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Introduction

A bi-functional S-scheme cobalt-porphyrin
conjugated polymer/CzN4 heterojunction for
cooperative CO, reduction and tetracycline
degradationt

Chao Xu,? Shien Guo,
and Yuting Xiao (2 *2

*® Jiaxin Wang,? Yiging Jiang,® Xiaomin Wu,? Dandan Lin®

The design of bifunctional photocatalysts for the removal of contaminants and the reduction of CO; is of
significant practical importance in addressing pollution and energy challenges. However, the photo-
catalytic efficiency is limited by the inadequate redox ability, high carrier recombination rate, and insuffi-
cient reactive sites of existing photocatalysts. Herein, a 2D/2D S-scheme heterojunction composed of
cobalt-porphyrin conjugated polymer nanoflakes and C3zN4 nanosheets (CoPor-DBE/CN) was rationally
synthesized, exhibiting matched redox ability and favorable CO, adsorption properties. The layered struc-
ture and functional groups of CoPor-DBE/CN provide numerous active sites, thereby enhancing the sep-
aration and transfer of charge carriers as well as the adsorption of reactants. Under visible light illumina-
tion, the optimized 50CoPor-DBE/CN hybrid achieved a CO production rate of 16.7 pmol g™ h™ and a
tetracycline removal rate of 93.8%, which are significantly higher than those of the individual CN material.
By employing X-ray photoelectron spectroscopy (XPS), ultraviolet photoelectron spectroscopy (UPS), and
photo-irradiated Kelvin probe force microscopy (KPFM), we demonstrate that the transfer of charge car-
riers within the CoPor-DBE/CN system follows the S-scheme heterojunction mechanism. This work
offers a promising blueprint for the design of multifunctional S-scheme photocatalysts aimed at the sim-
ultaneous efficient reduction of CO, and degradation of organic pollutants.

present, a majority of researchers concentrate chiefly on the
reductive half-reaction of CO, photoreduction, often overlook-

Environmental pollution and energy shortages have signifi-
cantly impacted people’s lives, highlighting the necessity to
explore affordable technologies that address environmental
issues while generating energy without causing secondary
pollution.’™ Recently, photocatalysis technology has emerged
as a promising and sustainable solution to meet current
demands.*® In particular, photocatalytic CO, reduction setrves
not only to produce solar fuels but also to alleviate the green-
house effect, positioning it as an effective strategy for tackling
the pressing environmental and energy dilemmas.” ™ At
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ing its oxidative counterpart. While the innovative coupling of
photo-redox organic oxidation synthesis with CO, reduction
has been acknowledged as an attractive remedy for such
challenges,"' ™ it can potentially generate secondary pollution
due to its by-products and remaining organic solvents. In
recent years, wastewater containing antibiotics, particularly
tetracycline (TC), has posed significant risks to human health
and the ecosystem.'*'®> Recently, researchers have developed
various techniques, including adsorption,'® microwave cataly-
sis,’” and photocatalytic degradation,'® to eliminate antibiotics
from contaminated water. Among these methods, the photo-
catalytic degradation of TC has emerged as a promising solu-
tion, attributed to its high efficiency, economic feasibility, and
simplicity in operation. By altering the oxidative half-reaction
to organic pollutant decomposition, an ideal integration of
CO, photoreduction and pollutant degradation has been
proposed.'®?® This strategy aims to achieve a mutually ben-
eficial outcome for both energy production and environmental
sustainability, while also ensuring the complete utilization of
photoelectrons and holes.
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To achieve this synergistic coupled reaction system, it is
crucial to design effective photocatalysts that exhibit strong
redox capabilities and high efficiency in charge separation.
Conjugated porous organic polymers represent an attractive
platform for photocatalysis due to their broad light absorption,
good structural regularity, and design possibilities.**>* In par-
ticular, metalloporphyrin-based conjugated polymers have great
potential in CO, photocatalytic reduction due to their advan-
tages in CO, adsorption and activation.>*>® Fang et al.”” syn-
thesized three porphyrin-based covalent organic frameworks by
polymerizing triptycene and porphyrin; JUC-640-Co exhibits an
excellent CO production rate and selectivity. However, such
photocatalytic systems often require the addition of sacrificial
reagents, including ascorbic acid, triethylamine, isopropanol,
and triethanolamine. The underlying reasons for this require-
ment are primarily related to the shallow valence band (VB) and
the inadequate oxidation capacity.

One of the most effective approaches for addressing the
aforementioned photocatalytic challenges is to construct an
appropriate step-scheme (S-scheme) heterojunction
system.?®3° The S-scheme heterojunction primarily comprises
a reduction photocatalyst (RP) and an oxidation photocatalyst
(OP).** In an S-scheme system, the photoinduced electrons
from the OP, which has a limited reduction capability, can
recombine with the photoinduced holes from the RP, which
has a limited oxidation capability, at the interface.
Consequently, the S-scheme heterojunction facilitates not only
more efficient separation and transfer of photoinduced charge
carriers but also preserves their maximum redox capability,
thereby = thermodynamically  benefiting  photocatalytic
reactions.’>*? Recently, several novel S-scheme heterojunctions
have been developed, including ZnIn,S,@CdS,** Bi,MoOg_,/
MoS,,** and Bi,WOg/NiO,*® which exhibit exceptional photoac-
tivity for CO, reduction coupled with the oxidation of organic
pollutants. Metalloporphyrin-based conjugated polymers are
considered as promising RPs due to their potential in CO, con-
version, which can form S-scheme heterojunctions with a suit-
able OP. Carbon nitride (C3;N,) is an intriguing 2D visible-
light-active photocatalyst known for its outstanding electronic
properties, low cost, and thermodynamic stability.>”° It has
been extensively explored in various photocatalytic appli-
cations and is considered an ideal candidate as an OP.
Motivated by the remarkable properties of metalloporphyrin-
based conjugated polymers and C;N,, we aim to construct an
S-scheme heterostructure photocatalyst by integrating 2D
lamellar C3;N; with metalloporphyrin-based conjugated
polymer nanosheets. The resulting composite is expected to
harness the advantages of S-scheme and 2D/2D heterojunc-
tions, leading to a synergistic effect that optimizes photo-
catalytic performance for CO, reduction coupled with contami-
nant degradation.

Herein, a unique 2D/2D S-scheme heterojunction com-
posed of a cobalt-porphyrin conjugated polymer and C;N,
(CoPor-DBE/CN) was designed, in which the CoPor-DBE nano-
flakes serve as the CO, reduction centre, while the CN
nanosheets synergistically function as a TC oxidation booster.
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The well-structured interface between the CoPor-DBE and CN
nanosheets facilitated interfacial charge transfer, while the
S-scheme heterojunction maintained a strong redox capability.
This combination endowed the CoPor-DBE/CN heterojunction
with significantly enhanced photocatalytic performance.
Under visible light illumination, the optimized 50CoPor-DBE/
CN heterojunction achieved a TC removal rate of 93.8%, along
with a CO production rate of 16.7 pmol g~* h™'. Based on the
experimental results and characterization, the mechanism of
the cooperative effect was studied in detail.

Experimental section
Preparation of C;N, (CN) nanosheets

1 g of melamine and 1.2 g of phosphoric acid were dissolved in
100 mL of deionized water. The resulting solution was placed in
a water bath at a constant temperature of 80 °C and stirred rigor-
ously for one hour. Afterward, the solution was transferred to a
polytetrafluoroethylene autoclave and heated to 180 °C for
10 hours. At the end of this period, the mixture was subjected to
centrifugation, washed with deionized water, and dried at 60 °C
to obtain the precursor. Subsequently, 0.8 grams of the precur-
sor were combined with a mixed solution of 5 mL of glycerol
and 15 mL of ethanol, and the mixture was refluxed at 90 °C for
three hours. After this reflux process, the precipitate was washed
three times with ethanol and dried at 60 °C. Lastly, the precipi-
tate was heated in a muffle furnace at 520 °C for 4 hours with
the temperature raised at a rate of 2 °C min™".
Preparation of the cobalt-porphyrin conjugated polymer
(CoPor-DBE)

A total of 134 mg of trans-4,4'-dibromostilbene, 152 mg of Co
(1)-5,10,15,20-tetrakis(4-ethynylphenyl)porphyrin, 3 mL of
diisopropylamine, and 30 mL of chloroform were placed
together in a 100 mL round-bottom flask. The resulting
mixture was subjected to argon replacement, followed by
10-minute sonication and degassing via three freeze-thaw
cycles. After allowing it to stir at room temperature for
12 hours, 9.2 mg of tetrakis (triphenylphosphine) palladium
and 2.3 mg of copper iodide were incorporated into the flask
and the mixture was heated at 80 °C under an argon atmo-
sphere for 36 hours. The crude product was subsequently
washed in sequence with toluene, 1,4-dioxane, dichloro-
methane, and methanol, and then extracted using a Soxhlet
apparatus with dichloromethane over the course of three days.
Finally, the product was dried in a vacuum oven at 60 °C, pro-
ducing CoPor-DBE.

Preparation of the CoPor-DBE/CN heterojunction

In a typical procedure, 100 mg of CN was mixed with an appro-
priate weight ratio of CoPor-CP in 150 mL of ethanol. The
resulting suspension was sonicated for one hour and sub-
sequently heated to 80 °C with stirring until complete evapor-
ation of the solvent occurred. The amount of CoPor-DBE
added was adjusted to 30, 40, 50, and 60 mg in combination

This journal is © The Royal Society of Chemistry 2025
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with 100 mg of CN, and the resulting products are denoted as
30CoPor-DBE/CN, 40CoPor-DBE/CN, 50CoPor-DBE/CN, and
60CoPor-DBE/CN.

Photocatalytic performance test

The coupling of CO, conversion with the decomposition of
tetracycline via photoredox processes was examined using a
CO, reaction setup (PerfectLight Labsolar 6A). A 300 W xenon
lamp (PLS-SME300) fitted with a 400 nm UV cut filter served
as the light source. The power density of the light source was
determined to be 65.2 mW cm™>. Generally, 20 mg of the
sample was added to 100 mL of tetracycline solution (20 mg
L") and subjected to sonication for 10 minutes. The reactor
and associated reaction apparatus were then assembled under
vacuum conditions. Ultra-pure CO, was subsequently intro-
duced into the reaction solution as the reactant gas. The reac-
tion was maintained at a temperature of 15 °C by circulating
condensate water. Gas products were analyzed utilizing a FuLi
GC97901I gas chromatograph. Following this, the liquid phase
was extracted and centrifuged to yield the supernatant, which
was analyzed wusing a Hitachi U-3310 UV-visible
spectrophotometer.

Results and discussion

The CoPor-DBE/CN heterojunction was fabricated by a facile
self-assembly method, as shown in Fig. 1a. The morphologies
and detailed microstructures of the as-prepared samples were

(@) .

CoPor-DBE CN
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elucidated using transmission electron microscopy (TEM) and
atomic force microscopy (AFM). The TEM image of CN reveals
a smooth lamellar morphology embedded with numerous
nanoscale pores (Fig. S11). CoPor-DBE exhibits a stacked nano-
flake structure with lateral dimensions of 40-60 nm (Fig. S27).
The TEM image of 50CoPor-DBE/CN (Fig. 1b) reveals that
dense CoPor-DBE flakes cover the surface of the layered CN.
Furthermore, the magnified TEM image (Fig. 1c) clearly shows
distinct interfaces between the two components. This close
interface is anticipated to enhance charge separation during
the photocatalytic process. Additionally, the AFM image of
50CoPor-DBE/CN illustrates a well-defined sheet-stacked struc-
ture (Fig. S3), where CoPor-DBE and CN can be differentiated
by their respective thicknesses in the height cutaway view. The
thicknesses of CoPor-DBE and CN are approximately 9.2 nm
and 2.4 nm, respectively. Additionally, energy-dispersive X-ray
analysis (EDX) elemental mapping images indicate that C, N,
and Co are uniformly distributed throughout the CoPor-DBE/
CN hybrid (Fig. 1d), confirming the successful synthesis of the
heterojunction.

The structures of the CoPor-DBE/CN composites were
clearly confirmed by X-ray diffraction (XRD) patterns and
Fourier transform infrared (FT-IR) spectra. The XRD pattern of
CoPor-DBE exhibits a broad diffraction peak at approximately
20.8°, indicating its amorphous characteristics alongside a
partially stacked structure (Fig. 2a).*° CN displays two distinct
diffraction peaks located at 13.1° and 27.4°, which correspond
to the (100) crystal lattices originating from interlayer stacking
and the (002) crystal lattices attributed to the in-plane tri-s-tri-

CoPor-DBE/CN

Fig. 1 (a) Schematic diagram of the 2D/2D CoPor-DBE/CN heterojunction prepared via a self-assembly process. (b) TEM image of 50CoPor-DBE/
CN and (c) enlarged TEM image of the selected area in (b). (d) EDX elemental mapping images of the 50CoPor-DBE/CN composite.

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) XRD profiles, (b) FTIR spectra and (c) XPS survey spectra of CoPor-DBE, CN and the 50CoPor-DBE/CN composite. (c) High-resolution C
1s spectra of CoPor-DBE, CN and 50CoPor-DBE/CN, (d) N 1s spectra of CN and 50CoPor-DBE/CN, and (e) Co 2p spectra of CoPor-DBE and

50CoPor-DBE/CN.

azine units, respectively. The diffraction peaks of the 50CoPor-
DBE/CN composites are well matched with those of individual
CoPor-DBE and CN components. As shown in the FT-IR
spectra (Fig. 2b), CoPor-DBE exhibited characteristic signals
corresponding to the C=C stretching vibration bands at
2192 ecm™'.*' Furthermore, the N-H stretching bands in the
region of 3100-3400 cm™" are significantly attenuated, while a
new characteristic peak for Co-N vibration at 1008 cm™" was
observed.*” This indicates that Co ion was successfully co-
ordinated to the porphyrin ring. The chemical structure of
CoPor-DBE was further validated by *C NMR spectroscopy
(Fig. S471). The representative signals for alkynyl (-C=C-)
groups are observed at 80.2 ppm and 83.2 ppm, while the
signal for vinyl (-C=C-) appears at 125.6 ppm.** In the FT-IR
spectrum of CN, the prominent absorption peak at 810 cm™" is
attributed to the breathing vibration mode of the heptazine
ring. In addition, a series of absorption peaks between 1100
and 1700 cm™" correspond to the typical stretching mode of
aromatic heterocyclic skeletons. The broadband absorption
between 3000 and 3500 cm™' is attributed to the stretching
vibrations of the amine group and the hydroxyl group. As for
the 50CoPor-DBE/CN composite, the characteristic vibrational
bands of both CoPor-DBE and CN can be observed, indicating
that the hybrid photocatalyst has been successfully prepared.

5724 | Dalton Trans., 2025, 54, 5721-5730

The surface chemical states of the samples were analyzed
using X-ray photoelectron spectroscopy (XPS). The XPS survey
spectrum of 50CoPor-DBE/CN confirms the co-existence of C,
N, and Co elements (Fig. 2c), which is consistent with the
results from EDX elemental mapping. As shown in Fig. 2d, the
C 1s region of CN displays two peaks at 284.8 eV and 288.4 €V,
corresponding to the adventitious hydrocarbon and N-C=N
coordination, respectively. In the case of 50CoPor-DBE/CN, the
deconvolution of the high-resolution C 1s spectrum reveals
four peaks at 284.8 eV, 285.4 eV, 286.7 €V, and 288.4 eV, which
are assignable to the bonding of C=C, C=C, C-N, and N-
C=N, respectively."**> This confirms the successful prepa-
ration of the CoPor-DBE/CN hybrid. The N 1s spectra of CoPor-
DBE show the peaks of pyrrole nitrogen at 398.6 eV and Co-N
coordination at 400.0 eV, respectively. The high-resolution N
1s spectrum of CN can be deconvoluted into three peaks at
398.9, 400.5, and 401.5 eV, which correspond to nitrogen
species in the C-N=C, N-(C);, and NH, groups of melon
(Fig. 2e). In comparison with pure CN, the N 1s binding ener-
gies of the 50CoPor-DBE/CN composite are shifted by 0.2 eV to
lower energies, suggesting the migration of electrons from
CoPor-DBE to CN.***” As shown in Fig. 2f, the binding energy
signal peaks for Co 2p;/, and Co 2p;/, were observed at 796.5
eV and 780.9 eV, respectively, in CoPor-DBE, accompanied by

This journal is © The Royal Society of Chemistry 2025
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two satellite peaks at 786.7 eV and 802.1 eV, indicating the +2
state of Co species in CoPor-DBE.”® In the case of 50CoPor-
DBE/CN, the binding energy of Co 2p increased by 0.2 eV com-
pared to that in CoPor-DBE, suggesting a reduction in the elec-
tron density of the Co atoms. These shifts in the peaks demon-
strate that a strong chemical interaction and intimate contact
have formed between CoPor-DBE and CN within the 2D/2D
heterostructure.

The specific surface areas and porosities of CN, CoPor-DBE,
and 50CoPor-DBE/CN were investigated using N, sorption
measurements at 77 K, with the results summarized in
Table S1.} As illustrated in Fig. S5, CoPor-DBE exhibits a type
IV adsorption-desorption isotherm, while CN displays a type II
hysteresis loop, indicating the presence of microporous and
mesoporous  structures,’®>® respectively. The Brunauer-
Emmett-Teller surface areas of CoPor-DBE, CN, and the
50CoPor-DBE/CN composite were calculated to be 442.34,
51.49, and 105.83 m”> g, respectively. In comparison with
CoPor-DBE, the decrease in the specific surface area of the
50CoPor-DBE/CN composite can be attributed to the stacking
of CoPor-DBE plates and CN nanosheets (Table S1}), which
further illustrates the strong interaction between the two com-
ponents.”* The pore size was also determined, and two pore
sizes were observed in the 50CoPor-DBE/CN composite with
pore diameters of approximately 1.2 nm and 2.5 nm, respect-
ively. This porous structure is not only beneficial for the mass
transfer of reactants and product molecules in the 2D/2D
CoPor-DBE/CN heterojunction, but also provides more surface
reaction sites, thereby improving photocatalytic redox
reactions.

The UV-vis absorption spectra were recorded to examine
the light absorption capabilities of the materials. As shown in
Fig. 3a, the absorption edges for CN and CoPor-DBE are
approximately 456 nm and 838 nm, respectively, indicating
their excellent ability to harvest visible light. The 50CoPor-
DBE/CN heterojunction samples exhibited intermediate
absorption behavior, which may have resulted from the strong
electronic coupling between CoPor-DBE and CN. Furthermore,
the band gap (E,) of the samples was determined using the
Tauc diagram and calculated with the equation (ahv)® = A(hv —
E,),>* where a, hv, A, and E, represent the absorption coeffi-
cient, the photon energy, a constant, and the band gap,
respectively. Consequently, the E, values for CN and the
CoPor-DBE nanosheets were estimated to be 2.72 eV and 1.48
eV, respectively. In order to elucidate the energy band struc-
tures of CN and CoPor-DBE, the flat band potentials of the two
materials were analyzed using the Mott-Schottky diagram. As
shown in Fig. 3b and ¢, the Mott-Schottky slopes of both CN
and CoPor-DBE are positive, confirming that both samples are
n-type semiconductors. The flat band potential values for
CoPor-DBE and CN are —0.86 V and —0.52 V relative to the
normal hydrogen electrode (NHE), respectively. For n-type
semiconductors, the conduction band (CB) edge is approxi-
mately equal to the flat band potential.>® Thus, the CB poten-
tials (Ecg) for CoPor-DBE and CN were determined to be —0.86
V and —0.52 V vs. NHE, respectively. Additionally, based on the

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) UV-vis—NIR differential reflectance spectra and (inset: Tauc
plot) of CoPor-DBE, CN and 50CoPor-DBE/CN. Mott—Schottky plots of
(b) CoPor-DBE and (c) CN. (d) Energy band structures of CoPor-DBE and
CN.

equation Eyg = Ecg + Ey, the valence band edge (Evg) for CoPor-
DBE and CN were calculated to be 0.62 eV and 2.20 eV, respect-
ively. As illustrated in Fig. 3d, the energy band structures of
CoPor-DBE and CN exhibit a staggered band diagram, which is
essential for the construction of an S-scheme heterojunction.
To investigate the electron-transfer pathway in the CoPor-
DBE/CN heterojunction, the work functions (®) of both the
CoPor-DBE and CN materials were analyzed using ultraviolet
electron spectroscopy (UPS). As shown in Fig. 4a and b, the
secondary electron cutoff edge (Ecuofr) for CN and CoPor-DBE
was determined to be 18.11 eV and 18.66 eV, respectively. The
corresponding work function can be calculated using the
formula @ = hv — E.uo, Where hv represents the He I photo-
electron energy, with a value of 21.22 eV. As a result, the calcu-
lated @ values are 3.11 eV for CN and 2.56 eV for CoPor-DBE.
The higher @ value of CN indicates that it possesses lower
Fermi levels compared to CoPor-DBE. Consequently, when
CoPor-DBE and CN are brought into contact to form the
CoPor-DBE/CN heterojunction, electrons spontaneously trans-
fer from CoPor-DBE through the interface to CN until their
Fermi levels reach equilibrium (Fig. S6T). This process estab-
lishes an internal electric field directed from CoPor-DBE to CN
in the interface region. As the charge density of CoPor-DBE
decreases and the charge density of CN increases, the energy
band edges of CoPor-DBE and CN bend upward and down-
ward, respectively. Under illumination, the photogenerated
electrons in the CB of CN rapidly recombine with the holes in
the VB of CoPor-DBE driven by the built-in electric field,
energy band bending, and electrostatic interactions. This
recombination eliminates electrons and holes with low redox
abilities while retaining those with high redox abilities. This

Dalton Trans., 2025, 54, 5721-5730 | 5725
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(e) and (f) the corresponding line-scanning surface potentials.

unique S-scheme charge transfer mechanism not only
enhances the charge separation of the CoPor-DBE/CN hetero-
junction but also preserves its exceptional redox capacity for
subsequent photocatalytic reactions.

In situ Kelvin probe force microscopy (KPFM) was utilized
to investigate the surface potential distribution of the sample,
thereby elucidating the charge transfer route in the CoPor-DBE/
CN heterojunction. Fig. 4c and d present the topographic images
of the 50CoPor-DBE/CN heterojunction in darkness and under
light, respectively, while the corresponding line scan diagram
illustrating the surface potential difference between CN and
CoPor-DBE is shown in Fig. 4e and f. Prior to illumination, the
surface potential of CoPor-DBE is approximately 36.1 mV lower
than that of CN. Under light irradiation, the potential difference
between CoPor-DBE and CN significantly increases to 57.6 mV.
This observation indicates that photoinduced electrons and
holes are predominantly concentrated on the surfaces of CoPor-
DBE and CN, respectively. This phenomenon arises from the
built-in electric field in the S-scheme heterojunction, which
extracts photoinduced holes from CoPor-DBE and subsequently
quenches them with photoinduced electrons from CN within the
depletion layer.>* This result demonstrated an S-scheme charge
transfer mechanism in the CoPor-DBE/CN heterojunction.

The S-scheme charge transfer pathway in the CoPor-DBE/
CN heterojunction was further validated through ESR spin-

5726 | Dalton Trans., 2025, 54, 5721-5730

trapping experiments. As shown in Fig. S7a,t distinct charac-
teristic peaks for DMPO-"O,~ were observed in all samples,
clearly indicating the sufficient reduction ability of the photo-
generated electrons to convert O, into ‘O,” species. Notably,
the 50CoPor-DBE/CN heterojunction exhibited the most pro-
nounced signals, contrasting sharply with the significantly
weaker signals observed in the individual CoPor-DBE and CN
samples. These results strongly suggest a notable accumu-
lation of photogenerated electrons within the 50CoPor-DBE/
CN heterojunction. The ESR spectra of DMPO-"OH (Fig. S7bf)
revealed that both CN and 50CoPor-DBE/CN presented signals
associated with the DMPO-"OH species, while CoPor-DBE did
not exhibit any detectable signal. This absence of the
DMPO-"OH signal in CoPor-DBE can be attributed to the low
oxidation potential of the photoexcited holes. Significantly, the
signals for DMPO-'0O,” and DMPO-'OH in the 50CoPor-DBE/
CN heterojunction were notably greater than those from their
individual counterparts, further emphasizing the enhanced
accumulation of both electrons and holes in this heterojunc-
tion. Thus, the results conclusively confirm that the photo-
excited electrons transferred from the CB of CN to the VB of
CoPor-DBE in the CoPor-DBE/CN heterojunction following an
S-scheme charge-transfer mechanism.

To investigate the photocatalytic performance of the syn-
thesized materials, we conducted CO, photoreduction coupled

This journal is © The Royal Society of Chemistry 2025
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with TC degradation in a cooperative catalytic system under
visible light irradiation (Fig. S87). For all evaluated photocata-
lysts, CO was detected as the primary CO, reduction product
during the photocatalytic reaction. As illustrated in Fig. 5a,
pristine CoPor-DBE exhibited low photocatalytic activity
toward TC degradation, achieving a removal efficiency of only
10.5%, attributed to its insufficient oxidation capacity. CN
exhibited moderate CO, photoreduction activity with a CO
evolution rate of 2.3 pmol g* h™" and a TC removal efficiency
of 54.6%. The formation of the 2D/2D CoPor-DBE/CN hetero-
junction significantly enhanced the visible light-driven photo-
redox performance. The photocatalytic activity of CoPor-DBE/
CN progressively improved with increasing contents of CoPor-
DBE. Notably, the optimal sample (50CoPor-DBE/CN) exhibited
the highest performance, yielding 16.7 pmol g~* h™" of CO and
achieving a TC degradation efficiency of 93.8%, which is com-
parable to that of any heterojunction catalysts reported
(Table S21). However, further increasing the mass percentage
of CoPor-DBE was found to be detrimental to photocatalytic
performance. This decline is attributed to the excessive CoPor-
DBE, which hinders light absorption and the generation of
photoexcited carriers in CN.”>® Additionally, the relatively low
photocatalytic performance may also stem from the excess
CoPor-DBE acting as a charge recombination center.
Subsequently, the 50CoPor-DBE/CN heterojunction was used
as a model catalyst in the following experiments for further
discussions.

Given that the coupled reaction system has the potential to
enhance the full utilization of carriers, it thereby affects the
photocatalytic redox processes. Consequently, we explored the
impacts of various reaction systems on 50CoPor-DBE/CN. As
expected, in comparison with the separate half-reactions of

(a) L0 (b) 10

EoN

1 30CoPar-DBEICN
T

B ACO 9+ TC ovidaior B HCO -9 1C oxidution

= =

Gas production rate (umol g h”)

IS

Gas production rate (umol g* h™)

- - 5 5
b
M
..—
—
——
_—

2 4 2 z

G

ull || H H | -

TC oxidation  Coupled system €O, reduction

1004 EHCO -0 TC ovidatio

z
G
P

B
1

Loz

Relative abundance (%)
" - 2 ™
2 & 2 2
=]
€O production rate (umol g' I
- » =
n i i
—
B ——
o [PE—
= = s
z Py
(e

0.0

10 15 20 25 30 35 40 45 S0

iz (‘ule

Fig.5 (a) CO yield rate and TC degradation efficiency of the as-
obtained samples, (b) photoredox performance of 50CoPor-DBE/CN in
diverse reaction systems, (c) mass spectrum of the produced CO over
50CoPor-DBE/CN using *CO, as a substrate, and (d) cycling runs of
50CoPor-DBE/CN for photo-redox coupling CO, conversion with TC
degradation.
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CO, photoreduction and independent TC oxidation under an
Ar atmosphere (Fig. 5b), the proposed coupled reaction system
demonstrated markedly improved catalytic efficiency com-
pared to the two half-reactions. To ascertain the origin of the
gaseous products, **C isotope labeling experiments were con-
ducted. When the CO, feedstock was replaced with **CO,, a
strong signal with an m/z value of 29 was detected, robustly
confirming that the generated CO originates from CO, mole-
cules (Fig. 5¢). The cycling stability of the CoPor-DBE/CN het-
erojunction was assessed through photocatalytic CO,
reduction cycle experiments, with the results presented in
Fig. 5d. These cycling experiments demonstrate that the
CoPor-DBE/CN heterojunction retains its photocatalytic activity
after four consecutive cycles. Furthermore, significant changes
were seen in the XRD patterns, FT-IR spectra, and XPS spectra
(Fig. S9 and S10t) before and after the cyclic reaction. These
findings indicate that the CoPor-DBE/CN heterojunction exhi-
bits good stability in the coupled reaction system.

In situ FT-IR was employed to monitor the reaction inter-
mediates involved in photocatalytic CO, reduction over the
50CoPor-DBE/CN photocatalyst (Fig. S111). As the illumination
time increased, intermediate products gradually emerged. The
adsorption peaks observed at 1320, 1473, and 1506 cm ™" were
attributed to m-CO5>~.%” Peaks at 1352 and 1653 cm™' were
assigned to b-CO;>~, while peaks corresponding to the HCO;~
group emerged at 1418, 1435 and 1456 cm™'.”® The presence
of these carbonate groups suggests that electron transfer of
CO, occurs on the sample surface during photoreduction.
Notably, new peaks at 1558 and 1595 cm ', ascribed to
*COOH, appeared, which is generally regarded as a crucial
intermediate in the photocatalytic conversion of CO, to CO.*°
Furthermore, several peaks were identified for the *CO adsorp-
tion band (1698 cm™') and gas CO absorption band
(2078 em™),*° indicating that abundant CO intermediates
were generated on the surface of 50CoPor-DBE/CN, facilitating
the evolution of more CO gas.

To understand the carrier transfer behavior of the syn-
thesized nanohybrids and their impacts on photocatalytic
efficiency, photoluminescence (PL) spectra were recorded at an
excitation wavelength of 365 nm. Fig. 6a illustrates that the
50CoPor-DBE/CN composite shows a significantly diminished
PL signal intensity relative to bare CN, suggesting effective
inhibition of electron and hole recombination. Furthermore,
the lifetime and dynamics of photoexcited charge carriers for
these specimens were assessed using time-resolved PL (TRPL)
spectra. As depicted in Fig. 6b, the TRPL spectrum of 50CoPor-
DBE/CN exhibits a decay that is noticeably slower compared to
those of CoPor-DBE and CN. A double-exponential decay kine-
tics model was utilized to analyze the decay profiles and the
results from this fitting are shown in Table S3.f The average
lifetime can be determined with the following equation: 7, =
(4171° + Ay1,°)/(Ar71 + A,7,). The estimated average PL lifetime
for 50CoPor-DBE/CN was found to be 7.34 ns, which is 1.5
times and 4.0 times longer than the lifetimes obtained for CN
and CoPor-DBE, respectively. The extended charge carrier life-
time in 50CoPor-DBE/CN is likely due to the presence of
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Fig. 6 (a) Steady-state PL spectra, (b) time-resolved fluorescence decay
curves, (c) transient photocurrent responses and (d) Nyquist plots of EIS
for CoPor-DBE, CN and 50CoPor-DBE/CN.

numerous heterojunction interfaces and a shortened diffusion
path for the charge carriers.®" As a result, the longer lifetime
implies that the charge carriers have a higher probability of
engaging in redox reactions prior to recombination, thereby
enhancing the photocatalytic efficiency.

In addition, the transient photocurrent response of these
samples was also investigated to further elucidate their charge
separation capability (Fig. 6¢). During visible light switching,
50CoPor-DBE/CN was found to have the highest current
density, which is approximately three times that of CoPor-DBE,
indicating that more photogenerated carriers are generated in
the 50CoPor-DBE/CN heterojunction, and the charge separ-
ation efficiency is improved. Furthermore, the electrochemical
impedance spectra of all the prepared catalysts were recorded
to assess the migration abilities of charge carriers. The charge-
transfer resistance is positively correlated with the arc radius
of the electrochemical impedance spectroscopy plots. As
depicted in Fig. 6d, the 50CoPor-DBE/CN heterojunction
exhibited a smaller Nyquist semicircular radius compared to
those of CoPor-DBE and CN, suggesting a lower charge-transfer
resistance of 50CoPor-DBE/CN,*” which aligns with the find-
ings from the photocurrent measurements. The above results
confirm that the S-scheme heterojunction formed between
CoPor-DBE and CN is beneficial for rapid charge separation
and promotes electron transfer, thereby achieving efficient
photo-redox reactions.

Based on the previously discussed characterization studies
and analyses, a plausible mechanism for photocatalytic CO,
reduction coupled with TC oxidation over the CoPor-DBE/CN
heterojunction is proposed, as illustrated in Fig. 7. Upon light
irradiation, both CoPor-DBE and CN within the CoPor-DBE/CN
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Fig. 7 Schematic diagram of the mechanism of CO, reduction coupled
TC oxidation for the CoPor-DBE/CN heterojunction.

composites are excited, generating electrons and holes in their
CBs and VBs, respectively. Driven by the existing interfacial
electric field, the photoexcited electrons in the CB of CN
migrate to the VB of CoPor-DBE, where they recombine with
the holes via the S-scheme pathway, thereby enhancing charge
separation kinetics. Consequently, the electrons accumulated
in the CB of CoPor-DBE/CN can effectively transfer to the Co
active sites for CO, reduction. Notably, since CoP-COP pos-
sesses a more negative CB potential than CN, the robust redu-
cibility of electrons can be effectively utilized to promote the
conversion of CO, to CO. Meanwhile, the photogenerated
holes remaining in the VB of CN provide sufficient driving
force to oxidize the adsorbed H,O, resulting in the formation
of "OH radicals. These "OH active species, in combination with
the TC molecule, participate in a series of redox reactions, ulti-
mately mineralizing TC into harmless small molecules.
Consequently, the CoPor-DBE/CN composite exhibits excellent
photocatalytic activity for CO, reduction coupled with TC
degradation.

Conclusions

In summary, we have successfully fabricated a series of well-
structured S-scheme CoPor-DBE/CN heterojunctions by assem-
bling CoPor-DBE flakes on the surface of porous CN
nanosheets. The resulting samples exhibit dual functionality
as photocatalysts, enabling both solar-driven CO, reduction
and TC degradation. Benefiting from the unique 2D/2D mor-
phology and intimate interfacial interactions, the obtained
CoPor-DBE/CN heterojunction facilitates rapid migration and
separation of photogenerated carriers. The characterization
results from XPS, UPS, and KPFM confirm that charge transfer
follows the S-scheme transport route, which efficiently achieves
spatial separation of charge carriers while maintaining their
strong redox capacity. The optimized 50CoPor-DBE/CN hetero-
junction achieved a CO production rate of 16.7 pmol g~* h™,
along with a TC removal rate of 93.8%, significantly higher
than those of the two individual counterparts. This work pro-
vides a feasible strategy for the fabrication of S-scheme hetero-
junction photocatalysts, successfully achieving a sustainable
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dual photoredox process for CO, conversion coupled with
environmental remediation.
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