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Abstract: The development of efficient photocatalysts
to convert low-concentration CO, into the value-
added chemicals and fuels is particularly interesting yet
remains highly challenging. Herein, we designed and
synthesized three metal-covalent organic frameworks
(MCOFs) through the Schiff-base condensation reac-
tions between trinuclear copper complex and different
BDP-based chromophores (BDP = 4 ,4-difluoro-4-bora-
3a,4a-diaza-s-indacene) for visible-light-driven reduc-
tion of low-concentration CO, (15%) to HCOO™. As
a result, MCOF-ANT containing anthracene (ANT)
groups achieves the highest HCOO™ production rate of
1658 umol g~! h™! (HCOO~ selectivity, ~100%) in the
absence of any additional noble-metal photosensitizers
under a laboratory light source, which is 7.2 and 2.1 times
higher than those of MCOF-Ph and MCOF-Nap with
phenyl (Ph) and naphthalene (Nap) groups, respectively.
Furthermore, MCOF-ANT also exhibits excellent photo-
catalytic activity for the reduction of low-concentration
CO; (15%) to HCOO~ under natural sunlight, with a
HCOO™ production rate of 1239 pmol g=! h~! (HCOO~
selectivity, ~100% ). Experiments and theoretical calcula-
tions reveal that the presence of ANT in MCOF-ANT is
favorable to the visible-light harvesting and charge sep-
aration, as well as the formation of *OCO intermediate,
which clearly accounts for its superior catalytic activity.

Introduction

The massive combustion of fossil fuels has led to a dramatic
increase of carbon dioxide (CO,) emission in the atmosphere,
which caused serious energy and climate crisis.'°! Photo-
catalytic reduction of CO, into the value-added chemicals
and fuels has been recognized as a promising approach to
mitigate the above two issues.”?] In the past decade, a large

[*] C.). Lu, J.-H. Zhang, ).-H. Mei, Y.-N. Gong, T.-B. Lu, D.-C. Zhong
Institute for New Energy Materials and Low Carbon Technologies,
School of Materials Science and Engineering, Tianjin University of
Technology, Tianjin 300384, China
E-mail: yngong@email.tjut.edu.cn

dczhong@email.tjut.edu.cn

& Additional supporting information can be found online in the
Supporting Information section

Angew. Chem. Int. Ed. 2025, 202505292 (1 of 8)

4 )

number of efficient photocatalysts have been developed for
CO, reduction, while these photocatalytic systems focused on
the reduction of high-concentration CO, (>99%).1'>8] Con-
sidering the anthropogenic CO, pollutants mainly generate
from industrial gaseous waste with CO, concentration of 5%—
15%, the photoreduction of low-concentration CO, is more
meaningful and closer to reality.'®??l However, it remains
a great challenge to achieve efficient low-concentration
CO, reduction because of the insufficient efficiency of CO,
adsorption and activation on the surface of photocatalysts at
low CO,; concentration. Therefore, it is of great significance
to develop photocatalytic systems that can effectively enrich
and activate low-concentration CO, to achieve efficient
low-concentration CO, reduction.

It is known that an efficient photocatalyst must have excel-
lent light-harvesting ability, high charge separation efficiency
and high catalytic efficiency of active sites. In recent years,
metal-organic frameworks (MOFs) constructed by metal
ions/clusters and organic linkers via coordination bonds,?*2¢]
and covalent organic frameworks (COFs) assembled through
covalent bonding of conjugated organic building blocks, "]
have been widely applied as photocatalysts for CO, reduction
due to their well-defined and tailorable structures, high
surface area and desired semiconductor-like behavior. How-
ever, both of them exhibit insufficient photocatalytic activity
because MOFs usually display poor visible-light-harvesting
capability and COFs often lack metal catalytic sites. To
conquer these, covalent bonding of metal complexes and
conjugated organic building blocks to form metal-covalent
organic frameworks (MCOFs) is expected to integrate the
abundant metal sites of MOFs and excellent visible-light
absorption ability of COFs in a single photocatalytic system
to improve catalytic activity.?**] Furthermore, a series of
strategies have been developed to enhance photocatalytic per-
formance of MOFs and COFs, among which the introduction
of organic conjugated groups in the skeletons to regulate their
chromophores has been considered as an effective strategy
because it can improve both light-harvesting capability and
charge separation efficiency.[*'#*] Nevertheless, the investiga-
tions on chromophores regulation for boosting photocatalytic
CO; reduction activity remain extremely rare.

Considering this, we rationally fabricated three MCOFs by
covalent bonding of trinuclear copper complex and different
BDP-based chromophores (BDP = 4,4-difluoro-4-bora-3a,4a-
diaza-s-indacene) for photocatalytic CO, reduction. Under
visible-light irradiation, these MCOFs exhibit high catalytic
activity for the reduction of low-concentration CO, (15%
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CO, and 85% N,) to HCOO™, among which the MCOF-ANT
with anthracene (ANT) groups displays the largest HCOO~
generation rate of 1658 ymol g~! h™! in the absence of any
additional noble-metal photosensitizers under a laboratory
light source, 7.2- and 2.1-fold higher than those of MCOF-
Ph and MCOF-Nap with phenyl (Ph) and naphthalene (Nap)
groups, respectively. Moreover, MCOF-ANT also exhibits
high photocatalytic low-concentration CO, reduction perfor-
mance under natural sunlight, with a HCOO~ generation
rate of 1239 pumol g~! h~!. Such high photocatalytic activity
of MCOF-ANT is attributed to its outstanding visible-light
harvesting capacity and charge separation efficiency, as well
as low energy barrier of the rate-determining step for CO,
photoreduction, as demonstrated by a series of control
experiments and theoretical calculations.

Results and Discussion

The trinuclear copper complex Cu-CTC-NH, (CTC = cyclic
trinuclear complex) and BDP-based chromophores (BDP-
X, X = Ph, Nap and ANT) were synthesized according
to reported procedures.[****] The powder X-ray diffraction
(XRD) pattern of synthesized Cu-CTC-NH, is in good
agreement with that of simulated one, demonstrating the
successful synthesis of the expected structure (Figure S1). The
results of 'H and '*C nuclear magnetic resonance (NMR)
spectra demonstrate that BDP-X chromophores are success-
fully obtained with high purity (Figures S2-S7). Afterward,
the Schiff-base condensation reactions between Cu-CTC-
NH; and BDP-X were conducted to produce three MCOFs
(named MCOF-X, X = Ph, Nap and ANT) (Figure 1la,b).
The formation of a Schiff base linkages in MCOF-X were
confirmed by Fourier transform infrared spectroscopy (FTIR)
and 13C solid-state NMR spectroscopy (!*C ssNMR). In the
FTIR spectra, the C=O0 stretching vibration bands of MCOF-
X at approximately 1670 cm~! disappear, while the strong
characteristic C=N stretching vibrations at approximately
1626 cm~! are observed, verifying the formation of imine
linkages (Figures 1c, S8 and S9).[478] Furthermore, the *C
ssNMR spectra of MCOF-X show the characteristic carbon
signals of the C=N bonds at approximately 156 ppm, further
validating the presence of imine linkages (Figures 1d, S10
and S11).1 The SEM images of MCOF-X show similar
spherical-shaped morphology with diameters of ~1 pm
(Figures S12-S14).

The crystal structures of MCOF-X were determined
by powder XRD experiments combined with theoretical
structural simulations. As shown in Figures S15-S17, the AA,
AB, and ABC stacking models based on MCOF-ANT were
built using Materials Studio. The experimental powder XRD
pattern of MCOF-ANT matches well with the calculated
result for the AA stacking model (Figures le and S18).
Pawley refinement of MCOF-ANT unveils that it crystallized
in the P3 space group with the refined unit cell parameters of
a=>b=40.7572 A, ¢ = 45608 A and residual factor values
of R, = 1.06% and Ry, = 1.73% (Table S1). MCOF-ANT
exhibits one intense diffraction peak at 2.44°, corresponding
to the (100) crystal plane. Moreover, two minor peaks at 4.98°
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and 8.70° are also observed, which can be attributed to the
(200) and (310) crystal planes, respectively (Figure S18). For
MCOF-Ph and MCOF-Nap, the experimental powder XRD
patterns also match well with the calculated results from the
AA stacking model (Figures S19-S26). Pawley refinement
was applied to verify the structural models of MCOF-Ph
and MCOF-Nap, which provide good residual factors of
Ry/Ryp, = 2.94/3.84% and Rp/Ry, = 2.70/3.57% for MCOF-
Ph and MCOF-Nap respectively, implying the validity of
the computational models (Figures S27and S28; Tables S2
and S3). The simulated crystal structures of MCOF-X show
almost the same pore sizes of ~2.5 nm (Figures 1b, S29, and
S30). More details and raw data are given in the Supporting
Information.

The porous features of MCOF-X were examined by gas
adsorption experiments. The N, adsorption measurements at
77 K and 1 atm reveal the reversible type IV adsorption-
desorption isotherms with mesoporous nature for MCOF-X
(Figure 2a). The Brunauer—-Emmett-Teller (BET) surface
areas of MCOF-Ph, MCOF-Nap, and MCOF-ANT are
calculated to be 271, 224, and 155 m®> g~!, respectively.
Moreover, they exhibit almost the same pore sizes of ~2.5 nm,
which agree well with the theoretical results (Figures 1b
and S29-S33). Additionally, the N, adsorption isotherms of
MCOF-X at 298 K and 1 atm demonstrate that MCOF-X
can hardly absorb N, molecules (Figures S34-S36). However,
the results of N,/CO, (85% N, and 15% CO,) adsorption
isotherms show that MCOF-Ph, MCOF-Nap, and MCOF-
ANT display almost the same gas adsorption capacities of
~5.0cm? g! at 298 K and 1 atm (Figures S34-S36), suggesting
that MCOF-X can absorb CO, molecules at low concentra-
tion, which would be beneficial for the low-concentration CO,
reduction. The optical absorption properties and band gaps
of MCOF-X were investigated by solid-state UV-vis spectra.
As shown in Figure 2b, all MCOF-X exhibit strong light-
harvesting ability in the UV and visible light regions. It’s
worth noting that the intrinsic absorption edges of MCOF-X
gradually red-shift with increasing the conjugated degree of X
groups, revealing that the introduction of organic conjugated
groups in the skeletons of MCOFs improves the visible-
light harvesting capacity. The band gaps (E,;) of MCOF-Ph,
MCOF-Nap and MCOF-ANT are estimated to be 1.49, 1.50,
and 1.50 eV respectively based on their Tauc plots (Figures
S37-S39). Furthermore, Mott-Schottky measurements of
MCOF-X were performed to study their band positions. The
flat band potentials of MCOF-Ph, MCOF-Nap, and MCOF-
ANT were determined to be —0.87, —0.92, and —0.84 V versus
NHE, respectively, which are equal to their conduction band
(CB) potentials (Figures 2c and S40-S41). Therefore, their
valence band (VB) positions were accordingly calculated to
be 0.62, 0.58, and 0.66 V versus NHE respectively based
on the equation E, = Eyg — Ecg (Figure 2d). Obviously,
MCOF-X are thermodynamically suitable for photocatalytic
CO; reduction because their CB potentials are more negative
compared with some CO, photoreduction products (HCOO™,
—-0.61 V; CO, —0.52 V; CHy, —0.24 V; versus NHE at
pH — 7).[50—56]

Encouraged by the above results, the photocatalytic CO,
reduction experiments of MCOF-X have been carried out
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Figure 1. a) Schematic of the synthesis of MCOF-X (X = Ph, Nap or ANT) through the Schiff-base condensation reactions between trinuclear copper
complex and different BDP-based chromophores. b) The two-dimensional layer and three-dimensional stacking structures of MCOF-ANT. c) FT-IR
spectra of BDP-ANT and MCOF-ANT. d) '3C ssNMR of MCOF-ANT. e) Experimental (red dot) and simulated (black line) powder XRD patterns of

MCOF-ANT.

under visible light irradiation (300 W Xe lamp with a cut-off
filter of 420 nm) with CH;CN/H,O (v:v = 4:1) as the solvent
and 1,3-dimethyl-2-phenylbenzimidazoline (BIH) as the sac-
rificial electron donor, without adding any additional noble-
metal photosensitizers. As shown in Figures S42 and S43, the
MCOF-X with slight variation in the chromophores exhibit
significantly different photocatalytic activities for the photore-
duction of CO, to HCOO~. Among which, MCOF-ANT with
the largest conjugated group achieves the highest HCOO~
generation rate of 2288 umol g=! h~!, which is 7.1 and
2.3 times higher than those of MCOF-Ph and MCOF-Nap,
respectively. Furthermore, no other reduction product other
than HCOO™ was detected in the catalytic system of MCOF-
X, indicating that the HCOO™ selectivities of them are nearly
100%. The apparent quantum yields (AQYs) of MCOF-X
were measured at 450 and 530 nm, and the change of AQYs
for the three photocatalysts is consistent with the tendency of
their photocatalytic performance, in which the largest AQY of
MCOF-ANT reaches as high as 1.59% at 450 nm (Figure S44).
In addition, we further evaluate the photocatalytic perfor-
mance of MCOF-ANT under natural sunlight. As shown
in Figure S45, MCOF-ANT still exhibits excellent catalytic
activity under sunny day with HCOO~ generation rate of
1809 umol g~! h=! (HCOO~ selectivity, ~100%).

Given that MCOF-X exhibit outstanding photocatalytic
activities in >99% CO, atmosphere, the low-concentration
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CO, (15% CO, and 85% N,) photoreduction of them
were further studied. Under visible light irradiation, MCOF-
ANT still shows a high HCOO~ generation rate of
1658 pmol g=! h™! (HCOO~ selectivity, ~100%) without
any additional noble-metal photosensitizers under a labo-
ratory light source, which is also significantly higher than
those of MCOF-Ph (229 pmol g~! h~!) and MCOF-Nap
(776 umol g~! h™') (Figure 3a). The high catalytic activity
of MCOF-X at low-concentration CO, may be attributed
to two aspects: 1) MCOF-X exhibit excellent selective
adsorption characteristics for CO, in mixed gas (Figures S34—
S36); 2) The open copper sites in MCOF-X can strongly
bind with CO,, not only facilitating the CO, adsorption
but also reinforcing the CO, activation, as reported for
Cu-CTC-NH,.[’78! Moreover, the AQYs of MCOF-X in
low-concentration CO, were obtained at 450 and 530 nm,
respectively. As shown in Figure 3b, they exhibit different
AQYs at the tested wavelengths, following the sequence of
MCOF-ANT > MCOF-Nap > MCOF-Ph, among which the
AQY of MCOF-ANT is 0.44% at 450 nm. These results fur-
ther indicate that the regulation of chromophores in MCOFs
by altering organic conjugated groups plays an important role
in modulating photocatalytic CO, reduction performance.
It’s also worth noting that the photocatalytic activity for
low-concentration CO; reduction of MCOF-ANT is superior
to many reported photocatalysts at low-concentration CO,

© 2025 Wiley-VCH GmbH
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Figure 2. a) N, adsorption-desorption isotherms for MCOF-X at 77 K. b) Solid-state UV-vis spectra of MCOF-X. c) Mott-Schottky plots of MCOF-ANT.
d) Band-structure diagrams for MCOF-X.
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Figure 3. a) The amount of HCOO™ produced over MCOF-ANT under visible light irradiation and 15% CO,/85% N; atmosphere. b) The AQY values
of MCOF-X under 15% CO; and 85% N, atmosphere. c) The photocatalytic HCOO™ production rate of MCOF-ANT under natural sunlight and

15% CO,/85% N, atmosphere. d) The control experiments of photocatalytic CO; reduction performance over MCOF-ANT under 15% CO, and 85%
N atmosphere. e) *C NMR spectra of the liquid product obtained from the photocatalytic CO; reduction over MCOF-ANT using *CO, instead of
12C0O,. f) The photocatalytic HCOO™ production rate of MCOF-ANT in six consecutive runs under 15% CO, and 85% N, atmosphere.
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Figure 4. a) XPS spectra of Cu 2p in the dark and under light irradiation for MCOF-ANT. b) In situ FTIR spectra of MCOF-ANT. c) Photocurrent
response of MCOF-X. d) EIS spectra of MCOF-X. e) PL spectra of MCOF-X. f) TA spectra of MCOF-X.

atmosphere (Table S4). Additionally, the low-concentration
CO; photoreduction for MCOF-ANT was also conducted
under natural sunlight. The HCOO~ generation rate and
selectivity of MCOF-ANT are 1239 ymo g~! h™! and ~100%
under sunny day, respectively (Figure 3c). All the above
observations demonstrate that MCOF-ANT indeed has a
high performance for low-concentration CO, photoreduction,
which is closer to practical industrial application.

In the control experiments over MCOF-ANT, negligible
amounts of CO, reduction products are detected in the
absence of photocatalyst, BIH, CO,, or light irradiation,
demonstrating that these factors are indispensable to the low-
concentration CO, photoreduction (Figure 3d). Moreover, a
low-concentration '*CO, isotope trace experiment of MCOF-
ANT was carried out to validate the carbon source of
HCOO-~. As shown in Figure 3e, the *C NMR spectrum dis-
plays an obvious signal at 169.8 ppm, which can be attributed
to the H3COO~.[>1 These results unambiguously confirm
that the generated HCOO~™ indeed originates from CO,
photoreduction. Subsequently, the photocatalytic durability
of MCOF-ANT for low-concentration CO, photoreduction
was evaluated by consecutive recycling experiments, with
each cycle for 8 h. It was observed that no discernible decrease
in HCOO~ generation rate, indicative of the excellent
stability of MCOF-ANT (Figure 3f). Powder XRD pattern
and UV-vis spectra also indicate that the structural integrity
of MCOF-ANT can be well kept during the catalytic reaction
(Figures S46 and S47).

The possible mechanism for CO, photoreduction over
MCOF-ANT was elucidated by in situ X-ray photoelectron
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spectroscopy (XPS) measurement. The results show that the
Cu 2p;, and Cu 2p;, binding energies locate at 933.1 and
952.9 eV in the dark, which display negative shift to 932.8 and
952.7 eV respectively upon light irradiation, hinting that Cu
obtains electrons in the photocatalytic process (Figure 4a).

Moreover, the binding energy of B shows positive shift
upon light irradiation compared with that in the dark, imply-
ing that BDP-ANT loses electrons (Figure S48). Therefore,
it is proposed that the BDP-ANT chromophores in MCOF-
ANT harvests visible light to generate electrons and holes,
where electrons are transferred to the Cu to reduce CO,,
and holes are annihilated by sacrificial agent BIH. More-
over, in situ fourier transform infrared spectroscopy (FTIR)
measurements of MCOF-ANT were conducted to detect the
key intermediates in the process of CO, photoreduction.
As shown in Figure 4b, a new infrared absorption peak
at 1647 cm~! was detected for MCOF-ANT, which can be
assigned to the key intermediates of HCOO* for HCOO~
generation. It is worth noting that the intensity of this
peak gradually increases with the incremental irradiation
time, indicating the increased concentration of HCOO*
intermediate during the CO, photoreduction.[®-63]

In order to elucidate the enhanced photocatalytic activity
of MCOF-ANT compared with MCOF-Ph and MCOF-Nap,
the photocurrent response, electrochemical impedance spec-
troscopy (EIS), photoluminescence (PL) emission spectra
and time-resolved PL (TRPL) spectra of MCOF-X were
performed. As shown in Figure 4c, all photocatalysts show
obvious photocurrent signals, in which the MCOF-ANT
exhibits the strongest response intensity, demonstrating that
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it has the best separation of photo-generated electrons and
holes. The results of EIS show that the radius trend of
Nyquist plots follows MCOF-ANT < MCOF-Nap < MCOF-
Ph, suggesting that MCOF-ANT possesses the fastest electron
transfer (Figure 4d). In the PL spectra analysis, MCOF-
ANT exhibits the weakest emission intensity among the
three MCOFs, implying the most efficient charge separation
(Figure 4e). Moreover, the results of TRPL spectra show that
the average lifetimes of MCOF-X follow an order of MCOF-
ANT < MCOF-Nap < MCOF-Ph, further confirming the
most efficient charge separation of MCOF-ANT (Figure S49).
Besides, the transient absorption (TA) spectra of MCOF-X
were carried out to investigate charge-separated state.[®*7°]
As shown in Figures 4f and S50-S52, the strong bleaching
signals around 560 nm are observed upon pulsed laser
excitation, and the lifetimes of the charge-separated state are
found to be 5.56, 7.11, and 8.18 ns for MCOF-ANT, MCOF-
Nap, and MCOF-Ph, respectively. These results certify again
that MCOF-ANT shows the most efficient charge separation.
All the results above reveal that the introduction of large
conjugated groups in the chromophores of MCOFs can
significantly improve charge separation efficiency, thereby
boost the catalytic activity of CO, photoreduction.

Density functional theory (DFT) calculations were further
performed to elucidate how the photocatalytic CO, reduction
activity is regulated by varying organic conjugated groups
of chromophores in MCOF-X, as well as the origin of
the outstanding photocatalytic performance of MCOF-ANT.
It is know that photocatalytic CO, reduction to HCOO~
involves the following steps. First, CO, is adsorbed at
the catalytic site. Second, the adsorbed *CO, receives the
electron and proton to form HCOO*. Finally, HCOO*
desorption occurs to produce HCOO™ (Figure 5a). As shown
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in Figure 5b, the formation of *CO, for the reduction of
CO, to HCOO is the rate-determining step (RDS) for the
three MCOFs. The free-energy change (AG) values of RDS
for MCOF-ANT, MCOF-Nap, and MCOF-Ph are 0.77, 0.92,
and 1.14 eV, respectively. Obviously, MCOF-ANT exhibits the
lowest AG value of RDS, suggesting that the introduction
of the largest conjugated group in the chromophores of
MCOFs is the most beneficial for the CO, photoreduction
to HCOO~. Moreover, the electrostatic surface potential
(ESP) of MCOF-X was calculated to study carrier separation
efficiency (Figures 5c,d and S53). In the ESP, blue and red
surfaces represent the positive and negative potential regions,
respectively. It can clearly see that MCOF-ANT shows the
broadest distribution of electrostatic potential among the
three MCOFs, demonstrating that MCOF-ANT displays the
greatest degree of polarization.”-7] This can facilitate the
efficient separation of photogenerated carriers and enhance
the utilization efficiency of photogenerated electrons, thus
improving photocatalytic activity of CO, reduction. These
calculated results are consistent well with the above experi-
mental results, which explain again the highest photocatalytic
activity of MCOF-ANT among the three MCOFs.

Conclusion

In summary, three MCOF-X were successfully constructed
by covalent bonding of trinuclear copper complex
and BDP-based chromophores with different organic
conjugated groups, which exhibit outstanding catalytic
activities for low-concentration CO, photoreduction to
HCOO~. Among which, MCOF-ANT shows the highest
photocatalytic performance with HCOO™ generation rate of
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1658 umol g~! h~! without adding any additional noble-metal
photosensitizers under visible light irradiation with a 300 W
Xe lamp, which is not only 7.2 and 2.1-fold higher than those
of MCOF-Ph and MCOF-Nap respectively, but also superior
to many reported photocatalysts at low-concentration CO,
atmosphere. Additionally, MCOF-ANT also displays an
impressive catalytic activity for low-concentration CO,
photoreduction under natural sunlight with HCOO~
generation rate of 1239 pymol g~! h~!. Experimental and
DFT calculation results reveal that the high photocatalytic
activity of MCOF-ANT is attributed to the splendid visible-
light harvesting capacity and charge separation efficiency, as
well as the low RDS AG value for CO, photoreduction. This
study provides a facile approach to develop efficient catalysts
for low-concentration CO, photoreduction.
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Three metal-covalent organic frameworks
(MCOFs) with different chromophores
were designed and synthesized, which
exhibit efficient visible-light-driven
reduction of low-concentration CO,

to HCOO~. Among which, MCOF-
ANT with anthracene (ANT) group
shows the highest HCOO™ production
rate of 1658 pmol g=' h~', which is

7.2 and 2.1 times higher than those of
MCOF-Ph and MCOF-Nap with phenyl
(Ph) and naphthalene (Nap) groups,
respectively.
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