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Conjugated Porous Polymers Based on BODIPY and
BOPHY Dyes in Hybrid Heterojunctions for Artificial

Photosynthesis
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Developing highly efficient photocatalysts for artificial photosynthesis is one of
the grand challenges in solar energy conversion. Among advanced photoactive
materials, conjugated porous polymers (CPPs) possess a powerful combination of
high surface areas, intrinsic porosity, cross-linked nature, and fully 7-conjugated
electronic systems. Here, based on these fascinating properties, organic—inor-
ganic hybrid heterostructures composed of CPPs and TiO, for the photocatalytic
CO, reduction and H, evolution from water are developed. The study is focused
on CPPs based on the boron dipyrromethene (BODIPY) and boron pyrrol hydra-
zine (BOPHY) families of compounds. It is shown that hybrid photocatalysts are
active for the conversion of CO, mainly into CH, and CO, with CH, production
4 times over the benchmark TiO,. Hydrogen evolution from water surpassed

by 37.9-times that of TiO,, reaching 200 mmol g_,,~' and photonic efficiency

0f 20.4% in the presence of Pt co-catalyst (1 wt% Pt). Advanced photophysical
studies, based on time-resolved photoluminescence and transient absorption
spectroscopy, reveal the creation of a type Il heterojunction in the hybrids. The
unique interfacial interaction between CPPs and TiO, results in longer carriers’
lifetimes and a higher driving force for electron transfer, opening the door to a

new generation of photocatalysts for artificial photosynthesis.

1. Introduction

In a world struggling to limit global warming to below 2 °C,
finding alternative renewable energy resources has become
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imperative to fulfill the increasing energy
demand and to reduce the current heavy
reliance on fossil fuels. Solar energy is
the largest exploitable renewable energy
source, providing more energy to the
Earth per hour than the total energy
consumed by human activities in a
year.ll. Moreover, it has the potential to
be clean, cheap, renewable and sustain-
able, although it must be captured and
transformed into useful forms of energy
to address the intermittency of the
day/night cycles and weather patterns.?
Solar energy can be directly converted
into renewable and carbon-neutral fuels,
which are stable in storage, safe in trans-
portation, and can release energy when
needed.®! This innovative approach,
known as artificial photosynthesis (AP)
when driven under mild conditions, has
become a research hotspot for the devel-
opment of alternative and economically
competitive solar fuels. Learning from
the natural photosynthesis process, AP
systems are able to efficiently capture and convert solar energy,
and then store it in the form of chemical bonds.??! Solar energy
is therefore used to split water and produce hydrogen, and/or
to transform carbon dioxide and water into a renewable source
of energy-rich carbon-containing products, or even to fix N,
into ammonia.l’! The major products of the photocatalytic CO,
reduction include carbon monoxide (CO), methane (CH,),
methanol (CH30H), and C,, hydrocarbons, such as ethylene
(C;Hy), ethane (C;Hg), and ethanol (C,HsOH),’l which in a
future energy scenario could represent carbon-neutral fuels
produced from renewable electricity, water, and the circular
use of CO,. Besides, solar fuels are more viable for massive
energy storage than conventional electricity systems, since they
are considered high-density fuels that could be used directly
for transportation in tankers or gas pipes, as raw materials for
industry, or for electricity production in fuel cells or turbines,
thus representing a scalable pathway to transport renewable
energy globally.>®]

Generally, AP photocatalysts must provide: 1) efficient light
absorption; 2) long-lived charge separated states; and 3) minimal
back-reaction rates and product crossover.>®! These require-
ments depend largely on the nature of the photocatalyst and
the rational design of its components. Well-defined hybrid
heterojunctions between inorganic semiconductors (IS) and
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organic polymers (OP) are gaining attention, mainly due to their
extended light absorption range and better quantum efficien-
cies compared to conventional catalysts.[7‘9] Conjugated porous
polymers (CPPs), a class of #-conjugated organic polymers, have
recently emerged as an interesting counterpart due to the possi-
bility of controlling their optoelectronic, textural and morpholog-
ical properties at the molecular level.'*-2] The tunable nature of
these polymers in turn confers desirable properties for photocat-
alysts, such as adjustable bandgaps, high surface areas, micro-
or mesoporosity, thermal stability, and high flexibility.>"l

In the hybrid heterojunction, the CPP acts as an organic semi-
conductor that generally possesses a less energetic bandgap than
that of the inorganic semiconductor counterpart. Besides, its
highest occupied molecular orbital (HOMO) and lowest occupied
molecular orbital (LUMO) energy levels are located at higher ener-
getic positions than the conduction and valence bands of the inor-
ganic semiconductor.’™ The charge transfer mechanism between
both organic and inorganic semiconductors can occur through three
different pathways: i) sensitization; ii) type II heterojunction; or iii)
Z-scheme mechanism.l The synergy between CPPs and ISs conse-
quently results in an extended light absorption range, improved tex-
tural properties and higher stability to photocorrosion. Interestingly,
these hybrid heterostructures can effectively facilitate the charge
transfer and reduce the recombination of photogenerated electrons
and holes, resulting in enhanced photocatalytic performances.>1¢l
Due to their remarkable advantages, CPPs have recently attracted
significant attention as promising photocatalysts for solar fuel gen-
eration, particularly for hydrogen evolution.10.1113.14]

In order to explore advanced materials with potential appli-
cation in AP, here we investigate the use of conjugated porous
polymers as part of hybrid materials for CO, photoreduction
and H, evolution from water. Among the possible moieties
to synthesize CPPs, boron-centered fluorophores have been
selected because of their excellent photophysical properties and
high photostability. Some of the more successful fluorophores
in the literature belong to the boron dipyrromethene (BODIPY;
see Figure 1 left) family of compounds. These dyes, which are
composed of a dipyrromethene bound to a central BF, unit, pre-
sent an excellent chemical versatility for their use in a myriad

CMPBDP
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of (bio)technological fields, from (bio)medicinel” ' to energy
conversion in photovoltaic devices,?”! solid state lasersl?!l or
hydrogen production.??2 BODIPY-based CPPs have been also
used as heterogeneous photocatalysts in organic transforma-
tions,[>2% gases adsorption,?’! sensing,?®%°! and electrode mate-
rials,3% among others. In addition, an analog to BODIPY dyes
has emerged in the last few years, known as BOPHYs (boron
pyrrol hydrazine, see Figure 1 right). Although these new dyes
are structurally close to BODIPYs, they have two chelating posi-
tions amenable for linking boron. In both dyes, the synthetic
access involves boron chelation of a 7-conjugated pyrrole-based
system, but, in the BOPHY case, it includes a central hydrazine-
based spacer.?132l BOPHY dyes have been proven to be excellent
photoactive materials suitable for several applications. In fact,
we have reported the synthesis of BOPHY-based CPPs as pho-
tocatalysts for oxidation of organic sulfides,33l hydrogen produc-
tion,1* and also as part of a photon upconversion system. !
Despite the versatility of conjugated polymers, their lim-
ited use in CO, photoreduction arises from their general lack
of photostability, which may lead to the formation of polymer
photodegradation products, and therefore to the overestimation
of the product yields.”! For that reason, only photostable poly-
mers are suitable for this application. In this context, one of
the open questions is how far we can tune CPPs to drive highly
demanding photocatalytic reactions such as CO, photoreduc-
tion. To shed some light on this point, this work reports the
use of hybrids containing photostable boron-centered fluoro-
phores as photocatalysts for UV/visible light driven solar fuels
production. To the best of our knowledge, this is the first study
reporting the use of CPPs, based on BOPHY and BODIPY
dyes, as part of organic—inorganic hybrid materials for gas-
phase CO, photoreduction. No examples have been found in
literature beyond linear conjugated polymers and g-C3N,.

2. Results and Discussion

In order to develop our studies, the hybrids CMPBDP@T-10
and IEP-7@T-10 were prepared from TiO, (PC500) and the
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Molecular structure of CPPs based on BODIPY and BOPHY dyes (CMPBDP and IEP-7, respectively). Note that IEP stand for IMDEA Energy Polymers.
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selected CPPs based on BODIPY and BOPHY cores (10 wt%
CPP), respectively (Figure 1). The percentage weight of both
CPPs was confirmed by thermogravimetric analyses TGA (see
Figure S2, Supporting Information).

The BODIPY-based polymer, CMPBDP, showed a high
Brunauer-Emmett-Teller (BET) specific surface area of
278 m? g (Figure S3A, Supporting Information) and a
pore volume of 0.046 cm? gl; whereas the BOPHY-based
polymer, 1EP-7, presented a lower surface area of 56 m? g
(Figure S3B, Supporting Information) and a pore volume of
0.075 cm? g .34 It is worth to note that coupling TiO, with
CPPs led to similar surface areas for both hybrids (111 and
107 m? g for CMPBDP@T-10 and IEP-7@T-10, respectively,
see Figure S3C,D, Supporting Information). Considering that
TiO, sample had a BET specific surface area of 166 m? g™ and
a pore volume of 0.44 cm? g71,1%l the most presumable expla-
nation for the similar surface areas of the hybrids is a partial
covering of the CPP pores by the TiO, nanoparticles.

The chemical composition and structure of the CPPs were
determined by attenuated total reflection-Fourier-transform
infrared (ATR-FTIR), BC nuclear magnetic resonance (NMR),
and X-ray photoelectron spectroscopy (XPS) spectroscopies.
ATR-FTIR spectra (Figure S4, Supporting Information) showed
the characteristic bands of the BODIPY (=2194, 1629, and
1200 cm™!) and BOPHY cores (=2200 and 1595 cm™), thus con-
firming the successful synthesis of both CPPs. Solid-state 13C
NMR spectra showed broad peaks between 100-155 ppm, asso-
ciated with the aromatic carbons atoms from the CPPs struc-
ture (Figure S5, Supporting Information). The CMPBDP@T-10
polymer exhibited signals in the range of 5-15 ppm, cor-
responding to carbon atoms of the methyl groups from the
BODIPY moiety (Figure S5A, Supporting Information). On
the other hand, IEP-7@T-10 polymer showed two peaks at 82
and 92 ppm as a result of the triple bond group, and a narrow
peak at 11 ppm related to the aliphatic C from BOPHY moiety
(Figure SS5B, Supporting Information). Additionally, the sur-
face chemical composition of CMPBDP@T-10 and IEP-7@T-10
was studied by XPS (Figure S6, Supporting Information). The
analysis revealed significant negative deviations of the sur-
face concentration of the CPPs as compared with the nominal
value (Table S1, Supporting Information). These observations
agree well with the predominant morphology of the hybrids, in
which amorphous CPPs are surrounded by the TiO, nanocrys-
tals (as an example, see the scanning transmission electron
microscopy (STEM) images of CMPBDP@T-10 in Figure S7,
Supporting Information), therefore exhibiting a lower effective
surface exposure. The outer disposition of TiO, over the amor-
phous CPP nanoparticles was unequivocally confirmed by field
emission scanning electron microscopy (FESEM) micrographs
and X-EDX analyses (Figure 2).

Regarding the electronic structure of the hybrids, the relative
energy levels of the HOMO and LUMO of the polymers were
estimated by the electrochemical determination of their ioniza-
tion potential (IP) and electron affinity (EA). For the CMPBDP,
the HOMO was calculated to be —5.4 eV, and the LUMO was
—3.6 eV, according to its oxidation and reduction potentials
(0.84 and —1.21 V, respectively) from cyclic voltammetry (CV)
measurements (Figure S8A, Supporting Information). These
band energy levels resulted in an electrochemical bandgap
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of 2.0 £ 0.3 eV (Figure S8B, Supporting Information). IEP-7
exhibited a slightly larger bandgap (2.2 + 0.3 eV), according to
its HOMO and LUMO energies (-6.00 and —3.85 eV, respec-
tively).2¥ In both cases, these energy levels reached the ther-
modynamic requirements for driving both the photocatalytic
CO, reduction and H, evolution. However, CMPBDP possesses
higher energy values for both the HOMO and the LUMO com-
pared with the polymer IEP-7, which correlates well with the
higher driving force for the electron transfer of the BODIPY-
based hybrid. Besides, the narrower bandgap of CMPBDP leads
to a more red-shifted absorption maximum (A, = 536 nm!?’!
VS Amay = 450 nm for IEP-734), which in turn results in more
absorbed photons in the visible region that clearly benefits the
photocatalytic performance.

Next, the photoactivity of CMPBDP@T-10 and IEP-7@T-10
hybrids was investigated in the UV- and visible-light-driven arti-
ficial photosynthesis.

2.1. Photocatalytic CO, Reduction

The performance of both CPP@TiO, hybrids for CO, photo-
reduction was evaluated in a gas-phase reactor using water
as electron donor under UV and visible illumination. Neither
metal co-catalysts nor organic sacrificial agents were used in
this study in order to conduct the process in a more economic
and sustainable manner.

For both hybrids, CH,, CO, and H, were found to be the
major products under UV illumination (Figure 3A). Besides,
methyl formate, ethylene, and ethane were also detected in
minor amounts (Table S2, Supporting Information). IEP-
7@T-10 showed a significant improvement in CO, photoreduc-
tion performance compared to bare TiO,, leading to a four and
threefold enhancement of H, and CH, productions (Table S2,
Supporting Information). Besides, ethylene and ethane were
also formed over the hybrid, whereas negligible amounts were
found over TiO,.

On the other hand, CMPBDP@T-10 also promoted the for-
mation of CH,, CO, and H,, together with methyl formate, eth-
ylene, and ethane as minority by-products (Figure 3A). In this
case, CH, and H, productions quadrupled that obtained with
TiO,, and the productions of ethylene and ethane had a seven
and tenfold increase, respectively (Table S2, Supporting Infor-
mation). There was also a clear improvement of the CH,/CO
ratios, which increased from 0.12 in TiO, to 0.42 over the hybrid
CMPBDP@T-10. Notably, the photoactivity of CMPBDP@T-10
outperformed most of the state-of-the-art organic—inorganic
hybrids for gas-phase CO, photoreduction, in the absence of
any metal co-catalyst or dopant and under UV illumination
(Table S3, Supporting Information).

Interestingly, the photocatalytic performance of this BODIPY-
based hybrid surpassed that of the BOPHY-based counterpart,
especially regarding CH, and C,, productions which increased
more than 38% and 29%, respectively with CMPBDP@T-10.
Moreover, it is worth noting that the production of CH, over
CMPBDP@T-10 was almost four times higher than the sum of
productions of the bare materials (Table S2, Supporting Infor-
mation). This finding reveals a clear synergetic effect between
the CPP and TiO, within the heterojunction.
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-CMPBDP@T-10 Morphology

Figure 2. Morphological characterization of CMPBDP@T-10 (top) and IEP-7@T-10 (bottom) hybrids by FESEM. A) Panoramic image. B) Magnification
of the squared yellow region in (A). C,D) Magnifications of the red and green rectangles in (B), respectively. E-H) X-EDS microanalysis of titanium,

oxygen, nitrogen, and boron, respectively.

A meaningful comparison of the photocatalytic performance
consists of the analysis of the electron consumption rate of the
photocatalysts,[”-38 by considering the overall number of elec-
trons involved in the formation of each product (i.e., 2, 8, 12,
and 14-electron transfer for CO, CH,/C,H,0,, C,H,, and C,Hj,
respectively). Figure 3C shows a remarkable higher electron
consumption rate of the CMPBDP@T-10 hybrid in comparison
to the sole counterparts. Namely, weighted productivities*”!
more than doubled that of TiO, and even surpassed by 24 times
that of the sole polymer (Table S2, Supporting Information),
suggesting a higher photocatalytic CO, reduction efficiency of

Adv. Funct. Mater. 2021, 2105384 2105384 (4 Of'lZ)

the hybrid heterojunction. Further, the photocatalytic perfor-
mances were also compared in terms of their photonic efficien-
cies toward CH, (Figure 3C). CMPBDP@T-10 hybrid reached
0.13% under UV illumination (A,,x = 369 nm), more than
tripled that of TiO, (=0.04%).

The photocatalytic activity of CMPBDP@T10 for CO, photo-
reduction was also tested under visible light illumination
(400-600 nm). Excitation of the BODIPY dye promoted the
generation of e /h* pairs to drive the reduction of CO, mainly
toward methyl formate, as well as H,, CO and small amounts
of CH, (Figure 3D). As expected, cumulative productions were
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Figure 3. A) Overall cumulative production and B) CH, evolution over hybrid heterostructures and TiO, in CO, photoreduction under 15 h of UV illu-
mination (A, =365 nm) (error bars £5%). C) Weighted carbon production and photonic efficiency toward CH, under UV illumination. D) Cumulative
production over CMPBDP@T-10 and TiO, under 15 h of visible light illumination (400-600 nm).

significantly lower than under UV illumination, except for
methyl formate that almost tripled its value. No methyl formate
could be observed over TiO,, and just small amounts of H, and
CH, were detected.

Next, we conducted a series of control experiments to con-
firm the photocatalytic nature of the process and to control
the carbonaceous contamination on the catalyst’s surface. No
detectable products were found in the dark or under UV/visible
illumination in the absence of catalyst. Further, UV light-driven
experiments conducted under CO,-free atmospheres (i.e.,
argon, argon + H,0) led to the formation of certain amounts
of H,, CO, and CH, (Figure S9, Supporting Information). We
note that, apart from the minimal but unavoidable surface
carbon contamination of the semiconductors (<1 wt%), GC
analyses detected small amounts of CO, (=less than 200 ppm
from air) in the feed composition before starting the illumi-
nation. This small carbon contribution, likely coming from
impurities of the reagents, may contribute to the formation
of carbonate-like species that may act as initiators of reduced
C-products. On the basis of our results, the different product
distribution obtained under UV and visible-light illumination
suggests that a distinct reaction mechanism may take place
in the hybrids. According to the literature, the predominant
formation of CO and CH, under UV illumination from CO,
photoreduction may proceed via a carbene-like deoxygenation
pathway, I through surface CO species to CHO/CHOH/CH;0
intermediates to form CH,, among others. On the other hand,
visible light illumination could promote faster hydrogen addi-
tion reactions leading to the major formation of CH; interme-
diates and methyl formate.[*?l
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2.2. Photocatalytic H, Production

The photocatalytic activity of both hybrids, CMPBDP@T-10 and
IEP-7@T-10, was evaluated in the generation of hydrogen from
water using methanol as reductant. In order to explore the syn-
ergetic effect between the organic and inorganic semiconductors
in the heterostructures, all the photocatalytic experiments were
conducted under UV illumination. Note that a series of hybrids
composed by several BOPHY-based CPPs were recently deeply
studied by our group, being the IEP-7@T-10 the most active.**

Figure 4A depicts the cumulative hydrogen production
versus time of both hybrids and TiO,. CMPBDP@T-10 showed
the highest hydrogen evolution rate (=1.2 mmol g, ' h7),
which was more than 16 and 1.5 times greater than that of
TiO, and IEP-7@T-10, respectively. Remarkably, the hydrogen
evolution rate of CMPBDP@T-10 was 11 times higher than the
sum of its components (Figure S10, Supporting Information),
evidencing a clear synergy effect between both organic and
inorganic semiconductors in the heterostructure. The photonic
efficiency with the hybrids surpassed by 4-5 times that of TiO,,
showing values of 0.44% and 0.36% for CMPBDP@T-10 and
[EP-7@T-10, respectively.

In the presence of Pt co-catalyst (1 wt% Pt), the H, produc-
tion over CMPBDP@T-10 increased by more than 40-times rela-
tive to the hybrid without Pt. Remarkably, this material showed
a 6.6-fold higher H, production than Pt/TiO, (Figure 4B),
reaching a photonic efficiency of 20.4%. Notably, this hybrid
also increased by more than 1.4-times the state-of-the-art HER
reported with organic—inorganic hybrid materials based on
TiO, (Table S4, Supporting Information).
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Figure 4. Cumulative hydrogen production versus reaction time of hybrid materials and TiO, under UV illumination in the A) absence B) or presence

of Pt co-catalyst (1 wt% Pt).

The STEM analysis of CMPBDP@T-10 after reaction showed
the preferential photodeposition of Pt nanoparticles (average
size of 2.5 nm) on TiO, surface (Figure S7C, Supporting Infor-
mation), rather than on the polymer’s surface. Pt nanoparticles
were clearly revealed as brilliant points in high-angle annular
dark-field (HAADF)-STEM images (Figure S7D, Supporting
Information).

One of the major limitations of polymers for photocatalytic
applications is their limited photochemical stability. In fact, it
is well-known that linear polymers tend to degrade under pro-
longed illumination.¥] Here, no sign of catalyst deactivation
was observed in recycling experiments (Figure S11, Supporting
Information) for at least 3 UV-dark cycles, which demon-
strates that the complex inter-crossed structure of CMPBDP
conferred excellent photostability and reusability to the hybrid
CMPBDP@T-10 under our reaction conditions.

Further, the structural photostability of CMPBDP@T-10 was
studied before and after the photocatalytic H, production tests
by FTIR and XPS analyses. ATR-FTIR spectra (Figure S12,
Supporting Information) showed that the characteristic C=N
stretching (<1629 cm™) of CMPBDP was retained after the
photocatalytic tests. No further changes were clearly found
in the spectrum after reaction, probably due to the predomi-
nant overlapping with the TiO, features as a result of the low
polymer content (10 wt%) in the hybrid. The XPS F 1s spectra
showed a maximum at 684.5 eV (Figure S6A, Supporting Infor-
mation), associated with the BF, unit in the BODIPY. The N 1s
peak (Figure S6B, Supporting Information), centered at around
400.5 eV, is within the binding range of N 1s for organic mate-
rials.*l However, the N 1s peak position is slightly higher than
those reported for pyridinic (around 398.6 eV) and pyrrolic
(around 400.0 eV) compounds.*! The higher binding energy
may be result from a strong interaction with the BF, center,
whose coordination results in a positive charge shared between
the two N atoms in the dipyrromethene. Both N 1s and F 1s
spectral features remained unaltered after running the photo-
catalytic tests (Figure S6, Supporting Information), which sug-
gests that the polymer remains stable under the reaction condi-
tions. Consistently, the F/Ti ratio of the hybrid " s surface, before
and after the photocatalytic test, showed that the composition
remained constant within the experimental error (=F:Ti = 2:100).
These findings demonstrate the excellent photostability of
CMPBDP@T-10 under the tested reaction conditions.
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2.3. Charge Dynamics Studies

Further, to deeply understand the electron transfer mechanism
governing the photocatalytic activity of the hybrids, we developed
spectroscopic studies from the ns to us timescale, using steady-
state photoluminescence (PL), time-resolved PL, and transient
absorption spectroscopy (TAS). In a recent work,**l we reported
a Type II heterojunction mechanism between the BOPHY-based
IEP-7 and TiO,. Now, we put our focus on CMPBDP@T-10 to
study the charge transfer mechanism and to ascertain the role of
transient species in its photocatalytic activity.

First, steady-state and time-resolved photoluminescence
emissions of CMPBDP@T-10 and IEP-7@T-10 hybrids were
evaluated in solid-state, and compared with that of bare TiO,
(Figure 5A). The analysis of both hybrids under steady-state con-
ditions revealed a clear quenching of TiO, fluorescence due to the
presence of the polymers. However, this behavior was associated
with a filter effect instead of a real quenching, since the fluores-
cence lifetimes (7z) showed an opposite behavior, even resulting
in a slight increase in 7 for hybrids than for bare TiO, (Figure 5A
inset). The decay trace fit resulted in a narrow but reproducible
difference, namely 7 = 3.40 ns for TiO, and 7 = 3.46 and 3.48 ns
for CMPBDP@T-10 and IEP-7@T-10, respectively (Figure S13,
Supporting Information). This small difference in 7 has been
also observed in composites based on SrO as IS and carbon
nitride as OP (SrO-clusters@amorphous g-C3N,).! These
results suggest an interfacial charge transfer from the LUMO of
the polymer to the conduction band (CB) of TiO,, which should
mostly occur in a timescale greater than a few nanoseconds.

To demonstrate our hypothesis, hybrids and bare TiO, were
studied using TAS. After excitation (A, = 355 nm), the tran-
sient absorption (TA) spectrum of TiO, showed a continuous
absorption in all spectrum window, exhibiting a small band
at =455 nm (Figure S14A, Supporting Information) which is
usually assigned to trapped holes,#1 although other works
reported the TA of trapped electrons between 400 and 650 nm
by nanosecond TAS.[#->3

Here, the identification of the transients (electrons or holes)
was investigated by TAS using exogenous scavengers. First, in
aqueous 10% (v/v) methanol solution the temporal profile of
TiO, at Ay,s = 460 nm (Figure S15A, Supporting Information)
showed two main contributions; the first one (7 = 51 ns) fitted
well to first-order kinetics over the early nanoseconds after the
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F) photosensitized charge transfer mechanism of hybrids based on TiO, and IEP-7 or CMPBDP.

laser pulse, followed by a longer second contribution in the
us timescale (7 = 790 ns). Since methanol is a very efficient
hole scavenger,* this results suggest that this signal can be
attributed to electrons. Indeed, when TAS kinetic was meas-
ured in the absence of methanol, a faster decay was detected
(Figure S16, Supporting Information).

On the other hand, it is widely known that Pt acts as an
electron acceptor over the TiO, surface.”” Thus, in the pres-
ence of H,PtClg (Figure S17, Supporting Information), we
observed a complete quenching of the transient spectra and
the kinetic trace of TiO,, associated with the reduction of
Pt* to Pt® on the titania surface upon photoexcited electron
trapping.>2>4
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The transient absorption of the CMPBDP@T-10 hybrid
increased with respect to that of bare TiO, (Figure S14B, green
trace, Supporting Information), indicating a decrease in the
electron-hole recombination in the presence of the polymer. A
similar trend was also observed for IEP-7@T-10.34 Nevertheless,
bare polymers did not show any absorption under our meas-
urement conditions, suggesting an intermolecular interaction
in the hybrid materials (Figure S14B, Supporting Informa-
tion). Interestingly, CMPBDP@T-10 showed a remarkable
enhancement of the transient lifetime (=2.3-times greater 7)
compared to pristine TiO, (Figure 5B and S15B left-side, Sup-
porting Information), which was accompanied by a small
but significant delay of 15 ns in the lifetime profile during
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the first nanoseconds after the laser pulse (Figure 5B inset).
In contrast, no further changes were observed for the longer
second contribution (Figure S15B right-side, Supporting Infor-
mation), similarly to IEP-7@T-10 hybrid® (Figure S15C, Sup-
porting Information), and previous observations over truxene-
based CPPs.’’] This assertion was even more evident after
fitting the monitored lifetimes to a bi-exponential function
(Figure S15, right-side, Supporting Information). The decays
of the hybrids experienced a huge increase in 7o, in the first
shortest contribution (7 = 50, 82, and 115 ns for TiO,, IEP-
7@T-10, and CMPBDP@T-10, respectively), while the second
longest 7 in the microsecond scale remained unaltered (less
than 5% error). These fits also revealed that the shortest con-
tribution practically comprised the entire population of the
excited electrons, according to the obtained pre-exponential
values (denoted by A symbol in Figure S15 A-C, right-side,
Supporting Information).

For the CMPBDP@T-10 hybrid, the increase of the first com-
ponent at the observation wavelength (4., = 460 nm) clearly
indicates the influence that CPP exerts on the TiO, signal, and
corroborates the clear and unequivocal fast electron transfer
that takes place from the LUMO of CMPBDP to the CB of TiO,
after bandgap excitation. This charge transfer predominantly
takes place through a Type II mechanism (Figure 5E), in which
half-redox reductions occur on the CB of TiO, while the oxida-
tion takes place in the ground state of the polymer surface. This
finding correlates well with the preferential photodeposition
of Pt nanoparticles on TiO, surface, as confirmed by HAADF-
STEM images (Figure S7D, Supporting Information). Both
observations further support a predominant Type II heterojunc-
tion for CMPBDP@T-10, where reduction takes place on the
surface of TiO,.

Additional TAS experiments in the presence of H,PtClg
revealed a complete quenching of the TA spectra of the hybrids
(Figure S17A, Supporting Information). This finding is indica-
tive of the presence of Pt over the reductive counterpart of the
hybrid material.

On the other hand, a direct relationship was found between
the transients of the hybrids and their photocatalytic activity
toward hydrogen production and CO, photoreduction. For
both hybrids, the increase in 7 explains the higher photocata-
lytic activity toward H, evolution (Figure 5C left-side) and CO,
reduction (Figure 5C right-side and 5D). Interestingly, plotting
lifetimes against photoactivity (Figure 5C) revealed a direct
correlation Dbetween the transients and the corresponding
hydrogen production and CO, conversion to CH,. The tran-
sient signal of CMPBDP@T-10 hybrid was 2.3 times higher
than TiO,, supporting the synergetic effect between the CPP
and the inorganic semiconductor via a type II heterojunction
charge transfer mechanism (Figure 5E, left-side). The distinct
photocatalytic response of both hybrids could be explained by
their differences in their molecular and electronic structures
(Figure 1 and Figure S8, Supporting Information).

To provide spectroscopic evidence supporting the electron
transfer from CMPBDP to TiO, in the hybrids under visible
illumination, time-resolved photoluminescence and transient
absorption experiments were performed at Ao, = 445 nm (at
which only the polymer absorbs). Figure 6A shows the time-
resolved photoluminescence measurements of CMPBDP and
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CMPBDP@T-10 using a cut-off filter at 550 nm, where only the
polymer exhibits photoluminescence (Figure S18, Supporting
Information). The decay of CMPBDP resulted in a lifetime of
7= 320 ps (Figure 6A, magenta open circles). As a control, no
signal was observed through a 450 nm filter since the polymer
does not emit in this wavelength (Figure 6B, magenta solid
circles, and Figure S18, Supporting Information). Likewise, as
expected, no signal was detected for bare TiO, at A, = 445 nm
(Figure 6A right, grey open triangles) in both spectral windows
(cut-off filters at 450 or 550 nm). In the case of the hybrid heter-
ostructure, coupling CMPBDP and TiO, led to a clear decrease
in the photoluminescence lifetime (7= 282 ps, A, = 550 nm)
(Figure 6A, green open circles). Besides, an additional signal
appeared in a 450 nm window (7 = 255 ps), which can be only
associated with the TiO, emission (Figure 6B, green open trian-
gles). These findings provide unequivocal proof of an electron
transfer from the conduction band of the CMPBDP to titania,
following a photosensitized mechanism (see Figure 5F).

As a further piece of evidence, TAS experiments at
Aexe =450 nm were performed using 10% v/v aqueous methanol
solutions to simulate the reaction media employed in H, evo-
lution studies. Control measurements with TiO, did not show
any signal under 450 nm of laser pulse excitation (Figure 6C,
grey). However, TAS measurements of CMPBDP@T-10 showed
the appearance of a broad signal in the entire spectral window,
which was attributed to the electrons transferred to TiO,
(Figure 6C, green). The kinetic trace monitored at 460 nm
showed an increase in the signal after 20 ns of laser pulse exci-
tation (Figure 6D), in good agreement with an electron transfer
from the polymer to TiO, following a photosensitized mecha-
nism.l>>>%l The expected decrease in the signal of CMPBDP in
the hybrid was not observed due to the overlap with the TiO,
fingerprint.

3. Conclusions

This work presents the use of hybrid heterostructures based on
CPPs as efficient photocatalysts for CO, photoreduction and
H, evolution. Coupling TiO, with BOPHY and BODIPY based
CPPs led to the creation of a Type II heterojunction with more
efficient charge separation and transfer than the sole counter-
parts. Both hybrids were active in the photocatalytic conversion
of CO, and water under mild conditions, in the absence of any
metal co-catalyst or dopant. CMPBDP@T10 reached a photonic
efficiency of 0.11% toward CH, (under UV illumination, A, =
365 nm), more than tripling that of TiO, (=0.03%). The same
hybrid, CMPBDP@T10, reached a hydrogen production of
=6 mmol g! under UV illumination for 5 h, surpassing by
16-times the benchmark TiO,. Photodeposition of 1 wt% Pt dra-
matically increased the hydrogen production to 200 mmol g,
after 4 h, reaching a photonic efficiency of 20.4% and increasing
by more than 1.4-times the state-of-the-art reported productions
with organic—inorganic hybrid materials based on TiO,. The
superior activity of the BODIPY-based hybrid is ascribed to the
higher reduction potential of CMPBDP over the BOPHY-based
IEP-7, and on the other hand, to the more efficient electron—
hole separation in the BODIPY dye. These findings result in
a higher driving force for the electron transfer and a longer
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Figure 6. Photoluminescence time-resolved traces recorded at A, = 445 nm using a cut-off filter at A) 550 nm or B) 450 nm for TiO, (grey) and
CMPDBP (magenta) and its corresponding hybrid CMPBDP@T-10 (green) in solid state. The instrumental response function (IRF, orange) is included
as reference. Transient absorption spectra (Ae =445 nm, C) or decay traces (Ae =445 nm, A,ps =460 nm, D) recorded for TiO, contribution in absence

(grey) or presence (green) of CMPBDP in the hybrid CMPBDP@T-10 in deaerated 10 vol% aqueous methanol suspensions. The corresponding absorp-
tion spectrum and kinetics for CMPBDP (magenta) is included for comparison.

carriers’ lifetime, which directly lead to an enhanced perfor-
mance of the CMPBDP@T-10 hybrid. These results highlight
the great potential of highly tunable and photostable CPPs for
solar fuels production, as well as for a multitude of light-medi-
ated energy applications.

4. Experimental Section

Materials Preparation: Two CPPs based on BODIPY (CMPBDP?])
and BOPHY (IEP-7,2% IEP stands for IMDEA Energy Polymer) cores
were synthesized by a palladium-catalyzed Sonogashira—Hagihara
cross-coupling reaction from 1,3,5-triethynilbencene, as common core
moiety, and their corresponding diiodo-substituted BODIPY and BOPHY
monomers, respectively (see chemical structures in Figure 1). Further
details of the synthesis procedure of CPPs can be found in previous
publications.?>3

To perform the studies, hybrid materials composed of 10 wt%
of the selected CPP and TiO, were prepared, which were labeled as
CMPBDP@T-10 and IEP-7@T-10. This composition was selected on
the basis of the experience with other CPPs@TiO, hybrid series.?4]
As a general procedure for the hybrids, firstly, TiO, anatase (PC500
from CrystalACTIV) was calcined at 400 °C for 4 h in order to remove
all the possible organic impurities. Both TiO, and the corresponding
synthesized CPP (i.e., CMPBDP or IEP-7), at 10 wt% CPP loading with
respect to the total amount of catalyst, were dispersed in a mixture of
water/acetonitrile (1:1 v/v) and sonicated for 15 min. Afterward, the
solvents were removed using a rotary evaporator at 50 °C. The resulting
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products were ground into powder and dried in the oven at 100 °C under
vacuum.

Materials ~ Characterization:  Thermogravimetric  analyses  and
differential thermal analyses (TGA/DTA) were recorded in air stream on
a thermobalance TGA-DSC water vapor furnace (STA 449 F3 Netzsch).
The samples were heated from 30 to 1000 °C with a heating rate of
5°C min.

N physisorption: Nitrogen adsorption and desorption isotherms were
measured at 77 K, using an AUTOSORB instrument from Quantachrome.
Prior to measurements, the samples were degassed for 12 h at 100 °C.
The specific surface area was determined by the BET method, while the
total pore volume was calculated using the t-plot method.

ATR-FTIR: ATR-FTIR spectra were collected in a Thermo Fisher
Scientific Nicolet 6700 equipped with a ceramic source, KBr beam
splitter and a DTGS detector. The spectra were collected in the range
4000-400 cm™' using 64 co-added scans and powdered samples.

BC solid-state NMR: NMR spectra were recorded with a Bruker
AVIII/HD spectrometer (Larmor frequency of 100 MHz for 13C) using
a 2.5 and 4 mm magic angle spinning (MAS) probes spinning at a
rate of 12 and 8 kHz for "3C solid-state MAS NMR measurements.
The ¥C CP-MAS spectra were obtained using a contact time of 3.0 ms
and a relaxation time of 5 s. The number of scans used for the 1>C
CP-MAS spectra was chosen such that the S/N is greater than or

equal to 20.

FESEM: FESEM images were taken with an FESEM JEOL JSM-7900F
equipment provided with an energy-dispersive X-ray spectroscopy
detector (X-EDS) Ultim Max 170 Oxford Instruments model. The images
have been processed by means of Aztec de Oxford instruments software.

STEM: STEM images of the Pt/CMPBDP@T-10 hybrid were
acquired on a TEM JEOL 2100 instrument at an accelerating voltage of
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200 KV. Elemental detection was carried out with an energy dispersive
spectroscope (EDS) microanalysis system.

XPS: XPS was performed with a lab-based spectrometer (SPECS
GmbH, Berlin) using monochromated Al Ko source (hv = 1486.6 eV)
operated at 50 W as excitation source. In the spectrometer, the X-ray
was focused with a p-FOCUS 600 monochromator onto a 300 m spot
on the sample, and the data were recorded with a PHOIBOS 150 NAP
1D-DLD analyzer in a fixed analyzer transmission (FAT) mode. The pass
energy was set to 40 eV for survey scans and 20 eV for high-resolution
regions. The binding energy scale was calibrated using Au 4f;, (84.01 eV)
and Ag 3ds; (368.20 eV). Recorded spectra were additionally calibrated
against the C 1s internal reference. Data interpretation was done with
Casa XPS. Shirley or two-point linear background was used depending
on the spectrum shape. Surface chemical analysis was done based on
the peak area of high-resolution spectra and the CasaXPS sensitivity
factors (where RSF of C 1s = 1.000).

CV: CV measurements were performed in a three-electrode glass
cell with a quartz window containing 0.1 m of tetra-n-butylammonium
hexafluorophosphate [("Bu)4)N]PFg in acetonitrile as the electrolyte. A
paste containing the CPP was prepared by mixing 5 mg of the polymer,
45 L of Nafion perflorinated resin solution, and 450 uL of isopropanol.
The paste was deposited and dried on the platinum working electrode.
The counter electrode was a platinum wire, and an Ag wire electrode
was used as a pseudo-reference (calibrated with ferrocene). Voltage
and current density were measured with a potentiostat-galvanostat
PGSTAT204 provided with an integrated impedance module FRAII
(10 mV of modulation amplitude at 400 Hz). Current and voltage signals
were measured through an Autolab PGSTAT204 potentiostat/galvanostat
station. The curves were calibrated with the ferrocene/ferrocenium (Fc/
Fc*) pair. The HOMO and LUMO energy levels of the CPP were obtained
according to the Equations (1) and (2)

Evowmo (ev) = _[5'2_ E]/Z(FC/Fc+)+ on,onset)] (])

Evumo(eV) = —[5:2= Eya(Fe/Fe* )+ Eredonser) | @
The half-wave potential of the Fc/Fc™ redox couple was estimated
from Equation (3)

Eva(Fe/Fet)=(Egp+Ecp) 2 3)
E.p and E, are the anodic and cathodic peak potentials, respectively.
Steady-state and time-resolved photoluminescence: Fluorescence

experiments for solid powdered samples were carried out with a

fluorescence spectrometer Perkin Elmer LS 55, with an excitation

wavelength of 300 nm and using a cut-off filter at 350 nm in front-face

mode. Time resolved florescence measurements were recorded in a

Mini Tau system provided with a band pass filter, using an EPL-375 ps

pulsed diode laser with emission at 372 or 445 nm as excitation source

(both from Edinburgh Instruments). The instrument response function

(IRF) signal was included as reference.

TAS: Laser flash photolysis measurements were carried out with a
LP980 equipment from Edinburgh Instruments (LP980), based on an
optical parametric oscillator (OPO) pumped by the third harmonic of
a Nd:YAG laser (EKSPLA). The selected excitation wavelength for the
measurements was 355 or 445 nm with single low energy pulses of 1 mj
per pulse of =5 ns duration, while a pulsed xenon flash lamp (150 W)
was employed as detecting light source. The probe light is dispersed
through a monochromator (TMS302-A, grating 150 lines mm™) after it
has passed the sample and then reaches a PMT detector (Hamamatsu
Photonics) to obtain the temporal profile. The absorbance of all samples
was kept at =0.3 at A, = 355 or 455 nm as dispersed solutions. All
transient spectra were recorded at room temperature using 10 X 10 mm?
quartz cells, which were bubbled for 15 min with N, before acquisition.
TAS experiments (ns—us timescale) were performed to investigate the
generation, recombination, and dynamic charge transfer events in the
hybrids and the corresponding bare materials upon photon absorption.
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Measurements were conducted using 10 vol% aqueous methanol
suspensions to simulate the reaction media in photocatalytic H,
evolution studies. Since one cannot reproduce the conditions employed
for the gas-phase CO, photoreduction experiments in the laser flash
photolysis system, the optoelectronic properties of the catalysts were
measured in aqueous conditions and correlated with their activity
toward CO, photoreduction.

Photocatalytic Activity Evaluation: CO, photoreduction: Photocatalytic
experiments were conducted in continuous-flow mode in a home-made
reaction system. The powdered catalyst (0.1 g) was deposited on a glass
microfiber filter. UV illumination was carried out using four 6 W lamps with
a maximum wavelength at 369 nm and an average intensity of 47.23 W m~2
(measured by a Blue-Wave spectrometer in the range 330400 nm, see
Figure STA, Supporting Information). A 30 W white light-emitting diode
(LED) was used for visible-light illumination (average intensity 53.89 W m~2
measured in the region 400-600 nm, see Figure S1B, Supporting
Information). Compressed CO, (299.9999%, Praxair) and water (Milli-Q),
were passed through a controlled evaporation mixing unit, maintaining a
molar ratio of 7.25 (CO,:H,0). The reaction conditions were set at 2 bar
and T =50 °C. In-line gas chromatography (Agilent 7890A) analyses were
performed to detect the reaction products. The GC was equipped with two
separation branches, one equipped with two semicapillary columns (BR-Q
Plot and BR-Molesieve 5A) and one with thermal conductivity detector, a
flame ionization detector (FID), and a methanizer. The second separation
branch consisted of a capillary column (CP-Sil 5B) and a second
FID. Before starting the experiments, the reactor was first degassed
under vacuum and then purged for 1 h using argon (100 mL min™)
to remove any residual organic compounds weakly adsorbed to the
surface of the catalyst. Then, the reactor was flushed with the CO, and
water mixture for 1 h to establish an adsorption—desorption balance at
the reaction temperature. Analogously, control tests under argon and
humid argon atmospheres were performed following the same reaction
procedure but changing the feeding flow. All photocatalytic tests were
investigated over a period of 0-15 h of irradiation time and repeated at
least twice to assure a relative error within £5%.

The electron consumption rate of the photocatalysts in the CO,
photoreduction process was calculated using the following equation

Relectron = 2:r(CO)+8r(CH4) +8r(CH,0,) +12:r(CoH, ) +14r(CoHg ) (4)

where Rejeciron IS the rate of electron consumption, numbers represent
the electrons involved in the formation of each product (x), and r(x) are
the corresponding product rates (umol g, h™).

Hydrogen production: Photocatalytic experiments were conducted in
a Pyrex glass double-walled reactor, which consisted of a three-mouth
cylindrical flask with an effective volume of 130 mL. For the experiments,
0.025 g of photocatalyst was added to a 10 vol% methanol aqueous
solution. The reactor was tightly closed and maintained at atmospheric
pressure and at 20 °C by recirculating water from a cooling system.
Argon was flowed through the suspension at 60 mL min~' to purge the
system and to act as carrier gas. The suspension was magnetically stirred
in the dark until air was removed (verified by GC) and then irradiated by
a 150 W medium-pressure Hg immersion lamp (Figure S1C, Supporting
Information). H, evolution was monitored every =3 min by means of
an Agilent 490 micro-GC equipped with a molecular sieve column and
a TCD detector. For the reactions using Pt as co-catalyst, the metal
was photodeposited in situ on the catalyst surface by dissolving the
appropriate amount of H,PtClg -H,O to obtain 1 wt% Pt nominal loading.

Photonic efficiency (3): Photonic efficiencies were calculated as the
ratio between the rate of reaction and the incident photon flux, according
to Equation (5)[8

dN
dt

7

2.0
J‘l‘ qp,/l dt
where dN/dt represents the production rate (CH, or H, in the case of

CO, photoreduction or H, production experiments, respectively), and
‘7,2,/1 is the incident spectral photon flux within a defined wavelength

3= “)
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range (e.g., 250400 or 400-600 nm for UV and visible light-driven
experiments). The incident spectral photon flux was calculated from
the lamps emission spectra (see Figure S1, Supporting Information),
recorded with a StellarNet UVNb-50 radiometer connected to an optical
fiber. The superscript O (zero) emphasizes that the incident number of
photons (prior to absorption) is also considered.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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