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Nanostructured materials have interesting optical and electronic properties that are often drastically
different from those of their bulk counterparts. While bulk organic/inorganic semiconductor composites
have attracted much attention in the past decade, the preparation of organic/inorganic semiconductor
nanocomposites (OISNs) still remains challenging. This work presents an assembly method for the co-
encapsulation of titanium dioxide dots (TDs) with a cyano-substituted soluble conjugated polymer (CSCP)
into a particular nanoparticle. The as-prepared CSCP/TD semiconductor nanocomposites (CSCP/TD
NCs) exhibit different particle surfaces and morphologies depending on the mass ratio of the CSCP to
TDs. We then tested them as photocatalysts for sacrificial hydrogen production from water. We found that
nanocomposites outperformed nanoparticles of the individual components and physical mixtures
thereof. The most active CSCP/TD NC had a catalytic H, production rate that was 4.25 times higher than
that of pure polymer nanoparticles prepared under the same conditions. We ascribe this to energy trans-
fer between the semiconductors, where direct phase contact is essential, highlighting a potential avenue
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for using soluble, visible light-absorbing conjugated organic polymers to build Z-schemes for overall

rsc.li/nanoscale water splitting in the future.

Introduction

Multifunctional nano-objects containing discrete domains of
different inorganic materials are of interest because they can
demonstrate optical, magnetic, or electronic properties that
are superior to those of the individual constituent materials."
Such nanocomposites are often formed through the seeded
growth of one material on seed particles of another, thus yield-
ing inorganic nanocomposites with core-shell or dumbbell-
like morphologies.”” Other preparation methods include
physical mixing of different nanoparticles and embedding
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multiple inorganic nanoparticles within a silica matrix.*™°
Recently, the assembly of multiple building blocks into clus-
ters using the so-called evaporation induced self-assembly
(EISA) method has been reported.’” This approach allows for
quantum dots (QDs) to be assembled into large nanoparticle
superstructures, e.g., CdSe/TiO, colloidal spheres'> and CdSe/
multishell supraparticles."® The CdSe/Au nanocomposites pre-
pared via EISA exhibited higher photocatalytic activity for
hydrogen production from water and better stability compared
to the CdSe nanocrystal clusters alone."*

This approach has been shown to be transferable to
organic/inorganic nanocomposites and was used to prepare a
nanocomposite containing inorganic QDs and solution-proces-
sable alkyl polymers."'***” To do this, nano-sized hydro-
phobic droplets containing the solution-processable polymer
and the inorganic QDs were well dispersed in water with the
aid of a surfactant. By desolvating the hydrophobic droplets,
the inorganic QDs were incorporated into the polymer nano-
particle matrix. Such organic/inorganic nanocomposites offer
promise for application in nanomedicine through the combi-
nation of diagnostic and therapeutic components in a single
delivery system."'®'® None of the reported polymers showed
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extended conjugation, and we saw potential to extend this
approach into other areas, specifically for photocatalysis.

Composites of inorganic photocatalysts with organic photo-
catalysts have been extensively studied; in particular, carbon
nitrides have shown excellent performance as photocatalysts for
hydrogen production from water in the presence of a sacrificial
hole scavenger.”>>> However, these composites cannot be
obtained using solution-based methods because the constituent
components are not soluble, which limits the range of synthetic
tuneability. Conjugated polymer nanocomposites have been far
less explored so far, but recent reports of composites of pyrene-
based conjugated microporous polymers (CMPs) with MoS, **
and tri/diethynylbenzene-benzothiadiazole polymers with
Ti0,*** have shown promise. However, an in situ polymeriz-
ation approach was used in both of these studies, where the in-
organic component was added to the monomers before per-
forming the polymerization. This introduces synthetic limit-
ations and, more importantly, reduces control over the physical
incorporation of the inorganic components. Since most conju-
gated polymer photocatalysts reported to date are not solution
processible,***” solution-based methods such as EISA cannot
be used widely to prepare composites. However, recent reports
of soluble conjugated polymer photocatalysts*®*® have now
made it possible to synthesize organic/inorganic semiconductor
nanocomposites using EISA.

Here we use photocatalytically active TiO,
soluble conjugated polymer (CSCP) to form CSCP/TiO, nano-
composites (NCs) using an oil-in-water emulsion solvent evap-
oration method. The morphology of the resulting nano-
particles changed with increasing content of the TiO, dots
(TDs), and we studied the energy transfer between the com-
ponents using UV-vis and photoluminescence spectroscopy.
Finally, we tested these nanocomposites for sacrificial photo-
catalytic hydrogen production from water and observed a clear
trend within the series, with a maximum catalytic efficiency at
a CSCP-to-TD ratio of 10 : 90 w/w%. Control studies confirmed
that the formation of a nanocomposite interface is required
for this increased photocatalytic activity, and the effect was not
seen with physical mixtures that were not produced via the
EISA route.

30-32 and a

Results and discussion

First, titanium dioxide dots (TDs) were prepared using a modi-
fied wet-chemical procedure with oleylamine (cis-1-amino-9-
octadecene) and oleic acid ((9Z)-octadec-9-enoic acid) as the
surfactants (ESIf).>* The surfactants solubilise the TDs in
chloroform and serve as stabilizing ligands."*** High resolu-
tion transmission electron microscopy (HR-TEM) imaging
showed uniform TDs of approximately 2.7 nm diameter
(Fig. S1f). Powder X-ray diffraction (PXRD) analysis showed
that the TDs were obtained solely as TiO, in the anatase phase
(Fig. S27). The soluble organic polymer photocatalyst [ poly(di-
n-octyl-9H-fluorene-co-cyanobenzene), CSCP] was synthesized
via the Pd(0)-catalyzed Suzuki-Miyaura polycondensation of
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dibromobenzonitrile and the diboronic acid ester of di-n-octyl-
9H-fluorene in toluene at 80 °C (Fig. $31).>®° After work-up
and Soxhlet extraction, the polymer was found to be also
soluble in chloroform, which allowed for solution characteriz-
ation and solution processing. Fourier-transform infrared
spectroscopy (FT-IR) showed the presence of the expected alkyl
C-H functionalities in polymer side chains (3000-2800 cm™%),
and a characteristic band for the cyano group at approximately
2225 ecm™ " (Fig. S41). The structure was also confirmed by solu-
tion "H NMR spectroscopy (Fig. S51) and the weight average
molecular weight of the polymer was estimated to be 22.3 kg
mol™" by gel permeation chromatography, as -calibrated
against polystyrene standards (Fig. S6}). Residual palladium
was found in the polymer sample at a concentration of
0.35 wt%, as measured by inductively coupled plasma mass
spectrometry; this originates from the palladium catalyst used
for the polycondensation reaction.

Both the TDs and the CSCP were soluble in chloroform and
this allowed them to be combined in an oil-in-water emulsion
process, which was used to prepare hybrid assemblies. To do
this, the CSCP was dissolved in chloroform along with the TDs,
and this solution was emulsified in water containing the sodium
n-dodecyl sulfate (SDS) surfactant using an ultrasonic probe to
produce a uniform emulsion. The emulsion solution was then
stirred at 40 °C for around 14 hours to remove chloroform by
evaporation to afford the co-assembled CSCP/TD NCs as a clear
solution, denoted hereafter as NCX%, where X is the weight per-
centage of the polymer in the composite. The same conditions
were also used to obtain nanoparticles (NPs) of the individual
components, that is, CSCP-assembled nanoparticles (CSCP NPs)
and TD-assembled nanoparticles (TD NPs), as shown in Fig. 1.
We note that turbid solutions were generally obtained without
stirring, indicating the formation of (undesirable) larger aggre-
gates. After purification by dialysis for 3 days, nanocomposites
containing more than 75 w/w% of TDs seemed to undergo
aggregation and sedimentation was observed (Fig. S8 and S97).

As a result of chloroform evaporation when preparing the
nanocomposites, the increase in solvent polarity forces solvo-
phobic association between stabilizing ligands, which is often
observed in the 1D self-assembly of surfactants and other
amphiphilic molecules (Fig. $71).>****” various imaging tech-
niques were used to study the morphology of the materials:
the scanning electron microscopy (SEM) images in high mag-
nification showed that the materials were uniform spheres and
statistical analysis showed that similar average sizes for TD
NPs, CSCP NPs and CSCP/TD NCs were obtained (Fig. 2a and
Fig. S10%). For TD nanoparticles without the CSCP, scanning
transmission electron microscopy (STEM) images showed that
multiple TDs were stacked together to form each nanoparticle
(Fig. 2b). The binding energy of Ti L edges was around 458 eV
in TDs, as estimated by STEM-electron energy loss spec-
troscopy (STEM-EELS, Fig. S117%). The fast Fourier transform
(FTT) pattern of TD NPs (Fig. 2b) showed lattice fringes with
d-spacing at 0.34, 0.23 and 0.18 nm, which can be ascribed to
the (101), (004) and (200) planes of the anatase TiO, phase, in
agreement with its PXRD pattern (Fig. S121). The STEM
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Fig. 1 Synthesis of the nanoparticles and nanocomposites: the soluble conjugated polymer (CSCP) and TiO, dots (TDs) are dissolved in chloroform
(2 mL) and then emulsified with water (10 mL) in the presence of a surfactant (sodium n-dodecyl sulfate) by ultrasonication.

Fig. 2 Morphology and internal structures of the assembled TD and
CSCP nanoparticles (nanocomposites are shown in Fig. 3). (a) High
resolution FE-SEM images of TD NPs (scale bar is 100 nm long); (b)
STEM images of TD NPs; (c) fast Fourier transform diffraction pattern of
the highlighted area; (d) STEM image of CSCP NPs and (e) 50% CSCP +
50% TD NP physical mixture.

images of pure CSCP nanoparticles showed that these have a
smooth surface and residual palladium was found to be
present as nanoparticles (Fig. 2d). When both the CSCP and
TD NPs were mixed together as a physical mixture, it was poss-
ible to identify both of the phases clearly by STEM, as evident
from a physical mixture of the CSCP and TD NPs in a weight
ratio of 1:1 (50% CSCP + 50% TDs, Fig. 2e).

24490 | Nanoscale, 2020, 12, 24488-24494

Next, we studied the internal structure of the CSCP/TD NCs
using both bright field STEM and high-angle annular dark-
field STEM (HAADF-STEM), which showed that the materials
obtained from the emulsion process are not phase separated
but are instead co-assembled nanocomposites of the polymer
and TiO,. In the case of samples consisting mostly of the
polymer (NC90% under bright field STEM, Fig. 3a), the TDs
were found to be uniformly distributed within the nano-
composite, with few TDs exposed on the nanoparticle surface,
resulting in a smooth surface. With an increased loading of
TDs (NC50%, Fig. 3c), the surface of the nanocomposite
becomes rougher and more TDs are exposed on the surface.

Fig. 3 Morphology and internal structures of nanocomposites. Bright
field STEM images of (a) NC90%, (c) NC50% and (e) NC10%.
HAADF-STEM images of (b) NC90%, (d) NC50% and (f) NC10%.

This journal is © The Royal Society of Chemistry 2020
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For a highly loaded TD nanocomposite, NC10%, no clear
domains of the polymer were visible, suggesting that the amor-
phous polymer is embedded between the inorganic TDs.
HAADF-STEM imaging was also used to provide a clear con-
trast between the CSCP (dark in HADDF-STEM images) and
TDs (bright in HADDF-STEM images) due to the large differ-
ence in their atomic numbers (Fig. 2b, d and f). Compared
with NC10% (Fig. 3f), the HAADF-STEM image for NC50%
(Fig. 3d) exhibits more dark areas in the nanoparticle domain,
suggesting the embedding of a greater amount of the amor-
phous polymer.

The UV-Vis absorption spectra were obtained in an aqueous
suspension for the samples before dialysis (Fig. 4). All materials
were found to absorb light between 300 and 420 nm, with a
characteristic peak of the CSCP centered around 364 nm for the
as-prepared nanoparticles and nanocomposites. By contrast,
TDs absorb light only below 350 nm, which is typical of TiO,
and related materials.*® Within the nanocomposite series, the
absorption peak of the CSCP gradually decreases with decreas-
ing amounts of the CSCP. Moreover, the peak maximum is
shifted from 364 nm for 25% CSCP + 75% TDs to 370 nm for
NC25%. The observed shift in the case of the nanocomposites
suggests an interaction between the CSCP and the TDs and
might also indicate that direct intimate contact is required for
this interaction to occur between the two materials. Moreover,
physical mixtures do not show a shift in the absorption, further
showing the importance of intimate contact in the nano-
composites. From UV-Vis measurements, an optical gap (Eg") of
2.75 eV was determined for the CSCP (Fig. S13+), which is close
to the predicted gap using density functional theory (Fig. 14,
ESIt). The HOMO energy level of the CSCP was found to be 0.5
eV via cyclic voltammetry (Fig. S15, ESIt) and the LUMO energy
level was calculated to be —2.25 eV. The conduction band of
TDs is below the LUMO energy level of the polymer, but above
its HOMO energy level at —0.2 eV, while the valence band of the
TQDs is much lower at 3.2 eV.*?

Steady-state photoluminescence was measured in an
aqueous suspension with excitation at 360 nm (Fig. 5a). The
CSCP NPs and nanocomposites showed strong emission peaks
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Fig. 4 (a) UV-Vis absorption spectra obtained in an aqueous suspen-
sion of TD NPs, CSCP NPs, TD + CSCP NP physical mixtures and CSCP/
TD NCs with various compositions. All measurements were performed
at the same concentration (16.7 mg L™). (b) Energy levels of the CSCP
and TDs. LUMO: Lowest unoccupied molecular orbital; HOMO: highest
occupied molecular orbital; CB: conduction band; VB: valence band.
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Fig. 5 (a) Fluorescence intensity of TD NPs, CSCP NPs, TD + CSCP NP
physical mixtures and CSCP/TD NCs under 360 nm excitation measured
at room temperature; (b) TRSPC decays monitored at 480 nm under
370.5 nm excitation at room temperature; (c) photocatalytic hydrogen
production rates under 1 sun irradiation for the NCs plotted as a func-
tion of the weight ratio of the CSCP to TDs (0/100 corresponds to the
pure TD nanoparticles). Conditions: Catalyst 192.3 yg mL™ (1 mg in
5.2 mL total volume), TEOA (10 vol% in water), 5 hours of irradiation with
an ABA solar simulator; (d) time course of hydrogen production under
broadband illumination of TD NPs, CSCP NPs, and NC10%. Conditions:
Catalyst 2 mg in 20 mL of aqueous TEOA (10 vol%), 5 hours of irradiation
with a 300 W Xe light source fitted with a 1 > 295 nm filter.

at approximately 420 and 440 nm, while the TD NPs showed
only a weak fluorescence emission due to the electron tran-
sition mediated by defects in the band gap.’* The nano-
composite NC10% shows emission originating from the CSCP,
which is at a much higher intensity when compared to the
physical mixture (10% CSCP + 90% TD NPs), showing that inti-
mate contact is required for energy transfer to occur. When
the excitation is at 400 nm and beyond, that is beyond the
absorption onset of the TDs, a drop in the intensity of the
emission of the CSCP was observed (Fig. S16 and S177),
further supporting that energy transfer between the TDs and
the CSCP takes place in the nanocomposites.

The average lifetimes of the excited state lifetimes were esti-
mated by performing time-resolved single photon counting
(TRSPC) experiments (Fig. 5b and Table S1t). The CSCP was
found to have a short average photoluminescence (PL) lifetime
(3.37 ns), which is typically observed for these kinds of conju-
gated polymers.*>*" The TDs were found to have a weak emis-
sion, in line with the PL experiments, but a longer average PL life-
time (7.57 ns). The nanocomposites had shorter lifetimes - e.g,
NC10% (4.35 ns) — compared to the TDs, but nevertheless longer
lifetimes than that of the CSCP. When comparing physical mix-
tures of TD and CSCP NPs to nanocomposites, shorter lifetimes
were observed. For example, the physical mixture of 10% CSCP +
90% TD NPs had a shorter lifetime (3.38 ns) compared to the
nanocomposite of the same composition (NC10%, 7 = 4.35 ns).

Nanoscale, 2020, 12, 24488-24494 | 24491
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Further addition of TDs to a nanoparticle physical mixture of
10% CSCP + 90% TDs did not result in changes of the lifetime
of the CSCP, showing that no material interaction occurs in
the absence of intimate phase contact. Taken together, this
shows that the difference in the lifetime of the nano-
composites compared to those of the conjugated polymer and
the TDs is not a simple additive effect but stems from energy
transfer within the nanocomposites.

Compared to the physical mixtures of nanoparticles, the
nanocomposites exhibit bathochromic shifted absorption,
enhanced PL emission, and prolonged decay in the PL life-
time. These facts suggest the communication or energy trans-
fer between TDs and CSCP, which might be expected to
enhance the photocatalytic performance of the nano-
composites compared to those of the individual components.
We tested the photocatalytic activity of the CSCP/TD nano-
composites for sacrificial hydrogen production from water
using a high-throughput workflow that was described
previously.*®*? For these measurements, samples were added
to vials, transferred to a liquid handling system, and inertized
under nitrogen. Then, in the liquid handling system, water
and the hole scavenger were added before the vials were
capped. After this, the samples were transferred to a solar
simulator and illuminated with constant agitation before
measuring the hydrogen production using an automated gas
chromatograph.

The materials and nanocomposites were tested as prepared
without any additional metal; residual palladium from the syn-
thesis (vide supra) acts as the co-catalyst.>>** We tested two
different hole scavengers in this study, triethanolamine
(TEOA), which is typically used for organic photocatalysts such
as carbon nitrides,** and methanol, which is typically used for
titanium dioxide.”> Hydrogen evolution rates (HERs) were
determined using 1 mg in 5.2 mL water/scavenger mixture and
normalized to the total mass of both photocatalysts in the
nanocomposite, their physical mixtures or the individual
photocatalysts. All nanocomposites, as well as individual TD
and CSCP NPs, produced hydrogen from water using metha-
nol, but higher overall HERs were obtained when TEOA was
used as the hole scavenger (Fig. 5c¢). The TD NPs produced
hydrogen at a rate of 60.1 pmol g~* h™" when TEOA was used
as the scavenger, which steadily increased with increasing
content of the inorganic photocatalyst TD in the composite up
to 90 w/w%. The nanocomposite NC10% had the highest HER
of all composites with a rate of 387.8 umol g~* h™'. By com-
parison, nanoparticles of the polymer, CSCP, have a rate of
only 90.7 pmol g~* h™" under the same conditions.

Physical mixtures of the CSCP and TD NPs, obtained by
mixing both materials immediately before the photocatalysis
experiment, gave significantly lower hydrogen evolution rates
of 83.2 pmol ¢™' h™" and 69.7 pmol g~* h™" for 50% CSCP +
50% TD and 10% CSCP + 90% TD NPs (Fig. S187), respectively,
compared to their analogous nanocomposites, which showed
hydrogen evolution rates of 259.3 umol g* h™" for NC50% and
387.8 umol ¢ * h™" for NC10%. This shows that the production
of inorganic-organic nanocomposites enhances the photo-

24492 | Nanoscale, 2020, 12, 24488-24494
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catalytic activity significantly and also suggests that the phase
contact between the TDs and the CSCP plays a key role. The
kinetic hydrogen evolution experiment measurements under
broadband irradiation (4 > 295 nm, 300 W Xe light source)
under otherwise identical conditions showed that NC10%
afforded a higher HER of 1371.2 pmol g~* h™" (Fig. 5d), with
no obvious reduction in activity observed during 18 hours of
illumination (Fig. S197), suggesting good stability of the nano-
composite photocatalysts. NC10% also afforded a HER of
148.7 pmol g~ h™" under visible light irradiation (1 > 395 nm,
300 W Xe light source) (Fig. S20%). After photocatalysis, no
obvious changes in the UV-Vis absorption spectrum and par-
ticle morphology of NC10% compared to the as-prepared
sample were found (Fig. S21 and S22t). Control experiments
showed that no hydrogen production occurred in the absence
of a photocatalyst. Nanoparticles of the CSCP and the TDs also
showed no appreciable hydrogen production in the dark or
under illumination without a hole scavenger.

The CSCP/TD nanocomposites were found to produce trace
amounts of hydrogen without a hole scavenger (Fig. S23t). To
rule out that hydrogen originates from the decomposition of
the organic polymer by the TD nanoparticles, we prepared a
nanocomposite with a non-conjugated polymer, namely poly-
styrene. This nanocomposite of photo-inactive polystyrene and
TDs (Fig. S24t) showed similar particle shapes and size distri-
butions to those of the analogous CSCP/TD NCs as evident
from SEM imaging (Fig. S107), but it did not produce any hydro-
gen in the absence of a scavenger under illumination,
suggesting that the generation of H, in the nanocomposites
may not originate from polymer decomposition. Also, signifi-
cantly lower amounts of hydrogen were produced in the pres-
ence of TEOA for the polystyrene/TD nanocomposite (47.2 pmol
g~' h™") compared to NC10% (387.8 pmol g~* h™"), suggesting
that the photoactive CSCP contributed significantly to the
enhanced HER of CSCP/TD NCs (Fig. S25t). We suspected that
oleylamine, which was used as the stabilization ligand when
preparing the nanocomposites, could be oxidised and act as the
hole scavenger as it contains an amino group.”® This was con-
firmed by adding oleylamine to the CSCP nanoparticles in water
containing 10% of methanol, which resulted in the production
of a higher amount of hydrogen (284.4 pmol g~* h™" for an
additional 0.05 mL of oleylamine) compared to experiments
with only methanol as the scavenger (51.4 pmol g~' h™%;
Fig. S2671). The apparent quantum yields (AQYs) for NC10%
were determined to be 0.05% at 420 nm, 0.34% at 395 nm and
1.08% at 340 nm, broadly following the absorption spectrum of
the composite further suggesting that the hydrogen generation
is a photocatalytic process (Fig. S27 of the ESIt).

In a previous work, a degree of aggregation of polymer
nanoparticles was shown to improve the photocatalytic per-
formance, possibly because of increased light scattering of
these highly translucent suspensions.?” This was also explored
as a possibility here by preparing aggregates of the bulk CSCP
and CSCP nanoparticles with photocatalytically inactive SiO,
nanoparticles to give composites that contained 10% polymer
and 90% SiO,. The bulk CSCP polymer/SiO, composites did

This journal is © The Royal Society of Chemistry 2020
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not produce hydrogen, and the polymer nanoparticles/SiO,
composites produced hydrogen at a very low rate of 40.2 pmol
¢! h™' (Fig. S28%). This suggests that aggregation of the
polymer particles was not the main factor in the enhanced
photocatalytic activity of these nanocomposites, but it does
not rule out that light scattering effects play a role here, too.

Conclusions

In conclusion, a range of nanocomposites comprising various
ratios of an inorganic semiconductor and an organic polymer
photocatalyst were prepared from nanoparticles using an
emulsion-induced self-assembly method. The morphology of
the nanocomposites was a function of the amount of TiO,
loaded into the nanoparticles. These composites showed evi-
dence of energy transfer between TD and CSCP NPs, resulting
in changes in light absorption, PL emission, and emission
decay behaviors. The nanocomposites showed enhanced sacri-
ficial catalytic H, production from water compared with the
nanoparticle counterparts produced from either the CSCP or
the TDs. The composite containing NC10% was found to have
the highest activity, outperforming the polymer alone by a
factor of 4.3 and the TDs by a factor of 6.4. The advantage of
this approach is that the conjugated polymer and QDs can be
synthesized separately and then combined in a common
organic solvent, allowing for the tuning of the polymer compo-
sition and thus allowing systematic control over the physical
and chemical properties. The simplicity and versatility of this
EISA method make it a powerful route for the preparation of
many new multifunctional organic/inorganic semiconductor
nanocomposites. In particular, it is a potential avenue for the
preparation of organic-inorganic hybrid Z-scheme photocata-
lysts that do not rely on sacrificial reagents. For example, it
should be possible to prepare heterostructures of hydrogen-
evolving conjugated polymers with oxygen-evolving inorganic
semiconductor catalysts.
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