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In the present work, we investigated alternative ways of connecting purely organic dyes onto the surface
of TiO, electrodes. For this purpose, perfluorophenyl w-end rr-poly(3-alkyl thiophene)s were
synthesized, which can react with the hydroxyl groups of TiO, under mild alkaline conditions. Thus,
stable non-hydrolysable Ti-O-C bonds are formed. Through this route, and after optimization of the
reaction conditions, several poly(thiophene)-sensitized TiO, photoanodes were prepared and tested in
Dye-sensitized solar cells. Moreover, a comparative study was performed for the dye/TiO, stability after
water and alkaline solution treatment revealing the particular methodology’s efficiency. The above
sensitizers have also proven to be functional in photoelectrochemical cells employed for water splitting

applications in the presence of alkaline electrolytes.

Introduction

The conversion of solar light to usable forms of energy through
low cost procedures, which is achieved by photovoltaic
devices, is one of the most promising technological areas'”.
Although most solar light converters are made from silicon,
their high cost of production has turned attention to organic
solar cells, generally referred to as organic photovoltaics
(OPV), where the device active layers mainly consist of
organic materials’. A number of different OPV technologies
have been developed so as to fulfill all requirements in
efficiency, lifetime and cost. Among them, the most common
structures are bulk heterojunction (BHJ)* and dye-sensitized
solar cells (DSSCs)>®.

DSSCs show higher efficiency and are thus ready for market
penetration, owing to the great efforts that have been made
since their discovery’. This has been achieved through
optimization of cell's individual components without changing
cell configuration. Starting from the inorganic semiconductor,
which acts as electron acceptor and transporter, a lot of studies
have been reported. For example, TiO,**'°, ZnO'"'"? and
Sn0,"'"!5 have been tested, although TiO, is by far the most
widely studied. This is due to the stability of titania
nanoparticles, their satisfactory electronic properties the
easiness of its synthesis and deposition and its relatively high-
located conduction band, which provides a higher Fermi level
and open-circuit voltage (V,.)'®. Nowadays, studies mostly
focus on the nanomorphology of the electrode from random
formations to nanotubes or nanorods, that can provide

4s improved charge transport and hole conductor pore filing,
which leads to better efficiencies.

Another crucial part in the DSSC technology is the
photosensitizer, usually referred to as the Dye. The first dyes
used by Gritzel's group were metal complexes, and in
particular Ru(Il) complexes™'’. The central metal ion is a
crucial part of their functionality. After more than 20 years of
intense research in the field of photosensitizers, Ru(Il)
complexes (typically with bipyridines and various substituents)
are still being studied by researchers due to their satisfactory
ss sensitization capacity'®'®. On the other hand, ruthenium
complexes have some drawbacks, such as their limited
absorption in the near-infrared, the rareness of the central
metal, which leads to high cost of the final device and its
toxicity with the resulting environmental issues. Thus, a lot of
alternative photosensitizers have been tested, some of them
showing competive results. For example, complexes with other
metal ions, such as Cu?®?!, 0s?*? or Fe**?, alternative ligands
like porphyrins®®?” and phthalocyanines”®?’, and dyes based on
organic molecules®™*'**** (either monomers or polymers) have
es been tested. In particular, organic dyes

advantages over metallocomplexes, including easier synthetic

routes, lower cost and scalability. They also
environmentally friendlier, although their cell efficiencies still
remain lower compared to Ru(Il) complexes. On the other
70 hand, devices based on small molecules have shown excellent
efficiencies for solid state DSSCs**, proving that they can be
valid alternatives to ruthenium-based dyes.
Meanwhile, one of the most widely studied semiconducting
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polymer acting as light absorber and electron donator-hole
conductor is regioregular poly-3-hexylthiophene (P3HT) and
its' derivatives, employed both in BHIJs’ active layer or as
sensitizer of TiO, in DSSCs. Especially, P3HT and it's
derivatives has been used in the past to sensitizeTiO,
nanoparticles by our group®® and other works***’. In the case of
DSSCs, anchoring of polymers onto the TiO, surface is usually
made by esteric bonds, after modification of the polymers with
carboxylic groups, even though other groups such as, sulfonic
and phosphonic, or even trialkoxysilane [Si(OR);] acid have
been used®®***°. These bonds on the other hand may be strong,
but are not stable in aqueous environments, therefore such
polymer sensitized DSSCs are only limited to the use of pure
organic electrolytes. To overcome this problem, different
anchors, such as hydroxamate“’“, that proved to be more
stable in aqueous environments, have been suggested.

In the present work, alternative ways of connecting purely
organic dyes onto the surface of TiO, electrodes were
investigated. More specifically, perfluorophenyl functionalized
organic semiconducting materials (Organic-5F) were employed
as dyes, since the pentafluorophenyl group can react with the
hydroxyl groups of TiO, nanoparticles creating Ti-O-C bonds
after removing the fluorine atom placed at para-position under
mild alkaline conditions. This Ti-O-C bond, is more stable than
the esteric bonds formed after typical reactions with carboxylic
end-group molecules, since it is non-hydrolysable and therefore
can overcome problems concerning aqueous environments. For
this reason perfluorophenyl phenyl quinolines as small
molecular dyes and perfluorophenyl w-end regioregular-
poly(3-alkyl thiophene)s presently used for the
functionalization of TiO, NPs. After optimization of the
reaction conditions and thorough characterization of the
Organic-5F-TiO, hybrids via various complementary
techniques, several poly(thiophene)-sensitized TiO,
photoanodes were prepared and evaluated in DSSCs. The
stability of the dye/TiO, hybrids after water and alkaline
solution treatment were tested in order to prove the
methodology's efficiency. Thus, in addition to the application
to DSSCs, these sensitizers have been proven functional in
photoelectrochemical cells employed for water splitting
applications in the presence of alkaline electrolytes.

were

Experimental
Materials

All solvents and reagents were purchased from Sigma Aldrich,
Alfa Aesar or Acros Organics and were used without further
purification unless otherwise stated. All reactions were carried
out under argon atmosphere. 2,5-Dibromo-3-hexyl thiophene®,
6-phenyl-(2-perfluorophenyl)-4-phenyl-quinoline ~ (Ph-5FQ)*
were  prepared according to literature  procedures.
Tetrahydrofuran (THF) was dried and distilled just before use
in the presence of benzophenone.
Commercial nanocrystalline titania Degussa P25 (specific
surface area 50 m%/g) was used in all cell constructions and
Millipore water was used experiments. SnO,:F
transparent conductive electrodes (FTO, Resistance 8§
Q/square) were purchased from Pilkington. TiO, nanoparticles

over sodium wire

in all
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prior to their reactions with the perfluorophenyl functionalized
moieties, were calcined at 400°C for 3-4 hr to remove all
hydrogen-bonded water molecules®.

Characterization methods

'H, and "F, NMR spectra were recorded on Bruker Advance
DPX 400.13, 100.6 and 376.5 MHz spectrometers,
respectively, with CDCl; as solvent containing TMS as internal
standard.

Thermogravimetric analysis (TGA) was carried out on 8 mg
samples contained in alumina crucibles in a Labsys TM TG
apparatus of Setaram under nitrogen and at a heating rate of 10
°C min™'. UV-Vis diffuse reflectance spectra (DRS) of the rr-
P3HT-5F-TiO, photoanodes on glass substrate, were measured
with a Cary 3 spectrophotometer equipped with an integration
sphere in the range of 200 nm-800nm. Pure TiO, substrate was
also measured for comparison. IR spectra were recorded on a
Perkin-Elmer 16PC FTIR spectrometer and on an ALPHA-P
diamond ATR spectrometer of Bruker Optics GmbH. UV-Vis

spectra were recorded using a Hitachi U-1800
spectrophotometer. Photoluminescence (PL) spectra were
recorded using a Perkin—Elmer LS45 Iuminescence

spectrometer, after excitation at the UV-Vis absorption
maxima. Scanning electron microscopy (SEM) pictures were
taken using a LEO Supra 35VP FEG-SEM microscope.
Transmission electron microscopy (TEM) measurements were
performed on a JEOL JEM2100 operating at 200 kV. Sample
preparation for TEM examination involved the preparation of
dilute suspensions of the samples in 0-DCB/EtOH or absolute
EtOH. A drop of the solution was placed on 3 mm carbon
coated copper grids (Electron Microscopy Sciences) and the
samples were dried in air for 2 days. The surface analysis
studies were performed in a UHV chamber (P<10” mbar)
equipped with a SPECS LHS-10 hemispherical electron
analyzer. XPS measurements were carried out at room
temperature using unmonochromatized AlKa radiation under
conditions optimized for maximum signal ( constant AE mode
with pass energy of 97 eV giving a full width at half maximum
(FWHM) of 1.7 eV for the Au 4{7/2 peak). The analyzed area
was an ellipse with dimensions 2.5x4.5mm’. The XPS core
level spectra were analyzed using a fitting routine, which can
decompose each spectrum into individual mixed Gaussian-
Lorentzian peaks after a Shirley background subtraction. The
samples were dissolved in DCB and spin coated on silicon
substrate. Before deposition the silicon substrates were
subjected to oxygen plasma treatment (rf=10.5W, 5min) in
order to remove carbon contamination and to improve surface
wetting and hence the coatings homogeneity. X-Ray
Diffraction (XRD) measurements were conducted using a
Bruker D8 Advance Cu Ka radiation (A = 0.15418 nm). The
XRD measurements were carried out in the 26 angle with the
range of 20-90e.

DSSC characterization was made by illumination of the
samples with a PECCELL PEC-L01 Solar Simulator set at 100
mW/cm®. IV characteristics were recorded under ambient
conditions with a Keithley 2601 source meter. In the case of
photoelectrochemical water splitting, current voltage curves
were recorded by illumination with the same solar simulation
and with the help of an Autolab PGSTATI128N potentiostat.
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The latter were traced in a two-electrode configuration (i.e.
without a reference electrode) at 5 mV.s™.

Synthetic procedures

Synthesis of 2-Perfluorophenyl terminated regioregular
poly(3-hexylthiophene) (P3HT-5F)

Synthesis of rr-P3HT*

2,5-Dibromo-3-hexyl-thiophene (1.02g, 3.126mmol, leq) was
dissolved in 15mL of distilled THF in a round bottom flask
equipped with a stir bar and a reflux condenser, under inert
atmosphere. 1.04mL of MeMgCl (3M in diethyl ether,
3.126mmol, leq) was added via syringe and the reaction was
heated at reflux for 2 hours. After cooling at room temperature,
33.9mg of Ni(dppp)Cl, (0.0625mmol, 0.02eq) was added, and
the reaction mixture was stirred at RT overnight. Then the
mixture was precipitated in MeOH, filtrated and purified by
Soxhlet extraction using subsequent solvents MeOH, n-hexane
and CHCI;. The n-hexane and CHCI; fraction were evaporated
and dried under vacuum overnight. The n-hexane fraction was
used further for m-end group modification with perfluorophenyl
groups.

Synthesis of rr-P3HT-5F

rr-P3HT  n-hexane fraction (105mg, 0.25mmol, leq),
pentafluorophenyl boronic acid (65mg, 0.3mmol, 1.2eq) and
Pd(PPh3), (13.3 mg, 0.012mmol, 0.04eq) were dissolved in
20mL of degassed toluene and to that solution were then added
0.8mL of a Na,CO; 2M solution (6eq). The solution was
refluxed for 48h. After cooling to RT, the catalyst was removed
by filtration. The solvent was evaporated under vacuum and the
crude mixture was stirred in MeOH in order to remove
impurities. The pure product rr-P3HT-5F was obtained by
filtration and drying under vacuum overnight.

Preparation of phenyl-perfluorophenyl-phenylquinoline—
TiO, (PhSFQ-TiO,) hybrid NPs

A representative example corresponding to entry 5 of Table 1 is
described below. Analogues conditions were used in all other
cases.

To a degassed round-bottom flask equipped with a reflux
condenser and a magnetic stirrer under an argon atmosphere
30mg (0.067mmol, 1leq) of phenyl-perfluorophenyl-
phenylquinoline and 37mg (0.268mmol, 4eq) of K,CO; were
dispersed in 40mL of acetone. TiO, nanoparticles (100mg), that
were first thermally treated for 3-4hr at 400°C and stored in a
desiccator, were then added in the reaction mixture. The
mixture was heated at reflux for 48h. After cooling at room
temperature, the mixture was filtrated and washed with
acetone, water and THF to remove the salts and the unreacted
quinoline molecules, until the filtrate was colourless and then
was dried in a vacuum oven overnight.

Preparation of rr-P3HT-5F-TiO, hybrid NPs

A mixture of r-P3HT-5F (0.067mmol), TiO, powder (50mg)
and K,CO; 37mg(0.268mmol) in acetone was heated under Ar
at reflux for 48h. After cooling at room temperature, the
mixture was filtrated and washed with THF and water to
remove unreacted polymer and salts. The powder was dispersed
afterwards in THF, centrifuged at 13000rpm and finally the
supernatant was removed. This procedure was repeated until

11

e the supernatant was colourless. The crude product (22mg) was
dried under vacuum oven overnight.

Preparation of the blend rr-P3HT-5F/TiO,

TiO, powder (43.5mg) and »r-P3HT (n-hexane fraction)
(6.5mg) were dissolved in 20mL acetone. The mixture was
sonicated for 20min then it was stirred at 60°C for 48hr.
Finally, the mixture was purified as described above for the rr-
P3HT-5F-TiO, hybrid NPs.

6:

a5

=
=]

Deposition of nanoparticulate titania films on FTO
electrodes
Photoanode electrodes were made by depositing a
nanocrystalline titania (nc-TiO,) film on an FTO electrode by a
standard procedure employed in our previous publications*®. A
75 FTO transparent electrode was cut in the appropriate
dimensions and was carefully cleaned first with soap and then
by sonication in isopropanol, water and acetone. A thin layer of
compact titania was first sprayed over the FTO electrode using
0.2 mol L™ diisopropoxytitanium bis(acetylacetonate) solution
s0 in ethanol and then it was calcined at 500 °C. On this thin
bottom layer, a titania paste made of P25 nanoparticles was
applied by doctor blading. The film was calcined again up to
550 °C at a rate of 20 °C/min. The final thickness of the film,
as measured by SEM, was approximately 10 um. Then, the
film was treated with a 0.04 mol L™ aqueous solution of TiCl,
for 30 min at 70 °C, followed by calcination up to 500 °C. The
active geometrical area of the film was 1 cm” (1 ecm x 1 cm) in
all studied cases.

=3
&

90 Preparation of rr-P3HT-5F-TiO, sensitized photoanodes
A representative example corresponding to entry 6 of Table 2 is
described below. Analogue conditions were used in all other
cases.

A TiO, photoanode was placed in a mixture of acetone (30mL),

os rr-P3HT-5F (0.067mmol) and K,CO; (0.268mmol). The
system was heated at reflux under Ar for 48h. After cooling at
room temperature, the photoanode was taken out of the solution
and was thoroughly washed in THF, water and acetone.
Finally, it was dried under vacuum overnight.

100

Construction of devices

DSSCs were made by a standard procedure where an
electrolyte containing the I37/I" redox couple was sandwiched
between a sentitized as above photoanode electrode and a

46,47

10s counter electrode. The counter electrode was also a FTO glass

functionalized with Pt electrocatalyst. Pt nanoparticles were
deposited by twice spin coating a solution of 0.02 mol L’
chloroplatinic acid hexahydrate in isopropanol and subsequent
calcination at 550 °C. The electrolyte was based on a Ureasil
precursor, same as for the reported synthetic procedures:*’*
1.2 g of sulfolane and 1.2 g of 3-methoxypropionitrile were
mixed under stirring with 0.7 g of the above Ureasil precursor,
0.35 mL of acetic acid (AcOH), 0.12 g Lil and 0.12 g 1-
methyl-3-propylimidazolium iodide. When the solution was

S

s clear, we added 0.06 g I,. Thus, the molar ratio of I" to I, was

approximately 6:1. Finally, we added about 0.5 mol.L" tert-
butylpyridine and 0.1 mol.L"" guanidinium thiocyanate, which
are known to raise the open-circuit voltage and the short-circuit

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], 00-00 | 3



Journal of Materials Chemistry A

current in DSSCs, respectively. The solution was stirred for
several hours before application. During this period, a slow
solvolysis took place developing silica bonds between
precursor chains and leading to condensation and gel
formation.*’*® One drop of this mature gel was placed on the
photoanode electrode and the counter electrode was placed on
the top and pressed by hand. The gel acts as an adhesive resin
and holds the two electrodes together. No sealing was
necessary. After a few hours, the gel dries and the cell is ready
10 for characterization.

Photoelectrochemical studies using alkaline electrolyte were
performed on a cell made of Plexiglas, supporting on opposite
sides and parallel to each other the photoanode and counter
electrode. The distance between them was 5 mm. The space

15 between the electrodes was filled with aqueous 0.5 M NaOH.
The photoanode played the role of cell window while the
counter electrode was made of carbon cloth and was exposed to
the ambient atmosphere. The counter electrode carried a
mixture of Pt with carbon black as electrocatalyst at the same

20 time providing a hydrophobic layer that prevented electrolyte
leak.*’ The active size of the photoanode electrode was 1 cm?
(1 cm x lem) and of the counter electrode 2.25 cm? (1.5 cm x
1.5 cm).

o

Results and Discussion

s Current trends in TiO, sensitization with dyes, either
metallocomplexes or purely organic molecules, are realized
mostly through ester bond formation between the hydroxyl
groups of TiO, and carboxylic groups present in the dyes.
These ester bonds, however, are readily hydrolysed under
alkaline or acidic conditions, and for that reason such sensitized
TiO, anodes are strictly protected from humidity and carefully
kept and further used under inert atmospheres. These facts
prompt us to investigate alternative ways of connecting purely
organic dyes onto TiO, electrodes. The employment of purely
organic dyes aimed also to circumvent additional drawbacks of
typical ruthenium ion metallocomplexes such as availability,
toxicity and scalability as clearly stated above.

Sensitization of TiO, with Ph-5FQ

w
=3

w
s

Perfluorophenyl ~ groups  are  stable = multi-purpose
functionalities™ that can be, for example, transformed to
azides* or react with hydroxyl groups. Thus, we first studied a
small molecular sensitizer carrying perfluorophenyl units in
order to investigate their ability to react under alkaline
conditions with the hydroxyl groups of commercial TiO,
nanoparticles (Degussa P25), which is commonly used in
DSSCs. This reaction is similar to the etherification reaction of
hydroxyl compounds with perfluorophenyl functionalities. As
shown in Scheme 1 and Table 1, 6-phenyl-(2-
perfluorophenyl)-4-phenyl-quinoline (Ph-5FQ) was used for
the initial screening and optimization of the reaction conditions.

Different conditions were tested (Table 1) by varying
reactants ratio, solvent and concentration of the reaction
solution, temperature and time. Moreover, as given in entries 4
and 5 of Table 1, TiO, was previously thermally treated at
ss 400°C for about 3 hours. This thermal treatment (also referred

to as activation) removes hydrogen-bonded water molecules

4

=3

4

o

93
=]

thus, the number of the free surface hydroxyl groups and their
activity is enhanced.* As base for achieving the required
alkaline conditions, potassium hydroxide (KOH) and potassium
carbonate (K,CO;) were employed while the solvents tested
were acetone and DMF. In all cases filtration and
centrifugation were employed to collect the hybrid material
PhSFQ-TiO, after completion of the reaction. Then they were
copiously washed using acetone or DMF, water and again
65 acetone or DMF, in order to remove unreacted PhSFQ and base
as well as the produced KF salt. Optimal conditions were found
by the above experiments and were based on the use of
previously activated TiO, with K,CO; as base in acetone for
48hr.

OH

0w
B OH  K.CO
N~ + VY3
F. O F HO OH acetone
F

o
S

F HO  OH X

Ph5FQ Ph5FQ-TiO,
70
Scheme 1: Reaction of phenyl-perfluorophenyl-phenylquinoline with
TiO, NPs producing organic-inorganic hybrids, PhSFQ-TiO,.

Table 1: Reaction conditions and product quantities for the preparation
of Ph-5FQ-TiO, hybrid NPs.

Page 4 of 13

. . Ph5FQ-
ala 8:2; P}(lr_rf;)Q Base / Solvent T(Lr?)e TiO,NPs
(mg)

1 30° 30 KOH/DMF 24 2

2 30° 30 K>COs/DMF 24 2

3 30° 30 K,COs/acetone 48 5

4 30° 30 K>COs/acetone 48 15

5 90° 30 K,COs/acetone 48 45

75 a) Degussa P25 without previous thermal treatment

b) Degussa P25 thermally treated at 400°C for 3 hr and stored in a
desiccator

Figure 1 presents the thermogravimetric analysis and ATR
so spectra of the hybrid material PhSFQ-TiO2 entry 5 of Table 1,
in comparison to the net components. The successful binding of
the molecules into the TiO, substrate was verified by TG
analysis as shown in Figure 1a. The neat TiO, after thermal
treating showed no significant weight loss between 50°C and
ss 800°C, while perfluorophenyl-phenyl phenylquinoline (Ph-
5FQ) was completely degraded around 400 °C. In the TGA
analysis of the Ph-5FQ-TiO, hybrid material, the maximum
degradation temperature was around 600°C and the weight loss
was 55%. The higher stability of the hybrid sample (according
90 to both temperature and weight loss) indicates the successful

4 | Journal Name, [year], [vol], 00—00
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formation of Ti-O-C bonds on the TiO, surface.

(@)
3
S
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°
s
— (i) TiO, after thermal treatment [ 20
— (i) Ph5FQ-TiO, i
— (iii) Ph5FQ
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100 200 300 400 500 600 700 800
Temperature (°C)
O] I
(i) Tio,
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3
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5]
c
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4000 3500 3000 2500 2000 1500 1000
Wavenumbers (cm™)

Figure 1: (a) TGA and (b) ATR spectra of TiO,, Ph5FQ and PhSFQ-
TiO, hybrid NPs.

s The success of the reaction was further confirmed by ATR
spectroscopy as shown in Figure 1b, in which it is clearly
shown that besides the absorption bands of pure TiO,”', located
at 1600 cm™, the spectrum of the hybrid product presents
additional absorption bands at 1300-1100 cm™ due to

10 attachment  of  phenyl-pentafluorophenyl-phenylquinoline.
More specifically, the band centered at 1150 cm™ proves the
formation of the Ti-O-C bond in the hybrid product’>***,
whereas the pick due to the C-F streching vibration, which is

usually coupled with other vibrations and thus is very dificult
15 to be assigned, is slightly displaced in comparison with the

starting molecule's spectra, around 1250 cm™.

Sensitization of TiO, with rr-P3HT-5F

After the above encouraging results of successful connection of
perfluorophenyl functionalized quinoline onto the hydroxyl
20 decorated TiO, NPs, we proceeded with the development and
use of the more efficient and highly absorbing regioregular
poly(3-alkyl thiophene) bearing perfluorophenyl end-
functionalities.
2,5-Dibromo-3-hexyl-thiophene was polymerized under
2s typical GRIM polymerization in freshly distilled THF using
MeMgCl as the Grignard reagent and NiCl,(dppp) as catalyst.*
The crude polymer obtained after precipitation in methanol was
then purified and fractionated via Soxhlet extraction using
methanol, n-hexane and finally chloroform. For the purpose of
50 this work we used only the n-hexane extract that provided a
polymeric fraction with smaller molecular weights, (Mn =
1050, Mw = 1200, corresponding to a number of repeating
units of approximately n=6). Analogous was the calculated
molecular characteristics from 'H NMR spectroscopy were end
group analysis gave an n=5 The reason of choosing small
molecular weight 77-P3HT as sensitizer was to enhance its
incorporation in the TiO, NPs mesoporous structure and to
avoid total coverage of the TiO, layer that could lead to its
insulation and loss of its contact to the electrolyte.
4 The GRIM method is considered as a “living”
polymerization reaction since at the @-polymeric chain end an
active bromine group is present. This can be further employed
for functionalizing the polymeric chains with active groups
such as vinyl, hydroxylphenyl, etc, under palladium mediated
Suzuki coupling of the bromine with aromatic boronic acids.*
In our case we used the perfluorophenyl boronic acid in order
to incorporate the desired perfluorophenyl functionalities onto
the rr-poly(3-hexyl thiophene) chains ends, Scheme 2i. The
successful introduction of the perfluorophenyl chain end-
so functionalities was proven by '°F NMR spectroscopy as shown
in Figure 2, where three peaks owing to the three different
species of attached fluorines were detected.

w
by

4

o

CeH13 R F  Pd(PPhy), CeHiz R F
. I\ + F KCOs3 I\
(i H3C@Br (HOXB ——— Hes/, F
n F E toluene F F
rr-P3HT rr-P3HT-5F
n-hexane fraction
OH
CeHiz R F HO CeHis R F
T OH K,COs3 7
. F + — > 0
(i) HC\s7/, HO OH acetone |M3C\"8"/n
F F F F
HO OH X
rr-P3HT-5F rr-P3HT-5F-TiO,

Scheme 2: (i) synthesis of perfluorophenyl w-end functional r7-P3HT (rr-P3HT-5F) and (ii) its use for the preparation of rr-P3HT-5F-TiO, hybrid NPs.

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 | 5



Journal of Materials Chemistry A

T T T T T 1
-100 -110 -120 -130 -140 -150 -160 -170
Chemical Shift (ppm)

Figure 2: "’F NMR spectrum of 77-P3HT-5F in CDCl,.

Using analogues to the above described conditions for the
preparation of PhSFQ-TiO, hybrid NPs, we proceeded with

s the development of the desired rr-P3HT-5F-TiO, hybrid NPs,
Scheme 2ii. Also in this case thermally treated TiO, at 400°C
for 3hr was used and we employed extensive washing and
centrifugation steps for the purification of the prepared hybrids
with water and THF, to remove all traces of salts and unreacted

10 rr-P3HT-5F from the final samples. Initial characterization was
performed via TGA and IR as shown in Figure 3.

15 The attachment of the »-P3HT moieties onto the TiO, NPs is
proven by the increased thermal stability of the hybrid
materials versus the pure polymeric precursor (Figure 3a).
From the TGA diagrams, a 13% functionalization of TiO, NPs
with 7r-P3HT-5F can be calculated. Moreover, there is a clear

20 coexistence of the P3HT and of the TiO, IR peaks as evident in
Figure 3b, which is accompanied by alterations of the rr-
P3HT-5F peaks below 1600 cm” due to the Ti-O-C bond
formation C,,-F-O-TiO,, similiar to the above described
behaviour of the Ph5FQ-TiO, hybrid NPs.
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Figure 4: (a) UV-Vis and (b) PL spectra of the starting materials TiO,
and rr-P3HT-5F, of the final r-P3HT-5F-TiO, hybrid NPs and of the
rr-P3HT-5F/Ti0, physical blend all in CHCl; solutions. The PL spectra
were recorded after excitation at the P3HT’s absorption maximum

The UV-Vis and PL spectra of the rr-P3HT-5F-TiO, hybrid
NPs compared to the initial materials are given in Figure 4a
and 4b, respectively. In order to clarify differences in the
optical properties of the hybridized TiO, NPs, at which P3HT
35 has been bonded onto TiO, when compared to the initial TiO,
powder, we prepared a blend of r-P3HT (n-hexane fraction)
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Figure 3: (a) TGA and (b) ATR spectra of TiO,, r»-P3HT-5F and rr-

P3HT-5F-TiO, hybrid NPs.

T
1000

with TiO, (rr-P3HT-5F/Ti0,) using the same conditions as for
the rr-P3HT-5F-TiO, NPs. From the TGA data of r»-P3HT-5F-
TiO, hybrid NPs (Figure 3a), it was calculated that the hybrid
s molecules consist of 87% TiO, nanoparticles and 13% rr-
P3HT-5F (w/w), so the composition of the blend was kept the
same. In Figure 4a the -P3HT-5F-TiO, NPs and of course
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the blend r-P3HT/TiO, present a shoulder in their absorption
spectra where the poly(thiophene) absorbs, around 450nm. On
the contrary the photoluminescence behaviour of the »-P3HT-
5F-TiO, NPs is drastically different compared to the blend 7r-
s P3HT/TiO, as shown in Figure 4b, where the PL spectra of the
initial materials, of the blend and of the final hybrid NPs are
compared. In particular a photoluminescence quenching was
detected for the hybrid r»-P3HT-5F-TiO, NPs after excitation

(a)

XPS

at the absorption maximum of r»-P3HT. The blend rr-
10 P3HT/TiO, presented only a negligible reduction of its

photoluminescence. This point strongly proves the covalent

attachment of the rr-P3HT-5F moieties onto the TiO, NPs

allowing the efficient electronic interactions between the two

species, whereas a simple blend of the net components is
15 simply insufficient.

(b)
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- C-F él:;a E i thiophene iIF:(?x—
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Figure 5. (a) F1s XPS core level spectra of (i) PhSFQ-TiO, NPs, (ii) 7»-P3HT-5F-TiO, NPs, (iii) 7-P3HT-5F/TiO, blend and (iv) TiO, in powder form;
and (b) S2p XPS core level spectra for the (substrate) plasma-treated Si, (ii) r-P3HT-5F-TiO, NPs and (iii) r»-P3HT-5F/TiO, blend films.

XPS measurements were also conducted in order to further
20 investigate and prove the direct and covalent attachment of the
semiconducting 7-P3HT-5F chains onto TiO,. Figure 5a
shows the Fls core level peak of the samples rr-P3HT-5F-
TiO, NPs, of PhSFQ-TiO,NPs entry 5 of Table 1 and of rr-
P3HT-5F/TiO, blend. A pure TiO, powder was also measured
25 for comparison. Based on the binding energy (BE) values of a
strong photoelectron peak, information about the chemical state
for each element can be obtained. The TiO, sample showed that
there is no fluorine whereas in the other three samples Fls
peaks are observed. For the blend sample the spectrum shows
30 only one peak at ~691eV assigned to covalent C-F bonds
indicating that there is no interaction between TiO, and rr-
P3HT-5F. For the PhSFQ-TiO, NPs and rr-P3HT-5F-TiO,
NPs the spectra consist of two components. The first at high
binding energy originating from covalent C-F bonds and the
35 second at low binding energy 684.2-685.2eV This peak which

is commonly observed in surface-fluorinated TiO, systems
originating from fluorine atoms in terminal Ti—F or Ti-O-F
bonds on the TiO, crystal surface.’” Figure 5b shows the S2p
spectra for the rr-P3HT-5F/TiO, blend and the rr-P3HT-5F-
40 TiO, NPs sample. A spectrum from a clean Si substrate was
added to evaluate the contribution of the substrate to the
spectra’s background. The S2p BE centered at 164.0eV is
assigned to thiophene®, while the contribution at about 168 eV
originated from the substrate (Si2p satellite feature). The
45 binding energy of Cls and Ti2p core level peaks (not shown)
are in 285.1eV assigned to C in thiophene and at 458.6eV
assigned to TiO,. From the above results is obvious that Ti-O-F
bonds are present both in Ph5FQ-TiO, NPs and rr-P3HT-5F-
TiO, NPs samples which is a clear indication that the
so semiconducting species carrying perfluorophenyl
functionalities have been attached onto the TiO, NPs.
SEM analysis of the hybrid material was performed as

This journal is © The Royal Society of Chemistry [year]
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shown in Figure 6 in comparison to the net TiO, powder. In
Figure 6a the SEM image of TiO, shows the expected sharp
NPs of well resolved edges whereas in Figure 6b a
surrounding film around the TiO, NPs is clearly seen due to the
s attached P3HT polymeric chains. This is more clearly observed
in the TEM images of the pure TiO, powder, Figure 7a versus
the functionalized hybrid »r-P3HT-5F-TiO, NPs, Figure 7b.
In the XRD powder patterns of the rr-P3HT-5F-TiO,
hybrid NPs Figure 8, only TiO, reflections were detected
10 probably due to the low P3HT content in the sample (~ 13% as
calculated by TGA) that was not sufficient to provide
crystalline domains. Moreover, the preservation of the anatase
form of TiO, in the final hybrid NPs is demonstrated by the
XRD analysis, which is favourable for DSSCs applications'®,
1s providing another advantage of the herein presented
methodology.

Figure 6: SEM images (a) of TiO, NPs in powder form thermally
treated at 400°C for 3hr and (b) of the 7+-P3HT-5F-TiO, hybrid NPs in
20 powder form.

rr-P3HT-5F-TiO, sensitized photoanodes

For the preparation of the rr-P3HT-5F sensitized TiO,
photoanode electrodes, the deposited nanoparticulate titania
films on FTO electrodes were immersed into solutions of 7r-
2s P3BHT-5F in the presence of K,COs. Table 2 provides several
conditions exploited together with the images of the respective
sensitized photoanodes. After further optimization of the
reaction conditions entries 4-7 of Table 2, intense red coloured
photoanodes were obtained. In all cases the images of Table 2
30 were taken after thorough washing of the sensitized photoanode

with THF, water and finally acetone in order to remove all
traces of unreacted materials or produced salts.

(a)

(b)

Figure 7: TEM images (a) of TiO, NPs in powder form thermally
35 treated at 400°C for 3hr and (b) of the r-P3HT-5F-TiO, hybrid NPs in
powder form.

—()Tio,
—— (ii) 7~P3HT-5F-TiO, NPs

intensity (a.u.)

v L ” T * T ¥ T . T ' T ¥
20 25 30 35 40 45 50 55 60
20 (degrees)

Figure 8: XRD patterns of (i)TiO, NPs in powder form thermally
treated at 400°C for 3hr and (ii) of the r-P3HT-5F-TiO, hybrid NPs.

40  As already explained, the main driving force of this work
was the development of a novel methodology for the
production of efficient polymeric dye sensitized TiO, NPs and
their respective photoanodes, of excellent stability under air
and humidity. To prove the stability of the prepared rr-P3HT-

45 SF-Ti0, photoanodes we immersed the sample (entry 7 of
Table 2) subsequently in THF, water and finally in aqeous

8 | Journal Name, [year], [vol], 00—00
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NaOH 2M solution for 30 minutes and recorded its UV-Vis
diffuse reflectance spectra inbetween subsequent immersions as
shown in Figure 9. It is evident that the colouring of the
sample remained almost intact (Figure 9b). The UV-Vis
diffuse reflectance spectra (Figure 9a), which have been
normalized at the 310 nm peak owing to TiO,, show some
small alterations in the absorptivity of the samples. The red
curve corresponds to the initial sample immediately after its
removal from the reaction mixture. After thorough wasing with
10 THF all physiosorbed P3HT onto the TiO, surface is removed
(blue curve), which as expected shows a reduction of the P3HT
content from the initial untreated photoanode. Thereafter,
immersion in HyO (pink curve) and in aqueous NaOH 2M
(green curve) presented only small deviations of the P3HT
15 absorption peak at about 500nm. Since there are no obvious
visible alteration of the samples' appearance and colouring
(Figure 9b), we can assume that those absorptivity deviations
may be due to difficulties in the positioning of the quite thick
glass substrate in the DRS device.

o

20 Table 2: Reaction conditions and images of the produced rr-P3HT-5F-
TiO; sensitized photoanodes.

Concentration Reaction rr-P3HT-5F-
a/a rr-P3HT- Solvent time TiO,
5F/solvent (h) photoanodes
1 Smg/SmL acetone 96 -
2 20mg/5mL acetone 96
/
3 20mg/4mL NMP 72 -
cyclohexanone
4 20mg/5mL / acetone 72
(/1)
5 15mg/3mL acetone 48 -
6 15mg/3mL acetone 48 -
7 15mg/3mL acetone 48 -
Performance of DSSCs

DSSCs have been constructed as explained in the Experimental
»s section and they have been characterized in terms of their

current-voltage characteristics. Figure 10 shows data obtained
with two sensitized photoanodes rr-P3HT-5F-TiO,/FTO entry
6 and entry 4 of Table 2. The most efficient sensitization was
obtained from the conditions employed in entry 6 of Table 2,
30 while entry 4 gave a poor performance, both in terms of current
and voltage but also in terms of the total efficiency, as seen by
the data extracted from Figure 10 which are listed in Table 3.
The currents obtained with the present sensitizer are much
smaller than can be reached by the standard Ru-complex
3s sensitizers.”” Of course, the present data are not yet optimized.
However, they suffice to show the feasibility of the presently
proposed anchoring procedure on nanoparticulate titania.

(a)
8

—— (i) TiO,- P3HT
L —— (ii) after THF
1 — (iv) after H,O
6 —— (iii) after NaOH
5_‘ (v) TiO,
Z
u- -
3
Dt
14
0—'I'I‘I'I‘I'I'I'l'l'
200 250 300 350 400 450 500 550 600 650 700
(b) Wavelength (nm)

Figure 9: Normalized UV-Vis diffuse reflectance spectra of 7»-P3HT-

40 5F-TiO, photoanode (entry 7) after their subsequent immersion in THF,
water and aqueous NaOH 2M solutions. The images below were taken
after each solution treatment, respectively.

4

Current Density (mAcm?)
N
1

0 T T T T T T T v T T T
0,0 0,1 0,2 0,3 0,4 0,5 0,6 0,7
Voltage (Volts)

Figure 10. JV curves recorded with DSSC cells made by using 7r-
4s P3HT-5F-TiO/FTO photoanodes: (1) entry 6 and (2) entry 4 from
Table 2.
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Table 3. DSSC current-voltage characteristics extracted from Figure
10, using the photoanodes entry 6 and entry 4 of Table 2.

Type of Voc Jsc FF
Photoanode (Volts) (mA.cm™) n
rr-P3HT-5F-TiO2
(entry 6)/FTO 0.64 3.17 0.63 127
rr-P3HT-5F-TiO2
(entry 4)/FTO 0.45 1.1 0.62 0.31

Study of photoelectrochemical cells

In the present work, we used a standard photoelectrochemical
cell in a 2-electrode configuration employing a sensitized nc-
TiO, photoanode and a counter electrode made of carbon cloth
bearing a Pt/carbon-black electrocatalyst, as explained in the
Experimental section. Both electrodes were in contact with an
10 aqueous alkaline electrolyte. When the photoanode is
illuminated by UV or solar light, electron-hole pairs are
generated. Electrons move through an external load to the
counter electrode and carry out reduction reactions. In the
present case, oxygen is reduced according to the reaction™:
is H,O + % O, + 2¢” — 20H". Holes are consumed by oxidation
reactions, i.e. by water oxidation in the present case. In Figure
11, the efficiency of the above process is reflected into the
current produced. Negligible current was produced in the dark
but substantial current was produced in the case of bare nc-
20 TiO, photoanode. The open-circuit voltage in that case reached
about 1 V. In the presence of the rr-P3HT-5F sensitizer, a
further increase of the current was observed suggesting a
modest sensitization by the anchored dye. The open-circuit
voltage did not change. This is an indication of sensitization.
2s Excited dye ejects its excited electron into the conduction band
of the majority species, i.e. nc-TiO,, which defines the voltage.
The above data were preserved under several hours of
illumination, indicating a stable photoanode. Increased current
in the presence of the anchored dye may derive from dye
30 oxidation, consumption of holes and liberation of more
electrons. Such dye consumption was not presently observed,
as controlled by UV-vis spectrophotometry. Even though, the
above data are preliminary and further studies are necessary,
they do indicate that the above dye, anchored on nc-TiO, under
the present procedures, can be used as sensitizer in an aqueous
alkaline environment.

o

w
by

Conclusions

We have developed a novel and efficient methodology for the

sensitization of TiO, nanoparticles and electrodes with organic
40 semiconducting dyes namely small molecular quinolines and
most importantly regioregular poly(3-alkyl thiophene)
polymeric  chains. For this purpose perfluorophenyl
functionalities inserted onto the desired organic dye moieties
reacted under mild alkaline conditions with the hydroxyl
groups of TiO, NPs. Through this route stable and non-
hydrolysable Ti-O-C bonds were formed. After optimization of
the reaction conditions the final hybrid semiconducting - TiO,
NPs were characterized for their optoelectronic properties and
for their morphology revealing the successful incorporation of
so the organic moieties onto TiO,. The preservation of the anatase

4
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Figure 11. JV curves traced in a 2-electrode configuration recorded in
an aqueous alkaline electrolyte containing 0.5 M NaOH and using r7-
P3HT-5F-TiO,/FTO photoanode (same conditions as in entry 7, Table
2) and a Pt/CC counter electrode: (1) Curve traced in the dark; (2) bare
titania without sensitizer and (3) photoanode with sensitizer.

form of TiO,, the existence of Ti-O-F bonds and the
photoluminescence quenching of semiconducting moieties after
their covalent attachment onto the TiO, NPs clearly
demonstrate the efficacy of the particular methodology.
Moreover the same conditions were employed and optimized
for the sensitization of TiO, photoanodes that were tested in
Dye-sensitized solar cells and in photoelectrochemical cells for
water splitting under alkaline conditions. Although not yet
optimized the operational features of both devices point out the
viability and reliability of the proposed route.
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