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Electron-Withdrawing Pyridine-Functionalized g-C3sN4-Coordinated
Cobalt Phthalocyanine for Enhanced Photocatalytic CO, Reduction

Received 00th January 20xx, Xuehua Zhang,* Chunlei Su, Rui Shi,* Mingming Li,* Lili Fu,® Rongji Liu,® Yong Chen,*® Bin Li*¢ and
Accepted 00th January 20xx Guangjin Zhang,*af
DOI: 10.1039/x0xx00000x To enhance the charge separation efficiency of g-C3N4 and facilitate electron transfer between photosensitizerand molecular

catalyst, polarization and coordination strategies are taken by grafting pyridine rings onto the edge of g-CsN, framework.
Herein, electron-withdrawing pyridine edge-functionalized g-CsN4 (g-CsN4-Pyx) was synthesized via a facile one-step thermal
polymerization of urea and 4-aminopyridine, and employed as visible-light photosensitizer hybridized with cobalt
phthalocyanine (CoPc) for efficient photoreduction of CO,. Both experimental and theoretical results confirm that electron-
withdrawing pyridine grafting facilitates in-plane charge separation and directs electron migration toward the edge of g-
C3N4, narrows its band gap for enhanced visible-light absorption, and provides dynamic coordination sites that significantly
boost interfacial electron transfer from g-CsN4-Py to CoPc. A significant enhancement in CO yield was achieved with the
optimized CoPc/g-CsN4-P1 s hybrid, reaching 14.95 mmol g™ after 6 hours of visible-light irradiation—a 6.1-fold improvement
over the unmodified CoPc/g-CsN4 (2.47 mmol g1). This work paves a facile approach for developing highly efficient hybrid
photocatalysts for CO, reduction and improving the charge separation and visible light absorption in organic
semiconductors.

Keywords: CO, photoreduction; Cobalt phthalocyanine/g-CsN, hybrid photocatalysts; Polarization engineering; Directional
electron transfer; Coordination interaction; Electron-withdrawing effect.

1. Introduction

Photocatalytic carbon dioxide (CO;) reduction using solar energy represents an ideal approach to address energy and
environmental challenges, as it operates under ambient conditions and produces value-added chemicals.13 Despite widespread
interest, achieving high selectivity and efficiency in CO; photoreduction remains challenging due to thermodynamic and kinetic
limitations.*® The inherent stability of CO> molecule, competitive hydrogen evolution reactions in aqueous environments, limited
solar spectrum absorption, and severe charge carrier recombination—especially in single-component systems—further hinder the
progress. Thus, developing highly active and selective hybrid photocatalysts is essential.

A promising strategy involves hybrid systems comprising a visible-light-absorbing semiconductor sensitizer and a metal
molecular catalyst with high CO, reduction activity.”23 Recent studies have explored various hybrids, such as ruthenium(ll)-
complex-modified graphitic carbon nitride (g-CsN4) for formate production, and Iron (Fe) or cobalt (Co) molecular catalysts coupled
with g-C3N4, cadmium sulphide (CdS), or related semiconductors for photoreduction of CO; to carbon monoxide (CO).%7 In these
systems, spatial separation between the light absorber and catalytic centre promotes charge separation and enhances CO;
reduction performance. Consequently, enhancing both the semiconductor's light-harvesting capacity and its interaction with the
molecular catalyst is critical for increasing photon utilization and facilitating electron transfer.242>
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Efforts to accelerate electron transfer from photosensitizers to catalysts have led to covalent linker strategiegs,, Jike. diregt
connection, ethylene or amide bonds,3:1426.27 however, these often involve complex synthesis and may suffé?fronPBAEC AIEeEEsh
transfer, compromising activity and stability. As a covalent bond, coordination bond can be an ideal intermolecular force to realize
the connection between photosensitizer and catalyst. The unstable characteristics of coordination bonds will give dynamic
stability. At the same time, the coordination interaction is expected to realize the inner shell electron transfer, thus overcoming
the limitation of diffusion rate and promoting the electron transfer between molecules. Moreover, dynamic coordination
interactions offer reversible and self-correcting binding, which can improve durability of the hybrids.?°

As an organic semiconductor, g-CsN4 has attracted significant attention for various application due to its facile synthesis, suitable
band alignment, good stability, visible light response and layered structure.?832 Nonetheless, pristine g-CsN4 suffers from rapid
charge recombination and restricted visible-light absorption, limiting its photocatalytic activity. Strategies such as defect
engineering, elemental doping, heterojunction construction, and metal deposition have been employed to address these issues.33-
35 Regulating molecular polarity has also emerged as an effective route to promote intramolecular charge transfer and narrow the
bandgap of g-C3N,4.36-38 Additionally, coupling g-CsN4 with molecular catalysts like cobalt phthalocyanine (CoPc)—known for its high
selectivity in CO2-to-CO conversion3?4°—offers a pathway toward efficient CO, reduction, with CO serving as a key industrial
feedstock for synthetic fuels and chemicals.

In this work, we introduce polarization engineering and dynamic coordination strategies to enhance the in-plane charge
separation in g-CsN4 and provide reversible coordination binding sites for CoPc molecular catalysts. Pyridine edge-functionalized
g-C3N4 (g-C3Na-Px) was designed and synthesized as a light absorber (Scheme S1). The electron-withdrawing pyridine groups can
promote the formation of a donor—acceptor structure, narrow the bandgap and improve the visible-light absorption and charge
separation. More importantly, the pyridine edges can offer dynamic axial coordination sites for CoPc,*1"*3 facilitating interfacial
electron transfer from the light harvesting part g-CsN4 to the catalytic site CoPc. Through the synergistic effect of polarization
engineering and dynamic coordination, efficient charge separation and transfer are realized, and ultimately the photocatalytic
performance of the CoPc/g-C3N4-Px hybrid catalyst for CO, reduction is enhanced.

2. Results and discussion

2.1 Structure and morphology

The pyridine edge-functionalized g-C3Ns-Px samples were prepared through a facile one-step homogeneous thermal
polymerization of urea with different amount of 4-aminopyridine.3® The possible polymerization reaction is proposed in Scheme
S2. Fig. 1a presents the X-ray diffraction (XRD) patterns of pristine g-CsN4 and g-CsN4-Px samples, x is the weight percentage of 4-
aminopyridine relative to urea used during synthesis. All XRD patterns exhibit the characteristic diffraction peaks of g-CsN4 at 20 =
12.8°and 27.6°, corresponding to the (100) in-plane structure and the (002) interlayer stacking, respectively. Notably, no significant
shift is observed in the positions of these diffraction peaks in the g-C3N-Px samples compared to pristine g-C3Na, indicating that
pyridine functionalization at the edges does not alter the crystalline and layered structure of g-CsNa. Fig. 1b displays the N»
adsorption-desorption isotherms of g-CsNs4 and g-CsNs-Px samples. All materials show type IV isotherm with H3 hysteresis,
indicative of mesoporous structures. The Brunauer-Emmett-Teller (BET) specific surface areas are measured to be 80.2, 78.0, 75.4,
756, 72.7 and 57.6 m2 g'l for g—C3N4, g—C3N4-Po,5, g—C3N4-P1‘o, g-C3N4—P1,5, g—C3N4—P2,o and g—C3N4-P3‘o, respectively.
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Fig. 1 (a) XRD patterns and (b) N, adsorption-desorption isotherms of the pristine g-C3N4 and g-C3sN4-Px (x = 0.5 ~ 3.0) samples.
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The morphology of pristine g-CsNs and the as-synthesized g-CsNs-Px samples were characterized using scanpjng,electron
microscope (SEM) (Fig. 2a-2f) and transmission electron microscope (TEM) (Fig. 2g-2j). All the samples exhibit/meispBrslisosnaet
morphology. Specifically, g-CsNa, g-C3N4-Pos, g-C3Na-P1o, and g-C3Ns-P1s display relatively predominantly ultrathin, flaky, and
porous structures. In contrast, g-CsNs-P25 and g-CsN4-P3so—which feature a higher content of edge-grafted pyridine—show
increasingly aggregated and thicker sheet-like structures that appear less prone to exfoliation. Representative TEM images of g-
C3Ng, g-C3N4-Po s, g-C3Ns-P1s and g-CsN4-Ps are presented in Fig. 2g—2j. These images reveal that g-CsNg, g-C3Ns-Pos and g-CsNa-
P15 maintain a flaky and ultrathin nanosheet structure, whereas g-CsN4-P3o exhibits slightly thicker sheets. Both SEM and TEM
results confirm that the edge functionalization with pyridine does not disrupt the fundamental lamellar porous structure of g-CsNg,
consistent with the XRD patterns shown in Fig. 1. Samples with low levels of edge-pyridine functionalization (g-C3Na4-Py, x = 0~2.0)
exhibit relatively high surface areas, attributed to their flaky and porous morphology, which slightly decreases as the amount of
the pyridine grafting increases. In contrast, g-CsN4-P30, with a high degree of functionalization, shows a marked decrease in surface
area (57.6 m2 g1), likely due to the aggregate thick feature as observed in SEM and TEM images.

The chemical composition and electronic states of the samples were further analysed by X-ray photoelectron spectroscopy
(XPS). The XPS survey spectra in Fig. S1a confirm the presence of C and N in all g-CsN4-Px materials, while XPS survey spectra in Fig.
S1b confirm the successful hybrid of CoPc and g-CsN4-P1s. The small O peak appearing at 532.1 eV is attributed to the adsorbed
H>0. High-resolution of C 1s, N 1s and Co 2p spectra are presented in Fig. S2, Fig. 3 a and Fig. 3b respectively. The C 1s spectrum
displays two peaks at 284.8 eV (graphitic carbon, C—C/C=C) and 288.1 eV (sp?-hybridized carbon in N-C=N/C—N=C groups).** The
N 1s spectrum can be deconvoluted into three components: pyridinic N (C—N=C) at 398.5-399.6 eV, pyrrolic N (tertiary N-Cs) at
399.8-399.9 eV, and terminal amino groups (—NH>/NH) at 401.2 eV.*> While the C 1s spectrum remains unchanged after pyridine
modification (Fig. S2), the N 1s peaks corresponding to pyridinic and pyrrolic nitrogen shift slightly to higher binding energy (from
398.5 to 398.7 eV and from 399.8 to 400.1 eV, respectively) after grafting pyridine, suggesting reduced electron density around
nitrogen atoms due to the electron-withdrawing effect of grafted pyridine. The Co 2p spectrum displays two peaks at 793.2 eV (Co
2p1/2) and 777.6 eV (Co 2pss2) in CoPc. However, the formation of the CoPc/g-CsN4-P1s hybrid causes the Co 2p1/; and Co 2ps/2
peaks shift to lower binding energy 792.4 eV and 776.8 eV, respectively. This indicates an increase in electron density of the Co
site because of the electrons flow from g-CsN4-P15 to CoPc.

100 nm, -
—

Fig. 2 (a-f) SEM and (g-j) TEM images of the pristine g-CsN4 and g-C5N4-Px (x = 0.5 ~ 3.0) samples.
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Fig. 3 High resolution XPS spectra of (a) N1s of g-C3Na, g-C3Na-P1s, and g-CsN4-P3 0 samples, (b) Co 2p of CoPc and CoPc/g-C3N4-P1 s hybrid catalyst.

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3

Please do not adjust margins



http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5im00296f

hdustrial Chemistry-& Materials

ARTICLE Industrial Chemistry & Materials

2.2 Optical properties and band structures View Article Online
The optical properties of pristine g-CsNs and pyridine-modified g-C3sNs-Px samples were investigated Rising- 10%2L0i MiFFGs6
reflectance spectroscopy (UV—vis DRS) measurements. As shown in Fig. 4a, the absorption intensity in the visible region initially
increases and then decreases, with g-CsN4-P15 exhibiting the strongest absorption between 380 and 450 nm. Concurrently, the
absorption edge progressively red-shifts from g-CsN4 to g-C3Na-P3 as the pyridine content increases. Samples g-CsN4-P15, g8-C3Na-
P2.0 and g-C3N4-P3 o demonstrate significantly enhanced visible light absorption compared to unmodified g-CsNa.
The band gaps (Eg) of the samples, determined via the Kubelka—Munk method (Fig. S3), are 2.80 eV (g-C3N4), 2.77 eV (g-C3N4-Pos),
2.74 eV (g-C3N4-P10), 2.68 eV (g-C3Ns-P15), 2.50 eV (g-C3N4-P20), and 2.07 eV (g-C3N4-P3,0), indicating a gradual narrowing in Eg with
increasing pyridine modification. This narrowing band gap is attributed to the formation of an intramolecular donor—acceptor
structure within g-CsNa-Py, resulting from the grafting of electron-withdrawing pyridine onto the g-CsN4 framework. This structure
promotes intramolecular charge separation, thereby causing a red shift in the absorption edge and enhancing visible light
absorption. Consistent with these changes, the powder colour deepens from light yellow to dark yellow with increasing pyridine
content, as shown in Fig. S4.

Mott-Schottky measurements were conducted to determine the flat-band potentials (Eeg) of the synthesized g-CsN4 and g-C3Ns-
Py samples. As shown in Fig. 4b, the positive slopes of the Mott-Schottky plots confirm that all samples exhibit n-type
semiconductor behaviour. The Egs values were obtained by extrapolating the linear region of the plots to the intercept on the X-
axis (where 1/C? = 0).4647 The calculated Egg values are —0.99, —1.03, —1.06, —1.06, —1.03 and —1.01 V (vs. NHE) for g-C3N, g-C3Ng-
Pos, 8-C3N4-P1o, 8-C3N4s-P1s, g-C3Na-P2o, and g-C3Na-P3 o, respectively. For n-type semiconductors, the conduction band minimum
(Ecg) is typically 0.1-0.3 eV higher than Egs, depending on the electron effective mass and carrier concentration.*®4° Assuming a
difference of 0.2 eV, the estimated ECB values are -1.19V, -1.23V, -1.26 V, -1.26 V, -1.23 V, and —-1.21 V (vs. NHE) for g-C3N4, g-
C3N4-Pos, 8-C3Ns-P1o, 8-C3Ns-P1s, g-CsNs-P2o, and g-CsN4-P3o, respectively. The Mott-Schottky results indicate that pyridine
modification at the edges has a minimal effect on both (Egg) and (Ecg) of the g-CsNa-Px materials.
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Fig. 4 (a) UV—vis DRS spectra, Tauc plots (inset), (b) Mott-Schottky plots, and (c) band structure alignments for g-CsN4 and g-CsNa-Px (x = 0.5 ~ 3.0) samples; (d) CO yield from CO,
photoreduction over g-CsN4 and g-C3N4-Py (x = 0.5 ~ 3.0) coupled with CoPc in CH3CN:H,O:TEOA (3:1:1, 100 mL) solution after 6 h illumination, 420 nm <A < 780 nm), 280 mW cm™.
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Based on the Eg values derived from the Tauc plots in Fig. 4a, the valence band energy (Evg) values of g-C3Na, g8-CaNgRp5.8:CalN4s
P10, 8-C3Ng-P1s, g-CaNs-P2o and g-C3N4-Pso were calculated to be 1.61, 1.54, 1.48, 1.42, 1.27, and 0.86 V [; HorvndPRYHOEER
electrode, NHE ), respectively. This progressive increase in Eyg indicates that pyridine incorporation at the edges of the g-CsNa
framework systematically raises the valence band level. As depicted in the band structure diagram in Fig. 4c, pyridine modification
leads to a continuous reduction of the band gap from 2.80 eV to 2.07 eV, accompanied by an upward shift of the Eyg from 1.61 eV
to 0.86 eV. In contrast, the conduction band level remains essentially unchanged, with Ecg values confined within a narrow range
of —1.19 Vto—1.26 V—a variation of only 0.02—0.07 V across all samples. This stability in the conduction band preserves the original
charge transfer direction while concurrently suppressing carrier recombination. Although narrow-bandgap semiconductors
typically exhibit high charge recombination rates, this work demonstrates an effective strategy for significantly narrowing the band
gap without compromising charge separation efficiency.

2.3 Photoreduction of CO, over CoPc/g-C3Na-Px hybrid catalysts

Firstly, a series of control experiments were conducted to confirm that the observed products originate exclusively from the
photoreduction of CO,. These included tests under argon (Ar) atmosphere instead of CO,, in the dark without illumination, with
only CoPc (without photosensitizer), with only g-C3Nas-P, (without CoPc), and without any hybrid photocatalyst. Table S1 lists the
results of the corresponding control experiments for CO, photoreduction based on CoPc/g-CsN4-P1 s hybrid catalyst. No product
was detected in argon atmosphere, in the dark, in the absence of CoPc/g-C3Ns-Px hybrid catalyst, or with only CoPc (without
photosensitizer). Only trace CHs was detected with only g-C3Ns-Px (without CoPc) under visible-light irradiation. These results
confirm that the CO originates from the photoreduction of CO, catalysed by the CoPc/ g-CsN4-Px hybrid catalyst, and CoPc itself
(without a sensitizer) has no activity for CO, reduction under visible-light irradiation.

Under visible-light illumination (420 nm < A < 780 nm), the prepared CoPc/g-CsNa-Py hybrid catalysts show high photocatalytic
activity and selectivity for CO; reduction CO, attributed to the intrinsic CO selectivity of CoPc. Only CO was detected, no CHs, Ha,
C; gas, or liquid products in CO; reduction based on CoPc/g-C3Ns-Px hybrid photocatalyst was detected. The order of performance
under visible light was as follows: CoPc/g-C3N4-P15 (14.95 mmol g) > CoPc/g-C3Na-P20 (13.85 mmol g 1) > CoPc/g-C3Na-P10 (12.67
mmol g1)> CoPc/g-C3sN4-P3 (8.73 mmol g) > CoPc/g-C3Na-Pos (5.54 mmol g1) > CoPc/g-CsN4 (2.47 mmol g1) after 6 hours. The
highest CO yield of 14.95 mmol g was achieved with the CoPc/g-CsN4-P1 s catalyst, which is approximately 6.1 times that of the
unmodified CoPc/g-CsN4. When pyridine was grafted onto the g-CsN4 framework, the CO yield initially increased significantly with
increasing pyridine content. Further increasing the pyridine grafting amount resulted in a decline of photocatalytic activity. Table
S2 lists the recent advances of photocatalytic reduction of CO; based on molecular catalyst/semiconductor hybrid photocatalyst,
CoPc/g-C3N4-P1s hybrid catalyst exhibits competitive performance, especially in terms of CO yield based on non-noble metal
molecular/g-CsN4 hybrid catalysts under visible-light irradiation.

To evaluate the superior stability of the CoPc/g-CsN4-P1.s hybrid catalyst compared to the unmodified CoPc/g-CsN4, a continuous
12-hour CO; photoreduction test was conducted. As shown in Fig. S6, the time-dependent CO evolution was monitored using two
catalytic systems: 50 mg of g-C3Ns-P1.5 hybrid with 1.0 mg of CoPc, and 50 mg of g-C3N4 hybrid with 1.0 mg of CoPc, both dispersed
in an acetonitrile/water/triethanolamine (CHsCN/H,O/TEOA) mixed solution (3:1:1, 100 mL) under visible-light irradiation. The CO
yield from the CoPc/g-C3N4-P1s catalyst increased almost linearly over the 12-hour period, demonstrating significantly higher
efficiency and durability than CoPc/g-C3sNa. These results confirm the excellent stability of the CoPc/g-C3sN4-P1.s hybrid under visible-
light conditions. It is noteworthy that the dynamic coordination bond in the CoPc/g-CsNs-P15 hybrid interface confers a certain
self-repairing capability, thereby enhancing the overall durability of the catalytic system.

2.4 Mechanism of the enhanced photocatalytic performance

2.4.1 EIS Nyquist plots and transient photocurrent response

To elucidate the enhanced photocatalytic performance, electrochemical impedance spectroscopy (EIS) Nyquist plots and Transient
photocurrent-time response (I-t) curves were recorded using g-CsN4 and g-C3Nas-Py films as working electrodes. EIS reflects the
charge transfer resistance at the electrode/electrolyte interface, while the I-t curves provide further insight into the synergistic
effect of light absorption and photo-generated charge separation. The impedance parameters can be derived from the spectra
using equivalent circuit shown as an inset in Fig. 5a. In the equivalent circuit, Rt corresponds to the charge transfer impedance.
The Rct values Of g—C3N4, g—C3N4-Po_5, g—C3N4-P1‘o, g-C3N4—P1,5, g—C3N4-P2,0 and g-C3N4—P3,o were fitted to be 2394, 1738, 761, 759, 768,
and 1377 Q, respectively. The R value decreases significantly from g-CsN4 to g-C3Na-P1s, and then gradually increases from g-
C3N4-P20 to g-C3Na-P3o. The smallest radius is observed for g-CsNs-P1s, accordingly, g-CsNa-P15 shows the lowest Rc: value and,
thereby, the lowest charge transfer resistance the and most efficient charge separation, which correlates well with the CO;
photoreduction activity shown in Fig. 4d and is further supported by the transient photocurrent results below. These findings
suggest that an appropriate incorporation of pyridine significantly facilitates charge separation and transfer.

Moreover, under visible light irradiation, all pyridine-modified samples (g-CsN4-Px) exhibit substantially higher photocurrents
than pristine g-CsN4 (Fig. 5b). As indicated in Fig. 4a, the enhanced visible-light absorption resulting from pyridine grafting
contributes to the improved photocurrent response. The photocurrent increases progressively from g-CsNa to g-C3Ns-P15, and then
declines from g-C3Nas-P15 to g-C3sN4-Ps 0. The trend in photocurrent intensity aligns closely with the photocatalytic CO production
performance (Fig. 4d), with minor discrepancies observed for g-CsNs-P1o and g-CsNs-Pso. Among all samples, g-C3Ns-Pis
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demonstrates the highest photocurrent, implying optimal synergy between light harvesting and charge separatiop. Jherefore,
appropriate edge-grafting of pyridine is an effective strategy for enhancing the photoelectrochemical propepfiéd gl@3R[25M00296F
2.4.2 Steady-PL and TR-PL kinetics decay

Steady-state and time-resolved photoluminescence (Steady-PL and TR-PL) decay spectra were acquired with excitation at 370 nm
and emission monitored at 460 nm to probe the charge carrier dynamics within the materials. As presented in Fig. 6a, both pristine
g-C3N4 and pyridine-edge-functionalized g-CsNs-Px samples exhibit a broad fluorescence emission band. The pristine g-CsN4
demonstrates the highest emission intensity, indicative of strong radiative charge recombination. A notable quenching of the
steady-PL intensity is observed across all pyridine-modified samples, particularly from g-CsN4-P1.0 onward. This suppression implies
significantly reduced radiative recombination, which we attribute to facilitated electron transfer via non-radiative pathways and
enhanced charge separation resulting from pyridine grafting. The introduction of pyridine moieties at the framework edges likely
provides charge delocalization channels and promotes interfacial electron transfer, thereby suppressing recombination.

Concurrently, a systematic red-shift in the emission peak from 453 nm (g-CsN4) to 570 nm (g-C3Ns-P30) is observed with
increasing pyridine content. This red-shift reflects a narrowing of the effective bandgap due to the formation of an intramolecular
donor—acceptor (D—A) structure, wherein the electron-donating pyridine units interact with the electron-accepting triazine motifs
of g-C3N4. The trend aligns well with the red-shift of the absorption onset shown in Fig. 4a, corroborating the electronic modulation
of the material through functionalization. These PL results collectively affirm that pyridine edge-grafting effectively alters the
electronic structure of g-CsNg4, facilitating charge separation and transfer—key factors underlying the enhanced photocatalytic
performance.

The TR-PL decay spectra monitored at 460 nm (Fig. 6b) provide further insight into the charge transfer dynamics. All samples
exhibit typical exponential decay behaviour, with the pyridine-modified g-CsN4-Px samples demonstrating markedly accelerated
decay kinetics compared to pristine g-CsN4. Moreover, a progressive acceleration in PL decay is observed from g-CsNs-Pos to g-
C3sN4-P30. The fluorescence lifetimes were quantitatively analysed using a tri-exponential decay model, and the fitted results are
summarized in Table 1. Each lifetime component (11, T2, T3) exhibits a consistent decreasing trend with increasing pyridine content.
The average fluorescence lifetime (tay) decreases sequentially from 6.11 ns (pristine g-C3N4) to 1.84 ns (g-CsN4-P3), confirming
enhanced non-radiative decay pathways.
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Fig. 5 (a) EIS Nyquist plots (the inset is the equivalent circuit) and (b) transient photocurrent response (I-t) of the pristine g-CsN4 and g-C3N4-Px (x = 0.5 ~ 3.0) samples.
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Fig. 6 (a) Steady-PL and (b) TR-PL kinetics decay spectra probed at 460 nm of the pristine g-CsN, and as-synthesized g-CsNa-Px (x = 0.5 ~ 3.0) samples at 370 nm excitation.

Table 1. The fitted parameters of fluorescence lifetime of the as-synthesized g-CsNs-Px (x = 0 ~ 3.0) sample.
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11 (ns) 4.03 3.70 3.40 2.66 2.58 2.07
rel. % 52.03% 44.61% 43.25% 39.82% 36.82% 31.59%
12 (ns) 16.67 14.51 12.90 111 11.19 8.81
rel. % 22.33% 25.27% 24.72% 15.86% 12.58% 11.07%
13 (ns) 1.14 0.82 0.71 0.51 0.48 0.36
rel. % 25.64% 30.12% 32.04% 44.32% 50.60% 57.34%
T (ns) 6.11 5.56 4.89 3.05 2.60 1.84

This systematic reduction in lifetime reflects more efficient electron transfer from the g-CsN4 matrix to the pyridine functional
groups at the material's edge. The introduced pyridine rings likely serve as electron-accepting sites, facilitating rapid separation
and extraction of photo-generated electrons, thereby suppressing radiative recombination. Together, the steady-state and time-
resolved PL results conclusively demonstrate that pyridine edge-functionalization promotes the separation of photo-induced
electron-hole pairs and inhibits their recombination.

2.4.3 Theoretical calculation

To gain deeper mechanistic insights into how pyridine edge-grafting enhances the photocatalytic performance and charge
separation in g-CsNs-Py, density functional theory (DFT) calculations were performed to evaluate the molecular dipole moment
and the electron density distribution of the highest occupied molecular orbitals (HOMO) and the lowest unoccupied molecular
orbitals (LUMO). The molecular model of g-CsN4 was constructed using three connected 3-s-triazine units, while the g-CsN4-Px
model was built by grafting one pyridine ring onto the terminal triazine unit. As shown in Fig. 7, the optimized structures, computed
dipole moments, and spatial distributions of the HOMO and LUMO orbitals are compared between g-CsN4 and g-CsNs-Px. The
dipole moment increases from 4.75 Debye in g-CsN4 to 5.47 Debye in g-CsN4-Py, indicating enhanced molecular polarity induced
by pyridine functionalization. This greater polarity facilitates improved charge separation and promotes more efficient charge
transport within the material.

Orbital analysis in Fig. 7 reveals that in pristine g-C3N4, the HOMO is delocalized evenly across all three triazine units, whereas
the LUMO is predominantly localized on two of the triazine units. In contrast, for g-C3sN4-Px, the HOMO is mainly distributed over
the two triazine units distal to the pyridine group, with minimal contribution from the pyridine-linked triazine and none from the
pyridine itself. The LUMO, however, is primarily located on the pyridine-anchored triazine unit, with additional density extending
into the pyridine ring and the remaining triazine motifs. The frontier molecular orbitals, HOMO and LUMO, correspond to bonding
and anti-bonding orbitals, respectively, and dictate the spatial distribution of holes and electrons upon photoexcitation. Compared
with pristine g-CsNg, the isodensity surface plots of g-CsN4-Py reveal a more pronounced and directional shift of

4
g-GN, [T)

¥
B

8-C3Ny-Py 5.47

Relaxed Model HOMO LUMO DM(debye)

Fig. 7 Optimized structure, calculated dipole moment, isodensity surface plots of the HOMO and LUMO for g-CsN4 and g-CsN4-Px model structure.
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Scheme 1 Charge transfer diagram for CO, photoreduction over CoPc/g-C3Na-Py hybrid photocatalysts under visible-light illumination.

electron density from the 3-s-triazine core toward the edge-anchored pyridine ring under excitation. This redistribution supports
efficient photoinduced electron transfer from the central region to the peripheral functional groups, thereby facilitating charge
separation and reducing the likelihood of electron—hole recombination. The DFT simulation results align consistently with the
fluorescence spectra discussed above.

2.4.4 Mechanism of the optimum photocatalytic performance at P15

Thermodynamically, all g-C3N4-Px samples can transfer electrons to CoPc [Ecg = —1.19 to =1.26 V vs. NHE; Ered(copc) = —=0.90 V vs.
NHE,> satisfying the requirement for CO, reduction (E(co2/co) = -0.52 V vs. NHE). The slight variation in Ecs (0.02 — 0.07 eV) among
g-C3N4-Px samples implies negligible differences in driving force for electron transfer, indicating that the enhanced activity does
not originate from thermodynamic factors. The charge transfer diagram for CO, photoreduction over CoPc/g-CsNy4-Px hybrid
catalysts is proposed in Scheme 1. Firstly, photoexcitation of g-CsN4-Px generates electron—hole pairs; Secondly, electrons transfer
efficiently to CoPc via pyridine bridges and holes migrate to the g-CsN4-Px surface, competing with recombination; Finally, CO; is
reduced to CO at CoPc sites, meanwhile, the holes are scavenged by the sacrificial agent TEOA. As shown in Fig. 4d, the
photocatalytic activity of CoPc/g-CsN4-P«x depends strongly on the pyridine grafting level (x). The CO; reduction performance
increases with pyridine loading up to an optimum at x = 1.5, beyond which it declines. This trend can be explained by the interplay
of several key factors:

The performance optimum at P15 reflects a kinetic spot between enhanced charge separation and competing recombination
pathways. At lower loadings (x < 1.5), increasing pyridine content improves visible-light absorption, facilitates in-plane charge
separation within g-CsN4, and promotes directional electron transfer from g-CsNs-Px to CoPc. This is supported by the lowest
charge-transfer resistance (Fig. 5a) and highest photocurrent response (Fig. 5b) observed at P;s. However, further increasing the
pyridine loading beyond this point introduces excessive surface defects or states that act as charge recombination centres, as
indicated by the increased charge-transfer resistance and decreased photocurrent. These defects promote electron—hole
recombination before electrons can reach the CoPc active sites. In addition, excessive pyridine functionalization leads to an overly
elevated valence band maximum (Eys in Fig. 4c), which reduces the hole oxidation power and weakens the anode half-reaction,
thereby impairing catalyst regeneration. Moreover, while an optimal pyridine content enables efficient coordination and electron
transfer to CoPc, an excess may cause non-productive coordination or steric hindrance, blocking active sites and leading to local
electron accumulation. This imbalance between pyridine and CoPc promotes recombination instead of catalysis, ultimately
lowering the CO, reduction efficiency.5152

3. Conclusions

In conclusion, we have successfully synthesized pyridine edge-functionalized g-C3N4-Px coupled with CoPc for efficient
photocatalytic CO; reduction to CO under visible light. In this hybrid system, g-CsNa4-Px serves as a light-harvesting unit while CoPc
acts as the catalytic sites for CO, reduction. The grafting of electron withdrawing pyridine groups enhances visible-light absorption,
promotes directional in-plane charge separation within g-CsN4. Unlike conventional CoPc/g-CsN4 systems, which primarily rely on
physical adsorption, static interactions, or direct covalent linking, our work introduces polarization engineering and
coordination via pyridine edge-functionalization. This approach not only promote the in-plane charge separation within g-C3Na,
for improved light absorption but also enables directional electron transfer and reversible coordination between g-CsN4 and CoPc,
significantly boosting charge separation and CO; reduction performance. The optimal catalyst, CoPc/g-CsN4-P1 s, achieves a CO
yield of 14.95 mmol g* after 6 h of visible light irradiation, which is 6.1 times higher than that of the non-functionalized counterpart.
The improvement of photocatalytic activity is mainly due to the increase of electron velocity between photosensitizer and catalyst,
which emphasizes the superiority of directional electron transfer and constructing dynamic coordination interaction. The one-step
thermal polymerization used for g-CsN4-Px is simple, scalable, and based on low-cost precursors, the coordination with CoPc is also
straightforward and conducted under mild conditions, making the CoPc/g-CsN4-Px hybrid suitable for large-scale production. This
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4. Experimental section

4.1 Regents

All the reagents and solvents were chromatographic or analytical grade. Urea, 4-aminopyridine, TEOA, CH3CN, and N,N-
dimethylformamide (DMF) were purchased from Shanghai Aladdin Bio-chem Technology. Tetraethylammonium tetrafluoroborate
(EtaNBFs) were obtained from Sigma-Aldrich. CO, with purity of 99.999% was bought from Shanxi Beiwen Gases Company.
Ultrapure water (Millipore Milli-Q grade, 18.2 MQ cm) was used in all the experiments.

4.2 Synthesis

Pristine g-C3N4 was synthesized by directly thermal polymerization of urea at 560 °C for 4 h with a heating rate of 2.5 °C mintin a
lidded alumina crucible in muffle furnace with ambient atmosphere. The pyridine edge-functionalized g-CsN4-Px samples were
prepared through thermal polymerization of urea with different amount of 4-aminopyridine as the synthetic process of g-CsNa.
The edge-grafted amount of pyridine in final g-CsN4-Px composites was altered via changing the quantity of 4-aminopyridine used
in thermal polymerization. The g-CsN4-Px samples synthesized with 4-aminopyridine to urea weight percentage of 0.5 %, 1.0 %, 1.5
%, 2.0 %, and 3.0 % was denoted as g-C3Na-Po s, 8-C3Na-P1.0, 8-C3Na-P15, 8-C3Na-P2o, and g-C3Na-P3 o, respectively.

CoPc was synthesized and characterized as previously reported.>® The CoPc/g-CsNs-Px hybrid catalysts were prepared by
integrating 1 mg of CoPc with 50 mg g-C3N4-Px under stirring overnight in 100 mL solution of acetonitrile/water/TEOA (3:1:1, v:v:v).
FT-IR spectra were measured to verify the CoPc/g-C3Ns-P1 5 heterogeneous catalyst (Fig. S6).

4.3 Characterization

Morphology of the g-C3Ns-Px samples was observed on Hitachi S4800 field emission SEM and FEI Tecnai G2 T20 TEM. XRD was
measured on Bruker D8 diffractometer with Cu Ka radiation. The BET specific surface area was measured by a surface area and
porosity analyser (Micromeritics, Tristar Il 3020). XPS was carried out on ESCALAB 250Xi X-ray photoelectron spectrometer. UV—
vis DRS was recorded on Lambda 750 UV/Vis/NIR spectrophotometer (Perkin-Elmer, USA) using BaSO, as background. Steady-PL
and TR-PL decay spectra excited at 370 nm were collected on a NanoLOG-TCSPC spectrophotometer (Horiba Jobin Yvon, USA).
Transient I-t curves and Mott-Schottky plots were tested with a frequency of 1 kHz. EIS measurements were performed under an
ac amplitude of 10 mV with a frequency range from 10! Hz to 10° Hz. All of the photoelectrochemical measurements were
performed in a three-electrode cell on CHI 660D potentiostat (Shanghai Chenhua) in DMF solution using 0.1 M of EtsNBF,4 as the
electrolyte. g-C3Ny-Py films on FTO glass, Pt sheet and Ag/AgCl were used as working, counter and reference electrode, respectively.
4.4 Photocatalytic CO; reduction

Photoreduction of CO, was performed over CoPc/g-C3Na-Px hybrid photocatalysts in CH3CN:H,O:TEOA (3:1:1, 100 mL) mixed
solution in a photoreaction system (Labsolar-11IAG, Beijing Perfect Light Technology Co., Ltd.) saturated with 28 kPa CO; at 15 °C
as reported.!! The volume of the reactor was 250 mL, and the volume of the gas circulation pipeline was 150 mL. The CoPc/g-C3Na-
Px hybrid catalysts were prepared by integrating 1 mg CoPc with 50 mg g-C3Ns-Px under stirring overnight in 100 mL solution of
acetonitrile/water/TEOA (3:1:1, v:v:v) in advance. The photoreaction system was vacuumed and purged with high purity CO, gas
for 1 h before illumination. The reactor was illuminated under visible light (420 nm <A < 780 nm) using a 300 W Xe lamp (Microsolar
300, Beijing Perfect Light Technology Co., Ltd.) with a 420 nm cut off filter and an 780 nm IR-cut filter. The spot diameter is 60 mm
and the irradiation height is 10 cm. The light intensity was calibrated using a silicon photodiode power meter, which was 280 mW
cm™2, The total photon flux was calculated to be approximately 1.26*10¢ photons s™ m~2. The spectrum of Microsolar 300 Xe light
(420 nm <A <780 nm) was shown in Fig. S7. The gas reduction products were analysed by using Agilent 7890A gas chromatography
equipped with a hydrogen flame ionized detector (FID) and a thermal conductivity detector (TCD) using He as the carrier gas. The
FID detector was fitted with a methanizer to detect CO. The typical chromatographic curve of CHs and CO with residence time and
GC calibration curve were shown on Fig. S8 and Fig. S9, respectively. A series of control experiments (i.e. purging Ar instead of CO,,
under dark without illumination, only CoPc without photosensitizer, only g-CsNs-Px without CoPc, and without the hybrid
photocatalyst) were carried out.

4.5 Theoretical calculation

Theoretical calculation was carried out on Gaussion using DFT method.>* Becke’s three-parameter hybrid functional with the LYP
correlation functional (B3LYP) together with 6-31G(d) basis set was employed. Geometry optimization and electronic properties
of g-C3N4 and g-CsN4-Px models with the minimum energy conformation were carried out without any symmetry constraint. The
molecular dipole moment and electron distribution of the HOMO and LUMO were obtained.
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