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Using solar energy to convert CO, into chemicals presents an economical, environmentally friendly, and sus-
tainable approach. However, single-component photocatalysts exhibit limitations, including a narrow light ab-
sorption range, rapid carrier recombination, and weak reduction capabilities. To mitigate charge carrier
recombination and enhance reduction efficiency, this study prepared heterojunction photocatalysts by in situ
growing zinc indium sulfide (ZnInyS4) on a covalent organic framework (COF) substrate. Under visible light
irradiation, the 30% ZIS-COF heterojunction demonstrated the highest CO, reduction performance
(1187.2 pmol g~) and selectivity exceeding 99%, outperforming the single-component system. The electron
transfer mechanism and catalytic process were further explored through photoluminescence (PL), time-resolved
fluorescence decay spectra, attenuated total reflection Fourier transform infrared spectroscopy, and spin
polarized density functional theory (DFT) calculations. The results reveal that, upon photoexcitation, electrons in
COF migrate to ZnInyS4 (ZIS), and the efficient flow of photoexcited electrons is facilitated by the intimate
interface contact between COF and ZIS. Moreover, the porous structure of COF promotes CO, adsorption and
enhances mass transfer. This study establishes a versatile platform for developing various hybrid combinations of
CO2-reducing metal semiconductors and photosensitizing COF materials, paving the way for enhanced photo-
catalytic performance.

1. Introduction Covalent organic frameworks (COFs) are a class of crystalline, porous

materials composed of light elements (e.g., C, H, O, N) interconnected

The escalating global energy crisis and intensifying environmental
challenges have made the development of sustainable technologies for
energy conversion and greenhouse gas mitigation a central focus of
contemporary scientific research [1]. Among these technologies,
solar-driven photocatalytic CO2 reduction has attracted significant
attention due to its potential to convert greenhouse gases into valuable
chemicals and fuels [2-7], offering substantial promise for reducing
carbon emissions and achieving carbon neutrality. However, current
photocatalytic systems are often limited by critical issues such as low
catalytic efficiency, poor selectivity, and insufficient stability [8-10].
These challenges highlight the pressing need for the rational design of
novel photocatalysts with enhanced activity and durability.
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through covalent bonds [11-14]. These materials exhibit high specific
surface areas, tunable pore sizes, and excellent light-harvesting and
charge-transport properties, making them promising candidates for
photocatalytic applications in recent years. The ordered n-conjugated
structures of COFs promote efficient separation and migration of
photoexcited charge carriers, positioning them as an ideal platform for
photocatalytic CO; reduction [15-18]. However, pristine COFs are often
limited by low visible-light absorption and high recombination rates of
photogenerated electron-hole pairs, which significantly hinder their
catalytic performance in practical applications [19,20]. To overcome
these limitations, researchers have explored the integration of COFs
with semiconductor photocatalysts to form efficient heterojunction
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systems, aiming to enhance the separation and transport of photo-
generated charge carriers [21,22]. To date, numerous studies have re-
ported the construction of Z- or S-scheme heterojunctions by integrating
COFs with various inorganic semiconductors, such as g-CsNy4 [23], TiO,
[24], and CdS [25], achieving significant improvements in photo-
catalytic performance. Among various candidates, ZnInyS4 (ZIS), an
n-type semiconductor, has gained considerable attention due to its
suitable band gap, strong visible-light absorption, and excellent chem-
ical stability, making it widely studied for photocatalytic reactions
under visible light [26-28]. However, ZIS still faces challenges such as
rapid recombination of photogenerated charge carriers and a limited
number of active catalytic sites. The hybridization of ZIS with COFs
offers a promising strategy to synergistically combine their respective
advantages, thus creating a highly efficient platform for photocatalytic
CO2 reduction. Among the various COF materials reported,
nitrogen-rich COFs, such as tris(4-formylphenyl)amine (Tfa) and 2,4,
6-tris(4-aminophenyl)triazine (Tta), are particularly promising for CO2
capture due to the increased affinity of nitrogen atoms for CO, in-
teractions. However, the integration of COFs with ZIS remains in the
early stages of development, and our understanding of the structural
design, interfacial engineering, and underlying photocatalytic mecha-
nisms of such hybrid systems is still limited. Therefore, a comprehensive
investigation into the construction strategies of ZIS-COF hetero-
junctions, along with a deeper exploration of the relationship between
their structure and photocatalytic behavior in CO5 reduction reactions,
is crucial for advancing high-efficiency artificial photosynthesis tech-
nologies [29,30].

In this study, we selected Tfa and Tta as precursors for the synthesis
of a COF via Schiff-base condensation, and constructed a novel ZIS-COF
heterojunction photocatalyst. By optimizing the synthesis method and
interfacial design, we systematically investigated the photocatalytic
performance of the heterojunction for CO5 reduction. The 30% ZIS-COF
exhibited the highest CO yield of 1187.2 pmol g™}, with an outstanding
selectivity of 99%. The enhanced photocatalytic performance of ZIS-
COF can be attributed to the incorporation of COF, which introduces
triazine units as visible light absorbers and establishes a layered heter-
ostructure, facilitating close interface interactions and enhanced charge
transfer. Additionally, the reaction mechanism was elucidated through a
combination of morphological characterization, photoluminescence
(PL), time-resolved fluorescence decay spectra, spin-polarized density
functional theory (DFT) calculations, and in situ spectroscopic analyses.

%
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These findings are expected to provide valuable theoretical insights and
experimental guidance for the rational design and development of
advanced organic-inorganic photocatalytic materials.

2. Results and discussion

The synthesis route of ZIS-COF is illustrated in Scheme 1. Initially,
the COF was synthesized using Tfa and Tta as the starting materials,
followed by the in-situ growth of ZIS on the COF surface. As shown in
Fig. 1(a), pure COF exhibits typical diffraction peaks at 4.5°, 7.7°, and
11.8°, indicating its highly ordered crystalline structure [31]. Pure ZIS
displays characteristic diffraction peaks at 21.2°, 27.6°, 47.2°, and
52.4°, corresponding to the (006), (102), (110), and (116) crystal planes
[32], respectively (JCPDS 65-2023). The PXRD pattern of ZIS-COF
contains both the characteristic peaks of COF and ZIS, with no signifi-
cant impurity peaks, suggesting successful integration of the two ma-
terials without compromising their respective crystal structures. SEM
images reveal that COF exhibits an irregular, porous block structure,
while ZIS adopts a flower-like nanosheet morphology with an approxi-
mate size of 500-600 nm (Fig. S1). In the ZIS-COF, ZIS uniformly grows
on the surface of COF, forming a tightly integrated heterojunction
interface (Fig. 1(b)). HRTEM further confirms the intimate contact be-
tween ZIS and COF (Fig. 1(c) and Fig. S2). Specifically, the (102)
interplanar spacing of ZIS is 0.32 nm [33], while COF shows amorphous
characteristics, with a distinct interface between the two materials.
Fig. 1(d) displays high-angle annular dark field (HAADF) images and
energy-dispersive X-ray spectroscopy (EDS) elemental mapping of the
ZIS-COF, revealing a uniform distribution of C, N, Zn, In and S
throughout the structure. The chemical stability of ZIS-COF was assessed
by PXRD analysis after treatment in various solvents, including 1 M
NaOH, DMF, MeOH, MeCN, water and boiling water for 24 h (Fig. S3).
The ZIS-COF demonstrated robust stability in all these solvents, as evi-
denced by nearly unchanged PXRD patterns.

XPS measurements were conducted to investigate the surface
chemistry of pristine COF, ZIS and 30% ZIS-COF heterojunction
(Fig. S4-5). As shown in Fig. 2(a), the XPS survey spectrum confirms the
presence of C, N, Zn, In and S elements in 30% ZIS-COF, verifying the
successful synthesis of the heterojunction material. In Fig. 2(b), the
fitted peaks at 284.0 and 285.2 eV are attributed to the C-C and C=N
bonds in COF, respectively. The N 1s peak at 397.6 eV corresponds to the
C=N-C bonds in the COF (Fig. 2(c)). The high-resolution Zn 2p spectrum
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Scheme 1. Schematic synthesis process of ZIS-COF.
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Fig. 1. (a) XRD patterns of COF, ZIS and ZIS-COF. (b) SEM images of ZIS-COF. (c) HRTEM image of ZIS-COF. (d) HAADF-STEM image and EDX mapping images of
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Fig. 2. (a) XPS survey spectrum of 30% ZIS-COF. High-resolution XPS spectra of COF, ZIS and 30% ZIS-COF: (b) C 1s, (c) N 1s, (d) Zn 2p, (e) In 3d, and (f) S 2p.

(Fig. 2(d)) reveals binding energies at 1021.7 eV (Zn 2ps,») and
1044.7 eV (Zn 2p; /2), consistent with the Zn®* oxidation state [34]. The
peaks at 444.7 eV (In 3ds,2) and 452.2 eV (In 3d3/2) in the In 3d spec-
trum (Fig. 2(e)) indicate the presence of In>" [35]. Compared to pure
ZIS, the binding energies of Zn 2p and In 3d in the ZIS-COF hetero-
junction are both shifted to lower values, suggesting electron transfer
from COF to ZIS. In Fig. 2(f), the peaks at 161.4 and 162.5 eV, assigned
to the 2pg/» and 2p, /5 states of S, respectively, are characteristic of $2~
and are consistent with reported values in the literature [36].

To evaluate the potential application of ZIS, COF, and ZIS-COF
composites in photocatalytic COy reduction, a series of photophysical
property analyses were performed. First, the CO, adsorption capacity

was tested. The results show that the CO, adsorption amounts of COF at
room temperature are 35.0 cm® g~!, exhibiting relatively high GO
adsorption capacities (Fig. S6). Although the CO5 adsorption capacities
of all the heterojunction are slightly reduced compared to pure COF, the
30% ZIS-COF still demonstrates a high CO, adsorption capacity of
17.3 cm® g~ 1. Furthermore, the bandgap (Eg) of a photocatalyst is crucial
for determining charge carrier transport and separation pathways. UV-
vis diffuse reflectance spectroscopy (DRS) measurements reveal that the
absorption edge of ZIS is approximately 450 nm (bandgap-2.41 eV),
while COF exhibits strong absorption in the visible light region
(Fig. S6-7). The absorption edge of the ZIS-COF heterojunction is red-
shifted to 600 nm, indicating that the introduction of COF enhances its
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Fig. 3. (a) Solid-state UV-vis absorption spectra of COF, ZIS and 30% ZIS-COF. (b) Band-structure diagram for COF and ZIS. (c) Transient photocurrent responses and

(d) EIS spectra of COF, ZIS and 30% ZIS-COF.

visible light capture capability (Fig. 3(a)). Mott-Schottky measurements
confirmed that COF and ZIS both are n-type semiconductors (Fig. S8-9),
with flat band potentials of —1.60 and —1.41 V, respectively, allowing
determination of the conduction band and valence band positions. As
shown in Fig. 3(b), the lowest unoccupied molecular orbitals (LUMOs)
of ZIS and COF are more negative than the standard reduction potential
of CO5/CO, suggesting that the heterojunction can effectively couple

with COg reduction. Transient photocurrent response experiments
revealed that 30% ZIS-COF exhibited significantly higher photocurrent
than either of the individual components, confirming that the ZIS-COF
heterojunction enhances electron transfer (Fig. 3(c)). Additionally,
electrochemical impedance spectroscopy (EIS) measurements showed
that compared to individual ZIS and COF components, 30% ZIS-COF
exhibited the smallest semicircle diameter in the Nyquist plot,

1400
a) <= 1400] ,. b)-~ C)-
(a) > g. élgF v acol( )31200_ (c) 1200+ A: 30% ZIS-COF
© 12004 B: o ° B: 30% ZIS/COF
£ . ! 1000 1000+ e
£ 1o00] Ci10%2IS-COF g E C: No TEOA
e D: 20% ZIS-COF o 8004 o 800+ D: No photocatalyst
S 8001 E:30% ZIS-COF © ® E: A
= 600 < 600 A
c F: 40% ZIS-COF c 600 : No li
S 600 5 c F: No light
= = 4004 -o-CO 2 4004
S 400+ S -o-H ° I 1Co
3 3 200 2 3 200]
© 200 <} o ’ ‘
4 S
& ol a 0pa : : : : E o [] nd. nd nd
A B C D E F 0 1 2 3 4 A B C D E F
Time (h)
(d) 1400 ( ) Main product: CO
- co| (e 1 :
21200+ o “co-—"co, (f)TA 400 A
g 1000 2 _-= This work AuNPS/ZIS
£ . g ) 300 *
Q 800+ - <) SCTF/ZnIn
® £ € 200 %
600 - o e C/CdS@znin,S, <« )
g 2 @ | ] 51',0‘0/1'.0Z SnSzlS.-CTFs
_‘3 400 E § 1004 CoS@zIS/Cds ssasis
E [} TNPs@CN BSB@sIS-3
3 200] o mi/z =29 N *
o 1 || ZnInZSAICdS |
T L v Znin,S /MOF-808 Mo-COF
1 2 3 4 5 5 10 15 20 25 30 35 40 Sample
Cycle m/z

Fig. 4. (a) Results of photocatalysis of different photocatalysts. (b) Time-dependent CO and H, production performance using 30% ZIS-COF as photocatalyst. (c)
Photocatalytic performances of various catalysts and conditions. (d) Recycle activity stability test of 30% ZIS-COF in CO, photoreduction. (e) Mass spectrum of the
products from the photocatalytic reduction of >CO, using 30% ZIS-COF as photocatalyst. (f) Comparison of photocatalytic CO reduction performance with recently
reported photocatalysts.
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Fig. 6. Proposed reaction mechanism for photocatalytic CO, reduction on the ZIS-COF heterojunction.

indicating the lowest charge transfer resistance at the interface (Fig. 3
(d)). These results further highlight that the ZIS-COF heterojunction
effectively enhances charge transfer.

The photocatalytic CO5 reduction performance was conducted on the
prepared catalyst under visible-light illumination in a CO»-saturated
H50 solution, without the addition of any photosensitizer. As shown in
Fig. 4(a), pure ZIS only produces 50.0 pmol g~! of CO after 4 h of re-
action, while pure COF exhibits lower catalytic activity, yielding only
12.5 pmol g~ 1. Notably, the ZIS-COF heterojunctions show significantly

enhanced catalytic performance, with the optimal 30% ZIS-COF
achieving a CO yield of 1187.2 umol g™}, which is 95 times higher
than that of pure COF. In contrast, the 40% ZIS-COF sample exhibited a
significantly lower CO evolution rate of 762.4 pmol g~' (Table S1).
Excessive ZIS loading may cover the surface of COF, thereby diluting the
visible-light driven agent. This performance surpasses previously re-
ported CO, photoreduction catalysts (Fig. 4(f) and Table S4). Mean-
while, the production of by-products of Hy was effectively suppressed
below 2.2 pmol g*1 (Table S3), demonstrating that the heterojunction
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structure promotes selective reduction of CO,. The performance of the
30% ZIS-COF catalyst was also examined over varying irradiation times
(Fig. 4(b) and Table S2), with CO release slowing down and plateauing
after approximately 4 h. Control experiments were conducted to eval-
uate the individual components of the 30% ZIS-COF heterojunction,
only the 30% ZIS-COF composite exhibited significant photocatalytic
activity (Fig. 4(c)), highlighting the advantages of heterostructure. No
liquid-phase products were detected by H NMR analysis. Moreover, the
30% ZIS-COF catalyst exhibited excellent durability over five cycles,
with only minimal performance decay (Fig. 4(d)). PXRD, HRTEM and
XPS analyses confirmed that the crystallinity and structural integrity of
the catalyst were retained after the reaction (Fig. S10-12). To verify the
carbon source of generated CO, the 3C isotopic labeling experiment was
performed using 13CO,. As shown in Fig. 4(e), the MS peak at m/z = 29,
corresponding to '3CO, confirmed that the CO products originated from
CO5 rather than other carbon sources. These results collectively
demonstrate that ZIS-COF is an efficient and selective heterogeneous
photocatalyst capable of achieving CO5 photoreduction.

The recombination behavior of photogenerated charge carriers was
studied using PL and time-resolved photoluminescence (TR-PL) spec-
troscopy. Compared to individual COF components, the fluorescence
intensity of the heterojunction materials was significantly reduced to
varying degrees (Fig. S13), with the 30% ZIS-COF exhibiting the weakest
fluorescence intensity. This reduction indicates that the ZIS-COF heter-
ojunction effectively suppresses the recombination of photoinduced
electrons and holes, thus promoting efficient electron transfer. The results
of TR-PL revealed that the heterojunction materials exhibited longer
fluorescence lifetime compared to pure COF and ZIS (Fig. 5(a)), with the
30% ZIS-COF showing the longest fluorescence lifetime of 2.35 ns. This
indicates that the photogenerated charge carriers can effectively migrate
between COF and ZIS. This result is consistent with the fluorescence
quenching observed in the PL, further confirming that the heterojunction
interface promotes the separation of photogenerated electron-hole pairs.

Moreover, in situ diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) was employed to investigate reaction in-
termediates (Fig. 5(b)). As the irradiation time increased from O to
50 min, several species were observed in the reaction process, including
bicarbonate species (HCO3, 1350 and 1610 c¢m 1) and carbonate species
(CO%’, 1260 cm’l), revealing that the presence of absorbed COy and
dissociated HoO molecules on the surface of 30% ZIS-COF [37]. The
characterization peaks at 1095, 1300 and 1455 cm ™! were attributed to
COO™ species, which are widely recognized as key intermediates in the
conversion of COy to CO [38]. Meanwhile, the peaks at 2260 cm”},
corresponding to CO, gradually increased with prolonged illumination,
further suggesting that CO is primarily produced from the consumption
of the COO™ intermediate, confirming the reaction pathway of CO; —
COOH — CO [39]. Additionally, spin polarized DFT calculations were
employed to gain further insights into the photogenerated charge sep-
aration and migration at the COF and ZIS interface (Fig. S14-16). The
work function (WF) values of COF and ZIS were found to be 5.21 and
6.50 eV, respectively (Fig. 5(c—d)). The electrostatic potential of ZIS was
higher than that of COF, leading to the formation of an interfacial
electrical field and Schottky barrier. These findings indicate that elec-
trons are driven to migrate from COF to ZIS due to the WF difference,
resulting in an increased electron density on the ZIS side and a
decreased electron density on the COF side. Furthermore, simulations
of the heterojunction interface between COF and ZIS demonstrated that
electrons migrate from COF to ZIS, effectively separating from the holes
(Fig. 5(e)). Additionally, we have provided the theoretical adsorption
capacities of COF and ZIS for CO,, which are —0.16 and —0.37 eV,
respectively (Fig. S17). This suggests that both ZIS and COF demon-
strate good CO5 adsorption capacity after forming a heterojunction,
which is advantageous for photocatalytic CO, reduction.

Based on the above results, we propose a mechanism for photo-
catalytic COy reduction in the heterojunction (Fig. 6). COF function
serves a dual role as both a CO, adsorbent and a photosensitizer,
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absorbing photons to induce the HOMO-to-LUMO transition under
visible-light irradiation. The photogenerated electron-hole pairs in the
excited COF can migrate and separate at the interface with ZIS due to
interfacial interactions. Consequently, CO5 reduction primarily occurs at
the catalytic sites on ZIS rather than that on COF. This electron transfer
not only significantly inhibits recombination of the excited COF but also
shortens the charge transfer distance, thereby boosting photocatalytic
efficiency. It can be concluded that the in-situ integration of ZIS-COF
proves highly effective in dramatically improving visible-light-driven
CO, conversion efficiency.

3. Conclusion

In summary, we have rationally designed and fabricated a series of
ZIS-COF heterojunction photocatalysts through in-situ growth, achieving
efficient photocatalytic COy reduction reaction. The 30% ZIS-COF
exhibited the highest CO production rate of 1187.2 pmol g~ . The
electron transfer mechanism was further validated by in situ spectro-
scopic analyses and DFT calculations, which confirmed that the heter-
ojunction effectively inhibits the recombination of photogenerated
charge carriers and promotes CO; activation through charge transfer.
This study provides both experimental and theoretical insights for the
application of ZIS-COF heterojunctions in photocatalytic CO3 reduction
and offers a new perspective for designing efficient and stable organic-
inorganic composite photocatalysts. Future work could focus on opti-
mizing the functional groups and pore structures of COFs or incorpo-
rating co-catalysts to enhance product diversity and reaction efficiency.
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