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Unlocking the potential of sustainable fuel production through the
development of highly efficient CO, reduction catalysts under
visible light irradiation remains an ongoing challenge. Herein, we
report a strategically designed Zr-based metal-organic framework
(MOF) photocatalyst, incorporating binuclear cobalt complexes as
catalytic sites for effective CO, reduction. Impressively, our Co,-
MOF(—NH,) catalyst showcased a CO yield of 2.44 mmol gc,~* h7?,
outperforming its mononuclear counterpart Co-MOF(-NH,)
(0.23 mmol gco~* h™?) by 10.5 times, underscoring the exceptional
catalytic capabilities of the dual-atom catalyst. A combination of
experimental findings and Density Functional Theory (DFT) calcu-
lations unveiled the synergistic catalytic effect between the two
Co sites and the heightened light absorption attributed to the
incorporation of the amino group. Notably, such characteristics
are evocative of cooperative catalysis observed in biological
enzyme systems. This study highlights a pioneering, bioinspired
approach to designing efficient dual-atom MOF photocatalysts for
CO, reduction, offering significant implications for the future of
sustainable energy production.

Artificial photosynthesis, which converts sunlight-driven CO,
into valuable chemicals and fuels, has garnered significant
attention as a sustainable means of solar energy conversion
and storage.' Metal-organic frameworks (MOFs),** charac-
terized by their high surface area,® tunable pore size,” and cus-
tomizable chemistry,®*° have emerged as promising platforms
for photocatalysis."*” Anchoring atomic-level catalysts onto
MOFs has been widely explored to enhance their catalytic per-
formance in CO, reduction reactions (CO,RR),'® particularly
for single-atom catalysts.'®>' Nevertheless, research on MOF-
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anchored dual-atom catalysts and the synergistic effect of two
adjacent atoms within MOFs remains limited.**"°

In the realm of biological catalysis, dual-atom catalytic sites
have demonstrated exceptional performance,>®?” indicating
their potential for designing efficient catalysts.>**° Inspired by
these biological systems, we sought to develop a MOF-based
dual-atom cobalt catalyst to explore the potential benefits of
such a design for CO,RR.** Our previous work on molecular
binuclear complexes as photocatalysts for CO,RR revealed that
the synergistic effect between two Co sites could significantly
enhance catalytic performance compared to mononuclear
counterparts.** To further delve into the significance of binuc-
lear metal synergistic catalysis, we synthesized a binuclear het-
erometallic complex, which displayed a great catalytic activity.*®

Capitalizing on these findings, we integrated a highly active
binuclear cobalt complex into an amino-functionalized MOF,
thereby creating a synergistic dual-atom catalyst (Scheme 1).
Remarkably, our newly developed MOF-based binuclear cata-
lyst [Co,-MOF(-NH,)] demonstrated exceptional catalytic

Scheme 1 Framework structures and bridging ligands of Co,-MOF
(—NHy).
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activity for CO,RR, with a CO yield of 2.44 mmol g¢, ' h™, a
10.5-fold increase compared to its mononuclear counterpart,
Co-MOF(-NH,). The enhanced catalytic capacity is attributable
to the synergistic catalysis effect of the binuclear Co sites, cor-
roborated by experimental evidence and DFT calculations.

This study highlights the potential of MOF-based binuclear
catalysts for augmenting the catalytic performance of CO,RR
and contributes to the growing body of research on MOF-
anchored dual-atom catalysts. Our findings pave the way for
designing highly efficient CO, reduction catalysts harnessing
synergistic metal sites within MOFs, offering new opportu-
nities for sustainable energy production and storage.

The binuclear cobalt complex, {Co,(CH;),C[CH,N=CH(1-
COOH-4-OH-3,5-C¢H3)CH=NCH,|,C(CH3),}(ClO,), (L1) was
prepared according to previously reported literatures (Schemes
S1-2 and Fig. S1-41).>**> Then Co,-MOF(-NH,) was syn-
thesized by a solvothermal reaction of ZrCl,, L1 and 2’-amino-
[1,1:4',1"-terphenyl]-4,4"-dicarboxylic acid (L2) in DMF with
acetic acid at 120 °C.***” L-MOF(-NH,) and Co,-MOF use the
same method, with the exception of changing L1 to L4 (a
complex with similar structure of L1 without Co site, as shown
in Scheme S2t), or L2 to [1,1":4,1"-terphenyl]-4,4"-dicarboxylic
acid (L3), respectively (Schemes S3 and 41). Co-MOF(-NH,)
was prepared by the reaction of L-MOF(-NH,) and Co
(Cl0O,4),-6H,0. As shown in Fig. 1a, the powder X-ray diffraction
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Fig.1 (a) PXRD patterns of Co,-MOF(-NH;) (red), Co-MOF(—NH,)
(blue), L-MOF(—NH,) (green) and Co,-MOF (purple). (b) HRTEM image
and (c—d) EDS elemental mapping for Co and Zr of Co,-MOF(—NHy,). (e)
UV-Vis DRS of Co,-MOF(-NH,) (red), Co-MOF(-NH,) (blue), L-MOF
(—NHo>) (green) and Co,-MOF (purple). (f) XPS profiles of Co 2p for Co,-
MOF(-NH) (L1: 12 =1:1).
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(PXRD) patterns of the four MOFs all closely match the simu-
lated one of Ui0-68,*® indicating that the framework keeps
stable after introducing ligand L1 or L4. High-resolution trans-
mission electron microscopy (HRTEM) images and elemental
mapping illustrated the octahedral morphologies of Co,-MOF
(-NH,) with homogeneous distribution of Co and Zr (Fig. 1b-
d). The size of Co,-MOF(-NH,), Co-MOF(-NH,), L-MOF(-NH,)
and Co,-MOF was measured to be 2.6 pm, 1.5 pm, 1.6 pm and
3.1 pm, respectively (Fig. S5t). Fourier transform infrared
spectra (FT-IR) further confirmed the isostructural of these
MOFs, with minor variances due to material sizes and metal
center coordination (Fig. S61). Co,-MOF(-NH,) showed good
stability (Fig. S77).

Using UV-Vis DRS (Fig. 1e and S8t), we observed an exten-
sion in light absorption from 480 nm to 800 nm in amino
functional catalysts following the introduction of amino group.
The steady-state photoluminescence (PL) spectra of L1 and L2
were also depicted in Fig. S9.f The high-resolution X-ray
photoelectron spectroscopy (XPS) of Co 2p for Co,-MOF(-NH,)
(L1:L2 = 1:1) exhibited the main peaks of Co 2p;, and Co
2p1/» at 780.95 and 796.88 eV, respectively, indicating that the
valence of Co was +2 (Fig. 1f).>* However, there was no obvious
Co species can be detected by XPS in Co,-MOF(-NH,) (L1:L2 =
1:5), Co-MOF(-NH,) and Co,-MOF due to the low Co content
beyond the detection limit (Fig. S10t). In addition, Co,-MOF
(-NH,) possesses higher CO, adsorption capacity than the
others, with an adsorption amount of 24.2 cm® g™ at 1 atm
(Fig. S11%), which might result in enhanced catalytic perform-
ance of CO,RR.*°

Based on the characterization results presented above, the
CO, reduction reactions were conducted in a CO,-saturated
mixture of 5 mL CH3CN and H,O (v/v = 4/1) along with MOFs
as photocatalysts. A sacrificial reductant in the form of 1,3-
dimethyl-2-phenyl-2,3-dihydro-1H-benzoimidazole (BIH) was
also employed. In order to figure the best ratio of L1 and L2, a
series of Co,-MOFs(-NH,) with different molar ratios of L1 and
L2, ranging from 1:1 to 1:20, were synthesized and employed
as photocatalysts of CO,RR. The PXRD pattern exhibited insig-
nificant differences amongst the five materials (Fig. S12aft).
The consumption of the chemicals and the contents of Co and
Zr were shown in Tables S1, S2 and S3,} respectively. As shown
in Fig. S12b,f the highest CO yield was obtained with the n
(L1):n (L2) ratio of 1:5 (37.85 pmol g~' h™"), which is 3.64,
2.68, 1.48, 2.10 times that of Co,-MOFs(-NH,) with the n
(L1):n (L2) ratio of 1:20, 1:10, 1:2 and 1:1, respectively. It
was hypothesized that inadequate active sites hindered the
catalytic activity when the ratio of n (L1): n (L2) was below 1: 5,
while beyond this ratio, the lack of photosensitive molecules
(L2) obstructed the light absorption of Co,-MOFs(-NH,). As a
result, the 1:5 molar ratios of L1 and L2 in Co,-MOFs(-NH,)
was chosen as the model catalyst to investigate the CO,
photoreduction.

Fig. 2a and b depict the CO production rate of Co,-MOF
(-NH;), Co-MOF(-NH,;), L-MOF(-NH,) and Co,-MOF were
37.85, 2.05, 0.00 and 5.41 pmol g~* h™", respectively, with trace
H, detected (Fig. S131). These findings suggest that the Co

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) Comparison of CO production rate of Co,-MOF(-NH,), Co-
MOF(-NH;), L-MOF(-NH;) and Co,-MOF. (c) CO yields of Co,-MOF
(—=NHy) for 4 reaction cycles. (b) Time-resolved CO productions, (d)
photocurrent tests, (e) EIS plots and (f) band gap diagram of Co,-MOF
(—NHp) (red), Co-MOF(-NH,) (blue), L-MOF(-NH,) (green) and Co,-MOF
(purple).

sites are the active centers and the amino functional ligand
improves the CO,RR activity of the MOF-based catalyst. CO
yield versus Co content of Co,-MOF(-NH,) (2.44 mmol g¢, ™"
h™) was 10.48 times as high as Co-MOF(-NH,) (0.23 mmol
2co” ' h™") owing to the synergistic catalysis effect, and trace
amounts of CO were produced in homogenous system of L1
(Fig. S14t). Furthermore, it was observed that the absence of
catalyst, BIH, light or CO, gas led to no CO production, indi-
cating that all those components are crucial in the reaction
system (Fig. S15at). Photocatalytic reactions were performed
using "C labeled CO,, and the peak of m/z = 29 was observed,
confirming that CO was generated from the reduction of CO,
(Fig. S15bt). No liquid product was detected by ion chromato-
graphy (IC). Compare to recently reported MOF-based catalysts,
Co,-MOF(-NH,) exhibited a good performance in photo-
catalytic CO, reduction (Table S47). Later, the durability of
Co,-MOF(-NH,) was investigated, and it was found that the CO
yields remained steady in four runs (Fig. 2c). The PXRD
pattern and SEM images of the recycled Co,-MOF(-NH,) were
consistent with the pristine one (Fig. $167), demonstrating the
well-maintained integrity and crystallinity.

To elucidate the incremental photocatalytic activity of Co,-
MOF(-NH,), photocurrent and EIS measurement were carried
out. As shown in Fig. 2d and e, Co,-MOF(-NH,) exhibited sig-

This journal is © The Royal Society of Chemistry 2023
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nificantly enhanced photocurrent response and the smallest
impedance radius, standing for superior charge separation
and transfer efficiency. Moreover, Tauc plots showed that the
band gap energies of Co,-MOF(-NH,), Co-MOF(-NH,), L-MOF
(-NH,) and Co,-MOF as 1.89, 2.06, 2.10 and 2.35 eV, respect-
ively. Mott-Schottky measurement showed the flat bands of
C0,-MOF(-NH,), Co-MOF(-NH,), L-MOF(-NH,), and Co,-MOF
calculated to be —1.06, —0.94, —0.91 and —0.92 V, respectively
(Fig. S17%). The corresponding band gap diagram is presented
in Fig. 2f. As their CB potentials are more negative than the
redox potential of photocatalytic CO, reduction to CO (—0.52 V
vs. NHE), all catalysts meet the thermodynamic prerequisites
for this transformation.

To further reveal the catalytic mechanism of Co,-MOF
(-NH,), fluorescence quenching experiment of L2 was con-
ducted with excitation at 360 nm. As shown in Fig. S18a,7 an
emission peak corresponding to excited [L2]* appeared at
409 nm, which reduced clearly with the addition of L1. In con-
trast, the fluorescence intensity showed very limited decrease
when BIH was added (Fig. S18ct). The results above elucidate
that the L2 parts in Co,-MOF(-NH,) was quenched by L1 parts
through oxidative quenching pathway.*' Moreover, the fluo-
rescence quenching intensity is linearly related to the concen-
tration of L1 or BIH, demonstrates the diffusion-controlled
electron transfer process (Fig. S18b and df).***

In addition, in situ FTIR measurements and DFT calcu-
lations were carried out to evaluate the reaction processes and
related active species. As shown in Fig. 3a, two evident peaks
of *COOH (1637 em™!) and *CO (2077 cm™") intermediates (*
means the adsorption site) can be detected, demonstrating
that the formation of *CO was the rate-determining step.**> Co-
MOF(-NH,) displayed the similar results (Fig. S19}). It has
been further revealed by DFT calculations of energy barriers.
As shown in Fig. 3b and c, the Co center in catalyst (Cat)
accepted an electron from -NH, to afford the Int-1 firstly.*?
Then Int-1 adsorbed a CO, to form Co-CO, adduct (Int-2) with
the free-energy change (AG) of 0.10 eV. The Int-2 undergoes a
proton-coupled electron transfer (PCET) process to generate
Int-3. The AG of this PCET process (0.50 eV) is lower than the
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Fig. 3 (a) In situ FTIR spectra, (b) Proposed catalytic cycle for the
photocatalytic CO,RR catalyzed by Co,-MOF(-NH,) and (c) DFT calcu-
lations of energy barriers.
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formation of Int-4 (0.98 eV). After adding a proton (H") to form
a water molecule, CO was released and the Cat regenerated
through an exothermal process (—1.64 eV).***> The rate-deter-
mining step AG value on Co-MOF(-NH,) (1.59 eV) is much
higher than on Co,-MOF(-NH,), the projected density of states
(PDOS) analysis suggests that the binuclear Co introduction
modulates the Co 3d orbital of. The d-band center shifts from
—1.3 eV in Co-MOF(-NH,) to —1.5 eV in Co,-MOF(-NH,),
demonstrating stronger COOH* adsorption on Co, site
(Fig. S207),*® which can be attributed to the binuclear metal
synergistic catalysis effect of Co,-MOF(-NH,).

In summary, we synthesized a binuclear cobalt complex,
based on which three Zr-based MOFs were fabricated and
applied to photocatalytic CO,RR. The integration of L1 and L2
in MOFs dramatically boosted the photo-catalytic CO,-to-CO
conversion without any additional photosensitizer. Photo- and
electro-chemical measurements and DFT calculation indicated
that the incremental catalytic activities of Co,-MOF(-NH,) is
likely attribute to the increased visible-light absorption and
charge separation. Fluorescence testing revealed an oxidative
quenching pathway in which the photoexcited [L2]* inject elec-
trons to the catalytic sites to impulse CO,RR. This work pro-
vides a new idea for improving the catalytic performance of
MOF-based photocatalyst without the usage of precious metal
photosensitizer.
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