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Photocatalytic hydrogen production through water reduction, supported by hydrogen with high
energy density and environmental sustainability, exhibits a significant pathway for meeting the
future energy needs, is considered one of the most promising strategies. A major challenge is
developing a photocatalyst that is sustainable, stable, environmentally friendly, and large
surface area.  Although various MOF-based photocatalysts incorporating porphyrins,
phthalocyanines, or other organic dyes have been extensively explored, studies utilizing
BODIPY as a functional chromophore remain scarce. The combination of MOFs with BODIPY
units offers a unique platform that couples the structural tunability and stability of MOFs with
the excellent light-harvesting and electron-accepting properties of BODIPY dyes. However,
systematic design and synthesis of BODIPY-MOF hybrid photocatalysts for hydrogen
evolution are still very limited. Within the scope of the study, the UiO-66-NH, structure was
modified with BODIPY compounds containing Thiophene (BD2) and Phenyl (BD4) units, and
BD2/UiO-66-NH, and BD4/Ui0-66-NH, nanostructures were synthesized. As a result of the 6-
hour photocatalytic water splitting experiments, the reaction kinetics of UiO-66-NH,,
BD2/UiO-66-NH,, and BD4/UiO-66-NH, were calculated as 3013 pmol g™' h™, 14237 umol
g ' h™'(4.7-fold increase compared to UiO-66-NH, ), and 21179 pmol g™ h™! (7-fold increase
compared to UiO-66-NH,), respectively. Based on the band structure and photoelectrochemical
results, the observed behavior is consistent with an S-scheme charge-transfer pathway for the
photocatalytic process. This study provides a new insight into integrating BODIPY
chromophores into MOF frameworks, establishing a promising design concept for the

development of efficient dye—MOF hybrid photocatalysts for solar-to-hydrogen conversion.
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The growing worldwide energy requirement for energy, in parallel with the environmental
consequences of fossil fuel consumption, has intensified the pursuit of sustainable and low-
carbon energy alternatives. Sustainability-oriented energy systems that rely on renewable
energy sources such as solar, hydro, wind, and geothermal offer long-term solutions due to their
inherent renewability and minimal environmental footprint (1). Among these, solar energy is
particularly attractive owing to its abundance, wide geographic availability, and potential for
direct conversion into chemical fuels. In this context, solar-driven hydrogen evolution via
photocatalytic water splitting has developed into a viable approach for sustainable fuel
generation, as it enables the direct utilization of sunlight to produce hydrogen without carbon
emissions. This strategy not only addresses the intermittency of solar power by enabling energy
storage in chemical form but also aligns with global efforts to establish a carbon-neutral

hydrogen economy (2, 3).

Photocatalysis offers an applicable approach for converting solar energy into chemical fuels

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

through light-driven redox reactions (4). In particular, photocatalytic water splitting has gained

significant attention as a sustainable method for hydrogen generation, relying on semiconductor

Open Access Article. Published on 13 May 2026. Downloaded on 5/13/2026 11:36:30 PM.

materials to harvest photons and facilitate the overall water-splitting reaction (5). Upon

(cc)

irradiation with light of appropriate energy, these materials generate electron—hole pairs that
can drive the reduction of protons to H, and the oxidation of H,O to O,. However, the practical
efficiency of photocatalytic systems remains limited by several factors, including rapid charge
recombination, limited visible light absorption, and poor stability under reaction conditions (6-
8). To overcome these challenges, considerable research has focused on the rational design of
photocatalysts with modified band structures, extended light-harvesting capabilities, and

efficient charge separation pathways. The integration of molecular photosensitizers,
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cocatalysts, and porous architecture has proven particularly effective in improying:thecs e

photocatalytic performance and durability of these systems under solar irradiation (9, 10).

Among the emerging classes of organic photosensitizers, BODIPY (boron dipyrromethene)
dyes are fluorescent dyes that have excellent photophysical characteristics such as sharp
absorption band, elevated fluorescence quantum yields, high molar absorption coefficients,
long-lived excited triplet state, and thermal/photochemical stability (11). Owing to their tunable
photophysical behavior and efficient light-harvesting characteristics, BODIPY derivatives have
been employed as effective photosensitizers in a variety of photocatalytic applications,
including photoorganic transformations (12) and photocatalytic hydrogen evolution (13, 14).
Their highly conjugated and structurally rigid frameworks enable precise modulation of
electronic transitions, facilitating strong visible-light absorption and efficient energy transfer

within hybrid photocatalytic systems.

Parallel to these advancements, porous crystalline materials like metal-organic frameworks
(MOFs) have come out as a versatile platform for designing next-generation photocatalysts
(15). While certain frameworks exhibit semiconducting behavior due to optimized charge-
transfer pathways between the metal centers and ligands, their electronic properties are highly
dependent on the nature of the coordination environment (16, 17). The positively charged
inorganic nodes, typically metal ions or clusters, and anionic/neutral organic ligands are the
building blocks of MOF structures (18). To form the framework structure, building blocks are
linked with coordination covalent bonds. This type of material has a crystalline polymeric
structure with regularly repeated units, and it can be obtained by connecting organic structural
units by covalent bonds (17). Since MOF structures have a high surface area, functionalized
crystalline and controllable structure, and tunable band gap, they have been chosen in the
photocatalytic hydrogen production applications (17, 19-23). The ultra-high porous structure

and thermal and chemical stability of MOFs are some of the important features of them with
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respect to considering them as a catalyst candidate (18). The pore surface and size of MOF:- e
structures can be functionalized with organic linkers, and this approach is considered
advantageous for hydrogen evolution applications (18, 24). In the catalysis area, attention to
MOF structures is increasing due to their versatile solid-state platform for heterogeneous,
stable, and single-state catalysis. Especially in hydrogen evolution reactions, stability under

catalytic conditions is an important factor, and a large number of MOFs show water stability

(24).

According to the above-mentioned points, the application of photocatalysts like MOFs, which
have been engineered with a BODIPY-based photosensitizer, can enhance the efficiency of
hydrogen production via a photocatalytic process. The main focus of the presented study is the
preparation of porous MOFs with tunable pore sizes using BODIPY-based photosensitizers
possessing strong photonic properties, and the investigation of the photocatalytic hydrogen
production potential of the synthesized structures. To date, the physicochemical properties of

BODIPY-MOFs related to elevated photocatalytic performance, such as specific surface area,

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

conjugated structure, visible light absorption, band gap configuration, charge separation, and

transfer, have not been fully investigated in the literature. Although luminescent MOFs have

Open Access Article. Published on 13 May 2026. Downloaded on 5/13/2026 11:36:30 PM.

been reported in the literature, BODIPY-based emissive MOFs have rarely been documented
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(25-27), and their numbers are significantly limited compared to other types of MOFs.
Moreover, it is known that fundamental uncertainties remain in the mechanisms of MOF-based
photocatalytic systems. With this study, a systematic investigation of the photocatalytic
processes of BODIPY-based MOF structures was conducted (Scheme 1), contributing to the
existing literature. Thanks to all the planned design details, not only were new, stable MOFs
with high photocatalytic efficiency developed, but a systematic investigation was also carried
out to address the uncertainties in the fundamental mechanisms of MOF-based photocatalytic

systems, thereby filling a significant gap in the literature.
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Scheme 1. Synthesis routes of BODIPY functionalized MOF structures

2. Results and Discussion

BODIPY derivatives carrying a formyl group at the B-position were designed as fluorophore
groups for post-modifications of UiO-66-NH,. These compounds were synthesized as depicted
in Scheme S1. Firstly, the classical BODIPY synthesis protocol was performed by using 3-
thiophenecarboxaldehyde or benzaldehyde and 2,4-dimethylpyrrole in the presence of TFA.
After p-chloranil was added, the mixture was treated with triethylamine (Et;N) and boron
trifluoride diethyl etherate to give BD1 and BD3. The Vilsmeier-Haack reactions of BD1 and
BD3 using phosphoryl chloride and DMF were carried out to yield f-formyl BODIPYs BD2
and BD4. The yields of BD2 and BD4 obtained from Vilsmeier-Haack reactions were 65% and

95%. The structures of BD2 and BD4 were verified by mass spectrometry, 'H and '3C NMR
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techniques. The mass spectrum of BD4 gives a molecular ion peak at m/z 352.042 and anothets s e
peak at m/z 333.023, resulting from the loss of a fluorine atom. The 'H NMR spectra of BD2
and BD4 give proton signals of formyl groups at approximately 10 ppm. Aromatic proton

signals of BD2 and BD4 were observed at 7.5-6.1 ppm, while the signals at 2.8-1.5 ppm were

assigned as methyl proton signals.

To assess the crystalline structure preservation of the composite materials, PXRD patterns of
pure UiO-66-NH, and BODIPY -functionalized MOFs containing BD2 and BD4 were obtained
and compared with the simulated UiO-66-NH, pattern (Fig. 1A). Characteristic diffraction
peaks for UiO-66-NH, 20 = 7.4°, 8.5°, 12°, and 25.7° were observed, consistent with the
simulations, confirming the successful synthesis and high crystallinity of the structure. These
characteristic peaks are highly preserved in the BD2/UiO-66-NH, and BD4/UiO-66-NH,,
indicating that the crystalline framework remains intact despite the integration of the BD2 and
BD4 into the MOF structure. The slight decrease in peak intensities following functionalization

suggests that the pores are occupied by BODIPY molecules (28). As seen in the PXRD pattern,

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

peak broadening has formed in the BD2/UiO-66-NH, and BD4/UiO-66-NH,. The crystallite

sizes of UiO-66-NH,, BD2/Ui0-66-NH,, and BD4/UiO-66-NH, were determined to be 36.8

Open Access Article. Published on 13 May 2026. Downloaded on 5/13/2026 11:36:30 PM.

nm, 24.7 nm, and 30.7 nm, respectively, using the Scherrer relationship (D = KA/Bcos0), where

(cc)

K is shape constant (0,9), A is full width at half maximum of peaks in radian, fcos8 corresponds
to the peak broadening. BD2/Ui10-66-NH,;, exhibited a smaller crystallite size compared to UiO-
66-NH, and BD4/UiO-66-NH,, which can be attributed to the inverse relationship between
crystallite size and peak broadening, evaluated from the full width at half maximum (FWHM)

(29, 30).

The FT-IR spectra of UiO-66-NH, and its composites contain characteristic peaks that confirm
the presence of functional groups in these structures (Fig. S12). The peaks detected at 3471

cm™!' and 3365 cm! in the spectra of UiO-66-NH, are associated with the asymmetric and
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were efficiently introduced into the structure. The 1566 cm! band represents the asymmetric
C=0 stretching vibrations of the carboxylate groups, while the peak at 1384 cm™! represents the
symmetric C-O stretching vibrations. The peak at 1259 c¢cm! is associated with the C-N
stretching vibrations attached to the aromatic ring, indicating that the amine functional group
continues to exist in the ligand. In the low wavenumber region, the peak at 659 cm™ is
associated with metal-oxygen vibrations, indicating the presence of Zr—O—C bonds. These data
support the coordination of 2-aminoterephthalic acid with the Zr " unit and the synthesis of the
UiO-66-NH, structure. Fig. S12-A illustrates the FTIR spectra of BD2/UiO-66-NH, and its
starting materials, and Fig. S12-B represents the FTIR spectra of BD4/UiO-66-NH, and its
starting materials. When these spectra are evaluated, there is a decrease in the intensity of the
primary amine vibration peaks located around 3300 cm™! for both composites, which is thought
to be due to the reaction of the amine groups of UiO-66-NH, with the aldehyde groups of B2

and BD4.
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This suggests that BD1 and BD3 are thermally unstable and cannot withstand high

(cc)

temperatures. Pure UiO-66-NH; lost approximately 62.4 % of its mass in the range of 300-550
°C. Decomposition has begun at higher temperatures and progressed more slowly than the
BODIPYs. This suggests that UiO-66-NH, is structurally more stable. Two-stage degradation
was observed in the BD2/Ui0-66-NH, and BD4/UiO-66-NH,. In the first stage, mass loss
occurred between 100—150 °C, and this loss was attributed to the removal of water or solvents
from the pores. In the second stage, mass loss ranged between 250-550°C. BD2/UiO-66-NH,
and BD4/U10-66-NH, exhibit greater thermal stability at elevated temperatures compared to

BDI1 and BD3.
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The surface chemical environment and elemental composition of the BD4/UiO 66N e

composite (which showed the best performance in H, evolution according to the obtained
results reported in Fig. 7) were examined by XPS. The high-resolution spectra of the C Is, O
Is, N 1s, F 1s, and Zr 3d regions verify the coexistence of both the MOF framework and the
BODIPY dye and provide direct evidence for the successful conjugation of the dye onto the
amine-functionalized UiO-66 structure. The C 1s spectrum (Fig. 2a) is deconvoluted into four
characteristic components. The dominant peak at ~283.9 eV corresponds to the C—-C/C-H
species structure. A secondary feature at ~284.6 eV is attributed to C=C groups associated with
the conjugated aromatic system present in both components. The peak centered at ~285.1 eV is
assigned to C—N bonds, confirming the presence of the amine-functionalized linker and the
nitrogen-containing moieties within the BODIPY core. The higher-binding-energy contribution
at ~288.2 eV is associated with the O—C=0 groups of coordinated carboxylates bound to the
Zre clusters. The combined features of the C Is spectrum indicate that both the UiO-66-NH,
linker and the BODIPY molecules remain chemically intact following conjugation. The O 1s
spectrum (Fig. 2B) presents two well-defined components. The lower-binding-energy peak at
~531.2 eV corresponds to the lattice oxygen within the Zr—O coordination environment. In
comparison, the higher-binding-energy peak at ~533.4 eV is attributed to carbonyl oxygen
originating from coordinated carboxylates and oxygen-containing groups of the structure. The
preservation of the lattice O—Zr signal demonstrates that the Zr-based secondary building units
retain their structural integrity after dye attachment. The N 1s spectrum (Fig. 2C) offers
compelling evidence for the successful incorporation of BODIPY into the MOF. The peak at
~398.2 eV corresponds to the N-C bonds of the composite. A distinct additional feature at
~400.2 eV is assigned to the N-B bond, which is a fingerprint of BODIPY dyes. The F 1s
spectrum (Fig. 2D) displays a characteristic peak at approximately 684.9 eV, corresponding to

F-B groups intrinsic to the BODIPY structure. The Zr 3d region (Fig. 2E) exhibits the typical
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spin-orbit doublet of Zr** species, with Zr 3ds;, and Zr 3ds); located at ~182.2 anqﬁ:ll%ﬁo%%

respectively. These results are in agreement with previously reported values for UiO-type

MOFs and indicate that the local coordination environment around the Zrg clusters remains

unchanged upon functionalization.
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Fig. 2. High-resolution XPS spectra of (A) C 1s, (B) O 1s, (C) N 1s, (D) F 1s, and (E) Zr 3d of
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Fig. 3. (A, B, C) SEM images, (D, E, F) size distribution graphs, (G, H, I) EDS spectrums of

prepared samples.

SEM images were performed to examine the morphological structures shown in Fig. 3A-C. It
was revealed that functionalization of UiO-66-NH, via a Schiff base reaction significantly
altered the surface properties of the MOF while maintaining its cubic morphology. While
regular cubic shapes were observed before modification, the cubic morphology was preserved
in BD2/UiO-66-NH, and BD4/UiO-66-NH,. However, surface roughness increased, and
particle sizes increased from 181 nm to 225 nm and 192 nm, respectively (Fig. 3D-F). These
results indicated that post-synthetic functionalization altered the surface topography without

disrupting the morphological shape.
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EDS analysis was employed to identify the elemental constituents of the synthesized-c o

compounds (Fig. 3G-I). The EDS analysis revealed that the products obtained were consistent

with their main components.

50 nm LA 50 nmj"

Fig. 4. TEM of (A) UiO-66-NH,, (B) BD4/UiO-66-NH, (50 nm), (C) BD4/UiO-66-NH, (1
um).
Fig. 4 reveals the TEM images of UiO-66-NH, and BD4/UiO-66-NH,. The TEM image in Fig.

4A clearly demonstrates the distinct and smooth cubic crystal morphology of bare UiO-66-NH,.

In contrast, the TEM image of the BD4/UiO-66-NH, (Fig. 4B-C) reveals that the cubic

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

structure is generally preserved, but the surface acquires a rougher and more heterogeneous

appearance. TEM images of UiO-66-NH, and BD4/UiO-66-NH, at different magnifications

Open Access Article. Published on 13 May 2026. Downloaded on 5/13/2026 11:36:30 PM.

were given in Fig. S13 and S14, respectively. This surface change indicates that the BODIPY

[{ec

groups have been successfully bonded to the MOF structure via the Schiff base bond. This
confirms the effective integration of BODIPY onto the MOF surface. The evolution of the pore
architecture was quantitatively monitored through BET surface area analyses for both pristine
MOF and post-modification with BODIPY BD4, and the related results were shared as
supporting files. The pristine UiO-66-NH, sample exhibited a high specific surface area of
1210.3 m?/g, confirming its characteristic microporous nature. Following the post-synthetic
modification strategy, a sharp and consistent decrease in the BET surface area to 657.6 m?/g

was observed, providing direct evidence of the successful integration of functional units into
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the framework. This reduction in surface area is primarily attributed to the partial oggupancy. &
the pore cavities by the newly introduced bulky groups, which create steric hindrance and

subsequently restrict the accessible space for nitrogen (N,) molecules.
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Fig. 5. (A) Tauc plot and (B) Mott Schottky graphs of compounds.

Fig. 5A shows the Tauc plots formed to determine the optical band gaps of the UiO-66-NH,,
BD2/Ui0-66-NH,, and BD4/UiO-66-NH, by using absorbance and reflectance spectrums in
Fig. S15-17. The analysis revealed band gaps of 2.84 eV, 2.04 eV, and 2.05 eV, respectively.
The obtained values demonstrate that the materials have semiconducting properties and are
active in the visible light region. The addition of BODIPY structures to bare UiO-66-NH,
significantly reduced the optical band gap. Fig. 5B shows the Mott-Schottky plot of the bare
UiO-66-NH,, BD2/Ui0-66-NH,, and BD4/Ui0O-66-NH,. The positive slope of the obtained
plots proves that the bare and doped MOF structures are n-type semiconductors, with
corresponding flat band potentials (Vgg) of -1.16, -1.06, and -1.05 V (vs. Ag/AgCl reference
electrode), respectively. Considering the following conversion formulas for obtaining the
conduction band potential, Ecg (Equations 1 and 2), and the equation used for the band gap

calculation (E, = Eyp - Ecg), the valence band potential (Eyg) can be calculated.
Erne = Eagager + 0.059 pH + E°pg/agc (1)

ENHE = ERHE —-0.059 pH (2)

Page 14 of 37
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(where E°pg/aqci=0.29 V, pH=5.24)

The Ecg was obtained as -0.87, -0.77, and -0.76 V for UiO-66-NH,, BD2/Ui0-66-NH,, and
BD4/UiO-66-NH,, respectively. Accordingly, the Eyg values were calculated as 1.97, 1.27, and
1.29 V for the same species. The obtained Ecg values are more negative than the potential

needed for water splitting, which facilitates the hydrogen production in our process.
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Fig. 6. (A) LSV curves, (B) transient photocurrent density plots, and (C) EIS Nyquist plots of
bare and BODIPY-doped UiO-66-NH,, and (D) Photocurrent stability test of BD4/UiO-66-

NHo.

The electrochemical characterizations of UiO-66-NH, and its functionalized derivatives

(BD2/UiO-66-NH, and BD4/UiO-66-NH, reveal distinct charge transport and

photoelectrochemical behaviors as shown by LSV curves (Fig. 6A), photocurrent density
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measurement (Fig. 6B), EIS Nyquist plots (Fig. 6C), and photocurrent stability test (Fig, 6D s

TOO551A

During a cathodic voltage sweep from —0.4 to —1.2 V (Fig. 6A), the bare UiO-66-NH2 exhibits
the highest cathodic current, while BD2 and BD4 functionalization progressively diminishes
the observed current magnitudes. This trend initially suggests that BDP functionalization
impedes electron transfer or increases charge transfer resistance, corresponding with the
increased impedance shown in Nyquist plots (Fig. 6C), where functionalized samples exhibit
larger semicircle diameters indicative of elevated charge transfer resistance relative to the bare
MOF. Contrastingly, chronoamperometric measurements under intermittent light illumination
reveal that both BD2/UiO-66-NH, and BD4/UiO-66-NH, display significantly enhanced
photocurrent densities compared to pristine UiO-66-NH, (Fig. 6B). The higher photocurrents
for the functionalized materials indicate enhanced photo-induced charge separation and
transport efficiency under illumination, which is not fully predicted by their higher intrinsic
charge transfer resistance under dark conditions. This apparent contradiction can be rationalized
by considering the distinct mechanisms that control dark electrochemical reduction and
photoelectrochemical activity. In Fig. 6A, the ruling processes are electron injection and
Faradaic reduction at the electrode interface, where the increased interface resistance and
potential structural blocking from BDP groups reduce overall current flow. Hence, the
functionalized materials demonstrate lower cathodic currents reflecting hindered electron
transfer kinetics in the absence of light excitation. Under illumination (Fig. 6B), however, the
attached functional groups likely act as effective photosensitizers or charge mediators. In the
case of BD4/UiO-66-NH,, the phenyl-functionalized BODIPY unit significantly enhances
visible-light harvesting and promotes charge separation through an S-scheme mechanism. This
synergistic effect produces a higher density of reactive electrons, ensuring that enhanced
photogenerated charge kinetics rather than dark interfacial resistance govern the overall

hydrogen evolution efficiency. (Fig. 6C). The improved photogenerated charge carrier
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dynamics surpass the minor resistance increase, demonstrating enhanced photoelecfrochertricilc - o2
performance. To evaluate the visible-light stability of BD4/UiO-66-NH, (as the spices with the
best hydrogen evolution potential according to the results obtained from the hydrogen
production tests) a long-term stability evaluation was conducted using amperometric it
measurements, with the results presented in Fig. 6D. After about 6 hours of continuous

operation, no significant change in the photocurrent response was observed, indicating the

excellent stability of the BD4/UiO-66-NH,.

2.1. Photocatalytic Hydrogen Production

To analyze the hydrogen production potentials of the prepared BODIPY -functionalized porous
MOF photocatalysts, a photocatalytic water splitting test was performed. Triethanolamine was
used as a sacrificial agent for the test, and hydrogen evolution rates were measured under solar
simulator light irradiation. The photocatalytic H, production activity of the synthesized
structures from water is compared in Fig. 7. Fig. 7A shows the H; evolution results for per

gram of catalyst as pmol g!, and Fig. 7B illustrates the hydrogen evolution percentages for

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

each sample. Fig. 7C demonstrates the H, generation rates and kinetics of the prepared samples

Open Access Article. Published on 13 May 2026. Downloaded on 5/13/2026 11:36:30 PM.

over 1 hour. The reusability of the photocatalyst candidates is one of the most crucial factors in

(cc)

the catalytic process. Therefore, the reusability tests for 5 run trials on the most active sample,
BD4/UiO-66-NH,, which shows the best photocatalytic hydrogen evolution capability, were
performed and reported in Fig. 7D. The obtained error bars and the calibration curve with R?
value for the 5-run experiments are given in Fig. 7E and F, respectively. The reproducibility
of results over consecutive cycles indicates high stability and durability of the BODIPY-
modified MOF materials under visible-light irradiation. As given in Fig. 7F, the R? value
obtained from the average hydrogen evolution measurements over five runs indicates that the
synthesized photocatalysts possess a high level of reproducibility. Looking at the amount of H,

produced, it is observed that the H, production capacities of the synthesized structures increased
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significantly and linearly over 6 hours. The H, production potentials of UjQ-66-NH s e

TOO551A

BD2/UiO-66-NH,, and BD4/UiO-66-NH, over 6 hours were found to be 18079 pmol g™,
85422 umol g7, and 130674 umol g!, respectively. The reaction kinetics at the end of 6 hours
were calculated as 3013 pmol g™ h™, 14237 umol g™' h™, and 21179 pmol g™* h™, respectively.
Based on the data obtained, the hydrogen production potential of the MOF structure alone is
lower compared to the BODIPY-modified MOFs. The enhanced photocatalytic properties of
BODIPY/MOF materials can be attributed to the light-absorbing chromophores present in the
materials. Therefore, it can be said that the design of the presented BODIPY/MOFs successfully
achieved the goal of enhancing hydrogen production potential. It has been reported that the
BODIPY functionalized MOF structure formed with the thiophene BODIPY compound
produced 4.7 times more hydrogen than the MOF structure alone. The structure designed with
the phenyl BODIPY compound and MOF demonstrated a 7.2-fold increase in hydrogen
production efficiency. Moreover, to understand the synergy between the BODIPY and MOF
structure, the hydrogen evolution kinetics of the pristine BD4 dye were tested and compared
with those of the BD4/Ui0-66-NH,. The results showed that the HER performance of the BD4
alone was found to be 3 times lower than that of the BD4/UiO-66-NH,. The enhanced
performance arises not only from the blending of materials but also from the chemical
synergistic interactions between them. Thiophene BODIPY (BD2) substituted MOF enhances
n-conjugation and light absorption, giving red-shifted, broader spectra. On the other hand,
phenyl BODIPY (BD4) limits conjugation but delivers better photocatalytic performance due
to longer-lived excited states, less recombination, stronger reduction potential, and reduced
aggregation. Furthermore, the chemical stability of the photocatalyst candidate BD4/UiO-66-
NH, following the HER reaction was studied with FT-IR, PXRD, and SEM analyses. As
illustrated in Figures S18, S19, and S20, the findings indicate that the composite preserves its

structural integrity and morphology, with no evidence of degradation. A comparison of SEM


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6dt00551a

Page 19 of 37 Dalton Transactions

images before and after the reaction reveals that, although the overall morphology and partictess i
distribution remain consistent, a reduction in particle size is evident. In parallel, PXRD patterns
exhibit no peak shifts, confirming structural stability, though a decrease in peak intensity is
observed. Similarly, FTIR spectra of BD4/UiO-66-NH, before and after use show no major
changes, confirming structural stability. The 3000-3500 cm!' band arises from overlapping -
NH; and -OH vibrations and becomes broader after application due to surface hydroxylation
and residual moisture. The unchanged carboxylate peaks at 1500 and 1400 cm™! further indicate
that the framework remains intact during water splitting. Considering the results obtained

within the scope of the tests, it can be concluded that the prepared BODIPY/MOF structures

have high potential as ideal photocatalyst candidates for hydrogen reduction reactions.
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Fig. 7. Amount of Hydrogen generated in the photocatalytic water-splitting reaction (A), the
corresponding H, evolution efficiencies (B), visible-light-driven H, production rates (C), and

the reusability performance of the optimum conjugated polymer (D)
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Photocatalyst Type

Pt/CCNU-1

CdS/UiO-66-NH,

UIO-66-NH,/covalent
triazine—based
framework - 30NUBC
Ti;C,/Ti0,/UI10-66-
NH,

CdyZny s$S@UiO-66-
NH,

B-Car/0.75wt%
Pt-TiO,

BFT-
1COOH/Pt@U6N
FC-1
Dirhodium/BODIPY

CUo.50
Ce0,/UiO-66-
NH,
BD4/UiO-66-NH,

Sacrificial
Reagent
L-ascorbic

acid

TEOA

TEOA

Na,S
Na,SO;
Na,S
Na,S0;
ascorbic
acid

TEA

TEOA

NaZS

N3.2803

TEOA

Dalton Transactions

of MOF and BODIPY -related materials

Light Source

Xe lamp A > 420
nm

Xe lamp-sunlight A
> 320 nm

A>420 nm

300 W Xe lamp

300 W Xenon lamp

Xe lamp (>420 nm
filter)
A>420 nm

Xenon
(Acutoff = 420 nm,
300 W)

300 W Xenon lamp
(Acutoff = 420 nm

lamp

Solar simulator

H, Evolution Rate
(nmol h' gT)
4680 pmol g! h!

64.0 pmol g h!

378 pmol g'! h-!

1980 pmol g! h-!

5846.5 pmol g'! h-!

249 pmol g! h'!

1160 umol g! h'!

275.8 pmol g'! h-!

5662.1 umol g'!' h!

21179 pmol g™' h™!

Table 1. Comparison between the visible-light-driven photocatalytic water-splitting activities

Ref

(25)

€2))

(32)

(16)

(33)

(34)

(35)

(36)

(37)

The
current

work

Yang et al. reported the first paper on a Pt-decorated BODIPY -based MOF structure (Pt/CCNU)

cle Online
TOO551A

as a photocatalyst candidate for hydrogen production (25). It was found that the prepared
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structure achieved a hydrogen evolution rate of 4680 umol g™ h™" using L-ascorbj¢ acidiasiacs e

sacrificial agent. The improved photocatalytic performance was attributed to the broad light
absorption ability of the BODIPY unit, the electron trapping effect of Pt, and the synergism
between the individual components. Wang et al. reported a photocatalyst candidate that consists
of CdS and UiO-66-NH, constituents, and the synthesized heterostructure showed greater
photocatalytic hydrogen evolution efficiency than the bare CdS and MOF, without the need for
any co-catalyst in the presence of TEOA as a sacrificial agent (31). The improved activity was
attributed to the Type II mechanism and the synergism exhibited by the components, which
facilitates the separation of charge carriers. In another study, Dong et al. showed a MOF/COF
hybrid composite system and tested the photocatalytic hydrogen evolution efficiency. It was
found that the best activity was achieved with 30NUBC with 30% Zr-UiO-66-NH, (NU)
loading, which is approximately 445-fold higher than the pure NU and 2-fold greater than the
bare BC COF (32). The light absorption ability, electron transfer, and separation of the charge
carriers were facilitated due to the Type II Z scheme charge transfer mechanism and the
synergistic effect of the components. Tian et al. developed a ternary photocatalyst candidate
formed with Ti;C,Ty, TiO,, and UiO-66-NH,, and the results reported that the designed
composite has superior photocatalytic hydrogen evolution (16). The mechanism was depicted
as a Schottky junction among the components. Under simulated sunlight, the obtained hybrid
structure demonstrates 1980 umol h™ g™! H; evolution, which is greater than pure UiO-66-NH,.
The boosted activity resulted from the many interfacial contacts among the components. Due

to the interfaces, the separation and transport of the charge carriers were facilitated.

00551A
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Fig. 8. Schematic overview of energy band structures and the proposed photocatalytic pathway

for BODIPY/MOFs

The proposed mechanism behind BODIPY -functionalized UiO-66-NHj, is presented in Fig. 8.
Considering the discussions on the Tauc plot, EIS, photocurrent, and Mott-Schottky analyses,

a possible S-scheme mechanism for the composite was proposed. As a result of the band edge
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positions, UiO-66-NH; provides the more negative CB potential (—=0.87 eV vs NHE), witilec: orie

TOO551A

BODIPY offers the more positive VB potential (+2.04 eV vs NHE). Therefore, an S-scheme
charge-transfer mechanism can be proposed, in which photogenerated electrons in the CB of
BODIPY recombine with holes in the VB of UiO-66-NH,, leaving strongly reducing electrons
on the UiO-66-NH, CB and strongly oxidizing holes on the BODIPY VB. Furthermore, the
Mott—Schottky plots demonstrated that the flat-band potential of pristine UiO-66-NH; is —1.16
V, whereas it shifts to —1.06 V upon coupling with BODIPY. This positive shift indicates a
decreased electron density and a slight movement of the conduction band edge towards more
positive potentials, which can be attributed to interfacial electron transfer from UiO-66-NH, to
BODIPY and the formation of band bending at the heterojunction. Furthermore, based on
literature-derived energy level estimations, the effective work function of BODIPY dyes is
higher than that of UiO-66-NH,. Accordingly, considering ® =~ 5.37 eV for BODIPY (estimated
from HOMO levels) and @ = 5.05 eV for UiO-66-NH;, (estimated from the valence band edge),
electron transfer is expected to occur from UiO-66-NH, to BODIPY upon contact in order to
equilibrate their Fermi levels (38). This electron flow induces downward band bending on the
UiO-66-NHj; side and forms a p-type Schottky-like barrier at the interface. The resulting band
arrangement and interfacial electric field support an S-scheme charge-transfer mechanism
rather than a simple Type-II heterojunction. Under visible-light irradiation, both UiO-66-NH,
and BODIPY are photoexcited to generate electron—hole pairs. The photogenerated electrons
in the CB of BODIPY recombine with the holes in the VB of UiO-66-NH, at the interface,
forming an S-scheme heterojunction. As a result, highly reducing electrons are preserved in the
CB of UiO-66-NH,, driving the hydrogen evolution reaction (2H" + 2¢~ — H,) while strongly
oxidizing holes remain in the VB of BODIPY, which oxidize the sacrificial agent on the
oxidation side. Therefore, the efficient charge separation and diminishing of the recombination

of the electron-hole pairs can be provided to enhance overall efficiency.
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3. Experimental Details DOI: 10.1039/D6DTO0551A

3.1.Materials and Methods

All precursors and solvents were sourced from commercial providers. Silica gel plates (Merck,
Kieselgel 60 A, 0.25 mm thick) with the F254 indicator were used for analytical thin-layer
chromatography (TLC) to monitor reaction medium changes. Column chromatography of all
products was conducted using silica gel (Merck, Kieselgel 60 A, 230-400 mesh). Mass spectra
were acquired with a Bruker Daltonics Microflex mass spectrometer. All NMR spectra (1H and
13C NMR) were recorded on a Varian INOVA 500 MHz spectrometer. FT-IR spectra were
recorded between 4000 and 550 cm-1 using a Perkin Elmer Spectrum 100 FT—IR spectrometer
with attenuated total reflection (ATR). Thermal gravimetric analyses (TGA) were performed
on a Mettler Toledo Stare Thermal Analysis System at a heating rate of 10°C min-1 over a
temperature range of 25-800°C under continuous nitrogen flow (50 mL min-1). Powder X-ray
diffraction (PXRD) patterns were collected using a Bruker Advanced D8 X-ray diffractometer

with Cu Ka (A = 1.5405 A) radiation, operated at 30 kV and 30 mA. Surface morphology and

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

energy dispersive X-ray analysis (EDX) were recorded with an FEI (PHILIPS) XL30 SFEG

scanning electron microscope (SEM). UV-Vis diffuse reflectance spectra (UV-DRS) were

Open Access Article. Published on 13 May 2026. Downloaded on 5/13/2026 11:36:30 PM.

measured using a Shimadzu UV-3600Plus spectrophotometer over 200—1800 nm, with BaSO,

(cc)

as the reference. Band gap energies were estimated using Tauc plots derived from the Kubelka—
Munk transformed spectra. Transmission electron microscopy (TEM) images were captured
using an FEI TALOS F200S TEM operated at 200 kV. Photocurrent, electrochemical
impedance spectroscopy (EIS), and Mott-Schottky measurements were performed with a
Gamry 1010 Electrochemical Analyzer. X-ray photoelectron spectroscopy (XPS) data were
obtained with a monochromatic Al Ka radiation source (hv = 1486.6 eV) at 15 kV and 150 W
under ultrahigh vacuum (~107(-9) mbar). Calibration of the binding energy scale used the C 1s

signal at 284.8 eV. Survey scans ranged from 0—1350 eV, with charge compensation applied to
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reduce surface charging. Data were processed and peaks fitted using Shirley backerourid:: e

subtraction to account for inelastic scattering. High-resolution spectra were fitted with mixed
Gaussian—Lorentzian profiles to represent different chemical states. Hydrogen evolution was
analyzed using a Shimadzu gas chromatograph equipped with a thermal conductivity detector
and nitrogen as the carrier gas. The nitrogen adsorption-desorption measurements were
performed to determine the textural properties of the materials. The surface area and porosity
analysis of the pristine UiO-66-NH, were conducted using a Micromeritics 3Flex Surface Area
and Porosity Analyzer. Before the measurement, the sample was degassed under vacuum at
90°C for 60 min, followed by a second heating stage at 350°C for 480 min to ensure the removal
of adsorbed species. The analysis was carried out using high-purity nitrogen (N;) as the
adsorbate at 77.210 K. For the functionalized MOF (BD4/UiO-66-NH2), the analysis was
performed on an Anton Paar Autosorb 6100 FKM XR system. The sample was degassed at
130°C for 1440 min (24 h) prior to analysis. The N2 adsorption data were collected at an
analysis temperature of 77.35 K. For both instruments, the specific surface areas were
calculated using the Brunauer-Emmett-Teller (BET) method in the linear relative pressure

range.

3.2. Synthesis

BDI1, BD3, and UiO-66-NH, were prepared according to the literature (39-41) and were
described in the Supporting Information. The synthesis routes were given in Fig. S1, and 'H

and 3C NMR spectra of BD1 and BD3 were placed in Fig. S2,3- Fig. S4,5, respectively.

3.2.1. Synthesis of BD2

After phosphoryl chloride (3.15 mL, 34.5 mmol) was taken into a double-necked round-bottom
flask in an ice bath under Ar atm, DMF (5.34 mL, 69.0 mmol) was introduced dropwise into

the reaction mixture. The resulting solution was maintained under stirring for 5 minutes in an
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ice bath. Then, it was heated to the ambient temperature and stirred for an additional 30 minfites;ce o
BD1 (300 mg, 0.69 mmol) in 10 mL 1,2-dichloroethane was introduced to the reaction flask.
Then, stirring of the reaction mixture lasted for 3 hours at room temperature, while being
monitored by TLC silica plate. After the reaction was completed, the mixture was added to ice
water, and the pH was adjusted to 7-8 using NaHCOj;. The mixture was extracted into DCM.
The organic layer was collected and dried on Na,SO4. The solvent of the organic layer was
evaporated by a rotary evaporator. The crude product was purified by silica gel column
chromatography using DCM as eluent in order to give BD2 (orange solid, 200 mg, 63%).
MALDI TOF (m/z) Calc. for C,gH,7BF,N,0S: 358.214, Found: 358.003 [M]*, 339.631 [M-F]*
(Fig. S6) 'HNMR (400 MHz, CDCl;) 6y (ppm): 10.03 (s, 1H, -CHO), 7.56 (m,1H, Ar-H), 7.24
(m, 1H, Ar-H), 6.99 (m, 1H, Ar-H), 6.16 (s, 1H, Ar-H), 2.81 (s, 3H, -CH3), 2.61 (s, 3H, -CHs),
2.77 (s, 3H, -CH3), 1.56 (s, 3H) (-CH3) (Fig. S7). 3C NMR (101 MHz, CDCls) 8¢ (ppm):
162.00, 156.75, 147.49, 143.03, 143.00, 139.14, 134.73, 133.87, 130.21, 128.36, 127.35,

124.34, 124.24, 124.21, 15.34, 14.41, 13.24, 11.16 (Fig. S8).

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

3.2.2. Synthesis of BD4

After phosphoryl chloride (4.93 mL, 54 mmol) was taken into a double-necked round-bottom
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flask in an ice bath under Ar atmosphere, DMF (8.36 mL, 108 mmol) was introduced dropwise

(cc)

to the reaction medium. The resulting mixture was subjected to stirring for 5 minutes in an ice
bath. Then, it was heated to ambient temperature and stirred for an additional 30 minutes. BD3
(350 mg, 1.08 mmol) in 10 mL 1,2-dichloroethane was added to the reaction flask. Then, the
mixture was kept under stirring for 3 hours at room temperature, and its progress was tracked
using a TLC silica plate. After the reaction was complete, the acquired mix was added into ice
water, and the pH was adjusted to 7-8 using NaHCO;. Then, DCM was used to extract the
mixture. The organic layer was collected and dried on Na,SO,. The solvent of the organic layer

was evaporated using a rotary evaporator. Purification of the crude material was achieved using
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silica gel column chromatography with a 1:1 mixture of DCM and n-hexane, yi¢lding B4
(orange solid, 360 mg, 95%). MALDI TOF (m/z) Calc. for Cy0H;oBF,N,0O: 352.156, Found:
352.042 [M]*, 333.023 [M-F]" (Fig. S9). '"H NMR (400 MHz, CDCl;) 8y (ppm): 10.01(s, 1H,
-CHO), 7.53 (m,3H, Ar-H), 7.28 (m, 2H, Ar-H), 6.15 (s, 1H, Ar-H), 2.82 (s, 3H, -CH3), 2.62
(s, 3H, -CH3), 1.65 (s, 3H, -CHj3), 1.42 (s, 3H) (-CH;) (Fig. S10). *C NMR (101 MHz, CDCl;)
d¢ (ppm): 161.85, 156.73, 147.52, 143.78, 143.14, 134.37, 129.77, 129.70, 127.91, 124.21,

15.32,15.07, 13.25, 11.79 (Fig. S11). (42)
3.2.3. Synthesis of BD2/UiO-66-NH,

43 mg of UiO-66-NH; and 36 mg of BD2 were placed in a bottle. 2.5 mL of dioxane, 2.5 mL
of mesitylene, and 0.5 mL of 6 M acetic acid were introduced to the medium, and the obtained
mix was stirred until a homogeneous mixture was obtained. The mixture was heated at 120 °C
in an oven for a period of 3 days and subsequently cooled to room temperature once the reaction
had finished. The product was then purified by washing with DMF, THF, and acetone, and then

dried in a 50°C vacuum oven, yielding a total of 30 mg of solid product (Scheme 1).
3.2.4. Synthesis of BD4/UiO-66-NH,

To prepare the hybrid material, 43 mg of UiO-66-NH, and 36 mg of BD4 were weighed into a
suitable reaction vial. 2.5 mL of dioxane, 2.5 mL of mesitylene, and 0.5 mL of 6 M acetic acid
were added. The mixture was stirred in an ultrasonic bath until a homogeneous solution was
formed. The obtained solution was heated in an oven preheated to 120 °C for 72 hours to ensure
the reaction. When the reaction was complete, the mixture was cooled to ambient temperature.
The resulting solid product was purified by sequentially washing with DMF, THF, and acetone.

At the end, the product was dried in a 50 °C vacuum oven to get a total of 30 mg (Scheme 1).

3.3. Electrochemical Measurements
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The electrochemical measurements were done in a three-electrode system, ingludingthecs onine
reference electrode, Ag/AgCl electrode, counter electrode, Pt electrode, and working electrode,
the synthesized compounds. The working electrode was elevated by electrophoretic deposition
of the compounds on FTO glass pieces (measured surface: 1*1 cm?). The 0.1 M Na,SO, was
used as an electrolyte. The measurements were done by the Gamry potentiostat interface 1010
E. The electrochemical behavior of the samples was characterized by transient photocurrent
density measurements, electrochemical impedance spectroscopy (EIS), Mott-Schottky (MS),

linear sweep voltammetry (LSV). The photo-stability of the prepared electrodes, containing the

photocatalysts, was examined by the chronoamperometry method.
3.4. Preparation of Thin Films of Conjugated Polymers

The working electrode that was used for the electrochemical measurements was prepared as
follows: a known amount of the synthesized compounds was added to isopropyl alcohol, in the
presence of Mg(NO3),, and subjected to ultrasonic treatment for 15 min. Then, by applying a

DC voltage of 30 V, a thin layer of the photocatalyst was coated on the FTO glass pieces. The

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

prepared films were dried in the oven overnight at 70 °C and were ready to be used the next

day.0
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3.5. Photocatalytic Hydrogen Evolution Experiments

To evaluate the photocatalytic hydrogen evolution performance, experiments were conducted
in a 50 mL quartz reactor sealed with a silicone rubber septum. The light source was provided
by a solar simulator. Typically, 10 mg of each photocatalyst was dispersed in 25 mL of 10%
(v/v) triethanolamine (TEOA) aqueous solution under magnetic stirring, serving as a sacrificial
agent. Before irradiation, nitrogen gas was bubbled through the solution for 30 minutes to
remove dissolved oxygen. Before light irradiation, the solution was purged with nitrogen for

30 minutes to eliminate dissolved oxygen. Hydrogen production was measured using a
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the carrier gas, with peak areas recorded periodically in ppm throughout the 6-hour reaction.

4. Conclusions

Although MOF-based photocatalysts incorporating chromophores such as porphyrins,
phthalocyanines, and other organic dyes have been extensively studied, BODIPY-based MOF
systems remain remarkably scarce. In this study, two new BODIPY/UiO-66-NH,
nanostructures containing thiophene and phenyl functional groups were successfully prepared
using the Schiff base reaction method. The structural, morphological, optical, and electronic
properties of the synthesized materials were elucidated in detail by techniques such as FTIR,
XPS, TGA, PXRD, SEM, EDS, TEM, LSV, and EIS. TGA data showed that the integration of
bare BODIPY molecules into the MOF backbone significantly improved the low thermal
stability that limits the use of BODIPY dyes. This confirmed the successful integration of the
BODIPY molecules within the MOF structure. Photocatalytic performance tests strikingly
demonstrated the effectiveness of the performed modification. The integration of thiophene-
and phenyl-based BODIPY provided a 4.7- and 7.2-fold increase in hydrogen production
capacity compared to the bare UiO-66-NH,, respectively. These superior performance data
prove that the functionalization of UiO-66-NH, with BODIPY derivatives positively changes
the photoelectronic properties of the material and maximizes the hydrogen production potential.
The observed behavior is consistent with an S-scheme charge transfer pathway, based on the

band alignment, photocatalytic performance trends, and indirect supporting evidence.

Overall, this study highlights the unexplored potential of BODIPY-MOF hybrid architectures
and establishes a new design concept for efficient, stable, and tunable photocatalysts for

sustainable solar-to-hydrogen energy conversion.
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