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Climate change mitigation on a global scale will only be possible
through the achievement of ambitious decarbonisation goals,
requiring an energy transition that involves switching from fossil
fuels to clean fuels such as hydrogen. The photocatalytic approach
is one of the most studied methods for directly converting sunlight
into hydrogen. In this work, we present the synthesis, character-
ization, and application of the PTZ1-HA dye, which was obtained
by replacing the terminal conventional carboxylic anchoring
moieties of a previously studied phenothiazine-based dye (PTZ1)
with hydroxamic acid functionalities. The photoinduced perform-
ance of the two dyes as photosensitizers was compared in both

Introduction

Fossil fuels have been playing a fundamental role in our society
since the inception of the industrial revolution, providing the energy
required to improve the standards of living of a large share of the
world population. Despite such important function, however, fossil

dye-sensitized solar cells and dye-sensitized photocatalytic systems.
PTZ1-HA-sensitized photocatalysts showed improved stability in
hydrogen generation due to the introduction of the hydroxamic
acid as an alternative anchor group, which was shown to slow
down hydrolysis in aqueous media. Even though the light harvest-
ing ability of PTZ1-HA was lower than that of PTZ1, the higher
stability of PTZ1-HA-sensitized devices allowed for improved photo-
catalytic generation of H, over prolonged periods. The superior
long-term efficiency of the hydroxamic acid based dye is important
in view of potential practical applications.

fuels also present major issues” The main limitations include
environmental pollution, non-renewability, and uneven geograph-
ical dislocation.” For all these reasons, an ecological transition is
now needed by replacing fossil fuels with renewable energy
sources.” In this scenario, a way to satisfy the need for solar energy
storage is the direct conversion of solar radiation (also known as
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artificial photosynthesis) into valuable chemicals and fuels through
water splitting or carbon dioxide reduction” The photocatalytic
approach is one of the most investigated methods to convert
sunlight into chemicals.”

In a photocatalytic process, a semiconductor (SC, e.g., TiO.)
absorbs light and transfers the excited electron from its conduction
band (CB) to a co-catalyst (e.g., Pt) where the production of solar
chemicals takes place.® Critical requirements for an efficient SC are
absorption of a large portion of the visible light, proper alignment
of its energy levels with those of the co-catalyst, and stability under
working conditions.”” While the last two conditions are easily
satisfied by many SCs, light harvesting is always a tough
compromise.® The most convenient way to extend the absorption
spectrum of a SC to the visible portion of the solar radiation is its
sensitization by a molecular dye using an organometallic or a
metal-free organic sensitizer.”!

The energetic requirements in dye-sensitized photocatalysis
(DSPQ) are similar to those of dye-sensitized solar cells (DSSCs).*'”
Indeed, many DSSC sensitizers can also be successfully used in
DSPC®¥ In the last years, many researchers have investigated
several types of sensitizers that improve photocatalytic perform-
ances through molecular engineering, which optimizes light
harvesting, stability, and surface interaction®'" The anchoring/
acceptor group is strongly involved in both the injection of
electrons and the stability of the dye on the semiconductor surface,
thus playing a central and strategic role in the whole process.!”

Cyanoacrylic acid has been so far the most common choice as
anchoring group in many DSSC and DSPC sensitizers® The
superior electron-withdrawing ability, due to the presence of the
strong cyano acceptor group, and the good anchoring stability of
the carboxylic acid functionality, favoured its predominant use
compared to other functional group with similar characteristics."”
Indeed, this is the case when working in an organic environment,
such as that typically found in a DSSC (e.g, when using an
acetonitrile/valeronitrile mixture as the electrolyte solvent). However,
cyanoacrylic acids suffer from some limitations, especially related to
long-term stability issues of the ester-like bonding between the dye
and the TiO, surface, in the presence of an aqueous medium, such
as that found in aqueous DSSCs or required in DSPC water
splitting." To solve this issue, alternative anchoring units capable
of forming robust linkages to the TiO, surface have been proposed:
an overview of the literature on organometallic complexes and their
ad hoc modification for use in aqueous medium shows that
phosphonic acids are usually the preferred option for replacing
carboxylic moieties."® However, efficient electronic communication
is often limited by this group because of tetrahedral phosphorous
geometry."” Accordingly, asymmetric anchors have been proposed
where the electronic communication is ensured by a carboxylic
functionality whereas the strong binding character is played by
phosphonic acid."®

Stability is an important parameter to optimize in order to
ensure the practical application of the devices! There are two
aspects in durability: stability of the dyes upon irradiation (photo-
stability) and against hydrolysis of the connection between dye and
SC. The first requirement can be fulfilled through proper
modification of the spacer unit, thanks to the peculiar behaviour of
thiophene derivatives.”® Careful attention should now be focussed
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on the development of a more stable covalent grafting of the dye
on the TiO, surface.

Hydroxamic acids have been selected as promising candidates
as they allow efficient electronic communication with the SC like
that of carboxylic acids.*"” The strength of the covalent bond with
TiO, surface has been calculated by both mixed quantum-classical
molecular dynamics,”? and DFT to be at least one third more stable
upon hydrolysis reaction in a water environment.” This is mainly
due to the fact that hydroxamic acids can form a strong bridging
complex with coordinatively unsaturated Ti atoms on the TiO,
surface. Furthermore, when a nitrogen centre of the hydroxamic
acid functionality is involved in the covalent binding to the SC
surface, a highly stable and more hydrolysis resistant amide-type
bond is formed in contrast with the weaker ester bond.

Despite these encouraging premises, so far very few examples
have been reported in the literature concerning the exploitation of
the hydroxamic acid anchoring group in DSSC dyes* To our
knowledge, no previous use of the hydroxamic acid anchor group
for DSPC hydrogen generation has been reported, despite the more
stringent requirements in terms of anchoring stability due to the
presence of an aqueous medium. The ideal anchoring-acceptor
candidate to be investigated would therefore consist in a cyano-
hydroxamic acid, where both the robust electron-withdrawing
capacity of the nitrile group and the high stability against hydrolysis
in water of the hydroxamic acid have been suitably combined. To
investigate this hypothesis, we have chosen phenothiazine-based
sensitizers, which have resulted in improved long-term H, photo
generation and stability under irradiation Accordingly, in this work
PTZ1, a reference phenothiazine-based sensitizer carrying two
terminal conventional cyano-carboxylic acid anchors, that some of
us have previously investigated as an efficient dye for DSPC
hydrogen generation,”** has been modified to investigate the
effect of replacing the original anchoring functionalities with
terminal cyano-hydroxamic acids. The new dye PTZ1-HA (Figure 1)
has been synthesized and investigated, in comparison with the
reference PTZ1, as a sensitizer in DSSCs and DSPCs for hydrogen
evolution.”® A comparative stability study has been also carried out,
highlighting the superior performances of the new dye compared
to the reference.

Results and Discussion

Among the various synthetic approaches available to convert a
carboxylic into a hydroxamic acid®” we have chosen to treat
carboxylic precursor PTZ1 with 4-(4,6-dimethoxy-1,3,5-triazin-2-

yl)-4-methylmorpholinium-chloride (DMTMM), a commonly
CeHi7 CgH17
N N
| s | s
© CN NC 0 0 cN oN O
OH OH
Ho N AN-oH

Figure 1. Structures of the two dyes investigated in this work: the new
hydroxamic acid derivative PTZ1-HA and the reference PTZ1.
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The hydroxamic moiety was then introduced as a THP
(tetrahydropyran)-protected form by insitu addition of O-
(tetrahydro-2H-pyran-2-yl)hydroxylamine (THP-O-NH,) to the
reaction mixture. Such protection allowed to conduct a proper
purification through column chromatography, otherwise ham-
pered by the presence of free hydroxamic acid groups. Finally,
the desired product was obtained by cleavage of the THP group
in the presence of an excess of acetic acid in a THF/H,0 mixture.
PTZ1-HA was isolated by filtration and purified just by washing
with different organic solvents, to avoid hydrolysis to the
starting carboxylic acid. The overall reaction sequence is
illustrated in Scheme 1.

Optical and Electrochemical Characterization

Optical characterization of PTZ1-HA has been carried out in
comparison with PTZ1. The UV-Vis absorption spectra of both
compounds are depicted in Figure 2. Both dyes present an
intense intramolecular charge-transfer (ICT) band in the 400-
550 nm region according to the literature.”*** The shape of the
ICT absorption band in the Vis region is broader for PTZ1-HA.
Both dyes present a main transition around 450-460 nm (with a
slight blue shift of 12 nm for PTZ1-HA) and then a second
transition at ca. 400 nm which appears as a shoulder in PTZ1
and is more visible in PTZ1-HA. The molar extinction coefficient
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Scheme 1. Synthetic route for PTZ1-HA.
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used activating agent for peptide couplings,”® in the presence —PTZ1
of N-methylmorpholine (NMM) as a base. 12500 PTZ1-HA
As previously reported in the literature,”” this procedure
affords an activated 2-acyloxy-1,3,5-triazine intermediate
. . . . 10000
(Scheme 1), which can then easily undergo a reaction with a —
nitrogen nucleophile such as hydroxylamine or a derivate 5
. . . . . _ 7500 4
thereof.”” As commonly carried out in peptide synthesis, this S
intermediate was not isolated and purified, but its alleged ¢
formation was monitored by TLC and further supported by the 5000
darkening of the reaction mixture (from red to dark red, due to
the bathochromic effect induced by the presence of the 2500
strongly conjugated and electron-withdrawing triazine units).
0
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Figure 2. UV/Vis absorption spectra of PTZ1 and PTZ1-HA in THF solution
(107° M).

of the main Vis peak is lower in PTZ1-HA. Overall, the optical
properties of the two dyes are similar, with a somewhat lower
intensity of the hydroxamic acid derivative, that should be
considered when studying their photocatalytic behaviour. Tauc
plots have been used to evaluate E;”;’; All the optical
parameters are listed in Table 1.25*"

A 1073 M solution of PTZ1-HA in DMSO was used for the
electrochemical characterization in the presence of N(nBu),ClO,
(0.1 M) as the supporting electrolyte. The cyclic voltammetry
(CV) study of the new dye (Figure 3 , dashed line) showed a
quasi-reversible behaviour at oxidative potentials (potential >
0V vs. Fc/Fc™) and few irreversible reduction waves at the
lowest potentials (potential <—1.0V). Upon this behaviour,
differential pulse voltammetry (DPV) was preferred to determine
the oxidation (E>) and reduction (E*%) potentials (Figure 3, solid
line) so to calculate the HOMO and LUMO energy levels, as
listed in Table 1.

The measured oxidation potential and the calculated energy
of the HOMO level for PTZ1-HA are consistent with those
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Table 1. Optical® and electrochemical® parameters for PTZ1 and PTZ1-HA.

Dye Amax € Nonset Egap™ EX(V) HOMO (eV) LUMO (eV)
(nm) M 'em™) (nm) (eV) +5mV 450 meV 450 meV

PTZ19¥ 460 13700+ 300 590 2.10 0.39 —5.62 —3.52

PTZ1-HA 448 10500 +450 579 2.14 0.52 —5.81 —3.67"

[a] 107° M solution in THF; [b] All potentials are reported vs. Fc/Fc™, and the HOMO and LUMO energies are calculated from the electrochemical data based
on the assumption that the Fc/Fc* redox couple is 5.29 eV relative to a vacuum, using a potential value of 4.6 +0.2 eV for NHE vs vacuum® and 0.69 eV for
Fc/Fc* vs NHE; [c] Measured by Tauc plots; [d] Values from ref [25]; [e] Calculated from electrochemical HOMO energies and optical bandgap.
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Figure 3. CV (dashed line) and DPV (solid line) of PTZ1-HA (1073 M solution
in DMSO with 0.1 M N(nBu),CIO,).

previously reported for PTZ1? as expected since the
phenothiazine donor core is the same for both molecules. In
contrast, a different behaviour was expected upon reduction,
which may be affected by the presence of different acceptor-
anchoring units in the two dyes. The CV plot shows two
reduction waves as previously observed for PTZ1, which are
related to the processes of reductive chemisorption of the acid
protons on the electrode surface and injection of electrons into
the LUMO orbital.®? For this reason, the value of the LUMO was
evaluated from the corresponding HOMO energy and the
optical bandgap. The calculated LUMO level appears adequate
for allowing efficient electron injection into the CB of the TiO,-
based catalyst.*?

Photovoltaic investigation

DSSC devices have been investigated in order to compare the
photovoltaic activities of PTZ1 and PTZ1-HA. Since very few
reports of dyes bearing hydroxamic acids are present in the
DSSC literature,?'?*2% 3 careful screening of the photovoltaic
performances is thus appropriate.**? Furthermore, comparing
the relative efficiencies provided by the two sensitizers in DSSC
and in the DSPC hydrogen production system could also prove
useful to assess the influence exerted by the different media
(organic solvent in DSSC and water in DSPC) in the two devices.
Figure 4 shows the current density/voltage plots of the
corresponding DSSCs. The recorded power conversion effi-
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Figure 4. J/V curves for PTZ1 and PTZ1-HA sensitized solar cells under full
AM 1.5 G solar intensity with a 0.38 cm? black metal mask on top.

ciency (PCE) of the cell containing the hydroxamic acid dye is
almost half that of the carboxylic acid counterpart. This is
mostly due to a significantly lower photocurrent density (J,.) in
PTZ1-HA sensitized cells, whereas fill factors (FF) and photo-
voltages (V) are comparable. The main photovoltaic character-
istics are listed in Table 2.

The lower photo-current could be ascribed to a reduced
dye loading or to a less efficient electron injection from the
excited state of the dye to the CB of TiO,. It should be also
considered that optical characterization has outlined a lower
light harvesting efficiency for PTZ1-HA that could be respon-
sible for the lower PCE.

Table 2. Photovoltaic characteristics of PTZ1 and PTZ1-HA sensitized
DSSCs.®

Dye Joc Voo FF PCE
(mA cm™) (mV) (%) (%)

PTZ1 8.76 (11.1) 656 (667) 74 (74) 43 (5.5)

PTZ1-HA 5.01 (5.63) 627 (618) 66 (65) 2.1(2.3)

1@ Conditions: Dye solution in EtOH (2x10~* M) with 1:1 chenodeoxycholic
acid; electrolyte 7960 (Solaronix, 1.0 M dimethyl imidazolium iodide,
0.03 Ml,, 0.05M Lil, 0.1 M guanidinium thiocyanate and 05M 4-t-
butilpiridine in acetonitrile/valeronitrile 85/15), single TiO, layer (10 um);
surface area 0.20 cm’ Values in brackets are referred to measurements
without mask.
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Anchoring stability testing

We have investigated stability towards desorption as a relevant
tool to assess the comparative strength of the bond formed
between the dyes PTZ1 and PTZ1-HA and the SC surface.® The
experiment is performed by accelerating the desorption process
of sensitized TiO, films (analogous to those used for DSSC
fabrication) in an alkaline solution of 0.1 M KOH in EtOH/H,O
15:1.%” Comparative stability towards desorption was deter-
mined by measuring the residual amount of anchored dye on
the TiO, surface by means of UV/Vis spectroscopy of solid
transparent films in transmittance mode. Due to the roughness
and relative inhomogeneity of the film surface, spectra were
recorded at different points of it and average and standard
deviation values were calculated. The relative residual absorb-
ance values are illustrated in Figure 5.

The PTZ1-HA sensitized TiO, film showed a higher stability
towards accelerated desorption, which is ascribed to the
presence of the hydroxamic acid in place of the carboxylic acid
anchoring functionality. After 20 min of accelerated desorption,
the residual amount of PTZ1-HA anchored dye (as estimated by
the relative absorbance) is almost twice as large as that of
PTZ1. Moreover, the desorption process is levelled off in the
case of PTZ1-HA after 20 min, whereas the residual absorbance
of the anchored dye keeps decreasing for PTZ1.

Photocatalytic hydrogen production

Photocatalytic hydrogen production experiments were carried
out using a composite Pt/TiO, catalyst, prepared by irradiating a
suspension of Degussa P25 TiO, nanoparticles in water/EtOH in
the presence of a suitable amount of Pt(NO,); precursor with a
450 W high pressure Hg lamp. The UV irradiation induces the
reduction of Pt*" ions and allows the deposition of Pt(0)
nanoparticles on the surface of the TiO,. The obtained material
was then sensitized with both dyes, resulting in a dye loading
of 10 umolg™, accordingly to previous studies performed under

1048
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Figure 5. Relative residual absorbance values of PTZ1- (blue squares) and

PTZ1-HA-sensitized (red circles) TiO, films upon accelerated desorption in an
alkaline solution of 0.1 M KOH in EtOH/H,0 15:1.
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Figure 6. H, production rate measured using the DYE@TiO,/Pt photo-
catalysts in hydrogen production experiments from TEOA 10 v/v % solution
at pH=7.0 under irradiation with visible light (A >420 nm).

optimised conditions.”™ The photocatalytic H, production was

performed using a dispersion of the obtained composite
DYE@TiO,/Pt catalyst in an aqueous solution of triethanolamine
(TEOA) as sacrificial agent at pH=7.0 under irradiation with
visible light (A>420 nm) for 2 h. The obtained photocatalytic
hydrogen production rates are presented in Figure 6 while the
overall H, productivity are reported in Figure S1 and Table 3
along with the other appropriate figures of merit.®®

Figure 6 shows that H, production rates sharply increased in
the initial 2 hours of irradiation while, for longer periods, a
progressive deactivation was observed with a different extent
depending on the employed dye. This behaviour is in agree-
ment with the previous results obtained with the PTZ1 dye.”*?
Despite a comparable overall H, productivity over the 22 h of
irradiation, PTZ1 possesses better performance in the initial
period while PTZ1-HA demonstrated a lesser extent in
deactivation. As a result, PTZ1 showed the highest maximum H,
production rate after 2 hours of irradiation while PTZ1-HA
showed higher values after the initial 8 hours of irradiation.
Consequently, Light-to-Fuel Efficiency (LFE) is higher in the
initial period for PTZ1@TiO,/Pt (see LFE2 values in Table 3)
while it becomes higher for PTZ1-HA@TiO,/Pt for longer
irradiation times (see LFE22 values in Table 3).

Table 3. Photocatalytic performances of the DYE@TiO,/Pt catalysts in H,
production from TEOA 10 v/v% solution at pH=7.0 under irradiation with
visible light (A >420 nm).

Dye H, amount® TON® LFE2" LFE22!
[umol H,g™]

PTZ1 3224 644 0.134% 0.038%

PTZ1-HA 3302 660 0.102% 0.053%

[a] Overall H, amount produced after 22 h of irradiation. [b] TON = (2xH,
amount)/(dye loading). [c] Light-to-fuel efficiency calculated after 2 h of
irradiation. [d] Light-to-fuel efficiency calculated after 22 h of irradiation.
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The overall H, productivity using the two composite photo-
catalysts are continuously increasing with irradiation time but
showing slightly different trends (Figure S1). As a result, the
TON calculated after 22 h of irradiation are very similar (Table 3).
It is worth noticing that the overall H, productivity does not
appear to be particularly affected by the weaker light-harvest-
ing ability of the hydroxamic functionalized PTZ1-HA dye.
Indeed, only after 19 h, the yield of H, provided by the PTZ1-
HA@TiO,/Pt photocatalyst even slightly surpassed that of
PTZ1@TiO,/Pt.

The data reported highlights that the stability of the
hydroxamic derivative plays a crucial role when operating in
water. In contrast with DSSCs where the dye-sensitized photo-
anode is in contact with an organic environment, in the
aqueous medium of the H, production experiment the greater
stability of the dye-TiO, bond via the hydroxamic acid
functionality of PTZ1-HA compensates for its shortcomings in
terms of optical properties. The obtained results clearly indicate
a higher stability of the photocatalyst when PTZ1-HA is used as
a dye. Such improved stability is most likely associated to the
lower tendency of PTZ1-HA to desorb from the TiO, surface
with respect to PTZ1. The stronger bound to TiO, surface could
increase the probability of electron transfer from the excited
dye to the CB of the semiconductor, reducing the self-
degradation of the excited dye by intramolecular decay
mechanisms and finally the loss of active sensitizer. As a result,
the higher stability of the PTZ1-HA TiO, film limited the
efficiency loss during the entire experiment, allowing to achieve
a higher H, production rate compared to PTZ1 at the end of
the run.

Conclusions

We have synthesized and characterized a novel phenothiazine-
based sensitizer (PTZ1-HA) for application in photocatalytic
hydrogen production experiments. The new sensitizer carries a
hydroxamic acid anchoring group, which was introduced in
place of the conventional carboxylic acid moiety in order to
improve the stability in the typical aqueous environment of the
photocatalytic device. The new dye has been fully characterized
in its structural and optical properties and then tested in DSSCs
to evaluate its current generation capability in comparison with
the reference dye PTZ1 containing the carboxylic anchoring
group. In solar cells using a mixture of organic solvents as
electrolyte medium, the use of the new hydroxamic acid dye
resulted in lower PCE values compared to the carboxylic acid
analogue, probably due to its reduced light harvesting proper-
ties. In contrast, when working in the aqueous environment of
the hydrogen photocatalytic production, the superior stability
of the hydroxamic anchoring group versus the corresponding
carboxylic acid, as ascertained by accelerated desorption tests
in an alkaline aqueous solution, allowed to achieve similar and,
for longer times, even improved H, production efficiencies. This
behaviour is particularly evident when hydrogen generation
rates are recorded: indeed, in spite of a lower value in the first
hours, likely due to an intrinsic lower efficiency associated to
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weaker optical properties, an increased performance has been
recorded in the long run, with the PTZ1-HA sensitized photo-
catalyst becoming more efficient than that based on PTZ1 after
the first 8 hours. This result is remarkable if we consider that
long-term efficiency is more important, in view of practical
applications, than a performance peak only in the first hours.

This work highlights how a proper design of an efficient dye
for sensitized photoactivated devices should not only consider
the improvement of the intrinsic properties related to the
photoactivated process, such as for example the light collection
and the charge transfer efficiency, but also the specific environ-
ment in which the device will operate, taking into account the
possibility of fruitful application in industrial or commercial
operating environments in the long term.

Experimental Section

General information: NMR spectra have been recorded either with
a Bruker AMX-500 spectrometer operating at 500.13 MHz ('H) and
125.77 MHz (*C), a Varian Gemini 200 spectrometer operating at
200 MHz ("H) and 50.4 MHz (C), and a Varian Mercury 400 spec-
trometer operating at 400 MHZ (1H) and 100.8 MHz ("*C). Chemical
shift values are expressed in ppm on the § scale and referred to the
residual solvent peaks (CDCl;, & 7.26 ppm for 'H and & 77.16 ppm
for '*C; DMSO-d6, § 2.50 ppm for 'H and 39.51 ppm for "*C; THF-d8 §
1.72 and 3.58 ppm for 'H, § 67.21 and 25.31 ppm for C). Coupling
constants (J) are expressed in Hz, while the used abbreviations are:
s (singlet), d (doublet), dd (doublet of doublets), t (triplet), td (triplet
of doublets), and m (multiplet). Multiplets are indicated as chemical
shift intervals. ESI-MS analyses have been performed with a Thermo
Scientific LCQ-FLEET instrument with infusion technique. Absorp-
tion spectra were recorded with a V-570 Jasco spectrophotometer
and a Varian Cary 4000 spectrophotometer. Reactions performed
under inert atmosphere were done in flame- or oven-dried glass-
ware and a nitrogen atmosphere was generated with Schlenk
technique.®® All reagents were obtained from commercial suppliers
at the highest purity grade and used without further purification.
Anhydrous solvents were purchased from Sigma-Aldrich and used
without further purification. Extracts were dried with Na,SO, and
filtered before removal of the solvent by evaporation. PTZ1 was
synthesized according to the literature.”*? FTO-coated glass plates
(2.2 mm thick; sheet resistance ~7 ohm per square; Solaronix),
Dyesol 18NR-AO active opaque TiO, blend of active 20 nm anatase
particles and up to 450 nm anatase scatter particles, and N719
(Sigma-Aldrich) have been purchased from commercial suppliers.
UV-0, treatment was performed using Novascan PSD Pro Series-
Digital UV Ozone System. The thickness of the layers was measured
by means of a VEECO Dektak 8 Stylus Profiler.

Fabrication of the DSSCs

DSSCs have been prepared adapting a procedure reported in
literature.*” To avoid metal contamination all labware were treated
with EtOH and 10% HCI prior to use. Plastic spatulas and tweezers
have been used throughout the procedure. FTO glass plates were
cleaned in a detergent solution for 15 min using an ultrasonic bath,
rinsed with pure water and EtOH. After treatment in a UV-O; system
for 18 min, the FTO plates were treated with a freshly prepared
40 mM aqueous solution of TiCl, for 30 min at 70°C and then rinsed
with water and EtOH. An opaque active layer of 0.20 cm? was
screen-printed using Dyesol 18NR-AO active opaque TiO, paste.
The coated films were thermally treated at 125°C for 6 min, 325 °C
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for 10 min, 450°C for 15 min, and 500°C for 15 min. The heating
ramp rate was 5-10°C/min. The sintered layer was treated again
with 40 mM aqueous TiCl, (70°C for 30 min), rinsed with EtOH and
heated at 500°C for 30 min. After cooling down to 80°C the TiO,
coated plates were immersed into a 0.2 mM solution of the dye for
20 h at room temperature in the dark.

Counter electrodes were prepared according to the following
procedure: a 1-mm hole was made in a FTO plate, using diamond
drill bits. The electrodes were then cleaned with a detergent
solution for 15 min using an ultrasonic bath, 10% HCI, and finally
acetone for 15 min using an ultrasonic bath. After thermal treat-
ment at 500°C for 30 min, 15 uL of a 5 mM solution of H,PtClg in
EtOH was added and the thermal treatment at 500°C for 30 min
repeated. The dye adsorbed TiO, electrode and Pt-counter
electrode were assembled into a sealed sandwich-type cell by
heating with a hot-melt ionomer-class resin (Surlyn 30-um thick-
ness) as a spacer between the electrodes. A drop of the electrolyte
solution was added to the hole and introduced inside the cell by
vacuum backfilling. Finally, the hole was sealed with a sheet of
Surlyn and a cover glass. A reflective foil at the back side of the
counter electrode was taped to reflect unabsorbed light back to
the photoanode.

Photovoltaic and photoelectrical characterization of DSSCs:
Photovoltaic measurements of DSSCs were carried out under a
500 W Xenon light source (ABET Technologies Sun 2000 class ABA
Solar Simulator). The power of the simulated light was calibrated to
AM 1.5 (1000 Wm ) using a reference Si cell photodiode equipped
with an IR-cutoff filter (KG-5, Schott) to reduce the mismatch in the
region of 350-750 nm between the simulated light and the AM
1.5 spectrum. The measurement was repeated with or without a
black mask of 0.38 cm? surface area placed on top of the photo-
anode. |-V curves were obtained by applying an external bias to
the cell and measuring the generated photocurrent with a Keithley
model 2400 digital source meter.

Preparation and characterization of Pt/TiO, nanopowders: Pt/TiO,
photocatalyst was prepared by photodeposition of Pt nanoparticles
on the surface of TiO,. Briefly, TiO, Degussa P25 (2.0g) was
suspended in a solution of H,O/EtOH (400 mL) containing 32.7 mg
of Pt(NO;),, in order to reach a final metal loading of 1.0 wt%. After
stirring for 1 h in the dark, the suspension was irradiated with a
450 W medium pressure lamp for 4 h. The material was recovered
through centrifugation, washed with EtOH 3 times, and dried under
vacuum at 50°C overnight. The structural properties of the catalyst
were checked by XRD (Philips X'Pert diffractometer using a Cu Ka
(A=0.154 nm) X-ray source) while the textural properties of the
catalyst have been analyzed by N, physisorption at the liquid
nitrogen temperature (Micromeritics ASAP 2020 automatic ana-
lyzer) after degassing the sample under vacuum at 200°C over-
night. Size of Pt nanoparticles was checked by HAADF-STEM
(JEOL2010-FEG microscope operating at the acceleration voltage of
200 kV). All the results from characterization are in perfect agree-
ment with previous results.”*

Adsorption of dyes on Pt/TiO,: Dye staining was done by
suspending 200 mg of Pt/TiO, nanopowders in 20 mL of dye
solution (0.1 mM in ethanol) for 12h in the dark. Then the
dye@TiO2/Pt nanocomposite was collected by centrifugation,
washed twice with ethanol, and dried under vacuum at room
temperature overnight. The concentration of the dyes in the
supernatant liquid was measured by UV-Vis spectroscopy, confirm-
ing the quantitative loading of dyes on the Pt/TiO, material.

Hydrogen production through water splitting: The dye-functional-
ized Pt/TiO, nanomaterials have been tested for H, production
following the optimised procedure described in previous
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papers."'*"2%d Notably, the amount of catalyst has been optimized

following the indications recently presented by Kisch and
Bahnenmann.”" 60 mg of the dye@TiO,/Pt catalyst was suspended
in 60 mL of 10% v/v aqueous solution of triethanolamine (TEOA)
previously neutralized with HCI. After purging with Ar (15 mLmin™")
for 30 min, the suspension was irradiated using a 150 W Xe lamp
with a cut-off filter at 420 nm. Irradiance was ~6x10°>Wm™2 in the
UV-A range and ~1080 Wm™ in the visible range (400-1000 nm).
The concentration of H, in the gas stream coming from the reactor
has been quantified using an Agilent 7890 gaschromatograph
equipped with a TCD detector, connected to a Carboxen 1010 col-
umn (Supelco, 30 mx0.53 mm ID, 30 um film) using Ar as carrier.

The performances of the dye-sensitized photocatalysts have been
reported in terms of H, production rate and overall H, productivity.
Turn-Over Numbers (TON) were calculated as (2xoverall H,
amount)/(dye loading). Light-to-Fuel Efficiency (LFE) was calculated
as [Eq. (1]

F,* AHP,

LFE=—g A

M

where F, is the flow of H, produced (expressed in mol s™'), AH%, is
the enthalpy associated with H, combustion (285.8 kimol™), S is
the total incident light irradiance, as measured by adequate
radiometers in 400-1000 nm ranges (expressed in W cm™) and A,,
is the irradiated area (expressed in cm?).

Dye desorption measurements of sensitized TiO, films: Dye
desorption rate from sensitized TiO, films has been investigated by
means of optical absorption measurements after specific desorption
times, up to 20 min. Commercially available transparent TiO, coated
glass electrodes have been used for desorption studies (Dyesol
MS001630). Electrodes heated at 70°C have been dipped in
2x107* M dye solutions in EtOH and left overnight in the dark. They
have been rinsed with EtOH and dried under N, flux. Each electrode
has been dipped in 10 mL of a basic solution of 0.1 M KOH in EtOH/
H,0 15:1 for the required time (2, 4, 7, 10, 15 and 20 minutes) then
rinsed with ethanol and dried. UV/Vis transmittance spectra have
been measured with a Shimadzu UV-2600 spectrophotometer using
the integrating sphere apparatus. The spectra collected before
irradiation (t=0 h) were used as reference data. Degradation data
have been reported as relative residual absorbances A,.(t)/A.x(0),
where A,.,(t) and A,,.,(0) are the absorbances of the dye-sensitized
TiO, film recorded at their Vis absorption peaks after and before
desorption, respectively.

Synthetic procedures

3,3'-(10-octyl-10H-phenothiazine-3,7-diyl)bis  (2-cyano-N-((tetra-
hydro-2H-pyran-2-yl)oxy)acrylamide) (1):  N-Methylmorpholine
(NMM, 46 mg, 0.45 mmol) and 4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-
4-methylmorpholinium chloride (DMTMM, 100 mg, 0.36 mmol)
were added to a solution of PTZ1 (75 mg, 0.15 mmol) in 20 mL of
THF. After 1 h under magnetic stirring at rt the solution colour had
become darker than that at the beginning of the experiment. The
progress of the reaction has been monitored using TLC. O-
(Tetrahydro-2H-pyran-2-yl)hydroxylamine (H,N-OTHP, 87 mg,
0.75 mmol) was added and the solution recovered the starting
colour. After 3 h under magnetic stirring at rt, THF was evaporated
and water was added to the mixture, extractions with AcOEt
(2x30 mL) were performed and then the combined organic phases
were washed with HCI 1 M and water, dried with Na,SO, and
filtered. Concentration of the solvent gave the crude product, that
was purified through flash column chromatography on silica gel
using a mixture of CH,Cl,:AcOEt-7:1 as eluent. The desired product
has been isolated in 50% yield (53 mg). '"H NMR (400 MHz, CDCl;) &
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9.00 (br s, 2H), 8.13 (s, 2H), 7.80 (dd, J=8.6, 2.1 Hz, 2H), 7.59 (t, J=
2.2 Hz, 2H), 6.89 (d, J=8.7 Hz, 2H), 5.10-5.04 (m, 2H), 4.06-3.97 (m,
2H), 3.92-3.85 (m, 2H), 3.76-3.64 (m, 2H), 1.98-1.72 (m, 6H), 1.72-
1.50 (m, 8H), 1.40-1.14 (m, 10H), 0.93-0.81 (m, 3H). *C NMR
(101 MHz, CDCl;) § 151.7, 147.5, 131.3, 129.9, 127.2, 124.1, 116.6,
115.7, 103.1, 98.4, 62.9, 48.6, 31.8, 29.9, 29.32, 29.25, 28.1, 26.9, 26.8,
25.1,22.7, 18.6, 14.2. ESI-MS: m/z 698.74 (100%) [M—1]1".

3,3’-(10-octyl-10H-phenothiazine-3,7-diyl) bis(2-cyano-N-hydrox-
yacrylamide) (PTZ1-HA):  3,3'-(10-octyl-10H-phenothiazine-3,7-
diyl)bis(2-cyano-N-((tetrahydro-2H-pyran-2-  yl)oxy)acrylamide) 1
(70 mg, 0.1 mmol) was solubilized in THF and a mixture of water
and acetic acid was then added (overall ratio THF:H,0:AcOH-
7:2:1). The mixture was heated to 60 °C for 24 h, protecting it from
light using an Al foil. The solvents mixture was then evaporated.
The recovered red solid was washed with H,O, petroleum ether,
Et,0, and AcOEt, affording the desired product in 85% yield. 'H
NMR (400 MHz, THF-d8) & 'H NMR (400 MHz, THF-d8) & 8.06 (s, 2H),
7.89 (dd, J=8.5, 1.4 Hz, 2H), 7.73 (d, J=1.8Hz, 2H), 7.10 (d, J=
8.8 Hz, 2H), 4.01 (t, J=7.0 Hz, 2H), 1.88-1.78 (m, 2H), 1.53-1.44 (m,
2H), 1.40-1.24 (m, 8H), 0.87 (t, J=6.8 Hz, 3H). *C NMR (101 MHz,
THF-d8) 6 147.7, 131.1, 129.9, 128.4, 124.4, 116.5 (x2), 100.9, 48.5,
325, 30.0, 29.9, 27.3, 25.6, 23.3, 14.2. ESI-MS: m/z 530.31 (100 %)
M1]°.
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