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Dinuclear metal synergistic catalysis (DMSC) has been proved powerful in boosting CO, reduction, while this has not been
achieved in heterogeneous catalysts with long-range order structures. In this study, we, by introduction of metal catalytic centers
into an indium-based metal-organic framework (MOF), obtained a series of isostructural In-MOFs, including three MOFs with
mononuclear metal catalytic center (M-In), three MOFs with dinuclear homometallic catalytic centers (MM-In), and three MOFs
with dinuclear heterometallic catalytic centers (MM’-In, M/M’ = Co(II), Ni(Il), Zn(II)). It was found that all these MOFs can
serve as catalysts for photochemical CO, reduction to CO. Compared with M-In, the catalytic activities of MM-In were
obviously enhanced, and that of MM’-In was further significantly enhanced. For example, the CO yield of CoZn-In reaches a
record value of 12,700 umol g71 hfl, which is 4.0, 8.1, 9.4, and 18.6-fold higher than that of CoCo-In, ZnZn-In, Co-In, and Zn-In,
respectively. Similarly, the catalytic activities of CoNi-In and NiZn-In also show different fold increase than those of corre-
sponding dinuclear homometallic and mononuclear metallic MOFs. The results of control experiments and theoretical calcu-
lation reveal that the higher catalytic activities of MM-In over M-In can be ascribed to the DMSC effect, and the higher catalytic
activity of MM’-In over MM-In can be ascribed to the strengthened DMSC effect. The work reveals the relationship between
DMSC effect and bimetal centers in CO, reduction, which provides new insights into the DMSC and paves a new way to design

highly active catalysts for photochemical CO, reduction.
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1 Introduction

Visible-light driven CO, reduction has shown promising
prospect in environmental treatment and energy production,
where the key is the development of highly-efficient cata-
lysts [1,2]. Dinuclear metal complexes with suitable metal-
metal separations have been reported as efficient catalysts for
photochemical CO, reduction [3-9]. They usually possess
enhanced photocatalytic activity than the corresponding
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mononuclear ones, owing to the dinuclear metal synergistic
catalysis (DMSC) effect. Remarkably, compared with
mononuclear metal complex, the catalytic activity of di-
nuclear metal complex can be more readily optimized, as the
electronic structures of the catalytic centers in dinuclear
metal complex can be modulated not only by the coordina-
tion environments, but also by the alternation of the partner
(the other metal) [10-12].

Metal-organic frameworks (MOFs), with definite crystal
structures, tunable pore sizes, high surface areas and uni-
formly dispersed metal centers, have currently attracted
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much attention and achieved great development in catalysis
and energy conversion [13—16]. MOFs, as a type of mole-
cule-based materials, possess periodic structures [17-20]. In
addition, MOFs, as a type of solid materials, possess good
separation and recyclability in catalysis [21-23]. Therefore,
MOFs are a type of special catalysts that integrate the re-
spective merits of homogeneous and heterogeneous catalysts
[11,22]. In CO, photoreduction, MOFs provide a good
platform for studying the performance-structure relationship
and reaction pathways, and a series of MOFs show good
performance [24—40]. However, almost all these MOFs are
mononuclear metal catalytic centers, and the researches on
MOFs with dinuclear metal catalytic centers for CO, pho-
toreduction are rarely explored [41,42].

With the above points in mind, we planned to develop
MOF catalysts with dinuclear metal catalytic centers for
synergistically boosting CO, reduction, aiming at obtaining
efficient catalysts for CO, photoreduction, and revealing the
relationship between DMSC effect and bimetal centers.
Herein, we introduced one or two metal ions into the mac-
rocyclic ligands of an indium-based MOF, obtaining a series
of isostructural In-MOFs, including three MOFs with
mononuclear metal catalytic centers (M-In), three MOFs
with dinuclear homometallic catalytic centers (MM-In), and
three MOFs with dinuclear heterometallic catalytic centers
(MM’-In, M/M” = Co(Il), Ni(Il), Zn(II)) (Scheme 1). We
found that all these MOFs can serve as catalysts for photo-
chemical CO, reduction to CO. Compared with M-In, the
catalytic activities of MM-In are obviously enhanced, and
that of MM’-In is further significantly enhanced; that is,
CoZn-In, CoNi-In and NiZn-In show much higher catalytic
activity than the corresponding dinuclear homometallic
MOFs and mononuclear metallic MOFs. For example,
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CoZn-In shows the best catalytic activity in photochemical
CO, reduction, with the CO yield reaching a record value of
12,700 pmol g ' h™', which is 4.0, 8.1, 9.4, and 18.6-fold
higher than that of CoCo-In, ZnZn-In, Co-In, and Zn-In,
respectively. Similarly, the catalytic activities of CoNi-In and
NiZn-In also show different folds increase than those of
corresponding dinuclear homometallic and mononuclear
metallic MOFs. The results of control experiments and the-
oretical calculation reveal that the higher catalytic activity of
MM-In over M-In can be ascribed to the DMSC effect, and
the higher catalytic activity of MM’-In over MM-In can be
ascribed to the strengthened DMSC effect. The work pro-
vides new insights into the DMSC and paves a new way to
design highly active catalysts for photochemical CO, re-
duction.

2 Experimental

2.1 Synthesis of H,L-In

Robson-type macrocyclic ligand of H,L (H,L = (2E,7E,
10E,15E)-1%,9°-dihydroxy-5,5,13,13-tetramethyl-3,7,11,15-
tetraaza-1,9(1,3)-dibenzenacyclohexadecaphane-2,7,10,15-
tetraene—15,95—dicarboxylic acid) was synthesized according
to the literature (Figures S1-S3, Supporting Information
online) [43]. The indium-based MOF based on H,L. (H,L-In)
was synthesized by solvothermal reaction of In(NO;);-xH,O
with HyL in N,N-dimethylformamide (DMF) and acetonitrile
(v/v=3/2) at 80 °C for 72 h (Supporting Information online).

2.2 Photocatalytic CO, reduction experiments

Typically, a glass reactor containing a mixture of 5 mL CO,-

H,L-In
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(Color online) Schematic diagram showing the construction of isostructural In-MOFs with mononuclear metal catalytic centers (M-In), dinuclear

homometallic catalytic centers (MM-In), and dinuclear heterometallic catalytic centers (MM’-In, M/M’ = Co(1I), Ni(Il), Zn(II)).



Wang et al.

saturated CH;CN/H,O (v/v = 3/2) solution, MOFs (1.0 mg),
[Ru(phen);](PF¢), (0.4 mM), as well as 1,3-dimethyl-2-
phenyl-2,3-dihydro-1H-benzo[d]imidazole (BIH, 0.025 M)
and triethanolamine (TEOA, 0.3 M) was illuminated by a
300 W Xe lamp (4 > 420 nm) at 25 °C. The possibly gen-
erated gaseous and liquid products were detected and
quantified with gas chromatography and an ion chromato-
graph, respectively.

3 Results and discussion

3.1 Syntheses and structures

Powder X-ray diffraction (PXRD) analysis revealed that the
pattern of H,L-In is similar to those of a reported In-MOF
based on the same macrocyclic ligand metallized with bi-
metallic Cu(Il) (CuCu-In), indicating that the framework of
H,L-In is similar to that of the reported CuCu-In (Figure S4).
Therefore, similar to CuCu-In, the framework of H,L-In is
also a three-dimensional (3D) porous structure (Figure S5a),
where each H,L unit connects with two In(Ill) through two
deprotonated carboxylic groups, and each In(IIl) connects
with four H,L units (Figure S5b). The only difference be-
tween H,L-In and CuCu-In is that the macrocyclic ligands in
H,L-In are not metallized. The feature provides us with an
opportunity to investigate the DMSC effect in MOFs on
photocatalytic CO, reduction.

By metallization of the macrocyclic ligand in H,L-In with
one or two metal ions in an ethanol solution, three mono-
nuclear metallic MOFs of Co-In, Ni-In and Zn-In, three di-
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nuclear homometallic MOFs of CoCo-In, NiNi-In and ZnZn-
In, as well as three dinuclear heterometallic MOFs of CoZn-
In, CoNi-In and NiZn-In were synthesized (Supporting In-
formation online). PXRD measurements show that the pat-
terns of the nine MOFs are in good agreement with that of
H,L-In, indicating that the metallized H,L-In retains the
parent framework and all MOFs are isostructural (Figure 1a—
c). The similar thermogravimetric (TG) curves and mor-
phology further prove that these MOFs are isostructural
(Figures S6-S9). The inductively coupled plasma mass
(ICP-MS) analysis shows that the molar ratios of M to In
(1w/M1yy in Co-In, Ni-In and Zn-In are 2.0/1.0, 1.8/1.0 and 1.7/
1.0, respectively, close to the theoretical value of 2.0/1.0
(entries 2—4, Table S1, Supporting Information online). The
ny/ny, ratios in CoCo-In, NiNi-In and ZnZn-In are 3.3/1.0,
3.5/1.0 and 3.9/1.0, respectively, close to the theoretical
value of 4.0/1.0 (entries 5—7). The ratios of ncy/nz,/ny,, neo/
nni/ny, and ny/ng,/ny, in CoZn-In, CoNi-In and NiZn-In are
1.7/1.9/1.0, 2.0/1.6/1.0 and 1.8/1.9/1.0, respectively, close to
the theoretical value of 2.0/2.0/1.0 (entries 8-10). These
results indicate the macrocyclic ligands in M-In, MM-In, and
MM’-In were metallized with one M, two homometallic M,
and two heterometallic M/M’, respectively. This conclusion
was further confirmed by X-ray photoelectron spectroscopy
(XPS) results. As shown in Figure 1d—f, the binding energies
of N 1s in H,L-In are located at 400.25 and 398.59 eV, which
can be assigned to the C=N and C=N---H-0, respectively. In
contrast, the binding energies of N 1s in M-In are located at
400.25 and 399.20 eV, corresponding to the signals of C=N
and C=N-M, respectively. The binding energy of N 1s in
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Figure 1 (Color online) (a—c) PXRD patterns of H,L-In, M-In, MM-In, and MM’-In. (d—f) N 1s XPS spectra of H,L-In, M-In, MM-In, and MM’-In.
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MM-In and MM’-In is located at 399.20 eV, which can be
assigned to C=N—M. These observations further confirm that
the macrocyclic ligands in M-In and MM-In (MM’-In) were
metallized with one M, and two MM (MM”), respectively,
well supporting the successful syntheses of M-In, MM-In,
and MM’-In. The XPS measurements show that the valence
state of Co, Ni and Zn in nine MOFs are +2 (Figures S10—
S18). Combining the above results with the elemental ana-
lysis (Table S2), the formula for the M-In, MM-In, and MM’-
In can be determined as {In(H,ML),(C,Hs;OH),(NO3);},-
{4CH;OH-CH;CN},, {In(MML),(C,H;OH),(NO;)s },{4C,H;OH-
CH;CN}, and {In(MM’L),(C,HsOH),(NOs);},{4C,HsOH"
CH;CN},, respectively (M/M” = Co(II), Ni(I), Zn(Il)). Those
MOFs exhibit excellent chemical stability (Supporting In-
formation online). After being immersed in aqueous solu-
tions in 0.1 M HCI and/or 0.1 M NaOH for 24 h, almost no
change was observed in their PXRD patterns (Figures S19-S21).

3.2 Photocatalytic CO, reduction

The photocatalytic CO, reduction experiments over these
MOFs were carried out in CH;CN/H,O (v/v = 3/2) system,
using [Ru(phen);](PFy), as a photosensitizer (PS), as well as
BIH and TEOA as sacrificial reagents (SA) (Supporting
Information online). The gaseous and liquid products pos-
sibly generated were detected by gas chromatography and
ion chromatography (IC), respectively. As shown in Figure
2a—c and Figures S22-S24, all MOFs show photocatalytic
activity for CO, reduction, with the main reduced product of
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CO. As listed in Table 1 and Figure S25, it can be found that
the catalytic activity is closely related to the metal catalytic
center. For M-In, the catalytic activity gradually enhances
from Zn-In, Ni-In, to Co-In, with the CO yields increasing
from 681, 1,016, to 1,352 umol g ' h™". The catalytic activity
of MM-In conforms to the same sequence. The CO yields
increase in turn from 1,561 pmolg 'h™' (ZnZn-In),
3,068 pmol g ' h™' (NiNi-In), to 3,201 pmol g ' h™' (CoCo-
In). These results indicate that the photocatalytic activity for
CO, reduction increases in turn from Zn(II), Ni(II) to Co(II).
Compared with M-In, the catalytic activity of MM-In is
obviously enhanced, and that of MM’-In is further sig-
nificantly enhanced. For example, the CO yield of CoZn-In
reaches as high as 12,700 pmol gf1 h™', which is 4.0, 8.1, 9.4,
and 18.6-fold higher than those of CoCo-In (3,201), ZnZn-In
(1,561), Co-In (1,352), and Zn-In (681), respectively (Figure
2a, Tablel). Similarly, the catalytic activities of CoNi-In and
NiZn-In also show different fold increases than those of
corresponding dinuclear homometallic and mononuclear
metallic MOFs (Figure 2b, ¢ and Table 1). One point should
be mentioned is that CoZn-In and CoNi-In also produce a
small amount of H,, while the other seven MOFs do not
produce H,. This may be reasoned by the CO, reduction
process. As the CO, reduction to CO is a proton-coupled
electron transfer (PCET) process, needing the participation
of electron and proton. The higher activity of the catalyst, the
more protons are needed, and the more H,O is activated. In
this case, the competitive reaction of hydrogen generation
may also be boosted. Thus, the by-product H, was detected
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Figure 2 (Color online) Photocatalytic CO, reduction by (a) CoZn-In, (b) CoNi-In and (c) NiZn-In, as well as related M-In and MM-In. Conditions: MOFs
(1.0 mg), Ru(phen);(PF), (0.4 mM), BIH (0.025 M), TEOA (0.3 M), CH;CN/H,O (v/v=3/2; 5 mL), 300 W Xe lamp (1 > 420 nm), 25 °C, 4 h. (d) Results of
control experiments of photocatalytic CO, reduction by CoZn-In. (e) gas chromatograph-mass (GC-MS) analyses for the product generated from photo-
catalytic reduction of 13C02 by CoZn-In. (f) Cycle experiments of CoZn-In for photocatalytic CO, reduction.
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Table 1 Photocatalytic CO, reduction by different MOFs &

205

Entry Catalyst CO (umol g ' h™") H, (umol g ' h™") CO%
1 Co-In 1352 - 100
2 Ni-In 1,016 - 100
3 Zn-In 681 - 100
4 CoCo-In 3,201 - 100
5 NiNi-In 3,068 - 100
6 ZnZn-In 1,561 - 100
7 CoZn-In 12,700 2,020 86.3
8 CoNi-In 9,219 819 91.8
9 NiZn-In 4,616 - 100

a) Conditions: MOFs (1.0 mg), Ru(phen);(PFg), (0.4 mM), BIH (0.025 M) and TEOA (0.3 M), CO,-saturated CH;CN/H,O solution (5 mL, v/v = 3/2), Xe

lamp (4 > 420 nm, 300 W cm ", irradiation area, 0.8 cm’), 25 °C, 4 h.

for CoZn-In and CoNi-In.

The higher catalytic activity of MM-In than the corre-
sponding M-In can be attributed to the DMSC effect; that is,
one M serves as the catalytic center to bind and reduce CO,,
and the other acts as an assistant catalytic center to promote
the cleavage of the —OH group from the [O=C—OH] inter-
mediate, lowering the reaction energy barrier of the CO,-to-
CO conversion [10,11]. Besides, the higher catalytic activity
of MM’-In than MM-In should be attributed to the
strengthened DMSC effect. Benefiting from the strengthened
DMSC effect, the CO yields of CoZn-In show a record value
among reported MOFs-based catalysts (Table S3), high-
lighting the best photocatalytic activity of CoZn-In for CO,
reduction to CO. To verify the DMSC effect [7,44], we
carried out photocatalytic CO, reduction experiments by Co-
In and CoCo-In in the presence of Zn(II). As shown in Table
S4, the photocatalytic activity of Co-In or CoCo-In for CO,
reduction could not be boosted by the addition of Zn", which
illustrates that the externally added Zn" to the Co-In or
CoCo-In photocatalytic system cannot generate DMSC ef-
fect as CoZn-In behaves.

To well reveal the strengthened DMSC effect, the natural
bond orbital (NBO) charges of the metals in these catalysts,
reflecting the bonding ability of metal with OH , were cal-
culated [45,46]. As shown in Table S5, the NBO charge of
Zn in CoZn (1.323e) is more positive than that of Co in
CoCo-In (1.148¢) (Entry 1, Table S5), and thus the sig-
nificantly improved photocatalytic performance of CoZn-In
over CoCo-In can be ascribed to the stronger binding affinity
of Zn" to OH™ over Co'', which enormously strengthens the
DMSC effect between Co" and Zn'" in CoZn-In, thus greatly
promotes the cleavage of the C—OH bond in [O=C-OH]
intermediate, and significantly accelerates the photochemical
CO, reduction to CO. Similar phenomena were observed for
CoNi-In and NiZn-In (entries 2 and 3, Table S5). In addition
to this point, the different activity of the catalytic center may
also account for the activity difference of these dinuclear

MOF catalysts. The quantum yields were further determined
to evaluate the photocatalytic activity of these MOFs (Sup-
porting Information online). The results show that the
quantum yields of both CoZn-In (2.05%) and CoNi-In
(1.55%) exceed 1% (Table S6). These values are higher than
those of most reported molecule-based catalysts, indicating
their excellent photoelectric conversion capability [1,5,6,46—49].

A series of control experiments were performed to in-
vestigate the photocatalytic CO,-to-CO conversion over
CoZn-In. The results show that negligible CO was detected
in the absence of CoZn-In, [Ru(phen);](PF¢),, TEOA and
BIH, CO,, or light illumination (Figure 2d; entries 1-5, Table
S7), indicating that these factors are all indispensable for the
CO, photoreduction to CO. In addition, negligible CO was
detected when Ar and N, were instead of CO, (entries 6 and
7, Table S7), illustrating that CO originated from CO, re-
duction. This conclusion was further supported by the iso-
tope tracing experiment. When the photocatalytic
experiment was carried out using 13C02 instead of IZCOZ, the
generated gas was Bco (Figure 2¢), which directly evi-
dences that the generated CO originates from the reduction
of CO,. In addition, it was found that the amount of CO
generated from the system in the presence of mercury is
almost equal to that without mercury (Table S8), illustrating
that the production of CO is catalyzed by CoZn-In rather
than nanoparticles possibly formed under the photocatalytic
conditions [7,12].

To further evaluate the photocatalytic activity of CoZn-In
and CoNi-In, a mixed gas containing 10% CO, and 90% Ar
to simulate the flue gas (5%—15% CO,) was used instead of
pure CO, (Figure S26 and Table S9). It was found that CoZn-
In and CoNi-In still own excellent activity for photocatalytic
CO, reduction to CO, with CO vyield of 4,761 and
3,185 umol g ' h™'. These MOFs exhibit good catalytic sta-
bility in photochemical CO, reduction. Taking CoZn-In as an
example, the photocatalytic activity of CoZn-In can be re-
tained for at least four cycles (Figure 2f). The PXRD shows
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that there is no significant loss of crystallinity for these
MOFs after the photocatalytic reactions (Figures S27 and
S28). Scanning electron microscopy (SEM) measurements
further revealed that the morphology of these MOFs can be
retained after the photocatalytic CO, reduction reactions
(Figures S29-S31). The results of XPS measurements de-
monstrate that the valence states of M remained +2 after the
photocatalytic reaction (Figures S32—S37). All these results
demonstrated that these MOFs possess good stability and can
serve as stable heterogeneous catalysts for photochemical
CO, reduction to CO.

3.3 Photocatalysis mechanism

To reveal the active sites within these MOFs, the photo-
catalytic CO, reduction experiments by these MOFs were
carried out in the absence and presence of KSCN [50]. It was
observed that in the presence of 0.1 M KSCN, the catalytic
activities of CoZn-In, CoNi-In and NiZn-In dramatically
decreased, and those of CoCo-In, NiNi-In, ZnZn-In, Co-In,
Ni-In, and Zn-In disappeared (Figure S38). These observa-

January (2025) Vol.68 No.1

tions illustrate that Co(II), Ni(Il) and Zn(II) in these MOFs
are the catalytic centers for CO, reduction to CO.

The electron transfer route was further revealed by XPS
spectra. As shown in Figure 3a—c, the binding energies of Co
2p and Zn 2p in CoZn-In under light irradiation shifted ne-
gatively by 0.4 and 0.2 eV with reference to those measured
in dark condition, and the binding energy of In 3d in CoZn-In
before and after light irradiation was unchanged. Similar
phenomena were observed for CoNi-In, NiZn-In, CoCo-In,
NiNi-In and ZnZn-In (Figure 3d—i and Figures S39-S41).
These observations prove that the photogenerated electrons
in the excited [Ru(phen)3]2+' photosensitizer transfer to the
dinuclear metal centers in MM-In/MM’-In under light irra-
diation. Obviously, the enhanced electron density on di-
nuclear metal centers in MM-In/MM’-In will facilitate the
CO, reduction.

To further understand the electron transfer process during
the photocatalytic CO, reduction, the fluorescent titration
was performed for [Ru(phen);](PF),. As shown in Figures
S42-S44, the maximum emission peak of [Ru(phen)3]2+*
locates at 594 nm, which was obviously quenched by the
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Figure 3 (Color online) (a—c) XPS spectra of Co 2p, Zn 2p and In 3d in CoZn-In with and without light irradiation. (d—f) XPS spectra of Co 2p, Ni 2p and
In 3d in CoNi-In with and without light irradiation. (g—i) XPS spectra of Ni 2p, Zn 2p and In 3d in NiZn-In with and without light irradiation.
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Figure 4 (Color online) (a) Photocatalytic mechanism of CoZn-In for CO, reduction to CO. (b) In situ DRIFTS spectra of CoZn-In during the photo-

catalytic CO, reduction process.

addition of BIH (Figure S42), while negligible change of the
emission intensity was observed by addition of TEOA and
CoZn-In (Figures S43 and S44). These results suggest that
the excited [Ru(phen)3]2+* is quenched by a reductive path-
way. That is, upon illumination, the excited [Ru(phen)3]2+*
firstly accepts one electron from BIH to form [Ru(phen)3]+.
Then, the [Ru(phen)3]+ transfers the electron to Co’  in
CoZn-In to generate Co', which subsequently reduces CO,
to CO (Figure 4a).

The photocatalytic performance for CO, reduction of these
MOFs was further elucidated by photoelectrochemical ex-
periments. It can be clearly found that there is negligible
photocurrent response for M-In, but those for the MM-In
remarkably strengthen, and those for MM’-In further sig-
nificantly strengthen (Figures S45—S47). These observations
suggest the increasing charge transfer efficiency from M-In,
MM-In, to MM’-In, and the increasing photocatalytic ac-
tivity, well supporting the experimental results. In addition,
electrochemical impedance spectroscopy (EIS) measure-
ments showed that MM’-In possess smaller capacitive loop
diameters than MM-In and M-In (Figures S48—S50). These
results indicate that MM’-In has the smaller charge-transfer
resistance, which is consistent with their higher photo-
catalytic activity than that of MM-In and M-In.

To trace the process of photocatalytic CO, reduction to CO
over CoZn-In, the reaction intermediates were monitored and
identified by in situ diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS). As shown in Figure 4b,
with the illumination time from 0 to 15 min, two new ab-
sorption peaks at 1,634 and 2,077 cm’ obviously appear,
and their intensities gradually increase, which correspond to
the stretching vibration of *COOH and *CO intermediates,
respectively. These results clearly demonstrate the process of
photocatalytic CO, reduction to CO by CoZn-In.

4 Conclusions

In summary, nine isostructural MOFs, including three MOFs

with mononuclear metal catalytic centers (M-In), three
MOFs with dinuclear homometallic catalytic centers (MM-
In), and three MOFs with dinuclear heterometallic catalytic
centers (MM’-In, M/M’ = Co(II), Ni(Il), Zn(II)), have been
successfully synthesized by introduction of single or double
metal centers into an In-MOF with a macrocycle ligand.
These MOFs can serve as catalysts for photocatalytic CO,
reduction. More interestingly, in contrast to M-In, the cata-
lytic activity of MM-In was obviously enhanced, and that of
MM’-In was further significantly enhanced. The higher
catalytic activity of MM-In over M-In can be ascribed to the
DMSC effect, and the higher catalytic activity of MM’-In
over MM-In can be ascribed to the strengthened DMSC ef-
fect. The work provides new insights into the DMSC and
paves a new way to design highly active catalysts for pho-
tochemical CO, reduction.

Acknowledgements This work was supported by the National Key R&D
Program of China (2022YFA1502902), the National Natural Science
Foundation of China (22271218, 22071182, 22371244, 21931007), and the
College Student Innovation and Entrepreneurship Training Program of
Tianjin (202210060024).

Conflict of interest The authors declare no conflict of interest.

Supporting information The supporting information is available online at
http://chem.scichina.com and http:/link.springer.com/journal/11426. The
supporting materials are published as submitted, without typesetting or
editing. The responsibility for scientific accuracy and content remains en-
tirely with the authors.

1 Rao H, Schmidt LC, Bonin J, Robert M. Nature, 2016, 548: 74-77

2 WuY,WuM, Zhu J, Zhang X, LiJ, Zheng K, Hu J, Liu C, Pan Y, Zhu
J, Sun Y, Xie Y. Sci China Chem, 2023, 66: 1997-2003

3 Ren F, Luo W, Zou Z. Sci China Chem, 2019, 62: 1553—-1554

4 GuoZ YuF, Yang Y, Leung CF, Ng SM, Ko CC, Cometto C, Lau TC,
Robert M. ChemSusChem, 2017, 10: 4009—4013

5 Bharti J, Chen L, Guo Z, Cheng L, Wellauer J, Wenger OS, von Wolff
N, Lau KC, Lau TC, Chen G, Robert M. J Am Chem Soc, 2023, 145:
25195-25202

6 Ouyang T, Huang HH, Wang JW, Zhong DC, Lu TB. Angew Chem Int
Ed, 2017, 56: 738-743

7 Ouyang T, Wang HJ, Huang HH, Wang JW, Guo S, Liu WJ, Zhong


http://chem.scichina.com
http://link.springer.com/journal/11426
https://doi.org/10.1038/nature23016
https://doi.org/10.1007/s11426-022-1595-9
https://doi.org/10.1007/s11426-019-9592-3
https://doi.org/10.1002/cssc.201701354
https://doi.org/10.1021/jacs.3c07799
https://doi.org/10.1002/anie.201610607
https://doi.org/10.1002/anie.201610607

208

10

11
12

14

15

16

17
18

19

20

21

22

23

24

25

26

27

28

Wang et al.

DC, Lu TB. Angew Chem Int Ed, 2018, 57: 16480—16485

Guo Z, Chen G, Cometto C, Ma B, Zhao H, Groizard T, Chen L, Fan
H, Man WL, Yiu SM, Lau KC, Lau TC, Robert M. Nat Catal, 2019, 2:
801-808

Hong D, Kawanishi T, Tsukakoshi Y, Kotani H, Ishizuka T, Kojima T.
J Am Chem Soc, 2019, 141: 20309-20317

Matlachowski C, Braun B, Tschierlei S, Schwalbe M. Inorg Chem,
2015, 54: 10351-10360

Liu DC, Zhong DC, Lu TB. EnergyChem, 2020, 2: 100034

Zhong DC, Gong YN, Zhang C, Lu TB. Chem Soc Rev, 2023, 52:
3170-3214

Jiang Z, Xu X, Ma Y, Cho HS, Ding D, Wang C, Wu J, Oleynikov P,
Jia M, Cheng J, Zhou Y, Terasaki O, Peng T, Zan L, Deng H. Nature,
2020, 586: 549-554

Li N, Gao H, Liu Z, Zhi Q, Li B, Gong L, Chen B, Yang T, Wang K,
Jin P, Jiang J. Sci China Chem, 2023, 66: 1417-1424

Kim EJ, Siegelman RL, Jiang HZH, Forse AC, Lee JH, Martell JD,
Milner PJ, Falkowski JM, Neaton JB, Reimer JA, Weston SC, Long
JR. Science, 2020, 369: 392-396

Stanley PM, Haimerl J, Shustova NB, Fischer RA, Warnan J. Nat
Chem, 2022, 14: 1342-1356

Zuo JL. Sci China Chem, 2019, 62: 1263-1264

Han B, Ou X, Deng Z, Song Y, Tian C, Deng H, Xu YJ, Lin Z. Angew
Chem Int Ed, 2018, 57: 16811-16815

Wu LY, Mu YF, Guo XX, Zhang W, Zhang ZM, Zhang M, Lu TB.
Angew Chem Int Ed, 2019, 58: 9491-9495

Lan G, Fan'Y, Shi W, You E, Veroneau SS, Lin W. Nat Catal, 2021, 5:
1006-1018

Choi KM, Kim D, Rungtaweevoranit B, Trickett CA, Barmanbek JTD,
Alshammari AS, Yang P, Yaghi OM. J Am Chem Soc, 2017, 139: 356—
362

Huang NY, He H, Liu SJ, Zhu HL, Li YJ, Xu J, Huang JR, Wang X,
Liao PQ, Chen XM. J Am Chem Soc, 2021, 143: 17424-17430
Wang Y, Huang NY, Shen JQ, Liao PQ, Chen XM, Zhang JP. J Am
Chem Soc, 2018, 140: 3841

Zhang HX, Hong QL, Li J, Wang F, Huang X, Chen S, Tu W, Yu D,
Xu R, Zhou T, Zhang J. Angew Chem Int Ed, 2019, 58: 11752-11756
XuHQ, HuJ, Wang D, Li Z, Zhang Q, Luo Y, Yu SH, Jiang HL. J Am
Chem Soc, 2015, 137: 13440-13443

Dong LZ, Zhang L, Liu J, Huang Q, Lu M, Ji WX, Lan YQ. 4Angew
Chem Int Ed, 2020, 59: 2659-2663

Fang ZB, Liu TT, Liu J, Jin S, Wu XP, Gong XQ, Wang K, Yin Q, Liu
TF, Cao R, Zhou HC. J Am Chem Soc, 2020, 142: 12515-12523
Zeng JY, Wang XS, Xie BR, Li QR, Zhang XZ. J Am Chem Soc,

29

30

31

32

33

34

35

36

37

39
40
41
42
43
44
45

46

47

48

49

50

Sci China Chem  January (2025) Vol.68 No.1

2022, 144: 1218-1231

Wu H, Kong XY, Wen X, Chai SP, Lovell EC, Tang J, Ng YH. Angew
Chem Int Ed, 2021, 60: 8455-8459

Yang W, Wang HJ, Liu RR, Wang JW, Zhang C, Li C, Zhong DC, Lu
TB. Angew Chem Int Ed, 2021, 60: 409-414

Wang S, Yao W, Lin J, Ding Z, Wang X. Angew Chem Int Ed, 2014,
53: 1034-1038

Niu K, Xu'Y, Wang H, Ye R, Xin HL, Lin F, Tian C, Lum Y, Bustillo
KC, Doeff MM, Koper MTM, Ager J, Xu R, Zheng H. Sci Adv, 2017,
3: 1700921

Qin J, Wang S, Wang X. 4ppl Catal B-Environ, 2017, 209: 476482
Xu R, Si DH, Zhao SS, Wu QJ, Wang XS, Liu TF, Zhao H, Cao R,
Huang YB. J Am Chem Soc, 2023, 145: 8261-8270

Zheng HL, Zhao JQ, Sun YY, Zhang AA, Cheng YJ, He L, Bu X,
Zhang J, Lin Q. J Am Chem Soc, 2023, 145: 27728-27739

Dong YL, Jiang Y, Ni S, Guan GQ, Zheng ST, Guan Q, Pei LM, Yang
QY. Small, 2024, 20: 2308005

Zhong W, SaR,LiL,He Y, LiL, BiJ, Zhuang Z, Yu Y, Zou Z. J Am
Chem Soc, 2019, 141: 7615-7621

YuB, LiL, Liu S, Wang H, Liu H, Lin C, Liu C, Wu H, Zhou W, Li X,
Wang T, Chen B, Jiang J. Angew Chem Int Ed, 2021, 60: 8983—-8989
Lin H, Liu Y, Wang Z, Ling L, Huang H, Li Q, Cheng L, Li Y, Zhou J,
Wu K, Zhang J, Zhou T. Angew Chem Int Ed, 2022, 61: 202214142
Xia YS, Tang M, Zhang L, Liu J, Jiang C, Gao GK, Dong LZ, Xie LG,
Lan YQ. Nat Commun, 2022, 13: 2964

Li J, Huang H, Xue W, Sun K, Song X, Wu C, Nie L, Li Y, Liu C, Pan
Y, Jiang HL, Mei D, Zhong C. Nat Catal, 2021, 4: 719-729

Yan ZH, Du MH, Liu J, Jin S, Wang C, Zhuang GL, Kong XJ, Long
LS, Zheng LS. Nat Commun, 2018, 9: 3353

Wang HF, Wang HJ, Zhong DC, Lu TB. Proc Natl Acad Sci USA,
2024, 121: e2318384121

Sampson MD, Kubiak CP. J Am Chem Soc, 2016, 138: 1386-1393
Reed AE, Curtiss LA, Weinhold F. Chem Rev, 1988, 88: 899-926
Hong D, Tsukakoshi Y, Kotani H, Ishizuka T, Kojima T. J Am Chem
Soc, 2017, 139: 6538-6541

Mohata S, Das R, Koner K, Riyaz M, Das K, Chakraborty S, Ogaeri
Y, Nishiyama Y, C Peter S, Banerjee R. J Am Chem Soc, 2023, 145:
23802-23813

Call A, Cibian M, Yamamoto K, Nakazono T, Yamauchi K, Sakai K.
ACS Catal, 2019, 9: 48674874

Zhang X, Cibian M, Call A, Yamauchi K, Sakai K. ACS Catal, 2019,
9: 11263-11273

Liu W, Zhang L, Liu X, Liu X, Yang X, Miao S, Wang W, Wang A,
Zhang T. J Am Chem Soc, 2017, 139: 10790-10798


https://doi.org/10.1002/anie.201811010
https://doi.org/10.1038/s41929-019-0331-6
https://doi.org/10.1021/jacs.9b10597
https://doi.org/10.1021/acs.inorgchem.5b01717
https://doi.org/10.1016/j.enchem.2020.100034
https://doi.org/10.1039/D2CS00368F
https://doi.org/10.1038/s41586-020-2738-2
https://doi.org/10.1007/s11426-023-1524-4
https://doi.org/10.1126/science.abb3976
https://doi.org/10.1038/s41557-022-01093-x
https://doi.org/10.1038/s41557-022-01093-x
https://doi.org/10.1007/s11426-019-9530-7
https://doi.org/10.1002/anie.201811545
https://doi.org/10.1002/anie.201811545
https://doi.org/10.1002/anie.201904537
https://doi.org/10.1038/s41929-022-00865-5
https://doi.org/10.1021/jacs.6b11027
https://doi.org/10.1021/jacs.1c05839
https://doi.org/10.1021/jacs.7b10107
https://doi.org/10.1021/jacs.7b10107
https://doi.org/10.1002/anie.201905869
https://doi.org/10.1021/jacs.5b08773
https://doi.org/10.1021/jacs.5b08773
https://doi.org/10.1002/anie.201913284
https://doi.org/10.1002/anie.201913284
https://doi.org/10.1021/jacs.0c05530
https://doi.org/10.1021/jacs.1c10110
https://doi.org/10.1002/anie.202015735
https://doi.org/10.1002/anie.202015735
https://doi.org/10.1002/anie.202011068
https://doi.org/10.1002/anie.201309426
https://doi.org/10.1126/sciadv.1700921
https://doi.org/10.1016/j.apcatb.2017.03.018
https://doi.org/10.1021/jacs.3c02370
https://doi.org/10.1021/jacs.3c10090
https://doi.org/https://doi.org/10.1002/smll.202308005
https://doi.org/10.1021/jacs.9b02997
https://doi.org/10.1021/jacs.9b02997
https://doi.org/10.1002/anie.202016710
https://doi.org/10.1002/anie.202214142
https://doi.org/10.1038/s41467-022-30676-y
https://doi.org/10.1038/s41929-021-00665-3
https://doi.org/10.1038/s41467-018-05659-7
https://doi.org/10.1073/pnas.2318384121
https://doi.org/10.1021/jacs.5b12215
https://doi.org/10.1021/cr00088a005
https://doi.org/10.1021/jacs.7b01956
https://doi.org/10.1021/jacs.7b01956
https://doi.org/10.1021/jacs.3c08688
https://doi.org/10.1021/acscatal.8b04975
https://doi.org/10.1021/acscatal.9b04023
https://doi.org/10.1021/jacs.7b05130

	Metal-organic frameworks with dinuclear metal centers for synergistically boosting CO2 photoreduction 
	Introduction� ion�
	Experimental� tal�
	Synthesis of H s of H2L-In�
	Photocatalytic CO tic CO2 reduction experiments�

	Results and discussion� ion�
	Syntheses and structures� tures�
	Photocatalytic CO tic CO2 reduction�
	Photocatalysis mechanism� anism�

	Conclusions� ons�


