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Mimic metalloenzymes with atomically dispersed
Fe sites in covalent organic framework membranes
for enhanced CO, photoreductionf
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The massive CO, emissions from continuous increases in fossil fuel consumption have caused disastrous
environmental and ecological crises. Covalent organic frameworks (COFs) hold the potential to convert
CO, and water into value-added chemicals and O, to mitigate this crisis. However, their activity and
selectivity are very low under conditions close to natural photosynthesis. In this work, inspired by the
photosynthesis process in natural leaves, we successfully anchored atomically dispersed Fe sites into
interlayers of the photoactive triazine-based COF (Fe—COF) membrane to serve as a mimic
metalloenzyme for the first time. It is found that under gas—solid conditions and no addition of any
photosensitizer and sacrificial reagent, the highly crystalline Fe—COF membrane shows a record high
CO, photoreduction performance with a CO production of 3972 umol gt in a 4 h reaction, ~100%
selectivity of CO, and excellent cycling stability (at least 10 cycles). In such a remarkable photocatalytic
CO, conversion, the atomically dispersed Fe sites with high catalytic activity significantly reduce the
formation energy barrier of key *CO, and *COOH intermediates, the high-density triazine moieties

Received 5th September 2024 supply more electrons to the iron catalytic center to promote CO, reduction, and the homogeneous
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COF membrane greatly improves the electron/mass transport. Thus, this work opens a new window for

DOI: 10.1039/d4sc05999a the design of highly efficient photocatalysts and provides new insights into their structure-activity
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Introduction

With the continuous increase in fossil fuel consumption,
excessive CO, emission has caused many environmental and
ecological problems, such as global warming, disruption of
weather patterns, and ocean acidification." Thus, for the
sustainable development of modern civilization, carbon
neutrality is becoming increasingly important around the
world. Photocatalytic CO, conversion to value-added chemicals
is one of the technologies with the most potential for carbon
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relationship in CO, photocatalytic reduction.

neutrality. However, there are many problems to solve,
including low yield, low selectivity, the use of extra photosen-
sitizers and/or sacrificial agents, poor recycle and reuse
performance, and difficult scaling up of the reaction systems.
Recently, gas-solid reactions for photocatalytic CO, reduction
have been developed,”> where the photocatalyst particles are
directly in contact with gaseous CO, and H,O without using any
photosensitizer, organic solvent, or sacrificial agent, which
makes it easy to regenerate and reuse the systems for possible
industrialization. Nevertheless, achieving a high yield and high
selectivity of the target products is still a great challenge.
Leaves of natural plants can directly convert CO, and H,O
into value-added chemicals by the gas-solid reaction with high
efficiency and high selectivity, and they are also the largest
factory for CO, conversion and most important for the carbon
cycle in nature.’* Basically, there are three main structural
factors that determine such a highly efficient conversion in
leaves: chloroplasts, metalloenzymes, and the electron trans-
port chain and vein structure. Here, the chloroplast is respon-
sible for light absorption to produce electrons and water
photolysis to produce protons for CO, reduction, and a metal-
loenzyme (such as ferredoxin) serves as the active center to
catalyze the reactions,* while the electron transport chain and
vein structure provide highly rapid channels for electron and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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mass transport. These structural components are integrated
into an organic unit to achieve highly efficient CO, conversion
synergistically.

Inspired by natural leaves, a photoactive center, mimic
metalloenzyme, and electron/mass transport system have been
combined in artificial photosynthesis for CO, conversion.>”
Among these factors, mimic metalloenzymes have attracted
increasing attention in recent years.*° In this context, a mimic
metalloenzyme is leveraged by the coordination interaction of
active metal ions toward ligands (the primary coordination
sphere) and the non-covalent interactions around the metal
sites (the second coordination sphere), where the primary
coordination sphere provides the catalytically active centers for
CO, reduction, while the second coordination sphere regulates
the activity of the metal sites by weak interactions."'* Indeed,
as an indispensable microenvironment, the second coordina-
tion sphere plays a vital role in mimicking metalloenzyme
catalysis.”'* However, in the previously reported design of
mimic metalloenzymes, most of the investigations were focused
on metal coordination, but not enough attention had been
given to the second coordination sphere as well as the cooper-
ation of a mimic metalloenzyme with a photoactive center and
electron/mass transport system,*>*® which usually leads to low
efficiency and selectivity.

Covalent organic frameworks (COFs) are a class of emerging
porous materials with highly crystalline, regular porous struc-
ture and a m-conjugated system in the in-plane and stacking
directions.””*® This porous feature resembles veins and the
electron transport chain in the natural leaves. Thus, COFs have
been considered a potential platform to mimic natural metal-
loenzymes for CO, conversion under gas-solid conditions in
recent years. For example, for the first time, Lan et al.> reported
a kind of zincporphyrin-tetradentate tetrathiafulvalene COF
(tetra-TTCOF-Zn), which combined a mimic metalloenzyme
(zincporphyrin) and photosensitive center (porphyrin-
tetrathiafulvalene) to perform CO, conversion to CO, and the
CO production was 12.33 umol in a 60 h reaction. Recently, the
same group®* developed a zincporphyrin-bidentate tetrathio-
fulvalenyl COF (bi-TTCOF-Zn) to enhance the photocatalytic
activity, and bi-TTCOF-Zn exhibited a CO yield of 11.56 pmol
g ' h™" and a selectivity of ~100% due to the much stronger
photoactivity of bidentate tetrathiafulvalene than that of tetra-
dentate tetrathiafulvalene used in their previous work. Zhang
and co-workers* synthesized a new ionic liquid modified Zn-
Salen-based triazine COF ([Emim][BF,]@Zn-S-COF) with Zn-
Salen moieties as the mimic metalloenzyme and triazine
moieties as the photosensitive center, and a much improved CO
yield of 267.95 umol g~ h™" was achieved. However, the yield of
reduction products is too low to meet the needs of practical
applications. After careful analysis of the above studies, we
found that they generally suffer from the following problems: (i)
CO, catalytic activity of the Zn-based mimic metalloenzyme is
low due to the low activity of Zn ions and the weak regulation of
the second coordination sphere; (ii) the photoactivity of the
photosensitive center is not strong enough except for triazine
moieties; (iii) the COF catalysts used in such studies are all in
powder form, which may lead to discontinuous electron/mass
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transfer and diffusion processes.”®** Thus, to enhance the
yield of products by COF-based catalysts, these bottlenecks
must be addressed, at least in part, in the photocatalytic CO,
reduction reaction (CO,RR) to value-added chemicals and fuels.

In this work, for the first time, we designed and fabricated
a highly efficient mimic metalloenzyme by anchoring atomi-
cally dispersed Fe sites into interlayers of the triazine-based
COF membrane through N-coordination (Fig. 1). Here, the
atomically dispersed Fe sites and imine moieties in the COF
serve as the primary coordination sphere, and the benzene rings
connected to the imines around Fe sites work as the second
coordination sphere of the mimic metalloenzyme. Remarkably,
the as-synthesized Fe-COF membrane achieved an impressive
CO production of 3972 umol g in a 4 h reaction, approxi-
mately 100% selectivity, and high cycling stability (at least 10
cycles) toward CO, photoreduction under gas-solid conditions
without addition of any photosensitizer and sacrificial reagent,
which outperforms all light-driven COF catalysts under gas-
solid conditions reported so far. From X-ray absorption fine
structure analysis and density functional theory (DFT) calcula-
tions, the superior photocatalytic performance is attributed to
the synergy of the atomically dispersed Fe site and the triazine-
based COF membrane host, where the atomically dispersed Fe
sites decrease the reaction energy barriers for the formation of
the key intermediates, and the high-density triazine moieties
provide enough electrons to the Fe active center to promote CO,
reduction, while the unique physical form of homogeneous
COF membranes behaves like a highway for charge/mass
transport.

Results and discussion
Structural characterization and analysis

As we recently reported,” the ionic liquid-water interface is
beneficial to prepare the highly crystalline COF membranes due
to the dual-diffusion-controlled interfacial crystallization
process. Thus, the freestanding triazine-based COF membrane
was synthesized at the [C;,Mim][Tf,N]-H,O interface by the
condensation reaction of 2,4,6-tris(4-formylphenyl)-1,3,5-
(TTB) and 2,4,6-tris(4-aminophenyl)-1,3,5-triazine
(TAPT), and no IL residual remains in the COF membrane
after washing carefully. Then, different amounts of Fe(u) were
anchored on the COF membrane to form Fe-COF membranes,
and the synthetic details are shown in the ESI and Fig. S1.T The
loading amount of atomically dispersed Fe atoms in these Fe-
COF membranes was 0.8, 1.9, and 4.3 wt%, as determined by
inductively coupled plasma mass spectrometry (ICP-MS).
Unless otherwise specified, the Fe-COF membrane refers to the
COF membrane with a Fe content of 1.9 wt%. Then, we applied
Fourier transform infrared (FT-IR) spectroscopy, thermo-
gravimetric analysis, X-ray diffraction (XRD) analysis, nitrogen
adsorption-desorption isotherm, scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) to under-
stand the structures of these COF membranes. From the FT-IR
spectrum, the observed characteristic peaks at 1400 and
1620 cm ™! are attributed to the stretching vibration of -N=C in
the pyridine ring and imine bond, respectively (Fig. S21), which

triazine
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the synthesis of Fe—COF membranes.

verify the successful synthesis of the targeted COF membrane.*
As shown in Fig. S3,T the thermogravimetric analysis reveals
that both Fe-COF and pristine COF membranes present excel-
lent thermal stability, which is also important for realistic
catalytic applications.

The XRD patterns of Fe-COF and pristine COF membranes
(Fig. 2a and b) demonstrate that the strong diffraction peak at
3.97° is assigned to the (100) plane, and the other three peaks at
7.0, 8.1, and 10.5° are ascribed to the (110), (200), and (120)
planes, respectively.””*® The structural models for all these COF
membranes were built and then optimized by using the exper-
imental XRD data and the reflex module. The simulated AA
eclipsed stacking models agree well with the experimental
diffraction patterns. The nitrogen adsorption-desorption
isotherm was evaluated to analyze the porosity of these COF
membranes (Fig. 2c), and the BET surface areas of the pristine
COF and Fe-COF membranes are measured to be 1012 and 651
m?> g ', respectively. Moreover, the pore size of the COF
membranes was calculated by the nonlocal density functional
theory (NLDFT), and the results were found to be around 2.1 nm
with pore volumes of 0.76 and 0.62 cm® g~ for pristine COF and
Fe-COF membranes, respectively (Fig. S41). The morphology
details were investigated by SEM, where the surface roughness
of pristine COF and Fe-COF membranes shows an unobvious
difference (Fig. 2d and S5at). The cross-sectional SEM images of
each membrane exhibit a uniform thickness of 660 nm for the
Fe-COF membrane and 650 nm for the pristine COF membrane
(Fig. 2e and S5bt). Moreover, the high-resolution TEM images
(Fig. 2f) and the two diffraction rings (Fig. 2g) also disclose the
well-ordered crystallinity of the Fe-COF membrane.*® Specifi-
cally, the aberration-corrected high-angle annular dark-field
scanning transmission electron microscopy (AC-HAADF-
STEM) images of the Fe-COF membrane show the ordered
pores (Fig. 2h), and present bright dots (Fig. 2i), identifying
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atomically dispersed Fe atoms in the Fe-COF membrane. The
above results confirm that homogeneous COF membranes with
an ordered framework and atomically dispersed Fe atoms have
been built, which may provide a suitable platform for the
mimicking of metalloenzymes.

The single atomic dispersion of the Fe site was investigated by
energy-dispersive X-ray (EDX) mapping (Fig. 3a-c and S67), which
exhibited the uniform distribution of C, N, Cl, and Fe elements in
the Fe-COF membrane. Then, the coordination environment of
Fe atoms was investigated by X-ray absorption fine structure
spectroscopy (XAFS). In the Fe K-edge X-ray absorption near-edge
structure (XANES) spectrum (Fig. 3d), compared with Fe foil,
FePc, FeO, and Fe, 03, the absorption edge position of the Fe-COF
membrane is between that of FeO/FeAc and Fe,O3, but closer to
that of Fe, O3, indicating that Fe species in the Fe-COF membrane
mainly exist in trivalence state. In Fig. 3e, the Fourier transformed
extended X-ray absorption fine structure (FT-EXAFS) plots are
exhibited, and the Fe~-COF membrane shows a main peak at 1.62
A, which belongs to the Fe-N bond.**3* Moreover, there are no
other peaks of the Fe~-COF membrane in the range of 2.3-3.0 A,
such as those of Fe-O and Fe-Fe, suggesting that Fe atoms in the
Fe-COF membrane are atomically dispersed.*® As shown in the
wavelet transformation (WT) plot of the Fe-COF membrane
(Fig. 3g-i), the WT maximum was detected at 5.7 A~", which is
located between 5.2 A~* (characteristic peak of the Fe-N bond)
and 6.3 A™* (characteristic peak of the Fe-Cl bond) and suggests
that Fe-N and Fe-Cl bonds were present in the Fe-COF
membrane. Quantitative EXAFS analysis (Fig. 3f and S71) was
conducted to obtain further structure information on the Fe atom
in the Fe-COF membrane. The related fitting data are displayed
in Table S1t and the fitting plots are consistent with the pristine
data, thus demonstrating the reliability of fitting result of Fe-COF
membrane.* These results illustrate that Fe atoms are anchored
into the COF membrane and surrounded by two N atoms and two

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Cl atoms with a Fe-N bond distance of 1.90 A and a Fe-Cl bond
distance of 2.16 A, which builds a bridge to transfer electrons
from the COF to Fe sites. Thus, the primary metal active sites have
been successfully established.

The coordination environment of Fe(u) in the Fe-COF
membrane was also investigated by X-ray photoelectron spec-
troscopy, and this also exhibited the C, N, Cl, and Fe elements
(Fig. S8a and bt). As shown in the N 1s XPS spectrum (Fig. S8ct),
the N 1s signal of the imine-N in Fe-COF membrane (at 399.8 eV)
is slightly shifted to higher binding energy compared to that in
a pristine COF membrane, due to the coordination of N atoms to
Fe(n).**** Additionally, in the high-resolution Fe 2p XPS spectrum
(Fig. S8dt), the binding energy of Fe 2ps/, and Fe 2p,, centered at
711.2 and 725.1 eV suggests the presence of Fe ions in the Fe-COF
membrane rather than other Fe species such as metallic Fe.*® The
coordinated environment of Fe atoms within the Fe-COF
membrane was further investigated by DFT calculation (Fig. S97),
and the bond lengths of Fe-N and Fe-Cl were 1.91 A and 2.19 A,
respectively, which means the Fe atom was coordinated by two N
atoms in the imine moieties among the COF layers. Moreover, the
bond length of Fe-N and Fe-Cl shown a good case with the above

© 2025 The Author(s). Published by the Royal Society of Chemistry

fitted EXAFS parameters (1.90 A for Fe-N and 2.16 A for Fe-Cl
bonds, respectively). From the above results, we found that the Fe
sites with interlayer coordination exhibited a significant differ-
ence with the reported mimic metalloenzyme based on the COF.
Specifically, the metal sites in the reported COF mimic metal-
loenzymes are generally coordinated in layers,*** which results in
the fact that each metal site can only accept electrons from at
most two photoactive sites. However, in our case, the Fe sites with
interlayer coordination may accept electrons from four photo-
active sites. Thus, the Fe-COF membrane with a high density of
triazine photocenters resulting from the specific Fe-N interlayer
coordination is expected to boost CO, reduction. In addition, the
benzene rings connected to the imine moieties around Fe sites
can be regarded as the second coordination sphere of the mimic
metalloenzyme since it is an electron-donating moiety relative to
imine, and may promote electron transfer to the Fe sites, and then
enhance CO, reduction.

Optical characters and photocatalytic performance

The influence of atomically dispersed Fe sites on the intrinsic
light-harvesting capability and band structures of the

Chem. Sci., 2025, 16, 1222-1232 | 1225
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membranes was studied by UV-vis diffuse reflectance spectros-
copy (UV-vis DRS). As shown in Fig. 4a, the absorption edge of
the Fe-COF membrane appears at ~562 nm, which shows a red-
shift compared with that of the pristine COF membrane (~525
nm). This result shows that introducing Fe sites into the COF
membrane could cause the vibronic broadening of the COF
membrane and increased electron delocalization.”*®” The
optical photograph exhibited the deeper color of the Fe-COF
membrane compared with the pristine COF membrane (inset of
Fig. 4a), which indicates that the Fe-COF membrane exhibits
a stronger ability for the absorption of visible light. The band
gap was determined using Tauc's relation,**** as shown in
Fig. 4b, and the Fe-COF membrane possesses a smaller band
gap (2.27 eV) than that of the pristine COF membrane (2.47 eV)
due to the increased electron delocalization induced by the
addition of single Fe(u). According to the Mott-Schottky curves
(Fig. S10a and bt), the conduction band (CB) position was
calculated for Fe-COF and the pristine COF membranes.
Through the valence band (VB) XPS tests, the VB position of Fe-
COF and the pristine COF membranes was also calculated (see
Fig. S10c and dt). From the analysis of band gap structures

1226 | Chem. Sci, 2025, 16, 1222-1232

(Fig. 4c), the CB position of the Fe-COF membrane is negative
compared to that of the pristine COF membrane, suggesting
stronger photocatalytic ability of the Fe-COF membrane toward
CO, reduction.

Then, the electronic band structures of the Fe-COF and COF
membranes were examined by DFT simulations, which also
exhibited a narrower band gap for the Fe-COF membrane than
that for the pristine COF membrane (Fig. S111). As shown in
Fig. 4d, the Fermi level (Ef) of the Fe-COF and pristine COF
membranes was both in the region of density of states (DOS) =
0, predicting their semiconductor nature.** Moreover, the total
density of states (TDOS) at the valence band maximum and
conduction band minimum was decreased by introducing
atomically dispersed Fe atoms, leading to a narrower band gap
than that of the pristine COF membrane, which caused easier
photoinduced electron production and transfer.** Moreover, the
partial density of states (PDOS) of these COF membranes
(Fig. S12a and bt) also showed a similar trend and indicated
that the atomically dispersed Fe atom coordinated with N atoms
in the COF membrane could enhance the electron transfer
capability and the electron/hole separation performance.**

© 2025 The Author(s). Published by the Royal Society of Chemistry
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These results confirm that the introduction of atomically
dispersed Fe sites into COF membranes is to the benefit of
electron/hole separation and catalytic reactions.

Based on the above results, we performed CO, photoreduc-
tion experiments at 25 °C with simulated solar irradiation
under gas-solid conditions without the addition of any photo-
sensitizer or sacrificial agent. First, a series of controlled
experiments were conducted to determine the source of CO
products. As shown in Fig. 5a, in the absence of CO, or light
illumination, the production of CO was not observed, verifying
that the CO products were from the CO, photoreduction.
Subsequently, the photocatalytic performance of the Fe-COF
membrane, Fe-COF powder, and pristine COF membrane was
evaluated under the optimal conditions. It was shown that
during the prolonged irradiation, the Fe-COF powder and the
pristine COF membrane present a gradual increase in CO
production although it is quite low. By contrast, the Fe-COF
membrane shows an improved photocatalytic activity. After
loading a tunable amount of the atomically dispersed Fe species
(Fig. 5b), it is surprising to find that the Fe-COF membrane
containing 1.9 wt% of Fe sites displays the highest CO
production of 3968 umol g~ " under 4 h light illumination, while
the Fe-COF membranes containing 0.8 and 4.3 wt% of Fe
exhibit a CO production of 1799 pmol g~ and 2392 pmol g,
respectively, showing that the loading content of Fe sites is not

© 2025 The Author(s). Published by the Royal Society of Chemistry

the more the better. These results suggest that an optimal
loading amount of Fe species is also important for photo-
catalytic CO, reduction, and a similar trend has been reported
for other kinds of COFs in the literature.*® Clearly, under the
optimal conditions, the CO yield of the Fe-COF membrane
(1.9 wt% of Fe), 992 pumol g " h™', is 3.2 times that of the
pristine COF membrane and about 10.3 times that of the cor-
responding pristine COF powder (Fig. 5c), presenting a record
high CO yield under gas-solid conditions among the COF
catalysts reported previously (Table S2t). In addition, only CO
and O, were detected as the gaseous products by gas chroma-
tography (Fig. S137), and no liquid product was observed by "H
NMR spectroscopy (Fig. S14t). Meanwhile, the photocatalytic
performance was still steady after 12 h, and the as-formed
reduction product "*CO (m/z = 29), rather than CO (m/z = 28),
originating from '*CO, and the oxidation product **0, (m/z =
36) originating from H,'O were detected by gas
chromatography-mass spectrometry (Fig. S15t), which also
verifies that the generated CO originates from CO, rather than
the decomposition of COF membranes.

The apparent quantum efficiency (AQE) of the Fe-COF
membrane in photocatalytic CO, reduction was measured at
different wavelengths, and the results are shown in Table S3
and Fig. S16.7 When the AQE values of the Fe~-COF membrane
were plotted against the absorption wavelength, the data points
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(a) Catalytic activity of the Fe—COF membrane under various reaction conditions. (b) Catalytic activity of different loadings of Fe atoms. (c)

CO production in 4 hours catalyzed by the Fe—COF membrane, pristine COF membrane, and Fe—COF powder. (d) The CO production in 12
hours was catalyzed by the Fe—COF membrane. (e) Time courses of the photocatalytic activity and durability based on the Fe—COF membrane.
Reaction conditions: catalyst, 1.00 mg; H,O, 3 mL; temperature, 25 °C; reaction time, 4 h for each cycle. (f) Practical performance tests based on

the Fe—COF membrane under natural sunlight (4 h each day).

fell on its optical absorption spectrum curve.”” This result
indicates that the Fe-COF membrane is responsible for the
generation of excited electrons in the CO,RR. In addition, the
long-term stability of photocatalysts was investigated due to
their particular importance in practical applications (Fig. 5d). It
was found that the CO yield of the Fe-COF membrane only
slightly decreased to 937 pumol g~ ' h™' after 10 cyclic runs,
demonstrating the excellent long-term cycling stability of the
Fe-COF membrane (Fig. 5e). Furthermore, the unchanged
PXRD patterns (Fig. S17t), FT-IR spectrum (Fig. S18f), and
element mapping (Fig. S191) of the Fe-COF membrane before
and after recycling confirm its stable composition and crystal
structure.

In terms of the practical application of the Fe-COF
membrane-based mimic metalloenzyme, natural sunlight irra-
diation was also used for the photocatalytic CO,RR to CO. In
detail, the Fe~-COF membrane was mounted on a customized
reaction tripod in a sealed glass reactor (250 mL) containing
3 mL of H,0 at the bottom, which was then irradiated by direct
sunlight under a CO, atmosphere (1 atm) in the outdoor envi-
ronment of the HNU (Henan Normal University) campus from
12:00 am to 4:00 pm on 28th April to 30th April in 2023 (the
location is east longitude 113°54'46” and north longitude 35°
19'46"). As shown in Fig. 5f, the CO production is 1072 pmol g *
in 4 hours of reaction on 30th April, and the resultant yield is as
high as 287 umol g ' h™" at an average temperature of 25 °C. At
another time (say 28th April), the related CO yield is still above
263 pmol g ' h™" at a lower temperature of 22 °C. Without any
help from the photosensitizer, and/or sacrificial agent, such

a COyield at much lower light intensity (less than 50 mW cm ™2,

1228 | Chem. Sci, 2025, 16, 1222-1232

Table S47) is remarkable. This result indicates that with the
advantages of the Fe-COF membrane as a mimic metal-
loenzyme, natural sunlight can also be efficiently utilized for
photocatalytic CO, reduction to CO.

A possible reaction mechanism

High accessibility of CO, is important for high-performance
catalysts for the CO,RR. As shown in Fig. S20a,t the Fe-COF
membrane exhibited a high capacity for CO, adsorption, espe-
cially at low pressure compared with the pristine COF
membrane. This result reveals that the Fe-COF membrane had
a stronger affinity towards CO, molecules than the pristine COF
membrane, which was confirmed by a temperature-
programmed CO, desorption experiment (Fig. S20bt). More-
over, after long-term use of the Fe~-COF membrane, the change
in CO, adsorption capacity was very small (Fig. S217), which
also suggests the stable and reusable active sites in Fe-COF
membranes. Then, in situ XPS spectroscopic measurement was
performed to display the charge transfer process in the CO,RR,
and the results are shown in Fig. 6a and b. It can be seen that
the Fe 2p spectrum exhibits two binding energies of Fe 2p;,, at
711.6 eV and Fe 2p,,, at 725.3 eV. After simulated solar irradi-
ation, they decreased to 711.3 and 724.9 eV, respectively. On the
other hand, the binding energy of N 1s at 398.1 eV increased to
398.2 eV after simulated solar irradiation. We also determined
the photocurrent density of the COF membranes with and
without triazine moieties (Fig. S221). The tiny photocurrent
density of COF membranes without triazine moieties strongly
suggests that triazine moieties are effective photoactive centers.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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A

(@ and b) Insitu high-resolution XPS spectra. (c) Photoluminescence intensity. (d) Photoluminescence lifetime. (e) Photocurrent density. (f)

Charge transfer resistance of different COF membranes. (g) The CBM and (h) VBM of the Fe—COF membrane.

Then, the electron density distribution of benzene rings in the
pristine COF and Fe-COF membranes was calculated
(Fig. S237), and the results showed that the Bader charge of
benzene rings in the pristine COF membrane and the Fe-COF
membrane was —0.633e and —0.586e, respectively, which
means that the partial electrons of benzene rings were trans-
ferred to Fe sites. These results clarify the electron donation
properties of benzene rings in the COF membrane. Moreover, it
is noted that the photoluminescence intensity (Fig. 6¢), photo-
luminescence lifetime (Fig. 6d), photocurrent density (Fig. 6e)
and charge transfer resistance (Fig. 6f) dramatically changed
with addition of the atomically dispersed Fe sites in the COF
membrane, where the higher transient photocurrent density
reveals the better separation efficiency of photogenerated elec-
trons and holes, the higher PL intensity implies the faster
recombination rate of the electron-hole pairs, and the longer PL
lifetime indicates the longer existing time of the photo-
generated electrons. Due to the high density of photoactive sites
resulting from the specific Fe-N interlayer coordination, the Fe-
COF membrane presents the maximum photocurrent density,
the lowest photoluminescence intensity, the longest photo-
luminescence lifetime, and the lowest charge transfer

© 2025 The Author(s). Published by the Royal Society of Chemistry

resistance. These results demonstrate that the rational design
of the proportion between photoactive triazine moieties and the
atomically dispersed Fe sites can strongly promote the separa-
tion of photogenerated electrons and holes.

Moreover, DFT calculations (Fig. 6g) show that the partial
charge density of the conduction band minimum (CBM) for the
Fe-COF membrane was delocalized across the imine moieties
and atomically dispersed Fe sites, which means that the
dispersed Fe sites are the electron acceptor. Nevertheless, the
partial charge density of the valence band maximum (VBM),
which serves as the electron donor, was mainly concentrated on
triazine and the surrounding benzene moieties in the Fe-COF
membrane (Fig. 6h). This result displays the highly efficient
electron/hole separation in the Fe-COF membrane, which is
superior to that in the pristine COF membrane (Fig. S247%).
Combined with the photoelectric measurements and CBM-
VBM results, it is also reasonable to deduce that the COF
membrane with triazine moieties produced electrons after light
irradiation, which were then transferred to dispersed Fe sites
for CO, photoreduction. That is to say, the COF membrane
serves as a highway for efficient charge/mass transport.”
Moreover, the atomically dispersed Fe sites in the Fe-COF
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membrane shorten the electron transfer distance, accelerate the
electron/hole separation, and promote electron accumulation
for efficient CO, reduction, thus endowing the mimic metal-
loenzyme with outstanding photocatalytic performance.

To uncover the catalytic CO, photoreduction process of the
Fe-COF membrane, in situ diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS) studies were performed to
disclose the intermediates involved in the photocatalytic CO,
reduction. As shown in Fig. 7a, the infrared peak intensity of the
Fe-COF membrane shows remarkable changes with the exten-
sion of the irradiation time. The peak that appears at 1642 cm ™"
is assigned to the characteristic *COOH intermediate, which
could enhance the CO, reduction of the Fe-COF membrane.*®
Moreover, the gradually enhanced peak at 2146 cm ™' for the
*CO intermediate also occurs in the photocatalytic process,
which is another critical intermediate for the photocatalytic
CO,RR to CO.?° The new peaks at 1450, 1278, and 1382 cm ™' are
ascribed to *HCO; ™ (at 1450 and 1278 ecm™ ') and *CO;*~ (at
1382 cm™ '), and these intermediates may reversibly transform
into CO, in the presence of gaseous H,O molecules.®

Combined with DRIFTS analysis, we calculated the steps of
CO, photoreduction on the Fe-COF membrane. First, the
membranes adsorb CO, molecules to form *CO,, and then, the
adsorbed *CO, molecule interacts with the protons to gradually
form the *COOH intermediates via an initial hydrogenation
step, where the *COOH intermediates are further protonated
and dehydrated to form the *CO product. The CO product as the
last procedure depends on the desorption of adsorbed *CO
from the catalyst surface. Furthermore, we calculated the
change in Gibbs free energy (AG) for the steps of CO,

a A*Hco-3 (1450,1278) Joos
- *CO2- *COOH
5| co; (1642)
© (1382)
~ \ /
3 |
= ‘ |
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Fig. 7 (a) In situ DRIFTS of the Fe—COF membrane during the CO,

photoreduction process. (b) Free energy profile of the CO,RR to CO
catalyzed by the Fe—COF and the pristine COF membranes.
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photoreduction. As shown in Fig. 7b and S$25,f the energy
barrier of CO, adsorption in the Fe-COF membrane is much
smaller (0.53 eV) than that of the pristine COF membrane (1.48
eV). Moreover, the formation energy barrier of the *COOH
intermediate on the Fe-COF membrane is also much smaller
than that of the pristine COF membrane (0.95 eV vs. 1.79 eV).
The decreased formation energy barrier proves that the atomi-
cally dispersed Fe atoms promote the electron transfer from the
photoactive center to the catalytically active center, which cau-
ses efficient conversion of the *COOH species on the electron-
gathered Fe centers in the Fe-COF membrane, resulting in
enhanced photocatalytic CO, reduction. Moreover, the energy
emission of the transition from *COOH to *CO intermediates
on the Fe-COF membrane needs —0.32 eV, which is much lower
than that on the pristine COF membrane (1.52 eV), indicating
that the transition on the Fe~-COF membrane is more thermo-
dynamically profitable. Furthermore, the CO molecules are
more conducive to the formation on the Fe-COF membrane
than that on the pristine COF membrane due to the smaller
energy barriers of CO (g) on the Fe-COF membrane.

According to the above analysis, we proposed a probable
photocatalytic mechanism for the CO,RR over the Fe-COF
membrane. First, the Fe-COF membrane effectively captures
CO, molecules due to the atomically dispersed Fe atoms and
highly ordered COF membrane. Second, the photoactive
triazine moieties in the Fe-COF membrane provide the enough
electrons for atomically dispersed Fe centers through the
unique physical form of the homogeneous COF membrane,
thus achieving the highly efficient electron/hole separation of
Fe-COF. Finally, the atomically dispersed Fe sites in the Fe~-COF
membrane significantly reduce the Gibbs free energy of *COOH
and boost the photocatalytic CO,RR to CO.

Conclusions

Inspired by the natural photosynthesis in leaves, we successfully
integrated the atomically dispersed Fe sites into interlayers of
the pristine COF membrane through coordination with imine-N
to serve as a mimic metalloenzyme. It was found that the mimic
metalloenzyme based on the Fe-COF membrane exhibited
excellent CO, photoreduction performance under gas-solid
conditions without the addition of any photosensitizer and
sacrificial reagent. The CO production was 3972 umol g™ in
a 4 h reaction, the selectivity was approximately 100%, and the
cycling stability was more than 10 cycles, thus presenting
a record high CO yield compared with the previously reported
COF photocatalysts under gas-solid conditions. From the in/ex
situ spectral studies and DFT calculations, it was revealed that
the atomically dispersed Fe sites significantly reduce the energy
barrier for the formation of key intermediates *CO, and
*COOH, the high-density triazine moieties around Fe sites
supply enough electrons to the Fe sites, and the unique physical
form of the homogeneous COF membrane provides efficient
mass transfer and electron/proton transport, which work
synergistically for the observed remarkable photocatalytic CO,
conversion to CO on the Fe-COF membrane. We believe that
this proof-of-concept for the mimic metalloenzyme based on

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the Fe-COF membrane may motivate future research in this
field and offer a useful guideline for the design of highly effi-
cient catalysts in the photocatalytic CO,RR, which may help to
promote sustainability of our environment and ecology.
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