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Integrating biomimetic catalytic centers and photosensitizers into stable metal-organic frameworks (MOFs)
holds great promise for efficient artificial photocatalysis. However, the direct incorporation of catalytic
centers and photosensitizers are often hindered by the decomposition of biomimetic catalytic motifs under
harsh solvothermal conditions typically required for synthesizing robust MOFs. In this work, we report a
stepwise assembly strategy to incorporate biomimetic Ni-N,S, catalytic sites and porphyrin-based
photosensitizers into a stable Zr-based MOF for efficient photocatalysis. First, a Zr-MOF (Zr-NiTSC) bearing
Ni-thiosemicarbazide (NiTSC) linkers was synthesized under mild conditions, preserving the structural
integrity of the Ni-N,S, sites. Subsequently, porphyrin-based linkers (DCPP) as photosensitizers were
introduced via post-synthetic linker exchange, yielding a series of mixed-linker MOFs (Zr-NiTSC-Px, x = 1,
2, or 3). By fine-tuning the DCPP/NITSC ratios, photocatalytic hydrogen evolution experiments revealed a
non-monotonic dependence of photocatalytic hydrogen evolution activity on the DCPP/NITSC ratio, with
both insufficient and excessive photosensitizer content diminishing the activity. Zr-NiTSC-P2 achieved a
balanced photosensitizer-to-catalyst ratio and the highest activity, with a 2.5-fold increase in turnover
frequency compared to the parent MOF. This work demonstrates a stepwise synthetic strategy to integrate
labile catalytic motifs into robust frameworks, offering a broadly applicable platform for constructing
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1. Introduction

Natural photosynthetic systems achieve efficient solar-to-
chemical energy conversion through the spatial integration of
light-harvesting photosensitizers and catalytic centers. For
example, photoexcitation of chlorophylls in photosystem II drive
water oxidation at a Mn,CaOs cluster via tyrosine-mediated hole
transfer,' achieving efficient solar energy conversion through
the synergistic cooperation of light-harvesting photosensitizers
and catalytic sites. Inspired by natural systems, biomimetic
photocatalysis has emerged as a promising strategy for
sustainable energy conversion.”> Metal-organic frameworks
(MOFs), with their high porosity, structural tunability, and
functional modularity, provide an ideal platform for
constructing biomimetic photocatalytic systems.® In particular,
multivariate MOFs (MTV-MOFs) enable the co-integration of
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advanced photosensitized catalytic systems.

functionally distinct components (e.g., catalytic sites and
photosensitizers) within a crystalline lattice.* For example, Pt-
based hydrogen evolution catalysts and Ir photosensitizers were
integrated into a UiO-type MOF, resulting in stable
photocatalytic H, evolution from water.> Recently, our group
demonstrated that stable Zr-MOFs can serve as versatile
platforms for tuning the stoichiometry between catalytic and
photosensitizing  units, unlocking new synergies in
photocatalytic CO, reduction.®

Ni-N,S, motifs replicate the active sites of [NiFe]-
hydrogenases,” with molecular Ni-N,S, catalysts demonstrating
exceptional activity in the electrocatalytic hydrogen evolution
reaction (HER).*’ Duan and co-workers employed Ni-N,S, sites
as nodes of a supramolecular cage, Ni-TFT, which efficiently
catalyzed the photocatalytic HER combined with sulfide
oxidation.'® Recently, inspired by [NiFe-hydrogenases, Jiang and
co-workers achieved remarkable photocatalytic HER performance
by anchoring Ni sites with N,O- or N,S-bidentate ligands on
bipyridine units in a UiO-67-analogue framework, precisely
tuning the primary and secondary coordination spheres.'"
Integrating Ni-N,S, catalytic sites and photosensitizers within a
stable MOF is expected to establish close spatial alignment
between light-harvesting and catalytic functions, enabling
efficient photoinduced charge separation and electron transfer
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for high-performance photocatalysis. However, to our knowledge,
the simultaneous integration of Ni-N,S, catalytic sites and
photosensitizers has not been achieved within a single
framework. This is largely due to the intrinsic lability of Ni-N,S,
motifs, which readily decompose under the harsh solvothermal
conditions typically used to synthesize robust MOFs. For
instance, constructing stable Zr-based MOFs often requires high
temperatures (~120 ©°C) and excess acid modulators. To
overcome this limitation, we previously developed a stepwise
strategy to synthesize stable Zr-MOFs under mild conditions:
dynamic-bonded-based MOFs were initially synthesized as
templates, followed by post-synthetic linker exchange with robust
linkers to form stable Zr-MOFs.">** This method provides new
opportunities for the integration of Ni-N,S, catalytic sites and
photosensitizers into a Zr-based MOF, achieving stability and
catalytic activity within a MOF scaffold.

Herein, we report a stepwise synthetic strategy for a dual-
functional MOF photocatalyst that integrates catalytic hydrogen
evolution sites and photosensitizers (Fig. 1). We designed a Ni-
thiosemicarbazide-based dicarboxylate linker (NiTSC) with the
Ni-N,S, moiety as catalytically active sites (Fig. 1a). Meanwhile,
we chose the length-matched dicarboxyphenyl porphyrin
(DCPP) as the photosensitizer. The traditional one-pot reaction
of Zr"", NiTSC and DCPP fails to form the mixed-linker Zr-MOF
due to the decomposition of NiTSC at 120 °C, while the one-pot
reaction at a lower temperature (75 °C) results in amorphous
products (Fig. 1b). Additionally, the reaction between DCPP and
Zr"" under 120 °C tends to form interpenetrated frameworks,
limiting the post-synthetic incorporation of the NiTSC linker."*
In contrast, the assembly of zr*", Ni*', and 4{(2-
carbamothioylhydrazineylidene)methyl]benzoic  acid  (TSC-
COOH) linkers at 75 °C enables the formation of non-
interpenetrated Zr-NiTSC (Fig. 1c). Subsequently, DCPP linkers
are introduced via post-synthetic linker exchange, yielding a
series of mixed-linker MOFs (Zr-NiTSC-Px; x = 1, 2, or 3) with
tunable components. Photocatalytic HER studies revealed
optimal activity at balanced linker ratios (Zr-NiTSC-P2, DCPP/
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NiTSC =~ 1.3:1), achieving a 2.5-fold increase in the TOF
compared to the pristine Zr-NiTSC.

2. Experimental section

2.1 Synthesis of linkers

Synthesis of  TSC-COOH. The  linker  4-((2-
carbamothioylhydrazineylidene)methyl)benzoic ~ acid  (TSC-
COOH) was synthesized through a Schiff-base reaction (Scheme
S1t). Thiosemicarbazide (TSC, 2.28 g, 25 mmol) and
p-formylbenzoic acid (PFBA, 3.75 g, 25 mmol) were dispersed in
MeOH (150 mL) and heated to reflux for 3 hours. A light yellow
solid TSC-COOH was collected through filtration, washed with
MeOH, and dried under vacuum. "H NMR (400 MHz, DMSO): 6
13.06 (s, 1H), 11.58 (s, 1H), 8.31 (s, 1H), 8.11 (d, J = 11.5 Hz, 2H),
8.03-7.79 (m, 4H) (Fig. S1t).

Synthesis of single crystals of the NiTSC linker. To help
determine the structure of MOFs, single crystals of the NiTSC
linker were synthesized following the literature with
modification (Scheme S2t)."> A mixture of NiCl,-6H,O (12
mg, 0.05 mmol), TSC-COOH (22.3 mg, 0.1 mmol), EtzN (100
pL), and MeCN (10 mL) was heated at 60 °C for 4 hours. After
cooling down to room temperature, brown crystals were
found at the bottom of the flask. The chemical formula of
the obtained crystals of the NiTSC linker was determined to
be [NHE;],[Ni(TSC-CO0),]-2MeCN (CCDC 2419402, Fig. S2,
and Table S17).

Synthesis of H,DCPP. 5,15-Di(4-carboxyphenyl)porphyrin
(H,DCPP) was synthesized according to the literature with
modifications.'® See the ESIf for details (Scheme S3 and Fig.
S3 and S4). Fig. S57 compares the lengths of the NiTSC and
DCPP linkers.

2.2 Synthesis of MOFs

Synthesis of Zr-NiTSC. ZrOCl,-8H,0 (32 mg, 0.1 mmol),
Ni(OAc),-4H,0 (50 mg, 0.2 mmol), TSC-COOH (180 mg, 0.8
mmol), acetic acid (AA, 100 pL), and N,N-dimethylacetamide

Photosensitizers

DCPP linker

C Stepwise synthesis of MOFs (this work)

24
75°C 75 °C
@ = -
exchange
(_TsC-co0H )

Zr-NiTSC Zr-NiTSC-Px
Non-interpenetrated

Fig. 1 (a) Design and single-crystal structures of NiTSC and DCPP linkers (green: Ni; yellow: S; blue: N; gray: C; red: O; light blue: H). Schematic
diagram of the (b) traditional one-pot synthesis and (c) stepwise synthesis of Zr-NiTSC-Px (P stands for porphyrin, x = 1, 2, or 3).
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(DMA, 10 mL) were charged in a glass tube and heated in a
75 °C oven for 3 days. The product Zr-NiTSC was collected by
centrifugation and washed with N,N-dimethylformamide
(DMF) and EtOH three times.

Synthesis of Zr-NiTSC-Px (x = 1, 2, or 3). Zr-NiTSC-Px was
synthesized by post-synthetic linker exchange of Zr-NiTSC.
Zr-NiTSC (10 mg) and different amounts of H,DCPP were
dispersed in 2 mL of DMF and heated in a 75 °C oven for 1
day. The products were collected by centrifugation and
washed with DMF and EtOH three times. When 2 mg, 6 mg,
or 10 mg of H,DCPP was added, the products were denoted
as Zr-NiTSC-P1, Zr-NiTSC-P2, or Zr-NiTSC-P3, respectively.

2.3 Photocatalytic H, evolution reactions

The photocatalytic HER experiments were performed with a
photocatalytic evaluation system in a 170 mL quartz
container. A 300 W xenon lamp was utilized as the irradiation
source with an optical filter (cut 400 nm). The catalysts (5
mg) were dispersed in a MeCN/Et;N solution (9:1 by vol, 30
mL), and H,O (0.5 mL) was added. After sealing, the
headspace of the container was purged with Ar (99.999%) for
30 min to remove air. During the 6 hours of reaction, the
reaction system was stirred continuously with a magnetic bar
to ensure that the catalysts were uniformly dispersed in the
solution, and it was maintained at 25 °C by a circulating
cooling water system. The H, production in the headspace of
the reactor was measured using gas chromatography (GC).

3. Results and discussion

3.1 Design and synthesis of linkers incorporating Ni-N,S,
sites

To construct stable MOFs bearing Ni-N,S, catalytic sites, we
first rationally designed the linkers. The d® electronic
configuration of Ni*" favors the formation of square-planar
complexes, and previous studies have reported various Ni-
N,S, planar complexes derived from TSC molecules and their
derivatives, with the simplest examples being Ni(TSC),(NO;),
and its deprotonated form Ni(TSCATO),."”'® Among the three
nitrogen atoms in the TSC molecule, two are directly bonded
to the C=S double bond. The conjugation effect and strong
electron-withdrawing nature of the C=S bond significantly
reduce the nucleophilicity of these two nitrogen atoms. In
contrast, the terminal amino nitrogen atom retains strong
nucleophilicity, readily forming imines via Schiff base
reactions, thereby conferring excellent versatility to the Ni-
N,S, moiety. Reacting TSC molecules with various aldehyde-
containing compounds yields diverse ligands, enabling the
synthesis of imine complexes derived from the Ni(TSC), unit
with preserved Ni-N,S, coordination.'®™>*

When designing suitable MOF linkers, the coordination
geometry of the Ni-N,S, center requires careful consideration.
The planar Ni-N,S, unit exhibits cis and ¢rans isomers, with the
trans configuration enabling two-connected linear linkers. Due
to steric effects, the trans-Ni-N,S, isomer is energetically favored
and more readily formed."” > The cis configuration is only

This journal is © The Royal Society of Chemistry 2025
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accessible when the two nitrogen atoms are rigidly constrained
by the molecular architecture.”>* This understanding guided
our design of a linear linker based on trans-Ni-N,S,. We
selected the simple p-formylbenzoic acid (PFBA), which
underwent a Schiff base reaction with TSC to yield the TSC-
COOH ligand (Scheme S1t). This afforded a linear Ni-N,S,
linker bearing terminal carboxyl groups at both ends (denoted
as the NiTSC linker).

To confirm the structure of the NiTSC linker, single
crystals of the ligand were successfully obtained for single-
crystal X-ray diffraction (SCXRD) characterization. The
reaction of Ni** with TSC-COOH in MeCN with a small
amount of Et;N gave dark brown crystals, which were
suitable for diffraction (Scheme S2f). SCXRD analysis
revealed that the asymmetric unit contains one deprotonated
NiTSC linker, two protonated triethylamine molecules, and
two MeCN solvent molecules, formulated as [NHEt;],[Ni(TSC-
CO0O0),]-2MeCN (Fig. S2t shows the full asymmetric unit, and
Fig. 1a omits the counteranions and solvents for clarity). The
carboxylate oxygen atoms participate in an extensive
hydrogen-bonding network with amino groups from adjacent
TSC fragments and protonated triethylamine molecules. The
Ni-N,S, center is electrically neutral, with the central
nitrogen atom of the TSC fragment existing in a
deprotonated state similar to that in Ni(TSCATO),,"® resulting
in a rigorously planar conjugated structure consistent with
the anticipated ¢rans-Ni-N,S, configuration. The coplanarity
of the phenyl ring with the Ni-N,S, plane further
corroborates the deprotonated state of the TSC fragment,
since the non-deprotonated N-H bond would not allow such
a coplanar configuration through steric hindrance with the
phenyl C-H bond. This structural analysis unequivocally
confirms that Ni*" coordinates with TSC-COOH to form a
linear, dicarboxylate-terminated linker, validating its
suitability for subsequent MOF synthesis.

3.2 Design, synthesis, and structural analysis of Zr-NiTSC

According to the hard-soft acid-base (HSAB) theory, Ni** (a
soft acid) tends to coordinate with N and S (soft base) to form
Ni-N,S, centers, whereas Zr*" (a hard acid) preferentially
binds to O (hard base) to form ZrsO4(COQ);, clusters.”® The
previous literature has demonstrated that one-pot reactions
can successfully assemble ordered multicomponent MOFs
featuring simultaneous hard acid-hard base and soft acid-
soft base coordination bonds.'**” Thus, in a one-pot reaction
involving Zr*", Ni*", and TSC-COOH, we could predict the
assembly of Zr-MOFs incorporating the NiTSC carboxylate
linker. We conducted the reaction of ZrOCl,-8H,0,
Ni(OAc),-4H,0, and TSC-COOH at 75 °C, which yielded the
brown powder of Zr-NiTSC. Powder X-ray diffraction (PXRD)
analysis confirmed the high crystallinity of Zr-NiTSC (Fig.
S61). The peak profile closely resembles that of the UiO-
series,”® suggesting a framework structure based on Zre
clusters and ditopic linkers with the feu topology. The
structure of Zr-NiTSC (Fig. 2a) was further confirmed by

CrystEngComm, 2025, 27, 5841-5847 | 5843
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Fig. 2 (a) Structure diagram of Zr-NiTSC. (b) TEM image, STEM image, and elemental mapping of Zr-NiTSC. Scale bar of 200 nm. (c) Pawley
refinement of Zr-NiTSC (synchrotron PXRD, / = 0.98 A). (d) Ni K-edge XANES spectra of Zr-NiTSC and standard samples Ni foil, NiO, and NiPc. (e)
Ni K-edge EXAFS and the curvefit for Zr-NiTSC, shown in R-space (FT magnitude and imaginary component). (f) Wavelet transform of y(k) of Zr-

NiTSC.

Pawley refinement against synchrotron PXRD data (Fig. 2c
and Table S27). Notably, although isoreticular fcu MOFs with
linkers of comparable length typically adopt interpenetrated
architectures via direct synthesis,® ' PXRD analysis
confirms that Zr-NiTSC has a non-interpenetrated framework.
This deviation likely stems from the steric effect of the NiTSC
moiety to prevent interpenetration. In addition, the low
synthetic temperature (75 °C) may also favor the non-
interpenetrated structure during one-pot assembly.

X-ray absorption fine structure (XAFS) spectroscopy was
employed to further validate the structure of Zr-NiTSC. The
Ni K-edge X-ray absorption near edge structure (XANES)
spectrum confirms the +2 oxidation state of nickel (Fig. 2d),
with a small pre-edge peak at 8332 eV attributed to the 1s —
3d transition that is similar to NiO and NiPc (Pc =
phthalocyanine).?*** Notably, the peak observed at 8339 eV
(similar to NiPc) originates from the 1s — 4p, transition,
characteristic of square-planar Ni(n) complexes with
significant ligand-to-metal charge transfer (LMCT), which
supports the structure of the planar Ni-N,S, coordination
center.>**® Extended X-ray absorption fine structure (EXAFS)
fitting of Zr-NiTSC, using the Ni-N,S, coordination geometry
derived from the linker's single-crystal structure as the
model, yielded excellent agreement (Fig. 2e). The main peak
at 1.6 A in the EXAFS spectra corresponds to the Ni-N and
Ni-S bonds of the first coordination sphere, and each of the
coordination number is 2. The peaks between 2 and 3 A in
the EXAFS spectra are attributed to the scattering of Ni with
the C and N atoms adjacent to the coordinating N and S
atoms in the TSC fragment (Fig. S7t). The absence of Ni-Ni
scattering peaks in the wavelet transform (WT) plots (Fig. 2f)
demonstrates the atomic-level dispersion of the Ni-N,S, sites

5844 | CrystEngComm, 2025, 27, 5841-5847

within the framework. These results strongly confirm that the
NiTSC linker retains its designed square-planar Ni-N,S,
coordination within the framework.

Transmission electron microscopy (TEM) of Zr-NiTSC
revealed well-defined microcrystals exhibiting a characteristic
truncated octahedral morphology with sizes of ~400 nm
(Fig. 2b and S8t). This morphology matches that of the Zr-
MOFs with an feu topology, such as the UiO-series and PCN-
160,”” consistent with our proposed structural model.
Furthermore, energy-dispersive X-ray spectroscopy (EDS)
mapping in scanning transmission electron microscopy mode
confirmed the homogeneous spatial distribution of all the
elements, especially Ni, N, and S, throughout the nanocrystals
(Fig. 2b), confirming the successful synthesis of a
compositionally uniform Zr-NiTSC framework.
Thermogravimetric analysis (TGA) of Zr-NiTSC revealed a
stepwise mass loss profile (Fig. S97). The initial weight loss
corresponds to desorption of physisorbed solvents from pores
and the release of coordinated solvents bound to Zr or Ni sites.
The decomposition of organic linkers begins at around 300
°C, with complete framework collapse occurring near 450 °C.

3.3 Introduction of photosensitizers into the Zr-NiTSC
framework

The post-synthetic linker exchange was adopted to introduce
photosensitizing DCPP linkers into the Zr-NiTSC framework.
The NiTSC (18.4 A) and DCPP (19.8 A) exhibit comparable
lengths (Fig. S5, <8% length mismatch), ensuring successful
linker exchange. @~We  therefore incorporated DCPP
photosensitizers into Zr-NiTSC via ligand exchange to enable
subsequent photocatalytic reactions. The exchange reaction was

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d5ce00634a

Published on 24 2025. Downloaded on 01-11-25 22.05.37.

CrystEngComm

View Article Online

Paper

T

a

LA ——Zr-DCPP Simu.
J A , ——Zr-NiTSC-P3
} ~———Zr-NiTSC-P2
A

| / 2Zr-NITSC-P1 T
L A AV N s i Zr-NiTSC-P1

Zr-NiTSC-P2

Intensity (a.u.)

Transmittance (%)

Zr-NiTSC Zr-NiTSC

c 100 4
—H,ocep
:WW%

NiTSC [l DCPP

Ratio of linkers (%)
8 3 8
I T T

N
S
L

T T T T v
3 6 9 12 15 2800 2400 2000
2 Theta (degree)

Fig. 3

1600 1200 800 400
Wavenumber (cm™)

T T T T
Zr-NiTSC ~ Zr-NiTSC-P1 Zr-NiTSC-P2 Zr-NiTSC-P3
MOFs

(a) PXRD patterns of Zr-NiTSC, Zr-NiTSC-P1, P2, and P3, and simulated non-interpenetrated Zr-DCPP, with blue vertical lines marking the
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increasing DCPP linkers and yellow regions marking the decreasing NiTSC linkers. (c) Ratio of NiTSC and DCPP linkers in Zr-NiTSC and Zr-NiTSC-

P1, P2, and P3.

conducted by dispersing Zr-NiTSC and different concentrations
of H,DCPP in DMF at 75 °C. By varying the amount of H,DCPP,
we successfully obtained Zr-NiTSC-P1, P2, and P3. Notably, the
color change from yellowish brown to deep magenta (Fig. S107)
is observed with an increasing porphyrin content, directly
manifesting the progressive DCPP exchange.

To further confirm the successful DCPP incorporation, we
conducted PXRD, TEM, Fourier transform infrared (FT-IR),
and TGA characterization. PXRD patterns (Fig. 3a) reveal
progressive low-angle shifting of diffraction peaks with
increasing DCPP loading, indicating unit cell expansion due
to the longer DCPP linker (19.8 A vs. NiTSC: 18.4 A).>*?° The
peak positions of Zr-NiTSC-P1, P2, and P3 lie in between
those of pristine Zr-NiTSC and Zr-DCPP. The absence of peak
splitting confirms a homogeneous mixed-linker MOF rather
than phase-segregated Zr-NiTSC and Zr-DCPP mixtures. TEM
imaging of Zr-NiTSC-P2 as a representative example confirms
the preserved truncated octahedral morphology after linker
exchange, and the EDS elemental mapping demonstrates
homogeneous distribution of all elements throughout the
crystal, collectively verifying that post-synthetic modification
proceeds without framework degradation (Fig. S111). FT-IR
analysis further corroborates the progressive incorporation of
DCPP linkers, revealing an inverse correlation between the
characteristic bands of NiTSC and DCPP (Fig. 3b).
Specifically, the spectra demonstrate a systematic
enhancement of DCPP signatures, most notably the distinct
N-H bending vibration in the porphyrin cores at 970 cm™
diagnostic of metal-free porphyrin macrocycles, confirming
the preservation of free-base porphyrin cores throughout the
exchange process. Meanwhile, a concomitant attenuation of
NiTSC vibrational modes was also observed, particularly
manifested in the progressive weakening of the Ni-N
stretching vibration at 1008 em™ as a direct indicator of
decreasing NiTSC linkers. Furthermore, TGA curves revealed
progressively diminishing residual masses for Zr-NiTSC-P1,
Zr-NiTSC-P2, and Zr-NiTSC-P3, which also corroborates
increased porphyrin incorporation within the framework (Fig.
S127). These relationships unambiguously confirm that the
extent of ligand exchange scales directly with the initial H,-
DCPP dosage.

This journal is © The Royal Society of Chemistry 2025

The DCPP content within the Zr-NiTSC-Px series was
quantified via  ultraviolet-visible  (UV-vis)  absorption
spectroscopy. Precisely weighed samples of Zr-NiTSC-Px were
digested with concentrated H,SO,, dissolved in DMSO, and
diluted to appropriate concentrations. The concentrations were
determined using a standard calibration curve of H,DCPP in
DMSO (Fig. S13, Table S3t), enabling the calculation of the
NiTSC-to-DCPP molar ratios (Fig. S14, Table S4t). The results
establish the simplified formulas of Zr-NiTSC-P1, P2, and P3 as
[Zr604[NiTSC]4 50[DCPP], g0, [Zr6Og][NiTSC,.5[DCPP]; 44, and
[ZrsOg][NiTSC]; g2[DCPP], 15, respectively. The corresponding
ligand molar ratios are visualized in Fig. 3c. Besides, the UV-vis
spectrum of the digested Zr-NiTSC-P3 sample matched with that
of free H,DCPP (Fig. S151), further excluding the formation of
nickel porphyrin complexes within the framework.

3.4 Photophysical properties and photocatalytic performance

With the successful synthesis of Zr-NiTSC featuring Ni-N,S,
catalytic sites and the dual-functional Zr-NiTSC-Px series
integrating  both  catalytic  centers and  porphyrin
photosensitizers, ~we  systematically investigated their
photophysical properties and photocatalytic capabilities. The
band structures of the parent and porphyrin-doped Zr-NiTSC
were investigated using ultraviolet-visible-near infrared (UV-vis-
NIR) diffuse reflectance spectroscopy (DRS) and Mott-Schottky
analysis (Fig. S16 and S177). The solid-state UV-vis-NIR spectra
show that all porphyrin-doped materials (Zr-NiTSC-P1, P2, and
P3) exhibit enhanced absorption in the visible region compared
with undoped Zr-NiTSC (Fig. 4a), indicating improved light-
harvesting capability. The estimated conduction band
minimum (CBM) of all the samples remain above the H'/H,
redox potential (0 V vs. NHE), confirming the thermodynamic
feasibility of proton reduction (Fig. 4b). Notably, porphyrin
incorporation leads to an upward shift in the valence band
maximum (VBM), resulting in a narrowed band gap. This trend
suggests that porphyrin doping primarily affects the VBM,
consistent with a higher HOMO of the porphyrin ligand.

To further investigate the impact of porphyrin incorporation
on charge separation and photocatalytic performance, the
transient photocurrent response and photocatalytic hydrogen

CrystEngComm, 2025, 27, 5841-5847 | 5845
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Fig. 4 (a) Normalized UV-vis-NIR DRS spectra of Zr-NiTSC and Zr-
NiTSC-P1, P2, and P3. (b) Band structure of Zr-NiTSC and Zr-NiTSC-P1,
P2, and P3. (c) Transient photocurrent response of Zr-NiTSC and Zr-
NiTSC-P1, P2, and P3. (d) TOFs of the Ni-N,S,-based photocatalysts.

evolution reaction (HER) were conducted. All the porphyrin-
doped samples exhibit higher photocurrent densities than the
undoped Zr-NiTSC, indicating more efficient photoinduced
charge separation (Fig. 4c). In the photocatalytic HER
experiments (Fig. S18 and S197), Zr-NiTSC, Zr-NiTSC-P1, and Zr-
NiTSC-P2 exhibited progressively increasing H, production
rates. However, Zr-NiTSC-P3 showed lower activity than the
pristine Zr-NiTSC. Since porphyrin incorporation reduces the
NiTSC density, we calculated turnover frequencies (TOFs) per
Ni-N,S, site to evaluate the intrinsic catalytic activity (Fig. 4d).
Among the four MOFs, Zr-NiTSC-P2 displays the highest
photocurrent, which correlates well with its maximum TOF of
0.10 h™". This strong agreement highlights the key role of charge
separation in governing photocatalytic activity. In contrast, the
decrease in both the photocurrent and TOF observed for Zr-
NiTSC-P3 suggests that excessive porphyrin loading may
introduce recombination centers and disrupt charge transport
to the catalytic center. The non-monotonic activity trend
underlines the necessity for precise control of the
photosensitizer-to-catalyst molar ratio in dual-functional MOFs.
While optimal photosensitizer incorporation augments the
intrinsic activity of catalytic sites, excessive loading imposes
kinetic constraints that ultimately diminish overall efficiency.
Additionally, post-catalysis characterization of Zr-NiTSC-P2
confirmed the retention of framework integrity throughout the
photocatalytic process, with PXRD revealing well-defined
diffraction peaks (Fig. S207) and TEM images (including STEM
and EDS elemental mapping) showing a preserved truncated
octahedral morphology and homogeneous elemental
distribution (Fig. S217).

4. Conclusions

In conclusion, we have developed a stepwise synthetic strategy
for constructing biomimetic dual-functional MOF photocatalysts,
which successfully integrates Ni-N,S, catalytic centers and

5846 | CrystEngComm, 2025, 27, 5841-5847
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porphyrin photosensitizers within a stable Zrs-based framework.
Unlike traditional one-pot syntheses that fail to accommodate
Ni-N,S, sites under harsh solvothermal conditions, our approach
first assembles the Zr-NiTSC framework under mild conditions
and subsequently incorporates photosensitizing DCPP linkers
through controlled post-synthetic linker exchange. This strategy
allows precise control over the photosensitizer-to-catalyst ratio in
mixed-linker Zr-NiTSC-Px to achieve optimized photocatalytic
performance. Among the four MOFs, photocatalytic hydrogen
evolution experiments exhibited a maximum at Zr-NiTSC-P2
(DCPP/NIiTSC =~ 1.3:1), delivering a 2.5-fold TOF enhancement
over the parent framework, Zr-NiTSC, with deviations to higher
or lower DCPP/NIiTSC ratios reducing performance. These
findings underscore that optimal photosensitizer/catalyst
stoichiometry is paramount for photocatalytic efficiency. In
addition to providing a generalizable synthetic strategy for
integrating labile catalytic motifs and photosensitizers into a
stable crystalline framework, this work provides a versatile
platform for the design of synergistic catalysts for photocatalysis
and broader energy conversion applications.

Data availability

Crystallographic data for the compounds have been deposited
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www.ccde.cam.ac.uk/. Materials, instrumentation details,
synthesis procedures, and additional data including the
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