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Dye-Sensitized Photocatalysis: Hydrogen Evolution and Alcohol-to-
Aldehyde Oxidation without Sacrifical Electron Donor
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Abstract: There is a growing interest in developing dye-
sensitized photocatalytic systems (DSPs) to produce
molecular hydrogen (H,) as alternative energy source.
To improve the sustainability of this technology, we
replaced the sacrificial electron donor (SED), typically
an expensive and polluting chemical, with an alcohol
oxidation catalyst. This study demonstrates the first
dye-sensitized system using a diketopyrrolopyrrole dye
covalently linked to 2,2,6,6-tetramethyl-1-piperidine-N-
oxyl (TEMPO) based catalyst for simultaneous H,
evolution and alcohol-to-aldehyde transformation oper-
ating in water with visible irradiation. )

Green hydrogen (H,) is a potential clean energy carrier,
stimulating the development of cheap and sustainable
processes to produce this fuel from water and sunlight. In
this context, artificial photosynthesis is the key process to
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produce energy-rich chemical fuels from abundant
feedstocks.! Typical dye-sensitized photocatalytic systems
(DSPs) are composed of a dye and a hydrogen evolution
catalyst (HEC) co-grafted onto n-type semiconductor (n-
SC) nanoparticles (NPs), such as titanium dioxide (TiO,).
These systems operate in the presence of an external
sacrificial electron donor (SED) to ensure the rapid
regeneration of the oxidized dye (PS*).”! However, employ-
ing SEDs (typically ascorbic acid AA or triethanolamine
TEOA) represents a serious obstacle for both upscaling and
commercialization, since they are expensive and polluting
chemicals. To improve the sustainability and applicability of
DSPs, the dye regeneration could be envisaged by exploiting
an oxidation reaction, which would convert abundant
substrates into value-added products instead of consuming a
SED. Indeed, this strategy has been thoroughly explored by
coupling proton reduction with water oxidation in a photo-
electrochemical cell (PEC).”! During this process O, is
generally produced at the anode; however, oxygen has low
economic value, and water oxidation is a kinetically and
thermodynamically demanding reaction, which involves four
electrons and requires high potential (1.23 V vs. Normal
Hydrogen Electrode (NHE)).! On the other hand, the
oxidation of alcohols into their corresponding aldehydes
constitutes a promising alternative, as it is significantly less
kinetically challenging (involves two electrons), it has a
lower redox potential (—0.14V vs. NHE for benzyl
alcohol),” and it generates higher-value products.”’ Specifi-
cally, alcohols are abundant feedstock extracted from
biomass, and their corresponding carbonyl derivatives are
often used as valuable synthetic precursors in both chemical
and pharmaceutical industries. Using alcohol oxidation to
regenerate PS* was recently reported with the 2,2,6,6-
tetramethyl-1-piperidine-N-oxyl (TEMPO) catalyst in dye-
sensitized photoelectrocatalytic cells (DSPECs).”! However,
DSP is an attractive photocatalytic system owing to its
simplicity in terms of preparation compared to DSPEC,
which requires electrodes preparation, their wiring and a
membrane to separate anolyte and catholyte. Moreover,
there is only a handful of studies in DSPs employing
alcohols as hole scavengers, but they are limited to
methanol, ethanol and glycerol, and the efficiency and
selectivity towards the carbonyl derivatives were not
mentioned.”! Interestingly, there are recent publications
from Choi and co-workers® and Reisner and co-workers,*!
respectively, dealing with coupling photocatalytic H, evolu-
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tion or carbon dioxide (CO,) reduction to selective alcohol
oxidation processes, but these were only reported in PEC.
Herein, we report on an innovative DSP system for
simultaneous H, evolution and selective benzyl alcohol
oxidation working in water, without any sacrificial reagent.
To accomplish this, we implemented a “photosensitizer-
TEMPO” dyad (PS-TEMPO) instead of a PS, directing the
regeneration of the dyad via alcohol-to-aldehyde oxidation.
In addition, this photocatalytic system generates two easily
separable products, namely H, which is released in the
headspace of the reaction vessel, and aldehyde in solution
which can be easily extracted (Figure 1). In this study, the
dyad “PS-TEMPO” consists of a diketopyrrolopyrrole
(DPP) photosensitizer covalently linked to a TEMPO
catalyst (DPP-TEMPO, Scheme 1). DPP was selected as PS
due to its high performance in dye-sensitized solar cells

Figure 1. Schematic representation of the dual-functional photocatalytic
system investigated in this work.
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Figure 2. Absorption (solid lines) and emission (dashed lines) spectra
of solutions of DPP-TEMPO (in red) and DPP, (in black) in CH,Cl, at
r.t. Aoeir =490 nm for fluorescence spectrum.
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(DSSCs) and DSPs.'! A DPP bearing a neopentyl amide
group was also prepared (DPP,,, Scheme 1) to explore the
impact of the TEMPO moiety. Furthermore, this allowed us
to compare two different DSP approaches, namely, DPP-
TEMPO (with covalently connected PS and catalyst) versus
DPP,,+TEMPO,, (co-adsorbed on TiO,).

The synthetic route for preparing DPP-TEMPO and
DPP,, is illustrated in Scheme S1. All molecules were
characterized by 'H and *C NMR spectroscopy and high-
resolution mass spectrometry (Figures S1-S9, see ESI for
details). In the absorption spectrum of both DPP-TEMPO
and DPP,,, the typical n—n* transition of DPP, centered
around 490 nm, can be observed (Figure2 and Table 1).
Both compounds are fluorescent but, interestingly, the
emission intensity and lifetime of DPP-TEMPO are not
reduced relative to those of DPP,,, indicating that neither
photoinduced energy nor charge transfer towards TEMPO
take place to a significant extent in the dyad (Figures 2 and
S19). The electrochemical properties of DPP-TEMPO and
DPP,, were investigated by cyclic voltammetry in CH,Cl,
(Table 1). The driving force of the electron injection in TiO,
from DPP* (4G,,), and the hole shift from oxidized DPP to
TEMPO (4G,,) indicate that all these processes are
thermodynamically allowed, with 4G;;~-0.2eV and
4G,,,=—0.42 eV, respectively (Table 1).

The DSP system was then prepared by functionalizing
commercially available TiO, NPs with Pt as HEC, and
DPP-TEMPO as PS (see Electronic Supporting Informa-
tion: ESI). Chemical binding of the dye to the TiO, surface
via carboxylic acid was confirmed by infrared spectroscopic
measurements showing the disappearance of the v(C=0)
stretching band of the free carboxylic moiety (1708 cm ™)
and the appearance of the new asymmetric stretching band
of the O—C=0 group (1638 cm™") when the dye is bound to
TiO, (Figure S10), in agreement with a bidentate binding
mode.["?

The optimal photocatalytic conditions were determined
by using p-methoxybenzyl alcohol (MeOBenzOH) as sub-
strate for the oxidation, as well as by screening different pH
values of a borate buffer, various DPP-TEMPO loadings,
and the effect of different concentrations of Pt” on TiO, NPs
(see ESI for details). The best catalytic performance was
observed at pH=38, with 24 nmol of DPP-TEMPO per mg
of TiO, and with 3.2 nmol of Pt”mg of TiO, (Figures 3, S11-
S14, Tables 2, S1-S3). As expected, all three components of
the photocatalytic system are necessary for the reaction to
occur, since neither H, production nor aldehyde conversion

Table 1: Physico-chemical properties of DPP,; and DPP-TEMPO recorded in CH,Cl,. All the potentials are referenced vs. saturated calomel

electrode (SCE).

Dye davs/E Dape/Eoc®™ Eo,(TEMPO* /TEMPO) bIE,,(DPP* /DPP) AG,, DAG,,
(nm/M~"-cm™) (nm/eV) (V vs. SCE) (V vs. SCE) (eV) (eV)

DPP, 501/2.41-10* 588/2.25 - £1.21 —0.17 -

DPP-TEMPO 500/2.23-10* 582/2.24 +0.75 +1.17 —0.20 —0.42

FISinglet excited state energy level (Eq) calculated with the wavelength at the intersection of normalized absorption and emission spectra;
Plirreversible process, here Eq,=E,; calculated according to AG;,; = Eq,(DPP*/DPP)—Eg—Ecs(TiO,) measured at pH =28 with Ecs(TiO,) =
—0.4-0.059- pH;""calculated according to AG,,,=Eq,(TEMPO ™ /TEMPO)—E,(DPP* /DPP).
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DPP-TEMPO

Scheme 1. Molecular structures of the compounds used in this study.
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Figure 3. Photocatalytic measurements displaying H, production (in green) and TON (in red) obtained using DPP-TEMPO/TiO,/Pt° NPs a)
screening the buffer borate at different pH, as well as varying b) the dye loading and ¢) the Pt° coverage.

Table 2: Photocatalytic results of the DSP systems recorded under different conditions.”!

Entry Dye (nmol per mg of TiO,)/TiO,/Pt° Alcohol H, Aldehyde

pmol TON conc. (mM) pmol
1 DPP-TEMPO(18)/TiO,/Pt’ MeOBenzOH 42402 4742 0.59+0.09 2.940.02
2 DPP-TEMPO (24) /TiO,/Pt° MeOBenzOH 47403 39+4 0.74+0.09 3.740.1
3 DPP-TEMPO (24) /TiO,/Pt’ BenzOH 25403 2142 0.27+0.03 1.4+0.01
4 DPP-TEMPO (24) /TiO,/Pt’ CF;BenzOH 3.440.2 28+2 0.42+0.06 2.140.02
5 DPP,(24) /TiO,/Pt’ MeOBenzOH NDP! NDF! 0.0025 0.012
6 TiO,/Pt° MeOBenzOH NDP ND® 0.0015 0.0075
7 DPP-TEMPO (24) /TiO,/Pt° - ND"! ND® - -
8 DPP,(24) /TiO,/Pt° -~ 3.54+0.1 29+2 - -
9 DPP-TEMPO(18)/TiO,/Pt’ - 8.84+0.6 98+8 - -
10 DPP,(19)/TEMPO,,/TiO,/Pt’ MeOBenzOH 1.040.1 1+£1 0.1940.02 0.95+0.01

EThe following standard conditions were employed: 5 mL of 0.1 M aqueous borate buffer at pH 8 + 10 mg of functionalized TiO, NPs/
Pt°(3.2 nmol); irradiation source: Green LED (525 nm, 10 m\W/cm?); irradiation time: 4 hours; amount of alcohol used: 50 mM. bINot detected:;

0.1 M aqueous TEOA at pH 8 was used to replace the alcohol.

are observed when one component is missing (Tables 2 and
S4). Similarly, the reaction does not proceed without light
irradiation, confirming that the redox reactions are actually
photodriven processes. At last, the replacement of DPP-
TEMPO by the simple DPP, lacking TEMPO oxidation
catalyst no longer promotes H, evolution nor alcohol
oxidation.

The larger amount of H, relative to the photogenerated
aldehyde is intriguing. Since these two products come from
a two-electron redox reaction, we could expect a 1/1 ratio.
This discrepancy could be most likely due to the lower
intrinsic catalytic efficiency of TEMPO compared to that of
Pt”. Indeed, as Pt” is the most active HEC, it is not

Angew. Chem. Int. Ed. 2024, 63, €202318868 (3 of 6)

unexpected that its efficiency is higher than that of TEMPO
(see a more detailed discussion in ESI). Corroborating this
assumption, a recent study by Reisner and co-workers also
reported an unequal production of reduced and oxidized
products by immobilizing a formate dehydrogenase onto
TiO,.!

As illustrated in Figure S17, H, evolution is interrupted
after about 4 h of irradiation. To unveil the reason of the
photocatalytic deactivation, DPP-TEMPO was desorbed
from the functionalized TiO, NPs after photocatalysis with
and without irradiation (see Figures S15-S16). The interrup-
tion of H, evolution is mainly attributed to: i) the photo-
decomposition of the DPP photosensitizer (Figure S15)

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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rather than to ii) its detachment from the TiO, surface
(Figures S12 and S16), although the instability of CO,H
anchoring group in aqueous media, and particularly in basic
conditions, is well-known.!"¥

Opverall, these experiments demonstrate that a DSP
sensitized with DPP-TEMPO produces H, with concomitant
and selective alcohol oxidation into aldehyde without any
SED, reaching 50 turnover number (TON). The rate of H,
evolution calculated during the first 3 hours of the experi-
ment is about 200 ymol-h™"-g™' of TiO,; a value comparable
to some previously published DSPs with SEDs.” Having
established the optimized conditions for photocatalytic
methoxy-benzyl alcohol oxidation, the scope of the sub-
strates was expanded by testing benzyl alcohol (BenzOH)
and p-trifluoromethyl-benzyl alcohol (CF;BenzOH), two
additional substrates with different reactivity. Interestingly,
although CF;BenzOH displays the highest oxidation poten-
tial, a larger quantity of H, than with BenzOH was produced
(Tables 2 and S7; Figure S17). This is most likely due to the
hydrophobic nature of CF;BenzOH, which would favour a
closer contact within the layer of DPP-TEMPO on TiO,
NPs. Noteworthy, an analogous trend was already reported
in DSPECs with a zinc porphyrin-TEMPO sensitizer.[! To
prove that the given photocatalytic system indeed works
under sunlight, an additional photocatalytic measurement
was performed using a sunlight simulator (AM 1.5 [1000 W/
m?], (Table S5). This results in a slightly lower H, production
(3.3 umol) and a lower TON (27), but confirms that this
DSP works in real world sunlight conditions as well.

Aiming at comparing our novel approach with the
classical one (using SED), photocatalytic experiments were
carried out in the presence of TEOA (0.1 M, at pH=38) as
sacrificial electron donor. Remarkably, when DPP,,; is used
as sensitizer, the generated H, is about 30 % less compared
to the respective H, evolution using DPP-TEMPO (in
presence of MeOBenzOH), showing that DPP-TEMPO
with alcohol oxidation outperforms DPP,, with SED
(Table S8, Figure S18). Secondly, it is worth noting that
DPP-TEMPO with TEOA as SED produces twice the
amount of H, than DPP, under the same conditions. This is
most likely due to the longer-lived charge-separated state of
DPP-TEMPO compared to that of DPP,; (see transient
absorption spectroscopy study below).

Previous works on DSPEC for alcohol oxidation re-
ported that significant catalytic activities could be measured
when the catalyst was simply co-grafted along with the
sensitizer on the TiO, surface.**?! Testing the DPP,/
TEMPOsy,/TiOZ/PtO NPs in DSP conditions analogous to
those employed with DPP-TEMPO, resulted in decreased
photocatalytic efficiency, since both the amount of produced
H, and aldehyde were reduced by over a factor four (~1 vs.
4.7 umol(H,), Table S9). Most likely, the weaker electronic
communication between TEMPO,, and DPP,, compared
to that in DPP-TEMPO, diminishes the regeneration rate of
the oxidized PS, accelerating charge recombination and
degradation due to the instability of the DPP radical cation.
In line with this interpretation, the exposition of the DPP, ./
TEMPO,,/TiO,/Pt" NPs to ambient light induces a fast
bleaching within less than few hours in contrast with DPP-
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TEMPO/TiO,/Pt” NPs, which remains colored for much
longer time in the same conditions.

In another photocatalytic experiment, we have inves-
tigated the performances of a DSP in which the catalyst, in
the form 4-trimethylammonium-TEMPO (10 mM), is solubi-
lized into the borate buffer in presence of DPP,functional-
ized TiO, NPs (Table S6). In these conditions, the photo-
catalytic performances are much lower than those achieved
with the DPP-TEMPO, underscoring thus the advantage of
the covalent dyad.

Occurrence of charge injection from DPP-TEMPO into
TiO, is confirmed by transient absorption (TA) measure-
ments, which show the formation of the DPP cation (DPP™)
and an electron in the conduction band of TiO, in the visible
(Figure 4)! and mid IR (Figures S20-S21) regions.'! Sub-
sequently, these features decay on several timescales ranging
from a few ns to a few us. The same measurements with
DPP,,; films reveal that the decay dynamics of the DPP*
band are essentially the same up to 20 ns, during which
around 70 % of the initial intensity is lost (Figures S22-26).
However, the remaining intensity decays with 50 ns and
1.4 us time constants with DPP-TEMPO vs. 180ns and
3.8 us with DPP,. Similar differences are visible in the
ground-state bleach region. These differences can be
attributed to a hole shift from DPP* to the TEMPO subunit
occurring on the hundred ns timescale, which results in the
neutralization of DPP* and the repopulation of the
electronic ground-state of the DPP subunit. The rest of the
photocatalytic cycle cannot be investigated by TA since the
hydroxylamine, nitroxide and oxoammonium forms of
TEMPO have no spectroscopic signature in the 300-800 nm
range. However, we can safely postulate that the oxoammo-
nium can be reduced by alcohol to form the hydroxylamine
and aldehyde with the release of two protons, as demon-
strated in previous works.**'l Overall, hydroxylamine is

Wavelength / nm

700 600 500 450 400
T T T T I
6 -+ _
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700 fs
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4 — 300 ps —
— 650 ps
] =
ns
=] — 60ns
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Figure 4. Transient absorption spectra recorded at various time delays
after 532 nm excitation of a DPP-TEMPO/TIO, film in borate buffer
(pH 8) illustrating the decay of the locally excited state (720 and

430 nm) and build-up and decay of the DPP radical cation (680 and
430 nm), due to charge injection and recombination.
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oxidized into nitroxide, and then to oxoammonium by two
consecutive holes coming from DPP*. The holes can
probably be supplied by the neighbouring PS™ around the
dyad owing to the known lateral hole migration within dye
layer on TiO,.[""

In conclusion, we report for the first time on a dual-
functional photocatalytic system based on TiO, nanopar-
ticles sensitized by DPP-TEMPO, which simultaneously
produces H, and oxidizes alcohols to aldehydes in water
upon visible light irradiation. This is in sharp contrast to the
traditional approach of DSPs, which requires SEDs for
regenerating the oxidized dye; thus, rendering DSPs for H,
evolution more compatible towards future practical applica-
tions. In addition, TEMPO can catalyze other useful
oxidation reactions, i.e. preparation of imines, nitriles, and
unsaturated heterocycles.'"”? Consequently, the scope of the
substrates can certainly be expanded following a similar
strategy. Importantly, this study gives a new impetus to DSP
by showing that a two-hole oxidation process, such as
alcohol oxidation, is a viable reaction to couple with a
reduction reaction targeting the elimination of the SED and
the generation of two added-value chemicals. Moreover,
other reduction catalysts besides HECs could be imple-
mented in the above described DSPs, such as those for CO,
and N, reduction. Finally, our study shows that better
performing DSPs could be engineered if a secondary
electron donor is linked to the dye to prolong the final
charge-separated state lifetime (e /TiO,-DPP* vs. e /TiO,-
TEMPO-DPP™). This work opens new horizons for develop-
ing DSPs without SEDs, based on the association of a dye
and a TEMPO catalyst for oxidizing organic compounds.
Current enhancements of the present system are ongoing in
our research group and include the application of more
electrochemically stable dyes than DPP, bearing stronger
binding groups than the carboxylic acid.

Supporting Information

The authors have cited additional references within the
Supporting Information.['*?"
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