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Crystalline and porous covalent organic frameworks (COFs) and metal organic frameworks (MOFs) materials
have garnered significant interest in the field of photocatalytic CO, reduction due to their tunable band gaps.
Despite extensive research on MOF-COF hybrid materials as semiconductor photocatalysts has been dedicated,
exploration of intrinsic mechanisms and in-depth understanding of imine linker between the surface of MOF and
COF are still limited. Herein, we designed a dinuclear hybrid photocatalyst, where TTA-TTB COF is in-situ grown
on Coy-MOF-NH;, via imine bonding, forming a Z-scheme heterojunction. The introduction of this imine bonding
between the Coy-MOF-NH; core and TTA-TTB COF shell plays a crucial role in optimizing electron transfer ki-
netics. The imine bond facilitates the directional migration of photogenerated electrons from TTA-TTB COF to
the Coy-MOF-NH,, promoting efficient charge separation and enhancing the photocatalytic activity. The
resulting Co,-MOF-NH,-10@COF catalyst achieves a remarkable CO yield of 70.33 pmol g h™! for CO5-to-CO
conversion under irradiation without additional sacrificial reductants. This yield is over 2.61 times higher than
that of Co-MOF-10@COF, which lacks the imine bonding interface, and 6.37 times higher than that of the TTA-
TTB COF and Cop-MOF-NHy mixture. This work offers new insights into the regulation of photogenerated carrier
dynamics at the heterointerface and provides valuable guidance for the design of highly efficient Z-scheme

photocatalysts for sustainable energy conversion.

1. Introduction

Photocatalytic reduction of CO; into value-added chemicals,
particularly carbon monoxide (CO) with HyO as electron donor has
gained significant attention as a promising strategy for mitigating
climate change and addressing global energy challenges [1-6]. How-
ever, the efficiency of photocatalytic CO2 reduction is limited by several
factors, including high activation barriers of CO5, slow electron transfer
and poor charge separation, all of which will reduce the overall selec-
tivity and efficiency of the photocatalytic system [7-12]. To overcome
these issues, it is essential to design high-performance photocatalytic
systems that not only enhance the activation of CO, but also optimize
charge transfer processes.

Metal organic frameworks (MOFs) and covalent organic frameworks
(COFs) are emerging as promising photocatalytic materials due to their
high surface areas, tunable structures, and good stability under photo-
catalytic conditions (Scheme 1a) [13-19]. In recent years, hybrid
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materials of MOF-COF photocatalytic have attracted much attention
[20-23]. Theoretically, MOF-COF composites may be engineered to
possess the superior catalytic capabilities of unsaturated MOF coordi-
nation metal centers together with the light absorption capacity by COF.
The MOF and COF could be combined via several approaches, such as
physical mixture and electrostatic interaction (Scheme 1b). Neverthe-
less, the MOF-COF composites still suffer from poor electron transfer
kinetics and limited catalytic performance challenges in photocatalysis.
Therefore, covalent-linking synthetic strategy is investigated to boost
the charge transfer rate of MOF-COF composites [24-26]. However, the
mechanisms of electron transfer at the engineered linking surface have
not been thoroughly explored. Therefore, it is crucial to gain a deeper
understanding of the role of surface linkers at the heterointerface of
MOF-COF composites.

With the above considerations in mind, a dinuclear MOF@COF Z-
scheme heterojunction (Cop-MOF-NH,-10@COF) was successfully
fabricated, in which TTA-TTB COF is in-situ grown on Co-MOF-NHj via
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imine bonding (Scheme 1c). The imine linkers changed the way in which
the heterointerface is electronically structured and coordinated. Spe-
cifically, the introduction of imine bonds enhances the r-conjugation
between the MOF and COF components, facilitating efficient charge
transfer and promoting effective separation of photogenerated electron-
hole pairs. This structural modification results in a more favorable
electronic alignment that supports the distinct roles of MOF in COy
reduction and COF in Hy0O oxidation, thereby improving the overall
photocatalytic performance of the MOF@COF system. The resulting
Coz-MOF-NH;-10@COF catalyst demonstrates a remarkable CO yield of
70.33 pmol g h™! under visible light when the H,0 as electron donor,
which is over 2.61 times higher than the Coy-MOF-10@COF catalyst
without imine bonding, and even 6.37 times higher than that of the MOF
and COF mixture (TTA-TTB COF&Co,-MOF-NH,). Photo-
electrochemical experiments revealed that the enhanced charge sepa-
ration efficiency plays a crucial role in improving the photocatalytic
performance of Cop-MOF-NH,-10@COF. These finding underscores the
importance of molecularly engineered interfaces, specifically imine
linkers, in optimizing photocatalytic systems for COq reduction. By
enhancing charge transfer and improving active site efficiency, this
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approach paves the way for the development of sustainable, high-
performance photocatalysts, contributing to the realization of scalable
solar-driven CO5 reduction technologies.

2. Experimental methods
2.1. Synthesis of TTA-TTB COF

TTA-TTB COF was synthesized following a modified literature pro-
cedure [27]. Typically, A 1,4-dioxane/mesitylene/3M HAc (v/v/v = 10/
10/1; 2.1 mL) mixture of 4,4’,4"-(1,3,5-triazine-2,4,6-triyl)trianiline
(TTA, 8.86 mg, 0.025 mmol) and 4,4,4"-(1,3,5-triazine-2,4,6-triyl)tri-
benzaldehyde (TTB, 9.85 mg, 0.025 mmol) was placed in a Pyrex tube
(10 mL). After degassing by freeze-pump-thaw, the tube was sealed,
and the reaction was conducted at 120 °C for 3 days. The yellow pre-
cipitate was collected by suction filtration, washed repeatedly with THF
and then with acetone, and subjected to Soxhlet extraction with THF for
1 day. The powder was dried overnight under vacuum at 80 °C to afford
the TTA-TTB COF in 80 % yield.
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2.2. Synthesis of Coa-MOF-NH, and Coy-MOF

Coy-MOF-NH, was synthesized according to the literature [28]. 5.2
mg ZrCly (0.0222 mmol), 6.6 mg {Coy(CH3)2C[CH,N=CH(1-COOH-4-
OH-3,5-CgH3)CH=NCH,],C(CH3)2}(ClO4), (L1, 0.0074 mmol), 12.3 mg
2'-amino-[1,1:4',1” terphenyl]-4,4"-dicarboxylic acid (L2, 0.0370
mmol), 600 pL acetic acid were dissolved in 6 mL DMF by ultrasound.
Then the mixture was transferred into a 15 mL vial, which was sealed
and heated at 120 °C for 24 h. After cooling to room temperature, the
light-yellow powder was collected by centrifugation, washed with DMF
and acetonitrile for 3 times.

Co,-MOF was synthesized with slight modifications to the method
used for Cop-MOF-NH,. 5.2 mg ZrCly (0.0222 mmol), 6.6 mg
{Co2(CH3)2C[CH;N=CH(1-COOH-4-0OH-3,5-C¢H3)CH=NCH5]»C
(CH3)2}(Cl0O4)2 (L1, 0.0074 mmol), 11.8 mg [1,1":4',1"-terphenyl]-4,4"-
dicarboxylic acid (L3, 0.0370 mmol), 600 pL acetic acid and 200 pL HoO
were dissolved in 6 mL DMF by ultrasound. Then the mixture was
transferred into a 15 mL vial, which was sealed and heated at 120 °C for
24 h. After cooling to room temperature, the light-yellow powder was
collected by centrifugation, washed with DMF, acetonitrile, dimethyl
sulfoxide for 3 times.

2.3. Synthesis of Coa-MOF-NH2-x@COF (x = 3, 5, 10, 20) and Coy-
MOF-10@COF

Coy-MOF-NH,-x@COF (x = 3, 5, 10, 20) hybrid composites were
fabricated by an in situ solvothermal reaction. Taking Coz-MOF-NH-
10@COF as example, the “Cop,-MOF-NH,-10@COF” is specifically used
to describe the photocatalyst in which 10 mg of amine-functionalized
dinuclear cobalt-based MOF (Coy-MOF-NHy) is used as the core pre-
cursor for the in-situ growth of COF shell. Specifically, varying amounts
of Coa-MOF-NH; (3 mg, 5 mg, 10 mg, 20 mg), along with TTA (8.86 mg,
0.025 mmol) and TTB (9.85 mg, 0.025 mmol) were dispersed in a 1,4-
dioxane/mesitylene/3M HAc mixture (v/v/v = 10/10/1; 2.1 mL) in a
10 mL Pyrex tube. After degassing by freeze-pump-thaw, the tube was
sealed and heated at 120 °C for 3 days. The resulting yellow precipitate
was collected by suction filtration, washed multiple times with THF and
acetonitrile, and dried overnight under vacuum at 80 °C to yield the Cos-
MOF-NH,-x@COF (x = 3, 5, 10, 20).

The synthesis of Co,-MOF-10@COF followed the same procedure,
substituting Coy-MOF for Coy-MOF-NHjy. Similarly, Coy-MOF-NHj-
20@COF (L1:L2 = 1:1) was prepared using the same method as Coo-
MOF-NH»-20@COF, but with Cop-MOF-NH;, (L1:L2 = 1:1) replacing
Co-MOF-NH,.

2.4. Photocatalytic experiment

The photocatalytic CO5 reduction measurements were carried out in
a gas-solid system. Initially, 1.0 mg photocatalysts was dispersed into
500 pL acetonitrile through ultrasonication. Subsequently, the catalyst
dispersion was deposited onto the surface of filter paper. Then, the filter
paper and 100 pL deionized water was loaded into the reactor, which
was degassed with CO3 for 20 min before irradiation. A 300 W Xe lamp
was employed as light source (A = 320-800 nm), with the light intensity
adjusted to 100 mW cm2. The generated gaseous products were
analyzed with gas chromatography.

3. Results and discussion
3.1. Fabrication and characterization

The TTA-TTB COF was prepared by a thermo-polymerization reac-
tion and the powder X-ray diffraction (PXRD) result confirmed the
successful synthesis of TTA-TTB COF (Fig. S1). The crystalline nature of
the synthesized dinuclear MOFs was first confirmed by PXRD. The PXRD
patterns of Cop-MOF-NH; and Coy-MOF were found to match well with
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the simulated pattern of UiO-68, indicating that the framework stability
of the dinuclear MOFs was maintained after incorporating the Coy metal
sites (Fig. S2) [29]. This stability is crucial for ensuring the effectiveness
of the catalysts during CO2 reduction reactions. Next, Coy-MOF-NHp-
x@COF (x = 3, 5, 10, 20) and Cop-MOF-10@COF samples were syn-
thesized through a simple in-situ solvothermal method, as shown in
Fig. 1a. PXRD patterns of these samples (Fig. 1b and Fig. S3) revealed
that the characteristic peaks of both Coy-MOF-NH; and TTA-TTB COF
were clearly observed, confirming the successful integration of TTA-TTB
COF onto the dinuclear MOFs. To further confirm the presence of both
dinuclear MOFs and TTA-TTB COF, Fourier-transform infrared (FTIR)
spectroscopy was performed. As shown in Fig. S4 and S5, the FTIR
spectra of Cop-MOF-NH,-x@COF (x = 3, 5, 10, 20) and Coy-MOF-
10@COF exhibit the characteristic C=N stretching vibrations at 1608
em ™! and triazine rings at 1361 and 1506 cm '. These observations
confirm the successful attachment of TTA-TTB COF onto the dinuclear
MOFs.

To confirm the presence of imine bonding between the Coy-MOF-
NH; and TTA-TTB COF, X-ray photoelectron spectroscopy (XPS) was
employed (Fig. S6-S8). Due to the low content of Co(Il) in Coy-MOF-
NH>-10@COF, a dinuclear Coy-MOF-NH; (L1:L2 = 1:1) sample with
higher Co(II) concentration was synthesized. This was subsequently
used to construct the Coy-MOF-NH»-20@COF (L1:L2 = 1:1) composite
photocatalyst, enabling the detection of the Co(II) signal via XPS. The
successful synthesis of Coy-MOF-NH,-20@COF (L1:L2 = 1:1) was
initially confirmed by the PXRD patterns shown in Fig. S9. The XPS Co
2p peaks at 781.31 eV and 796.80 eV correspond to the Co 2ps,2 and Co
2p1,2 binding energies, respectively, revealing that the Co(II) oxidation
state is preserved in the hybrid catalyst (Fig. S10 and S11) [30]. Addi-
tionally, Zr 3ds/; and Zr 3ds,, peaks at 184.88 eV and 182.52 eV
confirmed the tetravalent state of Zr in the MOF structure (Fig. S12), Zr
3ds/2 and Zr 3ds,» peaks at 185.13 eV and 182.78 eV confirmed the
tetravalent state of Zr in the hybrid catalyst (Fig. S13) [31]. Inthe C1s
region, the peak can be deconvoluted into three distinct components:
C=N (286.45 eV), C-C (284.97 eV), and C=0 (289.27 eV). Notably, a
decrease in the intensity of the C=0 bond after the TTA-TTB COF
coating, compared to Coy-MOF-NH»-20@COF (L1:L2 = 1:1), further
supports the successful incorporation of COF into the MOF framework
(Fig. S14) [32]. In the N 1 s spectrum, the disappearance of the -NHy
peak at 399.52 eV and the emergence of a new peak corresponding to
the C=N bond at 398.43 eV in Cop-MOF-NH,-20@COF (L1:L2 = 1:1)
provide strong evidence for the formation of the covalent imine linkage
during the in-situ growth of TTA-TTB COF onto the dinuclear Coy-MOF-
NH, framework (Fig. 1c). These XPS results conclusively demonstrate
the successful formation of the imine bond between Coz-MOF-NH;, and
TTA-TTB COF.

The scanning electron microscopy (SEM) image of Coz-MOF-NH,
reveals a well-defined octahedral morphology, while the TTA-TTB COF
exhibits a granular morphology (Fig. S15 and S16). After the in-situ
growth of TTA-TTB COF on Coy-MOF-NHy, the Coy-MOF-NHp-
10@COF composite shows a distinct core-shell structure (Fig. S17).
Transmission electron microscopy (TEM) and aberration-corrected TEM
(AC-TEM) images further confirm the core-shell architecture, where the
Coy-MOF-NH; core is effectively encapsulated by the TTA-TTB COF shell
(Fig. 1d and Fig. S18). Moreover, High-angle annular dark-field scan-
ning transmission electron microscopy (HAADF-STEM) and energy
dispersive spectroscopy (EDS) mapping reveals a well-defined interface
between Coy-MOF-NH; and TTA-TTB COF with clear spatial distribu-
tions of C, N, O, Co, and Zr elements (Fig. 1e and Fig. S19). The Co
content in Cop-MOF-NH3-10@COF was confirmed to be 1.15 % by
inductively coupled plasma mass spectrometry (ICP-MS). These results
confirm the successful encapsulation of Cop-MOF-NH; within the TTA-
TTB COF shell. The core-shell morphology preserves the porosity of
materials, creating efficient pathways for mass transfer and enhancing
CO; enrichment. The porosity of Coa-MOF-NHj, TTA-TTB COF, and Co,-
MOF-NH-10@COF was determined by the Ny sorption isotherms
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image of Co,-MOF-NH,-10@COF.

measured at 77 K. As shown in Fig. S20, the Spgr of the Co2-MOF-NH;y
was 85.57 m? g~ !, which increased significantly to 190.28 m? g~! upon
incorporation of TTA-TTB COF. The corresponding pore size distribution
curves indicate that the hybrid material retains a predominant micro-
porous structure, derived from both MOF and COF components. Coy-
MOF-NH,, TTA-TTB COF, and Coy-MOF-NH,-10@COF all exhibit CO,
adsorption capacities as demonstrated in Fig. S21. Finally, Thermogra-
vimetric Analysis (TGA) was conducted to evaluate the thermal stability
of the photocatalysts. The TGA curves (Fig. S22) show that both pho-
tocatalysts maintain excellent stability, which is critical for their long-
term photocatalytic performance.

3.2. Energy band structures and interfacial interaction

To obtain the redox thermodynamic data of Cop-MOF-NH; and TTA-
TTB COF, the energy band structures of the Z-scheme heterojunction
were examined by UV-visible diffuse reflectance spectroscopy (UV-Vis
DRS), Motty Schottky curves and ultraviolet photoelectron spectroscopy
(UPS) measurements. As shown in Fig. S23, Coo-MOF-NH; and TTA-TTB
COF exhibit adsorption edges at around 371 nm and 420 nm,

respectively. The UVvis DRS of Coy-MOF-NH2-x@COF (x = 3, 5, 20)
samples were also depicted in Fig. 524. The band-gap energy (Eg) of Cos-
MOF-NH; and TTA-TTB COF were estimated as 1.89 eV and 2.40 eV by
using the Kubelka-Munk (KM) method based on its solid UV-vis ab-
sorption spectroscopy (Fig. S25 and S26) [33-36]. Both materials are
identified as n-type semiconductors, as evidenced by the positive slope
of their Mott-Schottky curve. The flat band position (Vg,) of Coy-MOF-
NH; and TTA-TTB COF were determined as —1.14 and —0.99 V vs. NHE,
respectively (Fig. S27 and S28). Considering that the conduction band
(CB) typically lies approximately 0.10 V negative than the flat-band
potential (Vg,) in n-type semiconductors [37]. The CB of Cop-MOF-
NH; and TTA-TTB COF were calculated to be —1.24 and —1.09 eV vs.
NHE, respectively. Combing these CB values with the band gap results,
the valence band (VB) of photocatalysts were estimated to be 0.65 eV vs.
NHE for Coy-MOF-NH; and 1.31 eV vs. NHE for TTA-TTB COF.
Evidently, the CB potentials of both Cop-MOF-NH; and TTA-TTB COF
are more negative than the redox potential required for the photo-
catalytic reduction of CO3 to CO (—0.52 V ys. NHE), thus satisfying the
thermodynamic prerequisite for the conversion of COy to CO [38-40].
Additionally, UPS measurements revealed the work function of Coy-
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MOF-NH5 and TTA-TTB COF were 5.32 eV and 5.57 eV vs. vacuum,
respectively. And the Fermi energy levels (Er) of Coa-MOF-NH, and
TTA-TTB COF were —1.07 eV and —0.82 eV vs. NHE (Fig. S29 and S30),
respectively. Based on these findings, the energy-band alignment of Co,-
MOF-NH; and TTA-TTB COF was illustrated in Fig. 2a, confirming the
successful formation of a Z-scheme heterojunction in Coy-MOF-NHj-
x@COF (x =3, 5, 10, 20). This heterojunction is expected to enhance the
charge separation efficiency during the photocatalytic reduction of CO,.

The formation of the Z-scheme heterojunction will facilitate the
directed movement at the interfaces of composite materials. To further
investigated the charge transfer process between the Co,-MOF-NH; and
TTA-TTB COF, in situ X-ray photoelectron spectroscopy (XPS) spectra
and EPR measurements were carried out. As shown in Fig. 2b, the Co
2p1,2 and Co 2p3/» binding energies in Coa-MOF-NH2-20@COF (L1:L2
= 1:1) exhibit a positive shift to 781.31 eV and 796.80 eV, respectively,
compared to those in Cop-MOF-NH,. This positive shift indicates the
establishment of a built-in electric field at the interface between dinu-
clear MOF and TTA-TTB COF. Under illumination, Zr 3d binding en-
ergies remain unchanged (Fig. S31), while Co 2p peaks shift negatively,
indicating electron accumulation at Co sites within Coy-MOF-NHs. This
confirms Co as the primary active center for CO5 reduction, and the
imine bonds facilitate the rapid transfer of charge carriers, enhancing
the charge separation efficiency. In contrast, for the composite without
imine bonding, Co;-MOF-20@COF (L1:L2 = 1:1), the XPS spectra show
positive shifts in the Co 2p;,5 and Co 2p3/» peaks to 796.83 eV and
781.06 eV, respectively, indicating the formation of an interfacial
electric field. Upon illumination, the binding energies also shift nega-
tively, but to a lesser extent, with Co 2p; /2 and Co 2p3,/, peaks shifting to
780.91 eV and 796.72 eV, respectively. The less pronounced shifts in
comparison to Coy-MOF-20@COF (L1:L2 = 1:1) suggest a weaker
interfacial electric field and less efficient charge separation in Coy-MOF-
20@COF (Fig. S32). This comparative analysis clearly demonstrates that
the introduction of imine bonding strengthens the interfacial interaction
between Cop-MOF-NH; and TTA-TTB COF, leading to the formation of a
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more robust built-in electric field. This improved interaction signifi-
cantly enhances charge carrier separation, which is essential for efficient
photocatalytic performance.

To further investigate the role of imine bonding in charge transfer
dynamics, EPR measurements were conducted using DMPO as a sensi-
tive probe to detect the formation of hydroxyl radicals (-OH) and su-
peroxide anions (-O3) on the surfaces of Cop-MOF-NH;3-10@COF, Co,-
MOF-10@COF and the control samples [41-43]. In the absence of light,
no signals corresponding to DMPO--OH or DMPO--O3 were observed for
all these materials (Fig. S33 and S34). However, under light irradiation,
the signal corresponding to DMPO--O3 in the Coy-MOF-NH3-10@COF
was significantly stronger than that observed in the Coa-MOF-10@COF
composites without imine bonding, and the control samples, suggesting
that the imine bonding promotes more efficient photogenerated charge
separation in the hybrid material (Fig. S35 and S36). Conversely, no
distinct DMPO--OH signal was observed for all samples, likely due to
their insufficient oxidizing potential to oxidize HoO to -OH (1.90 V vs.
NHE) (Fig. S37) [44]. These findings strongly indicate that imine
bonding enhances the built-in electric field in the Z-scheme hetero-
junction, playing a crucial role in improving the separation efficiency of
photogenerated charge carriers during photocatalysis.

To gain deeper insights into the spatial distribution of electron-hole
pairs in the MOF@COF system with an imine bond linker, time-
dependent density functional theory (TD-DFT) calculations and
electron-hole excitation analyses were conducted. By comparing the
action spectra with the simulated energy spectra (Fig. S38), ES1 was
identified as the primary excited state contributing to the overall reac-
tion. In the population analysis (Fig. 2c), the photogenerated electrons
and holes in ES1 are prominently highlighted. This state exhibits a
higher distribution density of electrons and holes on the molecular
fragment model of dinuclear MOF@COF with an imine bond linker.
Molecular orbital analysis further revealed that the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) are localized at different component (Fig. S39). This spatial
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separation of HOMO and LUMO indicates an effective charge separation
facilitated by the enhanced =n-conjugation between the MOF and COF
through the imine bond linker. The electrostatic potential (ESP) map
and projected density of states (PDOS) further reveal a built-in electric
field across the interface of MOF@COF and confirm the electron-
accepting nature of the Co centers at the reduction site, respectively
(Fig. S40 and S41). These results suggest that the introduction of an
imine bond linker promotes the separation of electrons and holes during
photoexcitation, thereby enhancing the photocatalytic efficiency of the
MOF@COF system.

Based on these observations, the proposed charge transfer pathway
in Cop-MOF-NH,-x@COF is illustrated in Fig. 2d. The Fermi energy (Er)
level of Co,-MOF-NH, is more negative than that of the TTA-TTB COF,
which facilitates free electron transfer from Cop-MOF-NH; to the TTA-
TTB COF, thereby establishing a built-in electric field at the interface.
This interfacial electron transfer occurs due to the difference in Er be-
tween Coy-MOF-NH; and TTA-TTB COF, leading to the alignment of
their energy levels. Under light irradiation, excited electrons rapidly
migrate from the conduction band (CB) of TTA-TTB COF to the valence
band (VB) of Cos-MOF-NH,, with the CB of Coy-MOF-NH, then
participating in CO5 reduction. Simultaneously, the holes generated in
the VB of TTA-TTB COF are involved in the oxidation of HyO to O,. This
process highlights the critical role of the Z-scheme heterojunction and
imine bonding in facilitating efficient charge transfer, thereby
enhancing the overall photocatalytic performance.

3.3. Photocatalytic performance

Encouraged by the analysis above, the CO5 reduction reactions were
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conducted along with Cos-MOF-NH,-x@COF (x = 3, 5, 10, 20) hybrid
materials as photocatalysts in the gas-solid photocatalytic system, 100
pL water was introduced into the catalytic reactor to generate vapors
under irradiation (Fig. S42). The gaseous products were detected by gas
chromatography after illumination for 10 h and there is no liquid
products produced in the CO, reduction process (Fig. S43). As shown in
Fig. 3a and Fig. 544-545, the optimized photocatalysts Co2-MOF-NH,-
10@COF presented best CO generation rates of 70.33 pmol g th™! (Coo-
MOF-NH2-3@COF, Co2-MOF-NH,-5@COF, and Coy-MOF-NH2-20@COF
are 18.16 pmol g'h™!, 44.28 pmol g'h!, and 36.83umol g'h7},
respectively) with a CO selectively of over 99 % (Fig. S46). The yield is
significantly 23.29, 12.63, 6.37, and 2.61 times higher compared to
TTA-TTB COF, Cop-MOF-NH;, TTA-TTB COF&Co2-MOF-NH,, and Cos-
MOF-10@COF, respectively. Moreover, this yield is comparable to that
of some reported MOF-COF catalysts (Table S1). The O, generated from
the photocatalytic oxidation of HyO was also collected, showing a CO/
O, ratio of approximately 2:1 (Fig. S47). The quantum yield of Co,-MOF-
NH,-10@COF for photocatalytic CO» reduction was determined to be
0.046 % at 450 nm. It can be explained that the fast electron transfer
channel at the heterointerface of Coy-MOF-NH,; and TTA-TTB COF
builds a more efficient nonradiative decay pathway.

A series of control experiments on Co2-MOF-NH,-10@COF were
conducted to identify the key factors for CO, reduction. As shown in
Fig. 3b, when the photocatalytic CO5 reduction reaction was conducted
in the absence of CO,, water vapours or light, the CO product was
detected trace. It was initially established that the CO originated from
CO», and suggested that HyO served as the electron donor in the pho-
tocatalytic CO4 reduction reaction. To confirm this speculation, 13co,
isotope trace experiment was carried out. The mass spectrum (MS) of m/
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Fig. 3. (a) The CO generation rates of 10 h with TTA-TTB COF, Co,-MOF-NH,, TTA-TTB COF&Co02-MOF-NH,, Co,-MOF-10@COF, Co,-MOF-NH,-10@COF as the
photocatalysts. (b) Control experiments of photocatalytic CO, reduction reaction for Co,-MOF-NH,-10@COF. (c) Mass spectrum of the gaseous product generated in
the photocatalytic 13C0, reduction over Co,-MOF-NH,-10@COF. (d) The CO production during the long-term photocatalytic CO, reduction with Co,-MOF-NH,-

10@COF as the photocatalysts.
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z = 29 suggest that the CO originates from CO. (Fig. 3c) [45,46].
Moreover, the H5*0 isotope trace experiment was also conducted to
identify the electron source for photocatalytic CO, reduction to CO. The
MS of m/z = 36 can be attributed to 1802, indicating that the HyO serves
as electron source for CO, photoreduction (Fig. S48) [47,48]. Besides
activity, durability is also an important factor for evaluating the per-
formance of catalysts. As displayed in Fig. 3d, Cop-MOF-NH3-10@COF
exhibits no significant decrease in CO production rate after 60 h of
irradiation, highlighting its excellent stability. This was further evi-
denced by PXRD, IR spectra and SEM image (Fig. S49-S51), which
confirmed that the crystalline phase, composition and morphology of
Coz-MOF-NH,-10@COF remain unchanged after photocatalysis, thus
demonstrating its robust stability.

3.4. Mechanism study

Electrochemical impedance spectroscopy (EIS) and transient photo-
current response and were carried out to study charge transfer and
separation efficiency of the photocatalysts. Cos-MOF-NH,-10@COF
displays a smaller semicircular diameter of Nyquist curves compared
with other photocatalysts (Fig. S52), indicating a smaller interfacial
charge transfer resistance, verifying the efficient separation of photo-
generated carriers. As shown in Fig. 4a, the photocurrent density of Coy-
MOF-NH>-10@COF is higher than that of other catalysts under light
irradiation, indicating a faster charge transfer and lower carrier
recombination rate. Photoluminescence (PL) spectra were collected to
investigate the charge transfer and separation kinetics of the photo-
catalysts. Owing to the unique routes for charge transfer, the fluores-
cence intensity of Cop-MOF-NH,-10@COF was the weakest compared
with other catalysts as shown in Fig. 4b, which leads to decreased charge
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carrier lifetimes for Coo-MOF-NH5-10@COF (7ave = 0.34 ns) in contrast
to Co2-MOF-10@COF (7ave = 0.73 ns) and TTA-TTB COF (zaye = 2.40 ns)
(Fig. 4c; Table S2). Moreover, Kelvin probe force microscopy measure-
ments showed that the surface potential of Cop-MOF-NH;,-10@COF (AE
= 169.25 mV) is higher than that of pristine TTA-TTB COF (AE = 18.31
mV), Coy-MOF-NH;y (AE = 34.79 mV) and Coy-MOF-10@COF (AE =
46.99 mV). Accordingly, a greatly enhanced built-in electric field favors
the separation of photogenerated carriers and transfer (Fig. S53) [49].
Further, the binding of Coy-MOF-NH2-10@COF and Coy-MOF-
NH@COF with CO, was explored experimentally by CO, temperature
programmed desorption (TPD). As shown in Fig. S54, the signal in-
tensity of COy desorption in Coy-MOF-NH3-10@COF was higher than
that in Coo-MOF-NH5@COF in Cos-MOF-NH5-10@COF. This indicates a
stronger binding affinity towards CO, which in turn correlates with
enhanced photocatalytic performance. The above results can be
explained that the fast electron transfer channel at the heterointerface of
Coy-MOF-NH; and TTA-TTB COF builds a more efficient nonradiative
decay pathway, thereby accelerating charge separation and electron
transfer, and improving the catalytic reaction kinetics of artificial
photosynthesis.

To demonstrate the reaction path of CO2 reduction in catalytic pro-
cess, in situ FTIR measurements were carried out to detect the in-
termediates during the reaction on the surface of Cop-MOF-NHj-
10@COF. As shown in Fig. 4d, the peak at 1638 and 2078 cm™! was
presented the characteristic asymmetric expansion vibration of *COOH
and CO* intermediate, which are key intermediates for CO generation in
CO4 reduction reaction [50]. Based on these results, a proposal reaction
pathway was proposed for the photocatalytic COy reduction over
dinuclear Cop,-MOF-NH;, coated with TTA-TTB COF. Under irradiation,
Coy-MOF-NH,-10@COF absorbs photons, generating electron-hole
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Fig. 4. (a) I-t curves and (b) PL spectra of TTA-TTB COF (black), TTA-TTB COF&Co,-MOF-NH, (green), Co,-MOF-10@COF (magenta), Coo-MOF-NH,-10@COF (red)
and Co,-MOF-NH, (blue). (c) Time-correlated PL decay traces of TTA-TTB COF, Co,-MOF-10@COF, Co»-MOF-NH,-10@COF. (d) In situ FTIR spectra for photo-

catalytic CO, reduction over Co,-MOF-NH,-10@COF.
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pairs. Subsequently, the photogenerated electrons were transferred
through the imide bond, leading to the accumulation of photogenerated
electrons and holes in Coy-MOF-NH, and TTA-TTB COF, respectively.
Then the photogenerated electrons in the Coy-MOF-NHj, catalyze CO; to
CO through a *COOH pathway. As shown in Fig. S55, *COOH formation
is endothermic (1.43 eV), while its conversion to *CO is exothermic
(—0.73 eV), confirming the thermodynamic feasibility. Meanwhile,
photogenerated holes in the valence band of TTA-TTB COF drive the
oxidation of H20 to producing Oy, thus realizing the artificial photo-
catalysis (Fig. S56).

4. Conclusions

In conclusion, a series of high-performance dinuclear complex-based
MOF@COF catalysts for artificial photocatalytic CO, reduction were
elaborated by anchoring TTA-TTB COF on the surface of dinuclear Cos-
MOF-NHj. Co2-MOF-NH;,-10@COF shows significantly improved pho-
tocatalytic COy to CO reaction with HyO as sacrificial reactant in
gas—solid system, with the CO yield of 70.33 pmol g! h™!. This yield is
approximately 12.63, 23.29, and 2.61 times higher than those of Cos-
MOF-NHjy, TTA-TTB COF and Cop-MOF-10@COF, respectively. The re-
sults of experimental characterizations revealed that the microenvi-
ronment and local electronic structure of Z-scheme heterointerface were
well engineered by imine bond. Meanwhile, imine bonds favor the for-
mation of a close interface connection, as confirmed by DFT calculations
demonstrating enhanced n-conjugation and efficient charge transfer
between the MOF and COF components. As a result, this study may
contribute to a better understanding of imine bonds and the develop-
ment of alternative MOF@COF Z-scheme photocatalysts for advanced
applications.
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