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ABSTRACT: Photocatalytic CO2 reduction holds great potential for alleviating global energy
and environmental issues, where the electronic structure of the catalytic center plays a crucial
role. However, the spin state, a key descriptor of electronic properties, is largely overlooked.
Herein, we present a simple strategy to regulate the spin states of catalytic Co centers by
changing their coordination environment by exchanging the Co species into a stable Zn-based
metal−organic framework (MOF) to afford Co-OAc, Co-Br, and Co-CN for CO2
photoreduction. Experimental and DFT calculation results suggest that the distinct spin states
of the Co sites give rise to different charge separation abilities and energy barriers for CO2
adsorption/activation in photocatalysis. Consequently, the optimized Co-OAc with the highest
spin-state Co sites presents an excellent photocatalytic CO2 activity of 2325.7 μmol·g−1·h−1 and
selectivity of 99.1% to CO, which are among the best in all reported MOF photocatalysts, in the
absence of a noble metal and additional photosensitizer. This work underlines the potential of
MOFs as an ideal platform for spin-state manipulation toward improved photocatalysis.

■ INTRODUCTION
The energy crisis and greenhouse effect seriously threaten the
sustainable development of society. The utilization of
abundant solar energy to convert CO2 into chemical fuels is
recognized as one of the promising solutions.1 However, CO2
photoreduction usually suffers from low efficiency since CO2 is
a stable symmetric molecule with high C=O bond energy as
well as ease of charge recombination in photocatalysts.2−4 The
suppression of photogenerated charge recombination and
promotion of CO2 adsorption and activation are crucial for
efficient photocatalytic CO2 reduction. So far, many strategies
have been developed to enhance charge separation and
facilitate CO2 adsorption and activation for CO2 photo-
reduction.5−10

Electronic structures determine the properties of materials,
in which spin is an important inherent characteristic of
electrons and can reflect the electronic structures of catalysts,
dominating the chemical behavior of catalysts.11,12 Recently,
theoretical predictions and experiments have demonstrated
that spin regulation enables improved catalytic perform-
ance.13−17 However, there have been very limited examples
on spin regulation in photocatalysis, especially for photo-
catalytic CO2 reduction,18−20 which is probably due to the
grand challenge of regulating spin states in common photo-
catalysts. Currently, spin-state regulation in heterogeneous
photocatalysts is mainly limited to the creation of structural
vacancies and elemental doping.13−16,19 Unfortunately, vacan-
cies and dopants are not definitely catalytically active for CO2
reduction, and sometimes, vacancies are even recombination
centers of electrons and holes.3 Meanwhile, vacancies and
dopants in catalysts are not homogeneously distributed, and

accordingly, only the local spin state is changed. Therefore, the
creation of vacancies and elemental doping in photocatalysts
remain a challenge not only in precise fabrication but also in
the establishment of the relationship between spin-state
regulation and photocatalysis.

As a class of emerging photocatalysts, metal−organic
frameworks (MOFs), constructed by metal nodes and organic
linkers, featuring atomically precise and highly tailorable
structures,21−24 are excellent candidates for understanding
the relationship between the structure and performance.25−31

The d-transition metal nodes in MOFs are commonly
recognized as excellent active sites for CO2 photoreduc-
tion,32−39 whose performance should be strongly sensitive to
the metal spin state. Significantly, the metal nodes, dominating
the photocatalysis, are allowed to be decorated and/or
substituted without disturbing the MOF skeleton and
photoresponse.40−44 Therefore, MOFs might be an ideal
platform to regulate the spin state for enhanced CO2
photoreduction.

Herein, Zn(II) sites are partially substituted with Co(II)/
Co(III) in a stable Zn-based MOF, CFA-1,45 by a facile
postsynthetic exchange strategy. By altering the type of Co
precursor, three different counterparts bearing Co centers
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coordinated with −CH3COO, −Br, and −CN have been
synthesized to afford Co-OAc, Co-Br, and Co-CN, respec-
tively (Scheme 1). Both experimental and DFT calculations

suggest that the modulation of the coordination microenviron-
ment of the Co sites gives rise to its spin-state regulation with
or without changing the Co oxidation state, leading to
differentiated charge separation efficiency as well as CO2
adsorption and activation. As a result, Co-OAc with the
highest spin state possesses superior charge separation and
optimized energy barriers of CO2 adsorption and activation,
thereby presenting an excellent photocatalytic CO2 reduction
rate of 2325.7 μmol·g−1·h−1 with 99.1% selectivity to CO,
which is among the best in all MOF photocatalysts, in the
absence of a noble metal and additional photosensitizer.

■ RESULTS AND DISCUSSION
A representative MOF, namely, CFA-1, was synthesized based
on a facile solvothermal method with the linker 1H,1’H-5,5′-
bibenzo[d][1,2,3]triazole and zinc acetate dihydrate at 120 °C.
By postsynthetic exchanging the 5-fold-coordinated Zn(II)
sites in CFA-1 with different Co precursors, e.g., Co(OAc)2·
4H2O, CoBr2·xH2O, and K3[Co(CN)6], under solvothermal
conditions,45 the corresponding products, Co-OAc, Co-Br,
and Co-CN were respectively obtained, where the Co contents
are all ∼1.0 wt % based on the inductively coupled plasma
atomic emission spectroscopy (ICP-AES) results. The powder
X-ray diffraction (XRD) patterns manifest the maintained
crystallinity of all of the Co counterparts after postsynthetic
exchange (Figure S1). To identify the coordination environ-
ment of the Co sites, X-ray absorption fine structure (XAFS)
spectroscopy has been conducted. The Fourier transform-
extended X-ray absorption fine structure (FT-EXAFS)
spectrum of Co-OAc presents a dominant peak at ∼1.58 Å
that can be ascribed to the Co−O bond or Co−N bond, while
the Co−Co bond is not observable (Figure S2), indicating that
the Co sites are dispersed atomically in the MOF skeleton.
Furthermore, the curve fitting for the EXAFS data indicates
that each Co site is coordinated with three linkers and one
acetate (Figure 1a and Table S1). Similarly, the Co sites in Co-
Br and Co-CN are coordinated with one Br− and two CN−,
respectively, as verified by the XAFS (Figures S3 and S4 and
Table S1). The scanning electron microscopy (SEM) images
and gas sorption isotherms indicate that there is no obvious
difference in the morphologies, porous features, and CO2
adsorption capacities of all these counterparts (Figures S5−

S8). Moreover, the energy band structures have been further
evaluated by Tauc and Mott−Schottky plots (Figures S9−
S11). All Co-based MOF counterparts exhibit similar light
absorption, optical band gaps, and HOMO (highest occupied
molecular orbital) and LUMO (lowest unoccupied molecular
orbital) levels, suggesting their similar redox capabilities in
photocatalysis. All of the above results demonstrate that the
coordination microenvironment of Co sites would be the only
variable in Co-OAc, Co-Br, and Co-CN.

In view of the similar physicochemical properties of all of
these Co counterparts, the spin features of the involved Co
species have been investigated. It is assumed that the different
coordination microenvironments of Co sites would strongly
affect their electronic structures, which would then give rise to
perturbation of their spin states, regardless of the Co oxidation
state. For example, the two electron configurations, i.e., t2g

6eg
1

and t2g
5eg

2, of CoII are associated with its low spin (LS) and
high spin (HS) states, respectively, while the LS and HS states
are t2g

6eg
0 and t2g

4eg
2, respectively, for CoIII (Scheme 1). X-ray

photoelectron spectroscopy (XPS) was performed to reveal the
electronic structure and oxidation states of Co sites in the
MOFs. The two apparent satellite peaks indicate the +2
oxidation state of the Co species in Co-OAc and Co-Br,
whereas there is no satellite peak in Co-CN, reflecting its +3
oxidation state (Figure 1b and Figure S12).18 Given that the
energy difference between Co 2p1/2 and Co 2p3/2, referred to
as spin−orbit splitting (ΔE), would increase as the number of
single electrons in the Co center increased,46,47 the obtained
ΔE in the order of ΔECo‑OAc (15.9 eV) > ΔECo‑Br (15.4 eV) >
ΔECo‑CN (15.1 eV) suggests that the Co species in Co-OAc
might present a higher spin state than those in Co-Br and Co-
CN (Figure 1b). These results preliminarily indicate that
regulation of the Co coordination environment can change its
electronic structure and spin state.

To further elucidate the influence of coordination atoms on
the spin state of the Co site, theoretical calculations have been
performed. Density functional theory (DFT) calculation

Scheme 1. Synthesis of Co-OAc, Co-Br, and Co-CN
Featuring Different Spin States of CoII and CoIII Species via
a Postsynthetic Exchange Strategy

Figure 1. (a) Co K-edge EXAFS spectrum fitting for Co-OAc and
(inset) optimized coordination structure of the involved Co site. (b)
XPS spectra of Co 2p for Co-OAc, Co-Br, and Co-CN. (c) Fitted
susceptibility vs temperature based on Curie−Weiss law for Co-OAc,
Co-Br, and Co-CN (C is the Curie constant obtained from the slope
of the curve). (d) Number of single electrons and the corresponding
fraction of HS and LS states for Co-OAc, Co-Br, and Co-CN.
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results show that the energy of Co-OAc with low-spin CoII

sites (S = 1/2) is 0.56 eV higher than that with high-spin CoII

sites (S = 3/2) in Co-OAc, reflecting that the CoII sites in Co-
OAc tend to be in a high spin state (Table S2). In contrast,
Co-Br has comparable energies for both the low-spin and high-
spin CoII, which suggests that both spin states are possible. In
addition, the much lower energy observed for Co-CN with
CoIII at a low spin state (S = 0) than those at higher spin states
(S = 1, 2) implies the absence of single electrons for CoIII sites
in Co-CN. Overall, the DFT results indicate that the spin state
of Co species follows the order Co-OAc > Co-Br > Co-CN,
which is consistent with the above XPS results. To verify the
DFT results, temperature-dependent magnetization measure-
ments have been carried out, which is a technique that can be
used to determine the exact single electron number of Co
sites.48,49 The magnetic susceptibility of CFA-1 does not vary
with temperature, manifesting its diamagnetic feature (Figure
S13a). As expected, Co-CN also presents a diamagnetic
behavior (Figure S13b), confirming its electron configuration
of t2g

6eg
0 without a single 3d electron (S = 0), in agreement

with the DFT results. Unlike CFA-1 and Co-CN, the magnetic
susceptibilities support the paramagnetic feature of Co-Ac and
Co-Br. By fitting the magnetic susceptibilities based on the
modified Curie−Weiss law, the effective magnetic moment
(μeff) of Co-Ac and Co-Br can be calculated to be 3.60 μB and
2.93 μB, respectively (Figure 1c,d and Figures S14 and S15).48

Based on the relationship between the μeff and spin state, the
spin states of Co-Ac and Co-Br can be calculated as 0.17 LS +
0.83 HS and 0.54 LS + 0.46 HS, respectively, corresponding to
2.66 and 1.92 of the single 3d electron numbers,49 which well
approve the DFT calculation results.

Encouraged by the above results, visible-light-driven photo-
catalytic CO2 reduction has been proceeded in the absence of
an additional photosensitizer and noble metal cocatalyst. The
photocatalytic experiments indicate that Co-OAc exhibits H2,
CO, and CH4 production rates of 18.3, 2325.7, and 1.8 μmol·
g−1·h−1, respectively, corresponding to a turnover frequency
(TOF) for CO of 27.0 h−1 and a high CO selectivity of 99.1%
(Figure 2a, Figure S16, and Table S3). No liquid products can

be found based on ion chromatography and NMR results
(Figures S17 and S18). The activity and selectivity of Co-OAc
are among the best compared to reported MOF photocatalysts
and even surpass most heterogeneous photocatalysts in the
absence of an additional photosensitizer and noble metal
(Tables S4 and S5). No carbon products can be found with N2
instead of CO2 as the feeding gas or in the absence of light
irradiation (Table S3), which suggests that CO2 and light
irradiation are indispensable for the CO2 photoreduction. To
clarify the origin of CO, the 13CO2 isotopic labeling
experiment has been completed with gas chromatography−
mass spectrometry (GC-MS). The total ion chromatography
(TIC) peak at 6.3 min corresponds to the CO product, whose
MS mainly consists of three signals. The signal at m/z = 29 is
assignable to 13CO, and the 13C at m/z = 13 and O at m/z =
16 are ascribed to the fragments of 13CO, confirming that CO
originates from the CO2 conversion (Figure 2b). The recycling
experiment for Co-OAc suggests that no noticeable decrease in
the CO production activity can be observed, demonstrating its
high stability in photocatalysis (Figure 2c). The leaching of Co
and degradation of linkers are negligible in the supernatant
after the reaction (Figure S18). Furthermore, powder XRD
patterns support the maintained structural integrity and
crystallinity (Figure S19). In addition, the photocatalytic
performances of Co-Br and Co-CN have been investigated to
uncover the impact of the Co spin state on the photocatalytic
CO2 reduction. Despite the fact that both Co-Br and Co-CN
exhibit a high CO selectivity of >97%, compared with Co-OAc,
the CO production rate over Co-Br with low spin-state CoII

sites shows a slight decrease (1864.4 μmol·g−1·h−1) with a
TOF of 11.2 h−1, and the CO activity is only 57.3 μmol·g−1·h−1

with a TOF of 0.4 h−1 over Co-CN, which is less than one
fortieth of Co-OAc (Figure 2a and Table S3). As a control, no
CO can be observed for CFA-1. Furthermore, the CO activity
and selectivity of physically mixed CFA-1 and the correspond-
ing cobalt salts, including Co(OAc)2·4H2O, CoBr2·xH2O and
K3[Co(CN)6], are significantly decreased (Table S3). These
results indicate that the active sites responsible for CO2
reduction are the Co sites with different coordination
environments rather than the Zn sites or the homogeneous
cobalt salts, confirming the influence of different spin states of
Co species on the CO2 reduction. To further correlate the spin
state and photocatalytic activity, the relationship between the
CO activity and the number of single electrons is presented
(Figure 2d), which indicates the boosting of the CO
production rate along with an increased number of single
electrons, unambiguously unveiling the remarkable influence of
Co spin states on the CO2 photoreduction activity. In addition,
the photocatalytic performance over the three MOF counter-
parts under both full spectrum irradiation and simulated
sunlight has been evaluated (Table S3). The excellent
performances indicate the good light-harvesting capability of
these Co-based MOFs.

To unveil the charge transfer mechanism in photocatalysis,
in situ soft X-ray absorption spectroscopy (sXAS) and in situ
electron paramagnetic resonance (EPR) have been performed
over Co-OAc as a representative. The peaks at 778.4 and 793.7
eV correspond to the L3 and L2 edges, respectively (Figure 3a),
which arise from the electron transition from p-orbitals to d-
orbitals.50 Notably, the signals under light irradiation are
apparently suppressed, suggesting that the Co sites accept
electrons.50 Furthermore, in situ EPR shows a Co2+ signal
under dark conditions (Figure S20).51 Upon exposure to light,

Figure 2. (a) Photocatalytic CO production rate over Co-OAc, Co-
Br, and Co-CN. (b) Total ion chromatography signals and (inset)
mass spectra for the 13CO product in photocatalytic 13CO2 reduction
over Co-OAc. (c) Recycling performance of Co-OAc. (d) Relation-
ship between the CO production rate and the single electron numbers
of the Co species in Co-OAc, Co-Br, and Co-CN.
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a reduced signal can be observed as the Co2+ accepting
electrons is converted into EPR-silent Co+. When CO2 is
introduced, the signal is partially restored, implying the
electron migration from Co sites to CO2.

52 Therefore, we
can conclude that Co sites are reduced after accepting
photogenerated electrons in the photocatalytic process;
subsequently, the electrons are transferred to CO2, thereby
achieving the photocatalytic reaction.

There are three key factors that govern a photocatalytic
reaction efficiency, namely, light absorption, charge separation,
and surface reactions. In view of the similar light absorption of
the three Co-based MOFs, the charge separation process and
CO2 adsorption and activation have been examined to
elucidate how the spin state of Co sites affects the CO2
photoreduction activity. The different spin states usually give
rise to discriminative spin polarization that affects charge
separation.16,19 Therefore, the density of states (DOS) plots
have been calculated to show the spin-polarized electron
distributions of these photocatalysts. As expected, no spin-
polarized behavior is observed for CFA-1 and Co-CN due to
their diamagnetism (Figures S21 and S22). In contrast,
obvious spin-polarized electrons can be observed around
HOMO (corresponding to the valence band maximum, VBM)
for Co-OAc and Co-Br (Figures 3b and Figure S23), in which
Co-OAc displays a higher spin polarization with more spin-up
electrons, disclosing its superior charge separation.

To better understand how spin polarization leads to
enhanced charge separation, a related mechanism is illumi-
nated (Figure 3c). Under light irradiation, the spin-up
electrons are excited to the LUMO (corresponds to the
conduction band minimum, CBM), and the corresponding
holes with the spin-up direction are left in HOMO. The
photoexcited spin-up electrons will change their spin direction
to spin down due to the spin−orbital coupling (SOC),
hyperfine interaction (HFI), etc., while the spin-up holes
remaining in the HOMO keep their spin direction.16,19 In this
case, the charge recombination will be suppressed due to the
spin mismatch of photoexcited electrons and holes,16 which

illustrates that a high degree of spin polarization will bring
about enhanced charge separation.

Photo/electrochemical characterizations have been further
performed to examine the boosted charge separation by spin
polarization. The positive slopes of Mott−Schottky plots over
the three Co-based MOFs indicate their n-type semiconduct-
ing nature, with electrons as the majority carriers. The carrier
density can be estimated by the slope of the curve, where a
high slope means a low carrier density.53 It is apparent that the
slope of Co-OAc is smaller than those of Co-CN and Co-Br,
manifesting more photogenerated carriers in Co-OAc (Figure
S24), which supports the idea that Co-OAc is able to produce
more photogenerated carriers to participate in CO2 photo-
reduction. The linear sweep voltammetry (LSV) profiles
display the lowest onset overpotential and the fastest current
growth at a higher voltage of Co-OAc (Figure S25), suggesting
the superior charge transfer behavior of Co-OAc compared to
Co-Br and Co-CN. The LSV results are further supported by
the smallest radius of Co-OAc in the electrochemical
impedance spectroscopy (EIS) plots and the strongest
photocurrent response (Figures S26 and S27). To verify the
electrochemical results, the steady-state and time-resolved
photoluminescence (PL) spectra have been collected. The
steady-state PL spectra of all the Co-based MOFs give similar
emission signals centered at ∼450 nm under excitation at 360
nm, whereas the fluorescence intensities of Co-Br and Co-OAc
are significantly quenched and follow the intensity sequence of
Co-Br > Co-OAc compared with the apparent emission of Co-
CN (Figure S28). The fluorescence emission usually originates
from the recombination process of excited electrons and holes;
therefore, the sequence of the fluorescence intensity reversely
matches the charge separation efficiency. In addition, Co-OAc
presents a faster fluorescence decay than Co-Br and Co-CN,
well demonstrating that more electrons in Co-OAc are
separated and available for driving the photocatalytic CO2
reactions (Figure 3d, Figures S29−S31).

The above results ambiguously demonstrate that spin-state
regulation in Co-based MOFs can significantly promote charge
separation for improving photocatalytic CO2 reduction. Apart
from the charge separation, the spin-state change also
correlates with the perturbation of the Co electronic structure,
which will affect the interaction between CO2 and catalytic
sites, leading to a different CO2 adsorption and activation.
Initially, in situ diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) has been adopted to identify the key
intermediates in photocatalytic CO2 reduction over Co-OAc.
It is evident that some peaks of key intermediates are gradually
enhanced with prolonged exposure to light irradiation (Figure
4a). The peaks at 1248 and 1325 cm−1 can be assigned to
*CO2

− and CO3
2−, respectively, originating from the CO2

activation process on the MOF surface.54 More importantly,
the *COOH intermediate is observed at 1549 cm−1, which is
commonly identified as key active species for reducing CO2 to
CO.10,35 In addition, the signal of CO chemisorption at
approximately 2022 cm−1 supports CO as the main product
during CO2 reduction.55 In terms of the DRIFTS results, a
possible mechanism for the conversion of CO2 to CO can be
proposed: (1) CO2 → CO2*; (2) CO2* + e− + H+ →
*COOH; (3) *COOH + e− + H+ → *CO + H2O; and (4)
*CO→ CO.

Following the reaction mechanism, theoretical calculations
are further conducted to uncover the role of spin state
regulation in CO2 photoreduction. The adsorption of CO2 on

Figure 3. (a) In situ Co L-edge sXAS spectra for Co-OAc in the dark
and under light irradiation. (b) Density of states of Co-OAc (the inset
is an enlarged DOS diagram around HOMO). (c) Mechanism of spin
polarization for improved charge separation. (d) Time-resolved PL
spectra of Co-OAc, Co-Br, and Co-CN.
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catalytic Co sites is the first step. DFT calculation results
indicate that the adsorption energy barrier of CO2 on the
surface of the three catalysts follows a trend of Co-CN > Co-
Br > Co-OAc (Figure 4b), revealing that the high-spin Co sites
with more single electrons favor the stronger interaction
between CO2 and catalytic Co sites. Furthermore, the
activation processes from adsorbed CO2 (*CO2) to oxidized
CO have been examined. The Gibbs free energy (ΔG)
variation along the reaction paths via two hydrogenation steps
is illustrated (Figure 4c). The formation of *COOH
intermediates with the highest energy barrier is the rate-
determining step (RDS) for Co-OAc and Co-Br, where the
much lower energy barrier of Co-OAc supports the superior
activity of Co-OAc to Co-Br. By contrast, the desorption of
*CO is the RDS for Co-CN, the energy barrier of which is
much higher than those of Co-OAc and Co-Br, indicating that
the generated CO might not easily escape from the Co-CN
surface in time, thus impeding the reaction. Consequently, the
maximum resistances of CO2 adsorption and CO desorption
accompanied by the most suppressed charge separation in Co-
CN result in its lowest photocatalytic activity.

■ CONCLUSIONS
In summary, the substitution of 5-fold-coordinated Zn(II) in
CFA-Zn by Co species with different Co precursors leads to
the fabrication of three Co-based MOFs, namely, Co-OAc,
Co-Br, and Co-CN, which feature very similar structures, light
absorption, and energy band levels yet different coordination
microenvironments of Co sites. Both experimental and
calculation results demonstrate the regulated spin state of Co
sites, i.e., Co-OAc > Co-Br > Co-CN, creating ideal models to
investigate how the spin states of catalytic Co sites affect
photocatalysis. In photocatalytic CO2 reduction, Co-OAc with
the highest spin-state Co sites exhibits an excellent photo-
catalytic CO production rate up to 2325.7 μmol·g−1·h−1

without a noble metal or additional photosensitizer, which is
superior to the other counterparts. Results suggest that the
spin-state regulation of catalytic Co centers can not only
improve photoinduced charge separation but also optimize
CO2 adsorption and activation, thereby boosting the CO2

photoreduction. This work achieves spin-state regulation in
photocatalysts by altering the coordination microenvironments
of catalytic metal sites and highlights the significant roles of
metal spin states in photocatalysis.

■ MATERIALS AND METHODS
Materials and Equipment. All chemicals were purchased from

commercial sources and used without any further purification unless
otherwise stated.

All powder X-ray diffraction (XRD) patterns were collected on a
Rigaku MiniFlex 600 equipped with graphite-monochromated Cu Kα
radiation (λ = 1.54178 Å). N2 and CO2 sorption isotherms were
acquired by using automatic volumetric adsorption equipment
(Micromeritics ASAP 2020). Scanning electron microscopy (SEM)
images were taken on a Zeiss Supra 40 scanning electron microscope
at an acceleration voltage of 5 kV. X-ray photoelectron spectroscopy
(XPS) measurements were performed by using a Kratos Axis supra+
spectrometer equipped with monochromatized Al Kα (hν = 1486.6
eV) as the excitation source. The EPR measurements were conducted
with a Bruker Nano X-band spectrometer at 100 K. The contents Co
in the photocatalysts were quantified by an inductively coupled
plasma atomic emission spectrometer (ICP-AES, Thermo Scientific
iCAP 7400). The UV−vis diffuse reflectance spectra of the samples
were collected by using a Shimadzu UV-2700. The steady-state
photoluminescence emission spectra were obtained over a Fluo-
rescence Spectrophotometer F-4600 made by HITACHI. The
temperature-dependent magnetization measurements were carried
out by a magnetic measuring system (Quantum Design MPMS3) with
a magnetic field strength of 1 kOe. The photocatalytic gaseous
products were analyzed by gas chromatography (GC, Agilent 8860)
equipped with a thermal conductivity detector (TCD) and a flame
ionization detector (FID) using Ar as the carrier gas. The
photocatalytic liquid products were analyzed by an ion chromato-
graph (Thermo Scientific Dionex Aquion) and 1H nuclear magnetic
resonance (NMR, Bruker AVANCE AV III 400). The 13C isotope-
labeled products were analyzed by gas chromatography−mass
spectrometry (GC-MS, Agilent Technologies 7890B GC-Agilent
Technologies 5977B MSD Mass Spectrometer).

Synthesis of 1H,1′H-5,5′-Bibenzo[d][1,2,3]triazole. The
ligand 1H,1′H-5,5′-bibenzo[d][1,2,3]triazole (H2bibta) was synthe-
sized following the reported method with some modifications.45

Typically, 1 g of 3,3′,4,4′-tetraaminobiphenyl was dissolved in 10.0
mL of CH3COOH, and then, 1.0 mL of H2O was added. Then, 1.0
mL of NaNO2 aqueous solution (0.70 g/mL) was added dropwise
into the above solution under stirring. The reaction was stirred for 2 h
in an ice−water bath. The product was collected by filtration and
washed with H2O and methanol three times.

Synthesis of CFA-1. CFA-1 was synthesized following the
reported method with some modifications.56 Typically, 1.48 g of
Zn(CH3COO)2·4H2O and 0.40 g of 3,3′-diaminobenzidine were
dispersed into 200.0 mL of N,N-dimethylformamide (DMF) followed
by adding 8.0 mL of CH3COOH. The mixture was heated to 120 °C
for 48 h. After cooling down to room temperature, the sample was
filtered and washed with DMF, methanol, and acetone. Finally, the
product was activated under vacuum for 12 h at 150 °C.

Synthesis of Co-OAc. Typically, 50.0 mg of CFA-1 was added
into 9.0 mL of DMF in a 20 mL glass vial. Then, a 1.0 mL solution
(2.5 mg/mL) of Co(CH3COO)2·4H2O in DMF was added. The
mixture was reacted at 60 °C for 24 h without stirring. The product
was collected by centrifugation and washed three times with DMF
and acetone. Finally, the product was activated under vacuum for 12 h
at 150 °C. The Co loading amount is about 0.95 wt % based on ICP-
AES results.

Synthesis of Co-Br. Typically, 50.0 mg of CFA-1 was added into
8.7 mL of DMF in a 20 mL glass vial. Then, a 1.3 mL solution (2.2
mg/mL) of CoBr2·xH2O in DMF was added. The mixture was
reacted at 60 °C for 24 h without stirring. The product was collected
by centrifugation and washed three times with DMF and acetone.

Figure 4. (a) In situ DRIFTS spectra for detecting the reaction
intermediates in CO2 photoreduction over Co-OAc under visible light
irradiation. (b) Energy barrier of CO2 adsorption on the surfaces of
the three Co-based MOFs. (c) Energy variations of CO2 photo-
reduction along the reaction path of the three Co-based MOFs.
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Finally, the product was activated under vacuum for 12 h at 150 °C.
The Co loading amount is about 0.98 wt % based on ICP-AES results.

Synthesis of Co-CN. Typically, 50.0 mg of CFA-1 was added into
7.2 mL of DMF in a 20 mL glass vial. Then, 2.8 mL of K3[Co(CN)6]
aqueous solution (3.3 mg/mL) was added. The mixture was reacted
at 60 °C for 24 h without stirring. The product was collected by
centrifugation and washed three times with H2O and acetone. Finally,
the product was activated under vacuum for 12 h at 150 °C. The Co
loading amount is about 0.96 wt % based on ICP-AES results.

Synthesis of 1,3-Dimethyl-2-phenyl-2,3-dihydro-1H-benzo-
[d]imidazole (BIH). BIH was synthesized following the reported
method with some modifications.57 Typically, 0.3 g of NaOH was
added into 9.5 mL of methanol, and then, 1.5 g of 2-phenyl-
benzimidazole and 4.0 g of methyl iodide were dissolved in the
methanol solution. The solution was sealed in a pressure tube and
reacted for 12 h at 110 °C. Then, the obtained crude product was
filtered and washed with EtOH:H2O (5:1 v/v). The faint yellow
precipitates were recrystallized from ethanol. The resulting product
(3.0 g) was further dissolved in 80.0 mL of methanol, and 1.2 g of
NaBH4 was slowly added into the solution under a N2 atmosphere.
Then, the mixture was stirred for 1 h under a N2 atmosphere in an
ice−water bath. The products were collected by vacuum rotary
evaporation, and the precipitates were recrystallized from EtOH:H2O
(2:1 v/v) to obtain BIH crystals.

Photoelectrochemical Measurements. Mott−Schottky plot
measurements and electrochemical impedance spectroscopy (EIS)
were performed on a Zahner Zennium electrochemical workstation.
Typically, 2 mg of photocatalyst was dispersed into 2 mL of ethanol
and 10 μL of Nafion mixed solution. After ultrasonic uniformity, 30
μL of solution was dropped onto glassy carbon, used as a working
electrode. The measurements were carried out using a three-electrode
system with a Pt plate as a counter electrode and Ag/AgCl as a
reference electrode. A 0.1 M Na2SO4 solution was used as the
electrolyte.

The frequencies of the Mott−Schottky plot measurements were
500, 1000, and 1500 Hz, respectively. The EIS measurements were
performed with a bias potential of −1.2 V in the dark. Photocurrent
measurements were performed on a CHI 760E electrochemical
workstation. Typically, 2 mg of photocatalyst was dispersed into 2 mL
of ethanol and 10 μL of Nafion mixed solution. The indium−tin oxide
(ITO) glass coated with 1 cm2 mixed solution was used as a working
electrode. The measurements were carried out using a three-electrode
system with a Pt plate as a counter electrode and Ag/AgCl as
reference electrode. A 0.1 M Na2SO4 solution was used as the
electrolyte. A 300 W xenon lamp with a UV cutoff filter (>380 nm)
was used as the light source. The photocurrent signals of the samples
were recorded under a bias potential of +0.5 V. The sample interval
was 0.1 s, and the running time was 200 s.

X-ray Absorption Fine Structure Spectra Measurements.
The X-ray absorption fine structure spectra (XAFS) were collected at
the 1W1B station in Beijing Synchrotron Radiation Facility (BSRF).
The storage rings of BSRF were operated at 2.5 GeV with an average
current of 250 mA. Using a Si(111) double-crystal monochromator,
the data collection was carried out in transmission mode using an
ionization chamber. All spectra were collected under ambient
conditions.

The acquired EXAFS data were processed according to the
standard procedures using the ATHENA module implemented in the
IFEFFIT software packages.58 The k3-weighted EXAFS spectra were
obtained by subtracting the postedge background from the overall
absorption and then normalizing with respect to the edge-jump step.59

Subsequently, the k3-weighted χ(k) data of Co K-edge were Fourier
transformed to real (R) space using a Hanning windows (dk = 1.0
Å−1) to separate the EXAFS contributions from different coordination
shells. To obtain the quantitative structural parameters around central
atoms, least-squares curve parameter fitting was performed using the
ARTEMIS module of IFEFFIT software packages.60 The parameters,
i.e., coordination number (CN), bond length (R), Debye−Waller
factor (σ2), and E0 shift (ΔE0) around Co, were allowed to vary
during the fit process.

In Situ Soft X-ray Absorption Spectroscopy Measurements.
The in situ soft X-ray absorption spectroscopy (sXAS) data were
collected at the photoemission end-station of beamline BL10B at the
National Synchrotron Radiation Laboratory (NSRL) in Hefei, China.
The beamline is connected to a bending magnet and can deliver
photon energies in the range of 100 to 1000 eV. It has a resolving
power (E/ΔE) exceeding 1000 and a photon flux of 109 photons per
second. During the light exposure experiments, the MOF was directly
irradiated through the window of the analysis chamber.

Photocatalytic CO2 Reduction. The photocatalytic CO2
reduction experiments were performed in a 160 mL optical reaction
vessel (Beijing Perfectlight Technology Co., Ltd., China) with stirring
at ambient temperature. First, 5 mg of photocatalyst and 25 mg of
BIH were dispersed into 25 mL of acetonitrile. After homogeneous
mixing, the suspension was stirred and purged with CO2 for ∼20 min.
The light source was a 300 W Xe lamp equipped with a UV cutoff
filter (>380 nm), unless otherwise specifically stated. For each
evaluation of gas generation, 100 μL of the headspace was injected
into the gas chromatography (Agilent 8860, argon as a carrier gas)
using a thermal conductivity detector (TCD) and a flame ionization
detector (FID). H2, CO, and CH4 were quantified by a calibration
plot. The possible liquid products were detected by ion chromatog-
raphy and 1H NMR.

DFT Calculations. The density functional theory (DFT)
implementation in the CP2K 6.1.0 program61 was used to optimize
different spin hybrid structures. The Quickstep method62 was based
on a hybrid Gaussian plane wave (GPW) scheme63 with a plane wave
cutoff of 500 Ry. The Goedecker−Teter−Hutter (GTH)64

pseudopotentials were applied to describe the interactions between
the core electrons in the calculations. The Perdew−Burke−Ernzerhof
(PBE)65 was used to describe the exchange-correlation effects. To
illustrate van der Waals interactions, the Grimme-D3 dispersion
correction was applied in all calculations. The localized double ξ-
valence-polarized basis set (DZVP)66 was chosen to expand the wave
functions.

In static calculations, the hybrid function of Heyd, Scuseria, and
Ernzerhof (HSE06)67 was used to get the energy of structures in the
Vienna ab initio simulation package (VASP).68 The convergence
criterion for the electronic self-consistent cycle was fixed at 10−5 eV.
Grimme’s DFT-D3 method was applied to the long-range van der
Waals (vdW) interaction corrections. The cutoff energy for the plane-
wave basis set was set to 400 eV. The Brillouin zone was sampled with
1 × 1 × 1 Monkhorst−Pack k-mesh. To get more accurate results, an
implicit solvent acetonitrile was added in all calculations based on the
experimental conditions by Hennig and co-workers under the name
VASPsol.69

Calculation for the Free Energies. Based on the general single
site of the CO2 reduction (CO2RR) mechanism, the pathway for CO2
reduction of CO in the whole reaction can be written as

* + *CO CO2 2 (1)

* + + *+CO H e COOH2 (2)

* + + * ++COOH H e CO H O2 (3)

* * +CO CO (4)

Here, an asterisk (*) represents the active sites in the MOF
catalysts. To calculate the free energy changes, a standard change of
Gibbs free energy at zero potential was calculated according to the
following standard formual:70

= +G E T SZPE

where ΔE refers to the change of reaction energy based on DFT
simulations, ΔZPE is the zero-point energy change calculated by the
vibrational frequency using the finite difference method, and ΔS
represents the entropy change for each elementary step. The
temperature in our work is set to 298.15 K.
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1: the first chiral metal−organic framework containing Kuratowski-
type secondary building units. Dalton Trans. 2013, 42, 10786−10797.
(46) Brown, D. G.; Weser, U. XPS spectra of spin-triplet Cobalt(III)

complexes. Z. Naturforsch. B 1979, 34, 1468−1470.
(47) Wu, K.-H.; Liu, Y.; Tan, X.; Liu, Y.; Lin, Y.; Huang, X.; Ding,

Y.; Su, B.-J.; Zhang, B.; Chen, J.-M.; Yan, W.; Smith, S. C.; Gentle, I.
R.; Zhao, S. Regulating electron transfer over asymmetric low-spin
Co(II) for highly selective electrocatalysis. Chem. Catal. 2022, 2,
372−385.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.3c11446
J. Am. Chem. Soc. 2024, 146, 3241−3249

3248

https://doi.org/10.1038/nature19059
https://doi.org/10.1038/nature19059
https://doi.org/10.1039/D1EE02222A
https://doi.org/10.1039/D1EE02222A
https://doi.org/10.1039/D1EE02222A
https://doi.org/10.1038/s41467-019-09845-z
https://doi.org/10.1038/s41467-019-09845-z
https://doi.org/10.1002/anie.202100726
https://doi.org/10.1002/anie.202100726
https://doi.org/10.1021/acsnano.1c06524?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.1c06524?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-020-14333-w
https://doi.org/10.1038/s41467-020-14333-w
https://doi.org/10.1021/jacs.1c00889?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c00889?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c07206?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c07206?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c06060?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c06060?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202301925
https://doi.org/10.1002/anie.202301925
https://doi.org/10.1002/anie.202301925
https://doi.org/10.1126/science.1230444
https://doi.org/10.1126/science.1230444
https://doi.org/10.1039/C4CS90059F
https://doi.org/10.1039/C4CS90059F
https://doi.org/10.1002/sstr.202370001
https://doi.org/10.1002/sstr.202370001
https://doi.org/10.1002/sstr.202370001
https://doi.org/10.1002/adma.201705189
https://doi.org/10.1002/adma.201705189
https://doi.org/10.1039/C6CS00250A
https://doi.org/10.1039/C6CS00250A
https://doi.org/10.1039/C6CS00250A
https://doi.org/10.1016/j.joule.2017.08.008
https://doi.org/10.1016/j.joule.2017.08.008
https://doi.org/10.1016/j.joule.2017.08.008
https://doi.org/10.1002/adma.201800702
https://doi.org/10.1002/adma.201800702
https://doi.org/10.1002/adma.201800702
https://doi.org/10.1021/acs.chemrev.9b00757?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.9b00757?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c09000?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c09000?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c09000?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D1CS00968K
https://doi.org/10.1039/D1CS00968K
https://doi.org/10.1021/accountsmr.1c00009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/accountsmr.1c00009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202217565
https://doi.org/10.1002/anie.202217565
https://doi.org/10.1002/anie.201108357
https://doi.org/10.1002/anie.201108357
https://doi.org/10.1002/anie.201108357
https://doi.org/10.1021/jacs.5b08773?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b08773?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b08773?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201913284
https://doi.org/10.1002/anie.201913284
https://doi.org/10.1002/anie.202011068
https://doi.org/10.1002/anie.202011068
https://doi.org/10.1021/jacs.1c12631?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c12631?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D2EE03755F
https://doi.org/10.1039/D2EE03755F
https://doi.org/10.1039/D2EE03755F
https://doi.org/10.1002/anie.202216232
https://doi.org/10.1002/anie.202216232
https://doi.org/10.1002/anie.202216232
https://doi.org/10.1039/C4CS00103F
https://doi.org/10.1039/C4CS00103F
https://doi.org/10.1021/acs.accounts.8b00521?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.8b00521?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.6b02228?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.6b02228?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.2c00460?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.2c00460?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c05032?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c05032?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c05032?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c3dt50787d
https://doi.org/10.1039/c3dt50787d
https://doi.org/10.1039/c3dt50787d
https://doi.org/10.1515/znb-1979-1027
https://doi.org/10.1515/znb-1979-1027
https://doi.org/10.1016/j.checat.2021.12.005
https://doi.org/10.1016/j.checat.2021.12.005
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c11446?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(48) Mugiraneza, S.; Hallas, A. M. Tutorial: a beginner’s guide to
interpreting magnetic susceptibility data with the Curie-Weiss law.
Commun. Phys. 2022, 5, 95.
(49) Shen, G.; Zhang, R.; Pan, L.; Hou, F.; Zhao, Y.; Shen, Z.; Mi,

W.; Shi, C.; Wang, Q.; Zhang, X.; Zou, J.-J. Regulating the spin state
of feiii by atomically anchoring on ultrathin titanium dioxide for
efficient oxygen evolution electrocatalysis. Angew. Chem., Int. Ed.
2020, 59, 2313−2317.
(50) Wang, Q.; Zhang, Y.; Lin, M.; Wang, H.; Bai, Y.; Liu, C.; Lu, J.;

Luo, Q.; Wang, G.; Jiang, H.; Yao, T.; Zheng, X. Photoinduced
Metastable Asymmetric Cu Single Atoms for Photoreduction of CO2
to Ethylene. Adv. Energy Mater. 2023, 13, 2302692.
(51) Zamani, S.; Carter, E.; Murphy, D. M.; Van Doorslaer, S.

Probing differences in binding of methylbenzylamine enantiomers to
chiral cobalt(ii) salen complexes. Dalton Trans. 2012, 41, 6861−6870.
(52) Liu, H.; Zhang, F.; Wang, H.; Xue, J.; Guo, Y.; Qian, Q.; Zhang,

G. Oxygen vacancy engineered unsaturated coordination in cobalt
carbonate hydroxide nanowires enables highly selective photocatalytic
CO2 reduction. Energy Environ. Sci. 2021, 14, 5339−5346.
(53) Ruan, Q.; Miao, T.; Wang, H.; Tang, J. Insight on shallow trap

states-introduced photocathodic performance in n-type polymer
photocatalysts. J. Am. Chem. Soc. 2020, 142, 2795−2802.
(54) Li, J.; Huang, H.; Xue, W.; Sun, K.; Song, X.; Wu, C.; Nie, L.;

Li, Y.; Liu, C.; Pan, Y.; Jiang, H.-L.; Mei, D.; Zhong, C. Self-adaptive
dual-metal-site pairs in metal-organic frameworks for selective CO2
photoreduction to CH4. Nat. Catal. 2021, 4, 719−729.
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