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We present three porphyrin-based covalent organic frameworks
(COFs), Por-BPy-COF1, Por-RhBPy-COF2, and ZnPor-RhBPy-
COF3, synthesized as visible-light-responsive photocatalysts for
NADH regeneration. These COFs incorporate porphyrin units
that absorb visible light across a broad spectrum (200-680
nm), with Por-RhBPy-COF2 and ZnPor-RhBPy-COF3 further
enhanced by rhodium and zinc metal coordination to promote
charge separation. Notably, the rhodium-coordinated COFs (Por-
RhBPy-COF2 and ZnPor-RhBPy-COF3) exhibited significantly
higher catalytic activity (~ 41 —46% in 1 hour) compared to
Por-BPy-COF1 (2.6%), attributed to rhodium’s bioinspired role
in facilitating NAD" reduction. Structural stability and sustained
catalytic performance were confirmed, with Por-RhBPy-COF2
maintaining > 37% activity during a 1-hour cyclic NADH re-
generation test. These findings highlight the potential of these
COFs for efficient solar-to-chemical energy conversion, advancing
sustainable photocatalytic technologies.

Natural photosynthesis inspires sustainable solar-to-chemical
conversion, utilizing chlorophyll-based light harvesting and
biosynthetic specificity X This has led to artificial photosynthe-
sis, which employs semiconductor photocatalysts to generate
charge carriers for fuel synthesis.2# However, such systems suf-
fer from poor selectivity and limited capacity to form complex
multi-carbon compounds, underscoring the need for materials
that combine artificial efficiency with natural precision.
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Scheme 1 Synthesis of Por-Bpy-COF1, Por-RhBpy-COF2, and ZnPor-
RhBPy-COF3.
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Semi-artificial photosynthesis combines artificial light har-
vesters with biological catalysts, improving solar energy utiliza-
tion and high-value chemical production while overcoming the
limitations of purely natural or artificial systems.”12 Coenzymes
such as reduced nicotinamide adenine dinucleotide (NADH) are
essential biological cofactors that mediate redox reactions and act
as “energy currency” in living systems. Photocatalytic NADH re-
generation is therefore crucial for advancing enzyme-coupled and
whole-cell systems, underpinning the development of complex
semi-artificial photosynthetic applications. 315!

Covalent organic frameworks (COFs) are promising candidates
due to their tunable structures, photoactivity, stability, and poros-
ity. Porphyrins serve as efficient visible-light chromophores
with rapid electron transfer, while their porous, rigid frame-
works enable recyclability after metal coordination and repeated
use. 1820 porphyrin-based COFs, incorporating nature-inspired
porphyrins for visible light absorption, excel in light harvesting,
biocompatibility, and charge transport.2122 Metal coordination
(e.g., Rh, Zn) further enhances COFs by aligning charge carrier
levels with target reactions, acting as catalytic sites, and promot-
ing enzyme interactions.3 Additionally, metal centers act as cat-
alytic sites, improve structural rigidity, and promote interactions
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Fig. 1 (a—c) Solid-state 13C CP/MAS NMR spectra, (d) Fourier trans-
form infrared (FTIR) spectra, and (e) nitrogen adsorption isotherms of
Por-Bpy-COF1, Por-RhBpy-COF2, and ZnPor-RhBPy-COF3.

with enzymes.24 Despite their potential, metal-coordinated por-
phyrin COFs remain underexplored in enzyme-integrated semi-
artificial photosynthesis, particularly for photocatalytic NADH re-
generation, with current strategies relying on less stable and less
biocompatible inorganic semiconductors and organic photosensi-
tizers. 25126

Herein, we address this gap by developing three recyclable 2D
porphyrin-based COFs (Por-Bpy-COF1, Por-RhBPy-COF2, ZnPor-
RhBPy-COF3, Scheme 1) for efficient visible-light-driven photo-
catalytic NADH regeneration.

We employed multiple characterization techniques to confirm
the synthesis of the three catalysts. The structural integrity
of these catalysts was verified through solid-state '3C cross-
polarized magic-angle spinning (CP/MAS) nuclear magnetic res-
onance spectroscopy and Fourier transform infrared (FTIR) spec-
troscopy.The successful synthesis of Por-Bpy-COF1, Por-RhBpy-
COF2, and ZnPor-RhBPy-COF3 was verified via solid-state '3C
cross-polarization magic-angle spinning (CP/MAS) NMR spec-
troscopy (Fig. 1a—c). The presence of an imine carbon resonance
peak at 150 ppm and the absence of residual aldehyde signals
(~ 190 ppm) confirmed the full condensation of the monomers.
Aromatic carbon signals (120-140 ppm) corresponding to por-
phyrin and bispyridine units remained intact across all three
COFs, verifying framework structural preservation during synthe-
sis. Notably, the deshielded peak at 150 ppm was significantly
enhanced in Por-RhBpy-COF2 and ZnPor-RhBPy-COF3, an effect
attributed to rhodium- and zinc-induced electron density redistri-
bution on the coordinated pyridine carbons. Concurrently, a peak
associated with the methylcyclopentane group appeared near 10
ppm, further confirming the target framework composition.

Fourier transform infrared (FTIR) spectroscopy further vali-
dated imine bond formation in all three COFs (Fig. 1d). Char-
acteristic C=N stretching vibration peaks were observed at 1590
em~! for Por-Bpy-COF1 and 1607 cm ™! for both Por-RhBpy-COF2
and ZnPor-RhBPy-COF3, with minimal shifts between samples.
This subtle spectral variation indicates that Rh and Zn coordina-
tion exerted a negligible influence on the electronic environment
of imine bonds, supporting COF backbone structural integrity
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Fig. 2 (a—c) Scanning electron microscopy (SEM) images of Por-
Bpy-COF1, Por-RhBpy-COF2, and ZnPor-RhBPy-COF3. (d—f) Energy-
dispersive X-ray spectroscopy (EDS) mapping images of Por-RhBpy-
COF2. (g—j) EDS mapping images of ZnPor-RhBPy-COF3.

post-metallation.

Nitrogen adsorption measurements at 77 K revealed distinct
differences in the pore structures of the three COFs (Fig. 1e). The
Brunauer-Emmett-Teller (BET) surface area of Por-Bpy-COF1
(118 m?/g) was markedly higher than those of Por-RhBpy-COF2
(25 m?/ g) and ZnPor-RhBPy-COF3 (18 m?%/ g). Functionalization
of COFs alters their pore volume and surface area, as functional
groups or metal complexes occupy pore space and affect inter-
layer interactions.2728 Metallized COFs (Por-RhBpy-COF2 and
ZnPor-RhBPy-COF3) exhibit reduced BET surface area due to (1)
bulkier Rh complexes occupying internal voids and (2) enhanced
interlayer dispersion forces from Rh coordination, which miti-
gates full pore collapse. BET isotherms (Fig. 1e) corroborate this,
with all samples retaining a mesoporous structure (2-5 nm; Fig.
S1). This preserved mesoporosity boosts substrate accessibility
and charge localization without sacrificing photocatalytic perfor-
mance. By improving mass transport and suppressing hole re-
combination, the architecture offers vital advantages for efficient
photochemical energy conversion and biophotocatalysis.

SEM images showed that Por-Bpy-COF1, Por-RhBpy-COF2, and
ZnPor-RhBPy-COF3 all self-assembled into spherical aggregates
with diameters of 340-500 nm (Fig. 2a—c), a morphology indica-
tive of isotropic growth under kinetic control. Energy-dispersive
X-ray spectroscopy (EDS) was used to confirm elemental compo-
sition and spatial distribution. For Por-RhBpy-COF2, EDS map-
ping (Fig. 2d-f) revealed highly uniform overlap between COF
framework, Rh, and Cl signals. For ZnPor-RhBPy-COF3, EDS
mapping (Fig. 2g—j) similarly showed uniform distribution of Zn,
Rh, and Cl across COF aggregates, confirming successful incorpo-
ration and homogeneous dispersion of both metal coordination
groups throughout the framework.

To elucidate the COFs’ photocatalytic mechanism, their pho-
tophysical properties were systematically characterized. Ultra-
violet-visible diffuse reflectance spectroscopy (UV-DRS) analysis
revealed broad absorption bands spanning 200-680 nm for all
three COFs (Fig. 3a). This broad absorption is attributed to the
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Fig. 3 (a) UV-DRS spectra, (b) Tauc plots for bandgap calculation, (c)
steady-state photoluminescence (PL) spectra, and (d) band structures of
Por-Bpy-COF1, Por-RhBpy-COF2, and ZnPor-RhBPy-COF3.

intrinsic optical properties of porphyrins and #-7 stacking inter-
actions within COF frameworks, which collectively enhance light
absorption. Tauc plots, derived from Kubelka-Munk transfor-
mation, indicated optical bandgaps of 1.73 eV (Por-Bpy-COF1),
1.65 eV (Por-RhBpy-COF2), and 1.81 eV (ZnPor-RhBPy-COF3;
Fig. 3b). These narrow bandgaps make the COFs highly suit-
able for biophotocatalytic applications, as they facilitate efficient
visible-light harvesting. Fluorescence measurements (365 nm ex-
citation; Fig. 3c) revealed photoluminescence (PL) peaks cen-
tered near 450 nm for all three COFs, with a slight blue shift ob-
served for metallated COFs (Por-RhBpy-COF2 and ZnPor-RhBPy-
COF3). The PL peak positions—shaped by contributions from
multiple excited states rather than solely the HOMO-LUMO en-
ergy gap—were nearly identical across the three COFs, confirm-
ing similar bandgap widths and consistent with Tauc plot results.

X-ray photoelectron spectroscopy (XPS) valence band spectra
confirmed n-type semiconductor behavior for all three COFs, as
indicated by their negative tangent slopes. The highest occu-
pied molecular orbital (HOMO) levels, referenced to the normal
hydrogen electrode (NHE), were measured as 1.36 V (Por-Bpy-
COF1), 1.02 V (Por-RhBpy-COF2), and 0.40 V (ZnPor-RhBPy-
COF3; Fig. S2). Using these HOMO values and corresponding
bandgaps, the lowest unoccupied molecular orbital (LUMO) en-
ergies were calculated via the relationship Erymo = Enomo + E;-
This analysis yielded LUMO potentials of -0.37 V (Por-Bpy-COF1),
-0.63 V (Por-RhBpy-COF2), and -1.41 V (ZnPor-RhBPy-COF3).
These values provide sufficient thermodynamic driving force for
single-electron oxygen reduction, as depicted in the band struc-
ture (Fig. 3d).

Electrochemical characterization revealed distinct charge-
transfer behavior for metallated COFs. Transient photocurrent
measurements (Fig. S3) showed that Por-RhBpy-COF2 and
ZnPor-RhBPy-COF3 exhibit higher current densities than Por-Bpy-
COF1, while electrochemical impedance spectroscopy (EIS; Fig.
S4) indicated smaller semicircular radii for metallated samples.
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Both observations are indicative of lower charge-transfer resis-
tance. Notably, the coenzyme regeneration system, central to
semi-artificial photosynthesis, relies on NADH as the primary tar-
get, where regeneration is achieved through the synergistic in-
teraction of photocatalysts, electron donors, and electron medi-
ators. Collectively, these results confirm that all three COFs ex-
hibit strong visible-light absorption, band structures compatible
with photocatalytic applications (including coverage of the NADH
reduction potential), and enhanced photoelectrochemical perfor-
mance upon metal coordination, laying the experimental ground-
work for their use in biophotocatalytic NADH regeneration.

Key parameters for photocatalytic NADH regeneration—such
as pH, light source, and comparisons with non-porphyrin
COFs—were first optimized (Figs. S5-S9). Under the optimized
condition, the NADH regeneration performance of the three tar-
get COFs (Por-BPy-COF1, Por-RhBPy-COF2, ZnPor-RhBPy-COF3)
was systematically evaluated using a 350 W xenon lamp.

We propose a detailed electron transfer mechanism (Fig. 4a).
Upon visible light irradiation, the porphyrin unit in Por-RhBpy-
COF2 absorbs photons, generating separated electron-hole pairs
(ht/e™). The Rh center in the COF acts as a biomimetic electron
mediator, mimicking the function of natural metalloenzymes to
facilitate efficient electron transfer for NADH regeneration.

Figure 4b compares the photocatalytic NADH regeneration ac-
tivities of the three COFs. Metal-free Por-BPy-COF1 shows the
lowest activity (~ 10%) due to poor charge separation. Por-
RhBPy-COF2 exhibits moderate activity (~ 30%), enhanced by
Rh-mediated electron transfer. ZnPor-RhBPy-COF3 achieves the
highest activity (~ 42%), attributed to metal synergy and the
biomimetic Rh complex acting as an efficient electron media-
tor for selective 1,4-NADH regeneration. Time-dependent ex-
periments revealed distinct kinetic behaviors. Por-BPy-COF1 ex-
hibited a steady increase in regeneration rates over 0-6 hours,
peaking at ~ 20% at 6 hours. In contrast, Por-RhBPy-COF2 and
ZnPor-RhBPy-COF3 showed rapid rate increases over 0-2 hours,
maintaining levels above 60% with minor fluctuations between
4-6 hours. The maximum regeneration rates of Por-RhBPy-COF2
and ZnPor-RhBPy-COF3 were over three times higher than that of
Por-BPy-COF1, further confirming Rh’s specific catalytic role. The
comparable performance of Por-RhBPy-COF2 and ZnPor-RhBPy-
COF3, with Por-RhBPy-COF2 showing a slight advantage, sug-
gests that Zn coordination has a negligible impact on efficiency.
This is likely because theoretical light absorption enhancements
from Zn are offset by reduced COF molar concentration, as Zn
occupies mass without increasing active sites.

Non-porphyrin Rh-COFs (ETTA-RhBpy-COF, TAPB-RhBpy-COF;
Fig. S8-S9) showed significantly lower 1-h regeneration rates
(7.88% and 3.92%, respectively) than Por-RhBpy-COF2. This dif-
ference arises because (1) their lack of porphyrin units limits
visible-light absorption, evident from their lighter color compared
to the deep black porphyrin-based COFs, and (2) their band struc-
tures do not span the —0.3 V reduction potential required for
NADH regeneration. These results underscore the unique advan-
tage of porphyrin-based COFs and the importance of monomer
selection in COF design. Increasing the catalyst from 1 to 4 mg
moderately raised the NADH yield from 35% to 41% (Fig. S10).
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Fig. 4 (a) Schematic of the photocatalytic NADH regeneration system,
(b) NADH regeneration rates of the three COFs after different periods of
time (1-6 h), and (c) recyclability of Por-RhBpy-COF2 over five cycles.

To evaluate the practical utility of the COFs, we assessed the
recyclability of Por-RhBpy-COF2 (Fig. 4c). After each 1-hour
photocatalytic cycle, the solid COF was recovered through cen-
trifugation and reused. Over five consecutive cycles, the catalytic
efficiency remained stable at approximately 37%, with no signif-
icant degradation. This exceptional stability is further supported
by the absence of dissolution or decomposition of Por-RhBpy-
COF2 in aqueous dispersion under continuous irradiation. No-
tably, light absorption, electron-hole separation, and Rh active-
site activity were unaffected, underscoring the unique advantage
of COFs as recyclable biophotocatalysts. Following catalyst re-
covery and recharacterization, solid-state NMR (Fig. S11) and
infrared spectroscopy (Fig. S12) revealed that the regenerated
catalyst was identical to the initial catalyst, demonstrating excep-
tional chemical stability and photostability.

In conclusion, we designed and synthesized three recyclable
2D porphyrin-based COFs (Por-Bpy-COF1, Por-RhBpy-COF2,
ZnPor-RhBPy-COF3) for visible-light-driven NADH regeneration.
Their structural integrity, broad visible absorption (200-680 nm),
and suitable band positions jointly enable efficient photocatal-
ysis: metallated COFs (ZnPor-RhBPy-COF3: 42%; Por-RhBpy-
COF2: 30% regeneration rate at 1 h) outperform the metal-free
Por-Bpy-COF1 (10%) by over threefold, attributed to Rh act-
ing as biomimetic sites for selective electron transfer to NAD™.
Por-RhBpy-COF2 retains 37% activity over five cycles, con-
firming stability. Comparisons with non-porphyrin Rh-COFs un-
derscore the essential role of porphyrin units in meeting the
NADH reduction potential. This work provides efficient, reusable
porphyrin-COFs for NADH regeneration and demonstrates a ratio-
nal metal-coordination design strategy, advancing COFs toward
semi-artificial photosynthesis and enzyme-integrated synthesis.

This work is supported by the State Key Laboratory of Chemical
Oncogenomics, and the Basic and Applied Basic Research Foun-
dation of Guangdong Province (2025A1515011980).
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