrier separation and reaction kinetics accelerated by improv-
ing the crystallinity of PCN. By using NaCl as the ion-induction
agent, Huo et al. prepared high crystallinity Na‘-doped PCN
nanosheets with altered charge density distribution,” which
exhibited facilitated charge transfer processes and rapid sur-
face reaction kinetics, thus significantly improving the photo-
catalytic activity for hydrogen evolution and benzyl alcohol
oxidation, with the apparent quantum yield reaching 10.5%
at 420 nm. Based on these observations, it is expected that
efficient photocatalysts for hydrogen evolution coupled with
benzyl alcohol selective oxidation could be well-designed by
tuning the band and electronic structures of crystalline PCN.

Herein, high crystalline PCN with electron-rich pyrimidine
rings introduced into the molecular structure (CCN-Pr) was
synthesized through a two-step self-assembly and molten-salt
annealing strategy for the photocatalytic hydrogen evolution
coupled with the selective oxidation of benzyl alcohol to ben-
zaldehyde. With molecular structures altered by the introduced
pyrimidine rings, excellent performances for the hydrogen
evolution and selective oxidation of benzyl alcohol to benzal-
dehyde (conversion: 91%, selectivity: 99%, at 12 h) could be
realized over the obtained CCN-Pr photocatalysts, with the
hydrogen and benzaldehyde evolution rates reaching 149.39
and 154.62 pmol h™*, respectively, which stands at the highest
level reported for PCN-based photocatalysts. Experimental and
theoretical studies have shown that the introduced electron-
rich pyrimidine rings could finely tune the band structures for
the extended optical absorption and the matched redox poten-
tials for water reduction and benzyl alcohol oxidation reactions,
as well as modulate the electronic structures, thus altering the
charge density distribution for the promoted charge carrier
separation and transfer. Moreover, the C atoms in the intro-
duced pyrimidine rings could serve as the reactive sites for the
rapid adsorption of benzyl alcohol and desorption of benzalde-
hyde, and then accelerate the surface oxidation reaction
kinetics.

Results and discussion

Herein, CCN-Pr with tunable molecular structures is synthe-
sized through a two-step self-assembly and molten-salt anneal-
ing strategy (see Experimental section for details in ESIt). As
illustrated in Fig. 1a, with 2,4,6-triaminepyrimidine (TAP), mela-
mine and cyanuric acid self-assembled into the supramolecular
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Fig.1 (a) The proposed preparation process of CCN-Pr,. (b) Scanning
electron microscopy (SEM) and (c and d) transmission electron microscopy
(TEM) images of CCN-Pryq.

precursors (MCA-x, x = 0, 20, 40, 60, 80), where x represents the
feeding amounts (mg) of TAP in precursors, the CCN-Pr,
photocatalysts with pyrimidine rings introduced into the mole-
cular structure could be obtained by annealing the MCA-x
precursors in KCI/LiCl molten salts. The obtained CCN-Pr,
spheres (taking CCN-Pr,, as the example) with an average
diameter of ~1.5 um (Fig. 1b and c) present high crystallinity,
as identified by the clear lattice spacing of 0.33 nm (Fig. 1d),
owing to the liquid-phase reaction environment provided by the
KCI/LiCl molten salts that reduce the kinetic obstacles for the
improved crystallinity.>® In comparison, without the KCI/LiCl
molten salts during annealing, the obtained PCN sample (CN)
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with similar spherical morphology (Fig. S1a, ESI{) reveals an
amorphous structure (Fig. Sib, ESIt). This demonstrates the
necessity of molten salts for the crystallization of the annealing
synthesized PCN, which is further supported by X-ray diffrac-
tion (XRD) analysis. As shown in Fig. 2a, the amorphous CN
synthesized in the absence of KCI/LiCl molten salts during
annealing presents two distinct XRD peaks at 20 = 13.1° and
27.1°, assigned to the (100) and (002) planes of PCN, respec-
tively. In comparison, all of the CCN-Pr, samples synthesized in
the presence of molten salts present very similar XRD patterns,
with (100) and (002) peaks shifted to 20 = 8.0° and 27.9°,
respectively, indicating the reduced interlayer distance and
the condensed in-plane conjugated skeleton for CCN-Pr, with
high crystallinity.>® The narrowed full width at half-maximum
(FWHM) observed for the (002) peaks of CCN-Pr, also evidences
the improved crystallinity induced by molten-salt annealing
(Table S1, ESI}).>°

Depending on the introduction of pyrimidine rings, the
molecular structure evolution was then investigated over the
obtained CCN-Pr, photocatalysts. Elemental analysis reveals
the gradually increased carbon contents in CCN-Pr, with the
increasing amounts of TAP introduced in the supramolecular
precursors (Table S2, ESIt), suggesting the successful incor-
poration of pyrimidine rings into the PCN framework. Fourier
transform infrared (FT-IR) spectra (Fig. 2b) show very similar
fingerprint signals for all of the CCN-Pr, photocatalysts, with
the peaks at 1200-1700 cm ™', ~810 cm™ " and 3000-3500 cm ™~
attributed to the skeletal vibration of heptazine rings, the out-
of-plane bending of heptazine rings, and the stretching vibra-
tions of -NH, and -NH-, respectively.”” These similar FT-IR
fingerprints suggest that the introduction of pyrimidine rings
would not remarkably change the original heptazine units in
CCN-Pr,.”® By further looking into the atomic structures
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(a) XRD patterns of CN and CCN-Pr,. (b) FT-IR spectra of CCN-Pr,. High-resolution XPS spectra of (c) C 1s and (d) N 1s for CCN-Prq and

CCN-Pr0. (e) Solid-state *C CP-NMR and (f) C K-edge XANES spectra of CCN-Prq and CCN-Pr,q. Gray: C, blue: N.
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monitored by X-ray photoelectron spectroscopy (XPS), one
would note that the high-resolution XPS C 1s spectrum could
be deconvoluted into three peaks at 284.8, 286.5, and 288.7 eV
for CCN-Pr,, (Fig. 2¢), corresponding to the adventitious carbon
(C-C), the C-NH,. groups, and the N-C—=N units in PCN frame-
work, respectively.”® In comparison, the peak assigned to the
N-C=N units is slightly shifted to lower binding energy for
CCN-Pr,, which verifies the possible replacement of N atoms
in heptazine rings by C atoms with low electronegativity.*® It is
also noted that the three distinct XPS N 1s peaks (Fig. 2d)
corresponding to the C-N=C, N—(C),, and C-NH, groups>" are
slightly shifted to lower binding energy for CCN-Pr,, relative to
CCN-Pr,, suggesting that the introduced electron-rich pyrimi-
dine rings would increase the electron density of N atoms.*
Solid-state "*C cross-polarization nuclear magnetic resonance
(CP-NMR) spectra (Fig. 2e) further identify two strong peaks at
165.49 and 159.17 ppm for CCN-Pr,, which should be derived
from the C atoms in the C-N; and CN,-(NH,) groups, respec-
tively, confirming the heptazine structures in CCN-Pr,.*> In
comparison, these two peaks are slightly shifted to 164.60
and 157.94 ppm, respectively, for CCN-Pr,,, indicating that
CCN-Pr,, maintains the heptazine framework, but the electron
density is disturbed by the introduced electron-rich pyrimidine
rings. An additional peak could be observed at 150.22 ppm for
CCN-Pry, belonging to the C atoms in the sp> C=C electron-
withdrawing group in pyrimidine rings,*® which evidences the
introduction of pyrimidine rings into the PCN skeleton, as
further confirmed by the C K-edge X-ray absorption near edge
structure (XANES) spectra (Fig. 2f). The peaks at 284.7, 287.5
and 294.4-301.7 eV should be attributed to the orbital transi-
tion of T*c—¢ (T*c1), ™on—c (T*c2) and o*¢ ¢, respectively.
The doublet peaks at 294.4-301.7 eV, featured for crystalline
PCN, are observed in both CCN-Pr, and CCN-Pry, with high
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crystallinity.>* The m*c, peak intensity is increased for CCN-Pr,
relative to CCN-Pr,, which is attributed to the successful introduc-
tion of pyrimidine rings with C—C bonds into CCN-Pry,.*®
Furthermore, the significantly reduced =n*g, peak intensity
indicates that some of the empty orbitals in the heptazine units
are filled with electrons provided by the electron-rich pyrimidine
rings.”>® These spectral variations evidence that the introduced
pyrimidine rings would induce the charge density redistribution
in the obtained CCN-Pr .

All of the above molecular and atomic structural analyses
confirm the successful introduction of electron-rich pyrimidine
rings into CCN-Pr,. Depending on the increasing TAP feeding
amounts, the obtained CCN-Pr, photocatalysts exhibit a pro-
gressive redshift in the optical absorption edges (Fig. 3a), with
the bandgap (E,) gradually narrowed from 2.43 eV for CCN-Pr,
to 1.49 eV for CCN-Pry, (Fig. 3b). Given the very close conduc-
tion band (CB) and flat band potentials for a typical n-type
semiconductor, the CB potentials (E.) could be determined
from the Mott-Schottky plots for CCN-Pr,, cathodically shifted
from —0.47 V (vs. reversible hydrogen electrode, RHE) for
CCN-Pr, to —0.73 V (vs. RHE) for CCN-Pryg, (Fig. 3c). Then, the
valence band (VB) potentials (E,), calculated by E, and E. (see
Fig. S2 and related discussion in ESIf),*” are cathodically
shifted from 1.96 V (vs. RHE) for CCN-Pr, to 0.76 V (vs. RHE)
for CCN-Prg,, depending on the increasing TAP feeding
amounts (Fig. 3d). It is thus convincing that the introduction
of pyrimidine rings could rationally engineer the band struc-
tures of CCN-Pr,, with the CB and VB positions finely tuned to
broaden the optical absorption region and match the redox
potentials for the water reduction and benzyl alcohol oxidation
reactions.*®

To further understand the electronic structure evolution
with the introduction of electron-rich pyrimidine rings,

a —C =T b 2o ——CCNPr C [CON-Pro /
SR\ ——CCN-Pry, —— GCN-Pry,
= 15 -
e > L -
g —— CON-Pry, 2 |—-conpr
§ >§1.0 /
I v -
1.49 L 243 i
0.0 - - . o
300 400 500 600 700 800 12 16 20 24 28 32 :".
Wavelength (nm) hv (eV) N
d [S)
15 =
LS E =047 -0.58 -0.65 -0.69 -0.73
% 05 C_, —
T L R e e e e 0 ey 1.49eV] . |wm,
2 e | e s e e e e {7 3re\f]-=semmanian BA/BD
>
= P L — [ 021V
2 10{E;=2.43 eV ¥ 0.76 CCN-Prg,
5 Z
E 15 TEA 1.26 0 : f
i —— ’ 073 L e—
. E,=1.96 \ e -0 —
CCN-PI’O CCN—Pr20 CCN-Prgo -08 -04 00 04 08 12

Fig. 3

Potential (V vs. RHE)

(a) Ultraviolet-visible-near infrared diffuse reflectance spectra, (b) plots of the transformed Kubelka—Munk function versus photon energy, (c)

Mott—Schottky plots and (d) band structures of CCN-Pr, (x = 0, 20, 40, 60, 80). BA and BD represent benzyl alcohol and benzaldehyde, respectively.
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density-functional theory (DFT) calculations were carried out
for CCN-Pr, (Fig. 4a) and CCN-Pry, (Fig. 4b). The band struc-
tures and density of states (DOS) calculation results demon-
strate that both C 2p and N 2p orbitals contribute to the CB,
while the VB is predominantly composed of N 2p orbitals for
both CCN-Pr, and CCN-Pr,, (Fig. 4c-f). With pyrimidine rings
introduced, the C 2p orbitals of the newly introduced
pyrimidine-carbon atoms would participate in the formation
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of VB and significantly elevate the VB position to narrow the
bandgap.*” The theoretically calculated E, is significantly
decreased from 2.37 eV for CCN-Pr, to 1.71 eV for CCN-Pr,
which agrees well with the extended optical absorption and
measured E, for CCN-Pr, (Fig. 3a and b). Further investigation
into the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) locations reveals that
both LUMO and HOMO orbitals show symmetrical and over-
lapping distributions over heptazine rings (Fig. 4g). This is due
to the high symmetry of the planar structure in CCN-Pr,. In
contrast, the electron localization occurs near the electron-
donating pyrimidine-carbon atoms in CCN-Pr,, (Fig. 4h), which
leads to the redistribution of charge density, thus inducing the
internal electric field to promote exciton dissociation and
accelerate charge transport.*® Furthermore, this charge density
redistribution would enable the separation of redox reactive
sites, promoting charge carrier separation and suppressing
back reactions, which is believed to benefit the photocatalytic
activity.*!

The above theoretical calculation results suggest that the
introduced electron-rich pyrimidine rings could promote exci-
ton dissociation and charge separation by inducing the charge
density redistribution in CCN-Pr,. To strengthen this deduc-
tion, XANES spectra were further recorded in dark and under
illumination at the C K-edge and N K-edge to monitor the
photoexcited electronic transitions (Fig. 5a) in CCN-Pr, and
CCN-Pr,o. With the introduction of pyrimidine rings, CCN-Pr,,
exhibits more distinct dark-irradiation intensity variations in
both C K-edge and N K-edge spectra than CCN-Pr, (Fig. 5b).
This demonstrates a more efficient electron transition from the
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(a) Illustration of the electron transition processes from the occupied states to unoccupied states in PCN. (b) C K-edge and N K-edge XANES

spectra of CCN-Prg and CCN-Pr4o with or without illumination. The inset in (b) exhibits the spectral difference between being in dark and illuminated
conditions. (c) SPV and (d) steady-state PL emission spectra of CN and CCN-Pr,. (e) Time-resolved transient PL decay spectra of CN, CCN-Prg and

CCN-Pry0.
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occupied states to unoccupied states in CCN-Pr,.*> This obser-
vation could be explained by the introduction of electron-rich
pyrimidine rings that could induce the internal electric field to
accelerate the exciton dissociation by the charge density redis-
tribution over the PCN networks.** Moreover, the electron-rich
pyrimidine rings would serve as the donor units to improve the
charge separation and transfer by rapidly collecting photoex-
cited holes without recombination through the strong donor-
acceptor interaction.® To further support the above deduction,
the charge transfer property was then systematically investi-
gated by surface photovoltage (SPV), photoluminescence (PL),
and electron paramagnetic resonance (EPR) spectra. As mon-
itored by SPV spectra (Fig. 5¢), the positive SPV signals identify
both CN and CCN-Pr, with n-type semiconducting characteristic.**
It should be noted that there are much stronger SPV signals
observed for CCN-Pr, than CN, meaning that the high crystallinity
triggered by molten-salt annealing would favor photogenerated
charge carrier separation. With electron-rich pyrimidine rings
introduced, the SPV signals are gradually strengthened, reaching
the maximum for CCN-Pry,. These signals are then weakened,
depending on the increasing TAP feeding amounts. This phenom-
enon suggests that the introduction of pyrimidine rings at an
appropriate level is important to facilitate the separation of photo-
generated charge carriers in CCN-Pr,, which could be further
confirmed by steady-state PL emission spectra. As shown in
Fig. 5d, CN shows a strong PL emission peak, indicating the rapid
charge carrier recombination,"”” while all the CCN-Pr, samples
exhibit significantly quenched PL emission, indicating the pro-
moted charge carrier separation, as induced by the improved
crystallinity of CCN-Pr,. Specifically, the PL emission intensity first
decreases and then increases, depending on the increasing
TAP feeding amounts. The lowest PL intensity was attained for
CCN-Pry, revealing the accelerated separation of photogenerated
charge carriers in CCN-Pry. The improvement in charge carrier
transfer ability could be also confirmed by the time-resolved
transient PL decay spectra. As shown in Fig. 5e and Table S3 (ESIt),
both CCN-Pr, (3.92 ns) and CCN-Pr,, (2.19 ns) exhibit much shorter
average lifetimes (7,,) of photogenerated charge carriers with
respect to CN (8.31 ns), suggesting that the high crystallinity
triggered by molten-salt annealing is beneficial to accelerate the
charge carrier transfer process. Moreover, the shortest average
lifetime of the charge carriers in CCN-Pr,, again evidences that
the introduction of electron-rich pyrimidine rings could remarkably
promote photogenerated charge carrier separation and transfer.'®
These results are also supported by EPR analysis (Fig. S3, ESIT).
It should be noted that all three samples, i.e., CN, CCN-Pr,, and
CCN-Pr,,, exhibit an obvious Lorentzian line with g factor of 2.003,
which is caused by the unpaired electrons on the m-conjugated
aromatic rings."” In comparison to amorphous CN, CCN-Pr,
exhibits a remarkably increased EPR signal, indicating that the
high crystallinity triggered by molten-salt annealing would favor the
delocalization of electrons on the aromatic heptane rings. More-
over, the much stronger EPR signal observed for CCN-Pr,, than
CCN-Pr, means that the introduced electron-rich pyrimidine rings
would provide more unpaired delocalized electrons in CCN-Pr,,"”
which is beneficial to promote the charge carrier separation.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The photocatalytic activity for hydrogen evolution over
CCN-Pr, was evaluated in an aqueous solution containing
benzyl alcohol that was selectively oxidized to benzaldehyde.
With the band and electronic structures well tuned by the
introduction of electron-rich pyrimidine rings, the obtained
CCN-Pr, photocatalysts could effectively drive water reduction
and benzyl alcohol oxidation relations for simultaneous and
stoichiometric hydrogen and benzaldehyde evolution (Fig. 6a).
All CCN-Pr, (x = 0, 20, 40, 60, 80) samples with high crystallinity
exhibit significantly increased photocatalytic hydrogen and
benzaldehyde evolution rates, as compared to amorphous CN,
which should be attributed to the improved light absorption
(Fig. S4, ESIT) and the rapid charge carrier separation, benefit-
ing from the high crystallinity triggered by molten salt anneal-
ing. Specifically, the photocatalytic activity increases first and
then decreases for CCN-Pr,, depending on the increasing
contents of TAP fed in precursors. The highest hydrogen
(149.39 umol h™") and benzaldehyde (154.62 pmol h™") evolu-
tion rates are achieved over CCN-Pr,, which are about
6.7 times those of CN (22.36 pmol h™* and 17.22 pmol h™") and
2.2 times those of CCN-Pr, (68.65 pumol h™" and 64.18 pumol h™?),
standing among the highest level reported for PCN-based photo-
catalysts (Table S4, ESIf). Considering that the introduction of
pyrimidine rings does not significantly change the specific surface
area (Fig. S5, ESIf), this volcano-shaped dependence of the
photocatalytic activity on the TAP feeding amounts should be
mainly attributed to the synergistically modulated band and
electronic structures of CCN-Pr, with introduced pyrimidine rings.
With the introduced electron-rich pyrimidine rings, the VB posi-
tion of CCN-Pr, is gradually elevated to narrow the bandgap and
extend the optical absorption (Fig. 3a and d). Meanwhile, the
oxidation ability of the photogenerated holes gradually decreases
with the elevating VB position,*® leading to the weakened driving
force for the benzyl alcohol oxidation reaction. It should be
further noted that with the electron-rich pyrimidine rings intro-
duced into CCN-Pr, at a moderate level, the triggered charge
density redistribution would benefit the efficient electron excita-
tion and the promoted charge transport. However, the excessive
pyrimidine rings in CCN-Pr, would serve as the recombination
sites for charge carriers, and thus retard the charge transfer and
separation processes.’’ Therefore, CCN-Pry, with synergistically
engineered band and electronic structures exhibits the highest
photocatalytic hydrogen and benzaldehyde evolution rates. This is
due to the rapid charge carrier separation, the broadened optical
absorption, and the well-tuned driving force for the benzyl alcohol
oxidation reaction. CCN-Pr,, exhibits significantly improved con-
version (91%) and selectivity (99%) for benzyl alcohol selective
oxidation into benzaldehyde in a 12 hour reaction (Fig. 6b and
Table S5, ESIT), with respect to CCN-Pr,, (conversion: 73%; selec-
tivity: 89%) and CN (conversion: 36%; selectivity: 89%). Encoura-
gingly, solar-to-hydrogen (STH) and apparent quantum yield
(AQY) were calculated to be as high as 0.74% under one-sun
illumination (Fig. 6¢ and Table S6, ESIt) and 20.27% at 420 nm
(Fig. 6d), respectively, which even outperforms the most pre-
viously reported PCN-based photocatalysts for hydrogen evolution
in sacrificial reagent solutions (Table S7, ESIt). The optical
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(a) Hydrogen and benzaldehyde evolution rates for CN and CCN-Pr,. (b) The benzyl alcohol conversion and benzaldehyde selectivity of CN,

CCN-Prg and CCN-Pry4o. (c) The STH of CCN-Pryg for photocatalytic hydrogen evolution in H,O and benzyl alcohol solution. The STH value was
evaluated 11 times with separate samples. (d) The wavelength-dependent AQY of the hydrogen evolution reaction over CCN-Pr4q. (e) Benzyl alcohol
adsorption and (f) benzaldehyde desorption energies of CCN-Prg and CCN-Pr4o. The gray, yellow, red and white spheres represent N, C, O and H atoms,

respectively.

absorption profile closely dependent AQY values obtained for
CCN-Pr,, suggest that this hydrogen evolution reaction is indeed
driven by photoexcitation, with hydrogen mainly produced via
water reduction as confirmed by the D,O isotope labeled photo-
catalytic measurement (Fig. S6, ESIT). A considerable activity
could be still detected with the illumination wavelengths extended
to be longer than 500 nm, indicating that the narrowed bandgap
and the extended optical absorption greatly contribute to the
improved photocatalytic activity of CCN-Pr,,. The photocatalytic
hydrogen evolution activity could be well recovered by supple-
menting benzyl alcohol after reacting for an extended time
(Fig. S7, ESIt). Furthermore, the chemical structure and composi-
tion of CCN-Pr,, are well maintained before and after photocata-
lytic reaction (Fig. S8 and Table S8, ESI{), proving that CCN-Pry, is
stable for photocatalytic hydrogen evolution coupled with benzyl
alcohol selective oxidation.

By looking into the oxidation reaction for selective conver-
sion of benzyl alcohol to benzaldehyde, the active sites were
further theoretically identified to investigate the adsorption of
benzyl alcohol molecules and the desorption of benzaldehyde
molecules at the surface of CCN-Pr,, which could be another
determinant to the photocatalytic activity for simultaneous and
stoichiometric hydrogen and benzaldehyde evolution. With
computational configurations and adsorption energies of ben-
zyl alcohol presented and calculated for CCN-Pr, and CCN-Pry,
(Fig. 6€), one would note a positive adsorption energy (0.06 eV)
required for the benzyl alcohol molecules to be adsorbed at N
atoms in CCN-Pr,, indicating that the adsorption and activation
of benzyl alcohol at the N atoms of heptazine rings is unfa-
vored. In contrast, the adsorption of energy required for benzyl
alcohol molecules at the pyrimidine-carbon atoms of the

558 | EES Catal, 2023,1, 552-561

introduced pyrimidine rings in CCN-Pry, is substantially
reduced to —0.41 eV. Moreover, a more negative desorption
energy of benzaldehyde is required for CCN-Pry (—0.23 €V) than
CCN-Pr, (—0.17 eV) (Fig. 6f), suggesting that the desorption of
benzaldehyde on CCN-Pry, is easier than on CCN-Pr,. Thus, the
theoretical calculation results indicate that the pyrimidine-carbon
atoms in pyrimidine rings could act as reactive sites that are
superior to the N atoms in heptazine rings for benzyl alcohol
adsorption and benzaldehyde desorption, thus accelerating the
surface reaction kinetics for the selective oxidation of benzyl
alcohol to benzaldehyde.*®

Based on the above experimental characterization and
theoretical calculation results, the significant improvement in
the photocatalytic activity of CCN-Pr,, for hydrogen evolution
coupled with benzyl alcohol selective oxidation can be
explained as follows: (1) The introduced electron-rich pyrimi-
dine rings could finely tune the CB and VB positions to extend
the optical absorption, with the redox potentials well matched
to the water reduction and benzyl alcohol selective oxidation
reactions. (2) The introduced electron-rich pyrimidine rings
would trigger charge density redistribution for efficient electron
excitation and promoted charge transport. (3) The C atoms in
the electron-rich pyrimidine rings could serve as the reactive
sites for the rapid adsorption of benzyl alcohol and desorption
of benzaldehyde, and then accelerate the surface oxidation
reaction kinetics (Fig. 7). These synergistic effects contributed
from the tuned band and electronic structures give rise to the
remarkable enhancement in photocatalytic benzyl alcohol oxi-
dation and hydrogen evolution over PCN with molecular struc-
tures rationally engineered via the introduction of electron-rich
pyrimidine rings.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Reaction mechanism of the photocatalytic hydrogen evolution
coupled with benzyl alcohol oxidation for CCN-Pry40. Yellow: C, gray: N.

Conclusion

In summary, high crystalline CCN-Pr with electron-rich pyrimi-
dine rings introduced into the molecular structure was synthe-
sized via two-step self-assembly and molten-salt annealing
strategy. With molecular structures altered by the introduced
pyrimidine rings, the obtained CCN-Pr exhibits significant
improvement in photocatalytic activities for hydrogen evolution
and benzyl alcohol selective oxidation, with the optimized hydro-
gen and benzaldehyde evolution rates reaching 149.39 pmol h™*
and 154.62 pumol h™'. It is well evidenced that the band
structures could be tuned successively via the introduction of
electron-rich pyrimidine rings for the extended optical absorp-
tion and the matched redox potentials for water reduction and
benzyl alcohol oxidation reactions. Furthermore, the intro-
duced electron-rich pyrimidine rings would induce charge
density redistribution for the promoted charge carrier transfer
and separation. Meanwhile, the C atoms in the introduced
pyrimidine rings could serve as the reactive sites for the rapid
adsorption of benzyl alcohol and desorption of benzaldehyde,
thus accelerating the surface oxidation reaction kinetics. This
work provides a facile and reliable strategy to design novel and
efficient PCN photocatalysts with band and electronic struc-
tures engineered by the tunable molecular structures, and also
opens a new avenue for high performance and value-added
solar energy conversion and utilization.
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