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A covalent organic framework based on BOPHY/TiO,
hybrid photocatalysts for solar driven hydrogen production

Light-driven chemistry opens the door to one promising
solution towards a sustainable alternative in the current
energy scenarios. Here, we describe a new and robust
BOPHY-COF, highly active for direct solar hydrogen
production. The high performance of the hybrid
heterojunction IEC-2@T-10 results in an enhancement of
the photonic efficiency, increased by 36% with respect
to benchmark TiO,. These result lay the basis for the use
of these materials in the development of solar energy
technologies.
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The conversion of sunlight into chemical energy to produce solar hydrogen opens the door to one
promising solution towards a sustainable alternative in the current energy crisis. Herein, we describe the
successful synthesis of the first COF based on BOPHY dye (IEC-2) ever reported in the literature. Its B-
ketoenamine linkage confers outstanding chemical stability for light-driven applications. The hybrid
photocatalyst based on IEC-2 and TiO, (10 wt% of COF loading) was studied for solar hydrogen
evolution at both the lab-scale, and semi-pilot plant scale under natural sunlight. IEC-2@T-10 achieved

Received 17th October 2025 a hydrogen production of 180.9 pmol g~! under 6 h solar illumination, which increased by 36% with

Accepted 17th November 2023
respect to that of benchmark TiO,. The high performance of IEC-2@T-10 results in a greater photonic

efficiency than that of TiO, (0.12% and 0.08%, respectively), highlighting the robustness of the BOPHY
COF for light-mediated reactions.
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1 Introduction

The fast depletion of fossil energy sources and quick global
climate change force the development of key technologies to
overcome these problems. The conversion of solar energy into
storable and transportable solar fuels has emerged as
a sustainable alternative; and photocatalytic water splitting for
hydrogen production is one of the green ways to perform this
energy conversion.'

Since the first report of photocatalytic water splitting on TiO,
electrodes by Fujishima and Honda in 1972, scientists all over
the world have been making enormous efforts to improve this
process. Recently, organic semiconductors have emerged as
promising materials for the photocatalytic hydrogen evolution
reaction (HER).* In this sense, poly(p-phenylene) was the first
organic photocatalyst reported for the HER.® From then on,
more active organic materials have been explored such as linear
conjugated polymers,”® carbon nitrides,*® conjugated porous/
microporous polymers (CPPs/CMPs)'*** and, hybrids thereof
such as metal organic frameworks (MOFs),"*** among others.
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Recently, the excellent photocatalytic activity of semi-
conducting 2D polymers has attracted the attention of the
scientific community. Thanks to the 2D planar structure, 2D
polymers present unique characteristics such as large surface
active sites, porous structures, efficient charge separation and
migration, and high modularity as a singular platform for the
construction of heterostructures.'®*®* Thereby, various organic
polymers with a 2D structure have been investigated for the
photocatalytic HER from water.'** In this context, we can find
an emerging class of porous and crystalline materials, covalent
organic frameworks (COFs), which present distinguished rele-
vance in various areas such as gas storage and separation,****
heterogeneous catalysis,>?® energy storage and optoelectronic
devices.***

In 2014 Lotsth and coworkers reported the first COF,
a hydrazone-based COF, active in the photocatalytic HER.** This
promising study was the starting point for the development of
new COF-based photocatalysts, and the field has quickly grown
in the last decade.*® 2D COFs with extended 7-m conjugated
structures have demonstrated great potential for application in
photocatalysis, as they exhibit adequate and tunable optoelec-
tronic properties and great conductivity along the whole
structure.

In this sense, the development of COFs and their hetero-
structures with inorganic semiconductors has attracted the
attention of the scientific community.?*** These hybrids can
improve charge separation and the presence of COFs bears
synthetic versatility. In this respect, the design and synthesis of
novel COFs and hybrids thereof are crucial. A smart design

This journal is © The Royal Society of Chemistry 2024
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leads to improved light harvesting and charge separation to
push the photocatalytic activity. In the last few years, we have
witnessed huge growth of the COF field, looking for new strat-
egies for the simultaneous combination of crystallinity, stability
and functionality.***® In this line, presence of nitrogen-based
linkages increased chemical stability,’”** and the -
ketoenamine-linked COFs exhibit unique features and
outstanding chemical stability®® to be exploited as photo-
catalysts for H, production.*” These COFs are assembled by the
direct condensation of triformylphloroglucinol (Tp) with
multifunctional amines, after a first step of imine formation
followed by an irreversible tautomerization, which leads to an
enhanced stability.

One of the most remarkable advantages of 2D COFs is that
their electronic structure can be tuned at the molecular level by
modulating the organic building block, awarding unique
properties to the material. In this regard, BOPHY (boron pyrrol
hydrazine) is a new class of fluorescent dye reported for the first
time in 2014.*%** It presents two chelating positions amenable
for linking boron. Thus, the synthetic access to this dye involves
boron chelation of a w-conjugated dipyrrole-based system,
including a central hydrazine-based spacer. BOPHY dyes are
excellent photoactive materials suitable for several applications
in different fields such as solar cells,**** analytical chemistry,*
and electrochemistry,*® among others. In fact, we have reported
the synthesis of BOPHY-based CPPs as photocatalysts for
oxidation of organic sulfides,*” hydrogen production,*® CO,
photoreduction,” and also as part of a photon up-conversion
system.*® However, to the best of our knowledge there are no
examples in the literature for COFs containing BOPHY dye as
the main moiety in their molecular structure.

Herein, we report the design and synthesis of a B-ketoen-
amine COF based on BOPHY dye, IEC-2 (IEC stands for an
IMDEA Energy COF). We use this new crystalline and stable
material to prepare an organic-inorganic hybrid photocatalyst
incorporating IEC-2 and TiO,, namely IEC-2@T-10. The photo-
catalytic activity of the hybrid material has been studied in HER
experiments at the lab-scale, reaching a hydrogen production of
ca. 720 pmol g~' h™' (photonic efficiency £ 0.27%) in the
absence of any noble metal co-catalyst. This hybrid photo-
catalyst was scaled up and studied in a semi-pilot plant solar
reactor located in the IMDEA Energy Institute, achieving
a hydrogen production of 180.9 pmol g~* under 6 h of solar
illumination and 0.12% photonic efficiency. The charge transfer
mechanism between TiO, and IEC-2 has been elucidated by
means of field emission scanning electron microscopy (FESEM),
time-resolved photoluminescence and transient absorption
spectroscopy (TAS).

2 Experimental

2.1 Preparation of photocatalysts

2.1.1 Synthesis of IEC-2. The synthesis of IEC-2 is described
in Scheme 1. Thus, 2,7-diamino BOPHY (2) (15.4 mg,
0.04 mmol, see ESI,} Section 2 for more details) and 1,3,5-tri-
formylphloroglucinol (Tp) (5.9 mg, 0.03 mmol) were sonicated
in a Pyrex tube (0.d. x i.d. = 16 x 17 mm® and length 18 cm)
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containing 1.4 mL of BuOH/mesitylene 1:1 for 10 minutes.
Then 140 pL acetic acid (10% v/v) was added. The mixture was
then bubbled with argon for 15 minutes. The tube was sealed
and heated at 100 °C for 4 days. The product obtained was
filtered and washed with MeOH and DCM. IEC-2 (19 mg, 97%)
was obtained as a bright garnet solid. Solid **C NMR (400 MHz)
6 190.9, 181.2, 174.1, 148.5, 136.5, 126.8, 212.5, 106.4, 100.4,
10.6 ppm.

2.1.2 Synthesis of the IEC-2@T-10 hybrid material. For the
preparation of hybrid materials, first, TiO, was calcined at 400 °©
C for 4 h to remove all possible adsorbed organic impurities.
Then, both TiO, and IEC-2 (using 10 wt% of COF loading) were
mixed with a mortar and pestle. Afterwards, they were trans-
ferred to a round bottom flask and a mixture of acetonitrile/
water (ACN/H,0) 1:1 v/v was added. The mixture was soni-
cated for 2 minutes, and then the solvents were removed using
a rotary evaporator at 45 °C. The hybrid was dried and mixed
again with a mortar and pestle.

For the elucidation of the charge transfer mechanism, IEC-
2@T-10 was decorated with Pt nanoparticles. The metal nano-
particles were photodeposited in situ by dissolving an appro-
priate amount of H,PtCls-H,O to obtain 3 wt% Pt nominal
loading on the same solution used to carried out the lab scale
hydrogen production assay (vide infra) and then irradiated for 5
minutes.

2.2 Advanced characterization

2.2.1 Photoelectrochemical characterization. The photo-
electrodes were prepared by drop casting an IEC-2 suspension
on gold coated glasses. The COF was dispersed with an ultra-
sound tip on isopropanol with a 4 mg mL ™" concentration. The
experiments were performed in a three-electrode configuration
in a photoelectrochemical cell with a quartz window containing
an aqueous solution of 0.5 M Na,SO; (pH = 9). An Ag/AgCl
electrode was employed as the reference electrode, a Pt wire
was used as the counter electrode and IEC-2 samples, as the
working electrode. These experiments were performed with
a potentiostat-galvanostat Autolab PGSTAT204 provided with an
integrated impedance module FRAII (using 10 mV modulation
amplitude, from 0.1-106 Hz). A solar simulator (a LOT LSH302
Xe lamp and an LSZ389 AM1.5 global filter) calibrated to 1 Sun
(100 mW em ™) was used as a light source. The exposed area of
the photoelectrode to the electrolyte was 1 cm?.

2.2.2 Steady-state and time-resolved photoluminescence
spectroscopy. Steady-state photoluminescence experiments for
the solid powdered samples were carried out with a fluores-
cence spectrometer PerkinElmer LS 55, with an excitation
wavelength of 300 nm and using a cut-off filter at 350 nm in
front-face mode.

Time-resolved photoluminescence was recorded with a Mini
Tau system provided from Edinburgh Instruments. A laser
diode EPL-375 was used as the excitation source at Aexe =
372 nm (pulse width of 61.2 ps). A band-pass filter in the range
of 425-475 nm was employed to accurately monitor the photo-
luminescence of the TiO, signal. The instrument response
function (IRF) signal was measured as the reference in all cases.

J. Mater. Chem. A, 2024,12,1476-1487 | 1477
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Scheme 1 Chemical synthesis of IEC-2. () BUOH/mesetylene 1:1, AcOH 10% v/v, 100 °C, 4 days.

The corresponding fitting curves were adjusted by using mono
exponential functions.

2.2.3 Transient absorption spectroscopy (TAS). TAS
measurements were carried out with an LP980-K laser from
Edinburgh Instruments based on an optical parametric oscillator
(OPO) pumped by the third harmonic (e, = 355 nm) of a Nd:YAG
laser (EKSPLA). Single low energy pulses of 1 mJ per pulse of ca. 5
ns duration were employed, and a pulsed xenon flash lamp (150
W) was employed as the detecting light source. The probe light is
dispersed through a monochromator (TMS302-A, grating 150
lines per mm) after it has passed the sample, and then it reaches
a PMT detector (Hamamatsu Photonics) to obtain the temporal
profile. The absorbance of all samples was kept at ~0.2 at Aexe =
355 nm as dispersed aqueous solutions containing 10% of
methanol (v/v). All transient spectra were recorded at room
temperature using 1 x 1 cm quartz cells which were bubbled for
15 min with N, before acquisition.

2.2.4 Field emission scanning electron microscopy
(FESEM). The study was performed on FESEM JEOL JSM-7900F
equipment equipped with an energy-dispersive X-ray spectros-
copy detector (X-EDS, Ultim Max 170 Oxford Instruments
model). The images have been processed by means of Aztec of
Oxford instruments software. The sample was prepared by
dispersing the material in ethanol and dropped onto silicon
wafers and dried.

2.3 Photocatalytic hydrogen evolution reaction tests

2.3.1 Lab-scale hydrogen production assays. Photocatalytic
hydrogen production experiments were conducted in a Pyrex
glass double-walled reactor. 25 mg of catalyst were added to
130 mL of 10 vol% aqueous methanol solution. The reactor was
tightly closed and maintained at atmospheric pressure and
20 °C by recirculating water from a cooling system. Ar was
flowed through the solution in order to purge the system and
also to act as a carrier gas. Then, the solution was irradiated by
using a 150 W medium-pressure Hg immersion lamp, with the
H, evolution being monitored every 3 min by means of an

1478 | J Mater. Chem. A, 2024, 12, 1476-1487

Agilent 490 micro-GC equipped with a molecular sieve column
and a TCD detector.

2.3.2 Solar hydrogen production assays. Solar hydrogen
production tests were performed in July 2023, in a semi-pilot
plant gas-phase photoreactor (Fig. S181) located at IMDEA
Energy Institute (Mostoles, Madrid, Spain). The photoreactor
consists of a concentric Pyrex glass tube (L = 50 cm, ¢inper =
0.3 cm, @outer = 0.5 cm), coupled to a compound parabolic
collector (CPC) and is mounted on a fixed platform tilted by 35°
(local latitude, UTM 30 N 425173.88 4465847.24) towards the
south to maximize light absorption. The total irradiated area is
0.12 m> and the total irradiated volume is 0.1 L. For the
experiments, catalysts (0.3 g) were coated on the inner glass
tube using aqueous suspensions. The photoreactor was fed in
continuous mode with a humid argon flow (50 mL min~ "), after
bubbling an aqueous methanol solution (10 vol% methanol) at
60 °C. The reactor was kept in the dark until the air was
completely removed, and then it was uncovered and kept under
sunlight for 6 h. Hydrogen evolution was detected using an
Agilent 490 micro-GC, equipped with a MS5A column and a TCD
detector. Solar UVA radiation intensity (300-400 nm wave-
length) was measured using a radiometer (ACADUS 85-PLS)
mounted on a platform at the same angle as the CPC. Data were
recorded every minute and referred to received energy (W m™>).

3 Results and discussion
3.1 Design, synthesis and characterization of IEC-2

We have designed and synthesized for the first time a B-
ketoenamine COF based on BOPHY dye (IEC-2, Scheme 1). For
this aim, we use as building blocks, triformylphloroglucinol
(Tp) and a non-commercial 2,7-diamino BOPHY monomer (2),
not reported before in the literature (Scheme S1 and Fig. S1-
S41). The reaction mechanism can be divided into two steps: in
the first reversible step, Tp is condensed with 2. In the second
step, an irreversible tautomeric equilibrium, between the enol-

This journal is © The Royal Society of Chemistry 2024
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imine and ketoenamine isomers, is strongly displaced to the
more stable ketoenamine tautomer.

The structure of IEC-2 was investigated based on computer
modellization along with analysis of the experimental powder
X-ray diffraction (PXRD) data (Fig. 1 and S6). The PXRD pattern
of IEC-2 shows several broad peaks, as commonly found for two-
dimensional COFs, with the most intense one being at 26 =
3.46°. The formation of honeycomb (hcb) layers was thus
assumed based on the connectivity of the BOPHY and Tp
building units, and supported by the spectroscopically
demonstrated (vide infra) enamine bond formation. Several
crystal models were completed accordingly and geometrically
optimized, beginning with the default hexagonal symmetry
(ESL T Section 5). A crystal structure model with monoclinic Cm
symmetry and lattice parameters a = 33.68 A, b = 8.56 A, and ¢ =
28.84 A, 8 = 118.61 was found to be the one that best describes
the experimental powder diffraction pattern (Fig. 1). In this
crystal model, the 6-member rings within the layers are slightly
distorted, and the layers stack along the crystallographic b axes
with a staggered sequence (Fig. 1B and C). While the limited
crystallinity of the sample prevents the completion of further
structural refinements or determination of any possible stack-
ing order, the proposed model explains the position of the
observed diffraction peaks based on the expected formation of
extended layers. Accordingly, the peak at 26 = 3.45° is assigned
to the (001) plane (d = 25.32 A), while the peak centered at 20 =
11.0° would be contributed by both the (202) and the (11-1)
planes (d = 8.14 A and 7.92 A, respectively). Fourier-transform
infrared (FTIR) and solid-state "*C cross-polarization magic
angle spinning nuclear magnetic resonance (CP-MAS NMR)
data collected for IEC-2 clearly confirm that the tautomerism is
completely shifted to the ketoenamine isomer. First, FTIR
spectra revealed the appearance of two important signals. A
band associated with the C=0 stretching mode of the ketone in
the backbone of the COF is observed at 1647 to 1595 cm ™', and
a signal located at 1299 cm™" is ascribed to an enamine C-N
stretching band (Fig. 2A). Additionally, the FTIR spectra
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confirmed the complete condensation between the two building
blocks by the disappearance of the bands at 3350 and
3200 cm™ ', which are assigned to the primary amine stretching
bands (Fig. 2A). Additional confirmation of the complete
condensation of the building blocks is obtained from solid state
NMR (Fig. 2B). *C CP-MAS NMR data collected for IEC-2
showed signals at 190.9, 181.2 and 174.1 ppm, assigned to the
ketone carbon. These three signals come from the same
carbonyl group with three different chemical environments.
Furthermore, signals assigned to the aldehyde (ca. 192.3 ppm)
and hydroxyl carbon (ca. 174.4 ppm) functional groups of Tp are
no longer visible (Fig. S5t). This demonstrates that the Schiff-
base reaction of the building blocks and the tautomerization
of the hydroxyl group take place. On the other hand, the signal
at 148.5 ppm is assigned to the carbon alpha to the amine.
Moreover, due to BOPHY's skeleton, the IEC-2 spectrum shows
peaks in the region of 136 to 106 ppm, while the methyl carbon
atoms show a broad peak at 10.6 ppm.

Field emission scanning electron microscopy (FESEM)
images (Fig. 2C and D) show that IEC-2 crystallizes with
a flower-like morphology, assembled from flake petals, exhib-
iting lengths in the nanometre range. The porous nature of IEC-
2 was evaluated by N, adsorption and desorption measure-
ments, and its surface area was calculated by BET (Brunauer—
Emmett-Teller) theory (Fig. S71). Thus, IEC-2 shows a BET
surface area of 56 m* g~ .

The pore size distribution was calculated with non-local
density functional theory (NLDFT). It had narrow pore size
distributions of 1.0-1.7 nm exhibiting a maximum at 1.5 nm
(Fig. S81). The thermal stability of IEC-2 was analysed by ther-
mogravimetric analysis (TGA) under an air atmosphere
(Fig. S97). The thermogram shows a complete mass loss at 200 °
C, a value slightly lower than that of other BOPHY-based CPPs
described by us.*®

Regarding the electronic structure, electrochemical studies
helped to estimate the relative energy levels of the HOMO/
LUMO of IEC-2. According to the oxidation and reduction

Fig.1 (A) PXRD patterns of IEC-2: experimental (red), calculated (blue) and the Bragg positions (green). (B) Top view and (C) lateral view of AB

stacking of IEC-2.

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (A) FTIR spectrum of IEC-2 and FTIR spectra of its starting materials for reference. (B) Solid-state **C CP/MAS NMR of IEC-2 and

theoretical assignation. (C and D) FESEM images of IEC-2.

potentials (1.48 and —0.64 V vs. Ag/Ag”, respectively) obtained
from cyclic voltammetry (CV) measurements (Fig. S11%), the
HOMO was estimated to be —5.5 eV, and the LUMO was —3.4 eV
(Fig. 3A), resulting in an electrochemical bandgap energy of 2.1
+ 0.3 eV (see the ESIT for the ferrocene correction performed to
achieve these values). The optical measurements carried out by
UV-vis diffuse reflected spectroscopy confirm that IEC-2 exhibits
an indirect transition of 1.9 + 0.1 eV. Fig. S11,} in agreement
with the measured electrochemical band gap.

Electrochemical impedance spectroscopy (EIS) was carried
out at different bias potentials and the Mott-Schottky plot was
obtained by calculating the associated capacitance of the elec-
trode-electrolyte interface. The determination of the flat band
potential was achieved from this plot and it was correlated with
the Fermi level position,*** which has been determined to be at
0.8 Vvs. NHE (Fig. 3B). Furthermore, the negative slope of this
plot revealed p-type conductivity of IEC-2.

1480 | J Mater. Chem. A, 2024, 12, 1476-1487

The photoactive properties of IEC-2 were measured by pho-
tovoltage experiments, confirming that the p-type conductivity
observed by the EIS measurements, showing an increase in the
signal under illumination (Fig. 3C).*®

In this sense, the photoresponse of the electrode is —130 mV
under illumination at open circuit potential. Moreover, a linear
sweep voltammetry measurement under chopped illumination
(Fig. 3D) confirms the photoactivity of this material and exhibits
a wide range of potentials with negative photocurrents. This
agrees well with previous results and confirms the potential of
this material to be used as a photocathode.

At this point, we wondered if we would be able to design a p-
n heterojunction hybrid material using IEC-2 as a p type semi-
conductor and TiO,, which is a very well-known n-type
semiconductor.

So, a hybrid material was prepared by using a wet mixture of
TiO, (PC500, anatase phase) and IEC-2 at 10 wt% of COF
loading, and named IEC-2@T-10. This loading percentage was

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (A) Band energy diagram obtained for IEC-2 (TiO, is included for comparative purposes), including the water-splitting redox couples at pH
=0 (NHE). Dotted lines represent the Fermi level positions for both materials. (B) Mott—Schottky plot of IEC-2, and (C) photovoltage and (D) linear

sweep voltammetry under chopped illumination of IEC-2.

selected considering our previous
percentage weight of the COF was determined by thermogravi-
metric analyses (Fig. S107).

The morphology of the hybrid system was studied by FESEM
and X-EDS microanalysis confirming that the crystalline BOPHY
COF particles are homogeneously surrounded by the TiO,
nanocrystals (Fig. 4). These results show that the IEC-2@TiO,
composite has a large interface leading to a short carrier
migration distance. Furthermore, the porous EIC-2 structure
provides a high number of active sites and light absorption
ability.

experience.*®***  The

3.2 Photocatalytic activity for the HER

3.2.1 Lab scale experiments. The photocatalytic activity of
IEC-2 and its hybrid material based on TiO, IEC-2@T-10, was
evaluated in the production of hydrogen from water in the
absence of any noble metal co-catalyst and using methanol as
the sacrificial agent. The COF by itself showed a moderate

This journal is © The Royal Society of Chemistry 2024

performance (£ = 0.02%). However, the synergetic effect
between both organic and inorganic counterparts in the heter-
ojunction, IEC-2@T-10, resulted in a hydrogen evolution rate of
~720 umol g, " h™" (£ = 0.27%), which was more than 14 and
9 times greater than those of IEC-2 and TiO,, respectively
(Fig. 5A). This value is in the same range as that of other hybrid
photocatalysts based on BOPHY-conjugated porous polymers.*®

The photochemical stability of the hybrid material was
studied in two recycling experiments. In the first photocatalytic
run, after 5 hours of illumination, the hybrid material was
filtered and redispersed to be studied in a long cycle of 24 h
(Fig. 5B). No sign of catalyst deactivation was observed, which
demonstrates that the robust 2D crystalline structure of IEC-2
confers excellent photostability to the hybrid to be reusable. In
the second recycling experiment, after 8 UV-light (ON-OFF)
cycles, again, no loss of activity was observed (Fig. S147). At the
same time, the structural stability was confirmed by means of

J. Mater. Chem. A, 2024, 12,1476-1487 | 1481
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Fig. 4 FESEM of the IEC-2@T-10 sample: (A) SEM image. (B) X-EDS microanalysis images of image A showing titanium (orange), oxygen (blue),

carbon (red), and nitrogen (purple).

FTIR spectra before and after the photocatalytic tests
(Fig. S15%).

3.2.2 Solar-driven experiments. The good result obtained
in lab-scale experiments encouraged us to test IEC-2@T-10 in
a close to real system, such as a semi pilot plant photoreactor.
Fig. 6 shows the gas-phase solar hydrogen production from an
aqueous methanol solution (10 vol% methanol) under solar
illumination. In all cases, H, production is referred to the
received energy to allow a direct data comparison. IEC-2@T-10
successfully achieved a hydrogen evolution rate of 41.5 pmol
h™' ¢7' in scaling-up tests (Fig. 6A), and a cumulative produc-
tion of 180.9 umol g ' after 6 h of sunlight illumination
(Fig. 6B). Interestingly, the photocatalytic activity of IEC-2@T-10
increased by 36% with respect to that of bare TiO, (Fig. 6B),
corroborating the beneficial effect of combining both semi-
conductors to promote hydrogen evolution.

A 5
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i
g
3_ Lk
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= =
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S
3 £ 0.03%
a £ 0.02%
IN
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Indeed, a good proof of performance enhancement is also
the increase in the photonic efficiency of the hybrid over TiO,
(0.12% and 0.08%, respectively). The high photocatalytic
activity of the hybrid agrees well with the trend obtained at the
laboratory scale, and is an indication of the robustness of the
BOPHY COF for light-driven reactions. It is important to high-
light that there are no examples in the literature about the use
of this kind of hybrid material for solar hydrogen evolution at
the semi-pilot plant scale.

3.3 Elucidation of the charge-transfer mechanism

To unravel the charge-transfer pathway in the heterojunction
IEC-2@T-10, we have carried out spectroscopic studies from the
ns to pus timescale by means of transient absorption spectros-
copy (TAS), and from the ps to ns timescale through time-
resolved photoluminescence (TRPL). First of all, the influence
of the COF over TiO, in the hybrid was evaluated through TAS

B
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Fig. 5 (A) Cumulative H, production vs. time (h) of IEC-2 (red), IEC-2@T-10 (blue) and bare TiO, (grey) under UV illumination. Photonic effi-
ciencies are included for reference. (B) Long duration recycling experiment using IEC-2@T-10 as the photocatalyst for H, production.
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Fig. 6 (A) Semi-pilot plant solar CPC reactor and zoomed-in view of the tubular reactor coated with the IEC-2@T-10 hybrid. (B) Hydrogen

141

evolution rate (umol h™" g™) of IEC-2@T-10 vs. received solar energy. The variation of the solar irradiance (UVA) along the experiment and the
elapsed time are also plotted for comparison. (C) Cumulative solar H, production of IEC-2@T-10 (blue) and bare TiO, (grey) under equivalent

received energy conditions.

(Aexe = 355 nm). The samples were investigated in 10 vol%.
methanol aqueous solution to ensure the same conditions as
those employed in the photocatalytic tests (Fig. 5).

After excitation, bare TiO, showed a continuous TA spectrum
in the whole visible spectral range, exhibiting a small band at
~460 nm in agreement with previously reported results using
ns-TAS systems (Fig. 7A).>*** Since methanol is a very efficient
hole scavenger,’*** the measured TiO, signal under our condi-
tions (ca. between 400 and 650 nm) can be only attributed to
photoelectrons.>>**-** A bare IEC-2 COF showed low transient
absorption upon 30 ns after a laser pulse, exhibiting two
maxima AOD at 450 and from 600 nm with identical kinetic
profiles (Fig. 7A and S171 for a comparison of its dynamic
profile at different A of detection). Regarding the IEC-2@T-10
hybrid (Fig. 7A and S18t), a marked increase in terms of AOD
was observed in the visible spectral window during the first 100
ns after a pulse with respect to bare TiO,. This finding suggests
that a synergy effect occurs in the heterojunction, which favor

This journal is © The Royal Society of Chemistry 2024

a decrease in the electron-hole recombination in the hybrid due
to the presence of the COF.

The comparative of the kinetic profiles (Aexe = 355 nm and
Aobs = 460 nm where TiO, exhibit the transient maximum) for
IEC-2@T-10 and the naked materials revealed a huge growth of
its transient lifetime (tyas) of 2- or 7-fold compared to that of
TiO, or IEC-2, respectively (Fig. 7B and S19%). In addition,
a delay in the AOD maximum was observed for the hybrid up to
20 ns after the laser pulse (Fig. 7B). We have previously observed
this finding in hybrids composed of TiO, and CPPs based on
BOPHY, BODIPY or benzyl functionalized truxene,*®**** when
a type II heterojunction charge-transfer takes place (Fig. 7D). We
observed that TiO, showed two main contributions: trag = 52
and 785 ns (Fig. S207), by fitting the kinetic curves by means of
mono- or bi-exponential functions.

On the other hand, IEC-2@T-10 exhibited a noticeable
increase in the same two main contributions: tag = 100 and
875 ns (Fig. S207t), confirming a slowing-down of the electron-
hole pair recombination process in the hybrid (Fig. 7B). Note

J. Mater. Chem. A, 2024, 12, 1476-1487 | 1483


https://doi.org/10.1039/d3ta06314c

Published on 27 November 2023. Downloaded on 7/14/2025 12:02:39 PM.

Journal of Materials Chemistry A

A
0.2
TiO, IEC-2@T-10 IEC-2
30, 100, 500 ns
A 30, 100, 500 ns
O 0.1
<
30,100, 500 ns
0.0--— T T C T T T
400 500 600 400 500 600 40
A (nm)
C
1
> 1 TiO,
@ IEC-2@T-10
Qo IEC-2
£ 0.14
o
I}
N
‘©
1S
S 0.01-
=z
o
o
—
0.001 4

5 10 15 20 25 30
Time (ns)

View Article Online

Paper
B
0.20
Tio,
IEC-2@T-10
0.15- IEC-2
o
O 0.10 1
< 2o 0% e
5 wheN"?
0.05
0.00 L .
0.1 1 10 100 1000
Log Time (ns)
D Type Il heterojunction

Reduction

Oxidation

IEC-2

TiO,

Fig.7 (A) Transient absorption spectra (Aexc = 355 nm) for TiO5 (grey), IEC-2@T-10 (blue) and IEC-2 (red) in deaerated 10 vol% aqueous methanol
suspensions at different time scales (30, 100 and 500 ns after the laser pulse). (B) Corresponding transient decay lifetimes (Aexc = 355 nm and Agps
=460 nm) for TiO, (grey), IEC-2@T-10 (blue) and IEC-2 (red) under the same conditions. (C) Time-resolved photoluminescence (Aexc = 372 Nm,
Aobs = 425-475 nm) for TiO, (grey), IEC-2@T-10 (blue) and IEC-2 (red) in the solid state. The instrument response function (IRF) is included. (D)
Proposed type Il heterojunction charge-transfer mechanism for the hybrid based on TiO; as an inorganic semiconductor and the COF IEC-2 as

the organic counterpart.

that the sum of the lifetimes of titania and the COF (Fig. S217)
would be lower than the value observed for the hybrid (tras =
100 ns). In addition, the kinetic profile for the hybrid and the
pristine materials remains unaltered from 100 ps to 5 ns after
the pulse, following the enhancement of the heterojunction's
signal through a charge transfer process in the ns—ps scale. This
result highlights the importance of the synergy between the
inorganic-organic counterparts to improve the photocatalytic
efficiency.

Furthermore, time-resolved photoluminescence (TRPL)
experiments were performed to corroborate the charge-transfer
process from the COF to titania (Fig. 7C). A band-pass filter
centered at 450 nm (where TiO, emits, see Fig. S22}) was
employed to monitor only the influence of the COF over TiO, in
the hybrid. Under these conditions, naked titania (3.40 ns)
shows lower TRPL than TiO, forming part of the hybrid IEC-

1484 | J Mater. Chem. A, 2024, 12, 1476-1487

2@T-10 (3.85 ns, see the corresponding fitting in Fig. S237).
Note that a pristine COF is not fluorescent, and then the TRPL is
negligible under the selected window of measurement. The
combination of the results extracted from TAS and TRPL clearly
shows a slower recombination of the TiO,'s dynamic charge in
the hybrid, meaning that the charge transfer process occurs
from the COF's LUMO to the conduction band of TiO, following
a type II mechanism.

To support the proposed mechanism, the hybrid IEC-2@T-
10 was decorated with 3 wt% of Pt nanoparticles by photo-
deposition and analyzed by FESEM experiments (Fig. S247).
Upon analysis using a Robinson-type backscatter detector (BED-
C) for Z-contrast (atomic number), Pt-3/IEC-2@T-10 shows the
preferential photodeposition of Pt nanoparticles on the TiO,
surface (brilliant points in Fig. S14Bf and its magnification C).
This finding was also corroborated by means of energy-
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dispersive X-ray spectroscopy (X-EDS) mapping (Fig. S24Df)
where the platinum nanoparticles can be clearly distinguished
above TiO, nanocrystals rather the COF counterpart. In addi-
tion, EDS analysis showed the presence of platinum up to 3.7%
(Fig. S24Dt). As the photodeposition of platinum nanoparticle
follows a photoreduction pathway, this means that the
preferred surface where the reduction takes place is TiO,. These
results, combined with those determined by photophysical
techniques, indicate that the photocatalytic reduction takes
place over the TiO, surface.

4 Conclusions

In summary, this work reports for the first time the successful
synthesis of a B-ketoenamine COF based on BOPHY dye. For
this aim, a new 2,7-diamino BOPHY molecule has been
described to be used as a building block for the COF's synthesis.
A crystal structure consisting of AB-staked layers with a stag-
gered sequence has been proposed.

Furthermore, this crystalline COF has been used as a plat-
form to prepare a hybrid organic-inorganic heterojunction
based on TiO, (IEC-2@T-10). The photocatalytic performance of
IEC-2 and the hybrid photocatalyst was tested in the HER under
lab scale conditions, reaching 41 pmol g~ h™" (£ = 0.02%) and
720 pmol g~ " h 7' (£ = 0.27%) respectively. The scaling up of the
hybrid material was accomplished in a gas-phase CPC solar
reactor in the absence of any noble metal cocatalyst. The hybrid
IEC-2@T-10 achieved a photocatalytic hydrogen production of
180.9 umol g~ ' (£ = 0.12%) under 6 h of solar illumination,
which was 36% higher than that of TiO,. The synergy effect
between the organic and the inorganic counterparts was
corroborated by spectroscopic studies, revealing a type II het-
erojunction mechanism.

The new BOPHY-COF described here and its associated 2,7-
diaminoBOPHY linking monomer, both open up a new avenue
for the rational synthesis of novel photo(electro)catalysts and
hybrid heterostructures, with potential for application in
a multitude of light-driven energy processes.
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