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We investigated the photophysical properties of a newly synthesized hybrid material composed of a
triphenylamine dye covalently bound to reduced graphene oxide, potentially relevant as a stable
photosensitizer in dye-sensitized solar cells. The photophysical characterization has been carried out by
means of fluorescence quenching and fluorescence lifetime measurements, complemented by Electron
Paramagnetic Resonance (EPR) spectroscopy, aimed at the detailed description of the photoinduced
processes occurring in the hybrid and in the mixed hybrid/N-doped TiO, material. The combined
optical/magnetic study unequivocally demonstrates a fast quenching of the dye excited state in the
isolated hybrid and an efficient electron transfer to N-doped titania nanopowders. In the latter case, a
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metastable radical cation on the dye moiety is photogenerated and the corresponding negative charge,
an electron, is trapped in defect sites of the doped semiconductor oxide. The spin distribution in the
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Introduction

Over the past decades, great research efforts have been focused
on the development and improvement of the so-called ‘third-
generation photovoltaics’ technology.'™ So far, several device
architectures have been studied involving various kinds of
organic/hybrid photoactive materials with the aim of reducing
the costs and the environmental impact of conventional Silicon
photovoltaics (PV) and approaching new applications by virtue
of the light-weight and flexibility of the new materials. Organic
and hybrid architectures include perovskite solar cells (PSC),
that reached efficiencies higher than 20%*° but suffer from
stability issues,”® and include other devices based on polymer
bulk-heterojunction solar cells (BHJSC) and dye-sensitized solar
cells (DSSC). Current research on these PV systems is focused
both on the improvement of the photoactive materials, relying
on a deeper understanding of their photophysical properties,
and on the optimization of the device architectures.
Triphenylamine-based dyes (TPA) are versatile photoactive
components that have been successfully employed in a number
of organic/hybrid PV cells, including small-molecule solar cells

“ Department of Chemical Sciences, University of Padova, Via Marzolo 1,
35131 Padova, Italy. E-mail: lorenzo.franco@unipd.it
b Photophysics and OptoElectronics, Zernike Institute of Advanced Materials,
Rijksuniversiteit Groningen, Nijenborgh 4 NL-9747 AG, Groningen,
The Netherlands
i Electronic supplementary information (ESI) available: Details about the
synthetic route and thermogravimetric analysis, additional electron paramag-
netic resonance data. See DOI: 10.1039/c7cp04308b
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stable radical has been determined by EPR spectroscopy and correlated with DFT calculations.

(in blends with PCBM), DSSC and PSC.°** Remarkable power
conversion efficiencies (PCE) were achieved for the cited
architectures using TPA-based materials, namely 11% PCE for
small-molecule solar cells, and more than 14% and 20% PCE
for DSSC and PSC respectively, employing TPAs as sensitizers
(in DSSC) or as Hole-Transport Materials (in PSC).">™'* TPAs are
particularly important for DSSC, where they are used as alter-
natives to Ru complexes, in the so-called metal-free DSSC. The
most useful properties of TPA are the strong electron-donating
capability, due to low ionization potential, the ease of chemical
modification to properly adjust their electronic properties, and
the good hole-transport ability. For these reasons, the TPA
moiety is usually employed as an electron-donating unit in
D-n-A chromophores, where a conjugated bridge links the TPA
to the acceptor group that also acts as an anchoring group for
the semiconductor surface.”” Such architecture allows extending
the spectral absorption to longer wavelengths and to enhance
charge injection by virtue of the intramolecular charge separation
(push-pull effect).

Graphene emerged in the 2000s as a 2D-material with
fascinating properties.'® Several features make it a promising
material for application to energy conversion devices: its flexibility,
the large surface area, the chemical stability and the excellent
electron mobility (approaching 10* em®> V™' s™' at room
temperature'”). Reduced graphene oxide (rGO), obtained by
chemical reduction of graphene oxide (GO), is more commonly
used because of its easier large-scale production compared to
graphene.'® So far, rGO has been employed in BHJSC, DSSC
and PSC with encouraging results.”’*”*” In DSSC, rGO proved

This journal is © the Owner Societies 2017
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to be a good alternative to the ITO and FTO transparent
conductive layers as well as to the Pt counter electrode’® and
was used in blend with TiO, to improve the conductivity of the
semiconductor.>* Several examples of the use of GO in photo-
active materials rather than in electrodes, are found in the field
of BHJSC, where it was mainly used as electron acceptor
material in blends with conjugated donor polymers.***®

A covalent rGO-metallopolymer hybrid was developed by
Fang et al®® exhibiting enhanced PCE when blended with
PCBM compared to that of the ungrafted metallopolymer. More
generally, the concept of a hybrid material, where an organic
dye is covalently attached to rGO sheets, has been explored in
the last few years, revealing positive effects from the presence
of rGO, such as the enhanced conductivity and the greater
stability of the hybrid material.>"**3!

In light of the acknowledged properties of triphenylamine-
based dyes and rGO, we recently synthesized and demonstrated
the efficacy of a TPA-rGO covalent hybrid for specific use as a
photosensitizer in DSSC.**

With these premises, the scope of the present study was to
gain deeper knowledge of the photophysics of the TPA-rGO
hybrid material, free or adsorbed on N-doped TiO,, starting
from a model system, depicted in Chart 1, where the chromophore
consists of ethyl cyanoacrylate-functionalized triphenylamine
(TPA-Et) grafted onto rGO (rGO-TPA-Et). Although the carboxylic
group is commonly used in the dye molecule as an anchoring
moiety for TiO,, here we chose to investigate the ester derivative
because of its easier processability, in particular the possibility of
obtaining dispersions of the corresponding hybrid in organic
solvents, making the spectroscopic characterization more accessible.
The results we present here demonstrate that even the ester group
enables a strong interaction with the inorganic semiconductor, thus
justifying our choice. The N-doping of TiO, was found to provide the
spectroscopic signature of the direction of the electron transfer, and
since the amount of doping is in the ppb scale, we believe it does not
affect significantly the photophysics of the material. Thus, we are
confident that our results are valid for pure TiO, as well, which is
commonly used in DSSC.

We focused our work on the light absorption and photo-
luminescence properties of the hybrid material and applied
Electron Paramagnetic Resonance spectroscopy (EPR) to investigate
the photoinduced charge transfer process between the hybrid
and the nanoporous titania substrate.

TPA-Et

Chart 1 Structures of the dye (TPA-Et) and hybrid material (rGO-TPA-Et)
investigated.

rGO-TPA-Et
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EPR is a selective and sensitive spectroscopic method to
detect paramagnetic species, and as such it is a useful technique to
investigate the photoinduced processes in photovoltaic materials
where organic radicals and other paramagnetic species are
generated by photoinduced electron transfer.*** In our case,
the aim of the EPR investigation was to probe the photophysics
of the hybrid system on TiO, and compare it to the conventional
configuration of the photoactive material for DSSCs i.e. the dye
TPA-Et adsorbed on TiO,. In addition to this primary interest,
we applied EPR to the characterization of the spin distribution
in the dye radical cation that was supported by DFT calculations.
This also provided us with a distinctive mark of the species that
might be generated in the photovoltaic material by photoinduced
electron transfer. We then investigated the dye/TiO, and
rGO-TPA-Et/TiO, photogeneration of paramagnetic species. From
the results, we could identify the preferred route for electron
transfer in the presence of the semiconductor substrate.

Materials and methods

All reagents and solvents were purchased from Sigma-Aldrich
and used as received. Reduced graphene oxide (rGO) powder
was purchased from ACS Material, LLC (product no:
GnP1L-0.5g) and used as received. The production method, as
reported by the supplier, consists in completely reducing
graphene oxide obtained via the Hummer’s method through
thermal exfoliation reduction and further hydrogen reduction.
The reduced graphene oxide flakes having lateral dimensions
between 1 and 2 pm, are constituted of a few layers overlapping
irregularly and have many corrugations, as evident from trans-
mission electron microscopy (TEM) images (see ref. 7).

Synthesis and characterization of rGO-TPA-Et

The synthesis of the model TPA-Et dye was adapted from a
literature procedure.’ The synthetic route towards the diazonium
derivative of the TPA-Et dye (BF, -N,'-TPA-Et), required for the
functionalization of rGO, is described in the ESI, T together with all
the synthetic procedures relative to each step of the route. Here we
report only the procedure for rGO functionalization (a scheme of
this reaction is included in Scheme SI-1, ESI¥).

A suspension of rGO (10 mg, 0.83 mmol of C) in N-cyclo-
hexylpirrolidone (CHP, 7 mL) was prepared by pulsed sonication
(power level: 2.0, pulse on: 3 s, pulse off: 3 s, effective time:
10 min) using a Misonix 3000 titanium tip sonicator. This
suspension was directly added to a solution of the freshly
obtained diazonium salt BF, -N,'~TPA-Et (429.2 mg, 0.89 mmol)
in CHP (3 mL), cooled in an ice bath. The mixture was stirred at
room temperature for 15’, after which methanol (100 mL) was
added to precipitate the product. The reaction mixture was
filtered on a Millipore®™ Fluoropore® membrane, and the filtrate
washed thoroughly with DMF and then with MeOH until the
washings were colorless, to make sure that all the unreacted
diazonium salt and other possible species formed during the
reaction and not covalently attached to the rGO surface were
removed. The membrane was dried under an IR lamp for 15 minutes.

Phys. Chem. Chem. Phys., 2017, 19, 2771627724 | 27717
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The functionalized rGO was then recovered by sonicating the
Fluoropore® membrane in 7 mL of DMF (power level: 2.0, pulse
on: 3 s, pulse off: 3 s, effective time: 1 min), centrifuging the
resulting dispersion (3000 rpm, 3 min), and removing the
supernatant. Ultracentrifugation was performed on an MR23i
Jouan ultracentrifuge equipped with a SWM 180.5 swinging
bucket rotor (Thermo Electron Corporation). The product was
isolated as a dark powder after drying under vacuum.

The effective amount of TPA-Et functionalities covalently
attached to the rGO surface after the diazotization reaction was
determined via TGA analysis, following the procedure previously
described,” using a Q5000IR TGA (TA Instruments) under
nitrogen with an isotherm at 100 °C for 10 min followed by
heating at 10 °C min ' rate until 1000 °C. A functionalization
degree (FD) of 1/62 was found for the rGO-TPA-Et dyad, meaning
that one TPA-Et residue is present on average for every 62 carbon
atoms of the rGO backbone (see Fig. SI-1 in the ESIt for the
corresponding thermogram). The average dimension of the rGO-
TPA-Et hybrid was determined through dynamic light scattering
(DLS) measurements of the dyad dispersed in air-equilibrated
dimethylformamide (DMF), performed with a Zetasizer Nano S
(Malvern Instruments) at 20 °C setting 20 runs of 10 seconds
for each measurement (quartz cuvettes with a 10 mm optical path
were used). The analysis furnished a single solvodynamic
diameter distribution centered around 460 nm, a value perfectly
compatible with the dimensions of individual, non-aggregated
particles of rGO-TPA-Et dispersed in DMF.

Absorption and photoluminescence spectroscopy

Absorption spectra were registered with a Varian Cary 5000
spectrophotometer. Steady-state photoluminescence spectra
were collected via a spectrometer with a grating of 50 lines
per mm and recorded with a Hamamatsu EM-CCD camera
sensitive in the visible region. For time resolved measurements,
spectra were collected on a Hamamatsu streak camera working
in synchroscan mode (time resolution ~2 ps) with a cathode
also sensitive in the visible region. All spectra were corrected for
the response of the setup using a calibrated lamp.
Photoluminescence measurements were carried out in
quartz cuvettes with 2 mm path length. Samples were dispersed
in DMF and those containing rGO were sonicated at low power
for a few minutes to ensure good dispersion. The excitation
source was the second harmonic (approximately 400 nm) of a
mode-locked Ti:sapphire laser delivering 150 fs at a repetition
rate of 76 MHz. The excitation beam was spatially limited by an
iris and power was adjusted using neutral density filters. For time
resolved measurements, the same pulsed excitation was used.

Details about computational analysis

DFT calculations on the ground-state and oxidized radical
species were performed using the Gaussian 09 program?® with
the B3LYP functional and 6-31G* basis set for both the geometry
optimization and the single point energy calculation. This level
of theory was chosen on the basis of a previous study on
N-containing aromatic radicals, showing that the B3LYP/6-31G*

27718 | Phys. Chem. Chem. Phys., 2017, 19, 27716-27724
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combination leads to better prediction of the EPR parameters and
spin density distribution compared to higher levels of theory.*”

EPR spectroscopy

Oxidation of TPA-Et in toluene solution (1 mM) was carried out
using an excess of the oxidant [bis(trifluoroacetoxy)iodo]benzene
(PIFA, Aldrich, used as received). The TPA-Et-TiO, sample for the
EPR measurements was prepared by dispersing 100 mg of TiO,
powder (Aldrich, anatase, nanopowder d < 25 nm) in 3 mL of a
TPA-Et solution (1 mM in toluene: MeOH 1:1) and sonicating for
two hours. The dispersion was then decanted and the supernatant
was removed. The powder was dried under a nitrogen flux and put
in an EPR tube that was sealed under vacuum. The same procedure
was used to prepare the hybrid rGO-TPA-Et-TiO, sample.

Light-induced EPR measurements were performed on an
X-band (9.6 GHz) Bruker ER200D spectrometer, equipped with
a nitrogen-flow variable temperature system (Bruker BVT2000),
for sample temperature control from 130 K to 300 K. The
photoexcitation of the EPR samples was obtained using the
white light from a 300 W Xe lamp, IR filtered and focused into a
quartz optical fiber bringing the light to the sample inside the
cavity of the EPR spectrometers. The resulting irradiation
spectral range extends from about 350 nm up to 900 nm, with
an intensity of about 50 mW cm ™2, EPR spectral simulations
were performed using Easyspin, a Matlab Toolbox.*®

Results and discussion
Synthesis and optical characterization

The envisaged synthetic strategy for the covalent anchoring of
the TPA-Et dye moiety to the surface of rGO is the diazotization
reaction, also called Tour reaction.*>*° The rGO functionalization
was carried out making use of a suitable diazonium salt derivative
of TPA-Et, namely the tetrafluoroborate BF, -N,'-TPA-Et, pre-
pared from the corresponding aniline precursor and stable under
ambient conditions (see ESIt for details about the synthesis). The
addition of BF, -N,"-TPA-Et to rGO was performed at room
temperature in CHP (see Scheme SI-1, ESIt), the best solvent to
disperse rGO flakes.*" Repeated washings of the resulting material
with DMF and methanol ensured the complete elimination of
non-covalently bound TPA-Et species.

The rGO-TPA-Et covalent hybrid was characterized by
UV-visible-NIR spectroscopy, steady-state and time-resolved photo-
luminescence (ST-PL and TR-PL) in comparison with the model
TPA-Et dye. The resulting spectra are reported in Fig. 1.

The absorption features of the covalent dyad are characterized
by two contributions: a continuous band spreading from the UV
to the NIR range due to the presence of rGO and a band emerging
in the visible range due to the TPA-Et dye (see Fig. 1a). The dyad
has a maximum at 409 nm, whereas the free TPA-Et dye,
characterized by a similar absorption band, shows a maximum
at 406 nm. The 3 nm bathochromic shift of the dye absorption
maximum in the hybrid is a clear proof of the covalent binding of
the small molecule to the surface of the carbon nanostructure, as
was demonstrated previously by us and by other authors.*>**

This journal is © the Owner Societies 2017
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Fig. 1 (a) UV-visible-NIR absorption spectra of the pristine TPA-Et dye (black) and of the rGO-TPA-Et covalent dyad (red), (b) corresponding ST-PL
spectra (dexe = 400 nm, P = 75 uW) and (c) TR-PL spectra (lexc = 400 nm, P = 75 uW) in DMF.

The ST-PL of the iso-absorbing solutions of the graphene-
dye covalent hybrid and of the free dye at 400 nm were
measured, showing a pronounced quenching of the emission
of the TPA-Et unit when bound covalently to rGO (Fig. 1b). This
behaviour indicates that processes of energy/electron transfer
might take place from the dye to graphene following photo-
excitation of the former. The TR-PL further confirms this
observation with a faster PL decay from the functionalized
rGO sample compared to that of the pristine TPA-Et dye
(Fig. 1c). The PL decay was fit with a biexponential decay
function: y(¢) = A;exp(t/t;) + Ayexp(t/t,) where the lifetimes
are represented by 7, and their corresponding weights are
represented by 4,,. The pristine dye exhibits photoluminescence
decay with lifetimes of 158 ps/1012 ps respectively. When it is
attached to rGO, the photoluminescence lifetime is reduced to
83 ps/831 ps.

DFT calculations

We carried out DFT calculations on TPA-Et and on a rtGO-TPA-
Et model system in which the TPA-Et moiety bears a methyl
group with three vinyl substituents in para-position of one
phenyl ring (mimicking the interaction with rGO sp® carbon
atoms). This model was already employed by us in other cases
and revealed to be consistent enough to rule out the contribution
of the carbon nanostructure to the molecular orbitals and energy
levels of the covalently bound chromophore.**** In particular,
inspection of the frontier molecular orbitals in both the rGO-dye
model and TPA-Et (Fig. SI-2, ESIt) shows that the HOMO is
mainly localized on the TPA unit (which is reasonable in a D-A
system containing TPA donor units) with partial delocalization
on the vinyl groups. The LUMO in both cases is positioned on the
cyanoacrylic moiety, as expected for the D-A system. In addition,
the HOMO of the rGO-TPA-Et model results slightly shifted to
higher energies compared to the TPA-Et reference compound
(—5.39 eV vs. —5.19 eV) while the LUMO energy is unchanged
(—2.18 eV). This is a sign that an electron donating unit has been
introduced and is in agreement with the slight red shift that is
observed in the absorption maximum.

B3LYP/6-31G* DFT calculations were performed also on
both the oxidized TPA-Et and rGO-TPA-Et model system. The
results predict that the 90.5% of the spin density (unpaired
electron density) of the TPA-Et*" radical is localized on the TPA

This journal is © the Owner Societies 2017
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Fig. 2 Isodensity plots of the spin-density distributions calculated at the
B3LYP/6-31G* level for the oxidized TPA-Et (a) and the rGO-TPA-Et
model (b). The ethyl group was replaced by a methyl group for geometry
optimization.

portion, as shown by the spin-density isosurface plot reported
in Fig. 2a. This is reflected by the computed isotropic hyperfine
coupling constants (a;s,), directly depending on the spin density
at the nuclear position of magnetic nuclei having the highest
values for the aminic **N and the aromatic protons in the para
positions (Table 1).

The methine proton and cyano “*N have consistently lower
a;s, values, due to the scarce electron delocalization over this
portion of the molecule. Such a spin-density distribution in the
D-A chromophore is expected to be beneficial for the performance
of the DSSC since the unpaired spin is expected to be spatially
separated from the anchoring group and therefore from the TiO,
surface, thus hindering the back-electron transfer from the semi-
conductor towards the sensitizer.

The rGO-TPA-Et model system shows essentially the same
characteristics of the spin distribution compared to the free
dye, with little spin delocalization over the vinyl groups (Fig. 2b)
causing a small reduction of the hyperfine constants in the TPA
moiety (Table 1).

EPR measurements

We applied EPR spectroscopy to gain more insight into the
photophysics of the dye-graphene hybrid and to investigate
the processes occurring when the composite is adsorbed on
N-doped TiO,, comparing them to those of the dye-TiO, blend.

The toluene solutions of the hybrid rGO-TPA-Et and of a
mixture of rGO and TPA-Et were studied by EPR under white
light photoexcitation in an attempt to clarify the nature of the
PL quenching observed for the hybrid. Indeed, the observed PL

Phys. Chem. Chem. Phys., 2017, 19, 27716-27724 | 27719
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Table 1 Experimental isotropic g-factor and hyperfine coupling constants derived from the simulation of the TPA-Et radical cation EPR spectrum in
solution (Fig. 3a) and calculated hyperfine constants using the B3LYP/6-31G* DFT method for both the TPA-Et and the rGO-TPA-Et radicals. The

experimental values are given with an estimated error of about +£0.05 Gauss

|aiso| (Gauss)

Ciso N amine N cyano 'H para 'H ortho 'H meta
TPA-Et** Experimental ~ 2.0028 8.5 1.0 2.89 2.19 1.26
TPA-Et** Calculated 2.0031  7.74 0.50 2.83% 2.79°  1.82% 1.77% 2.12%,2.22>  1.05% 1.06% 1.34%, 1.24°
rGO-TPA-Et*"  Calculated 2.0031  7.56 0.43 2.55 1.67% 2.03%, 2.21°, 1.61°  1.05% 1.29%, 1.05°, 0.94°

“ Hydrogens in the aromatic rings that are not substituted. * Hydrogens in the phenyl ring linked to the cyanoacrylic group.  Hydrogens in the

aromatic ring attached to rGO.

quenching in the presence of rGO may be accounted for by two
different processes: an energy transfer or an electron transfer,
both already identified in other chromophore/graphene
systems.”! In the hybrid and in the mixture solution, no EPR
spectra could be detected (either at ambient temperature or at
T = 130 K) under photoexcitation. This result can be explained
either by a very low efficiency of electron transfer from the dye
to graphene or by an electron transfer to rGO followed by a fast
charge recombination promoted by the high electron mobility
in rGO. Indeed, a very short lifetime of the photogenerated
radicals would make them undetectable by steady-state EPR.
Recently, by means of optical spectroscopic techniques, Majima
et al. showed that electron transfer occurs on a picosecond-
timescale in a dye-GO hybrid, and also demonstrated that the
back electron-transfer occurs within 200 ps.** These data seem
therefore to suggest that also in our system, without TiO,, fast
photoinduced charge separation and fast recombination occur
between TPA-Et and rGO. This is consistent with the energy level
arrangement of the two components as the LUMO of the dye is
higher in energy than the rGO work function: the rGO work
function is estimated to be —4.4 eV** while the LUMO level of
the dye is close to —2.18 eV according to our DFT calculation.
The EPR spectrum of the TPA-Et radical cation in solution
was characterized before proceeding to the analysis of the
hybrid-TiO, and dye-TiO, blends. The aim of this investigation
was to obtain a spectrum of the cation that we expect to form in
the photoexcited blends and to analyse its spin distribution.
The radical cation was obtained in toluene solution using the
hypervalent iodine oxidant [bis(trifluoroacetoxy)iodo]benzene
(PIFA), which is known to efficiently oxidise aromatic compounds
via single-electron transfer*® (Scheme SI-2, ESIt). It is noteworthy
to mention that the radical cation generation was efficiently
enhanced by continuous visible light illumination of the solution.
In these conditions, a strong CW EPR spectrum was recorded both
at ambient temperature (Fig. 3a) and in frozen solution at 130 K
(Fig. 3b). The EPR pattern of both spectra is broadly structured
into three lines, due to the hyperfine interaction between the
unpaired electron and a spin I = 1 nucleus, which is to be assigned
to a N nucleus. The spectral fitting of the frozen solution
spectrum (Fig. 3b) was obtained by considering the hyperfine
interaction with a single "N atom, with the principal values
A,=0.7 G,A, =5 G and A4, = 21.5 G. Based on DFT calculations, the
N giving rise to this hyperfine interaction should be identified
with the amine nitrogen, since the computed unpaired spin

27720 | Phys. Chem. Chem. Phys., 2017, 19, 27716-27724
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Fig. 3 Black lines: experimental EPR spectra of the TPA-Et radical cation
in toluene. (a) Liquid toluene solution, T = 298 K. (b) Frozen toluene
solution, T = 130 K. Red lines: simulated spectra using the parameters
indicated in the text and in Table 1.

density is mostly localized on the triphenylamine moiety.
Further smaller hyperfine couplings with hydrogen nuclei are
unresolved in the frozen solution spectrum due to inhomo-
geneous broadening, but are recovered in the spectrum recorded
at ambient temperature (Fig. 3a), providing an estimate of some
of the isotropic hyperfine interactions.

Indeed, the EPR spectrum of the solution shows a finer
structure in addition to the three-line pattern, that is attributable
to the hyperfine coupling of the unpaired electron with the
hydrogen nuclei and the cyano-group nitrogen. The unresolved
superposition of many lines makes it difficult to extract the
hyperfine constants of all the coupled nuclei. However, a
reasonable estimate of the isotropic hyperfine coupling constants
(aiso) Of the aromatic hydrogens, assuming an almost symmetrical
spin density distribution among the three aromatic rings, could be
achieved, leading to the spectral simulation reported in red in
Fig. 3a. The resulting constants for the aromatic protons and
cyano-N are reported in Table 1, together with the ajs, of the
aminic N that is readily extracted from the spectrum.

The experimental results are in excellent agreement with
the calculated a;s, values, confirming the reliability of the
computational method. The small cyano-group N coupling
constant suggests negligible spin-density over this part of the
molecule, as predicted by the calculations. Our results for a;s,
values are in line with the reported data for the unsubstituted
triphenylamine radical cation.*®*”

The TPA-Et radical cation generated in more concentrated
toluene solutions and under white light illumination, showed an
EPR spectrum composed of a multiplet of five lines (Fig. SI-3, ESIT)
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that we explained by the hyperfine coupling of the unpaired
electron with two equivalent **N nuclei sharing the spin density
in an almost symmetrical dimeric structure. This dimerization
hypothesis is also supported by the value of the N isotropic
hyperfine coupling constant measured from the spectrum
(@iso(N) = 4.1 G), which is almost exactly half of the value in
the monomer, indicating a distribution of the unpaired elec-
tron into an orbital which is extended over two TPA units.
Previous data on an analogous radical cation observed via EPR
on an oxidized unsubstituted triphenylamine showed a very
similar dimeric spectrum and a similar **N hyperfine coupling
constant.*® Given the observed tendency of the TPA-Et radical
cation to dimerize, we suggest that the grafting of the dye on
graphene can be beneficial for device performance as the
immobilization of the TPA-Et on the rGO may prevent the
self-dimerization and therefore the aging of the dye under
operating conditions in photovoltaic devices. Moreover, the
covalent bonding of TPA on rGO avoids the formation of
n-stacking aggregates of the dye that might decrease the
photovoltaic performances.

The following step was the investigation of the TPA-Et/TiO,
and rGO-TPA-Et/TiO, powders. A series of paramagnetic
defects are known to be present in N-doped TiO, nanopowders,
and some of them are well characterized in several EPR and
computational studies. Among the large variety of defects, there
is a subset related to nitrogen atoms incorporated in the bulk of
titanium dioxide.*" These species (hereafter labelled as N;,*
following ref. 49-51), are involved in the visible-light sensitization
of the material, due to the introduction of localized states in the
bandgap of the solid. We detected by EPR the same kind of
paramagnetic species on our TiO, powder, showing an EPR
spectrum coincident with the reported N},* species that increases
in intensity under visible illumination (Fig. SI-4, ESIt). According
to previous studies, the EPR photoresponse is explained by the
promotion of electrons from localized diamagnetic states (N}, )
to the conduction band of TiO,, leading to the formation of
additional N,* paramagnetic centers®® (Scheme SI-3, ESIt).

The light-induced EPR spectra (light-dark) of the samples in
which the TiO, powder was mixed with TPA-Et or rGO-TPA-Et
are reported in Fig. 4. In both cases, a photoinduced EPR signal
was detected. The spectra are substantially different from the
photoinduced spectrum of the TiO, (Fig. 5 and Fig. SI-4, ESIY)
and the g-factors of the observed lines correspond to the
g-factor of the TPA-Et radical cation observed in frozen solution
(Fig. 4 blue line). As a control experiment, we also recorded the
light-induced EPR spectrum on rGO dispersed into TiO,, where
the only photoinduced signal we observed was the Ny,* signal of
TiO, (Fig. SI-5, ESIT). Thus, we deduced that efficient electron
transfer with formation of a stable dye radical cation is occur-
ring both in the rGO-TPA-Et/TiO, and in the TPA-Et/TiO,
systems. The lower intensity of the light-induced EPR spectrum
of rGO-TPA-Et/TiO,, leading to a smaller signal-to-noise ratio,
is to be attributed to the difficulty of obtaining fine dispersions
of the hybrid, limiting the dye loading of the TiO, semiconductor.
As pointed out in our previous study,’” this drawback may be
eliminated by using rGO with smaller dimensions that should
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Fig. 4 Normalized EPR spectra recorded at T = 130 K of the TPA-Et/TiO,,
rGO-TPA-Et/TiO, and TPA-Et radical cation in frozen solution. The
spectra are obtained as the difference between the spectrum recorded
under white light illumination and the spectrum in the dark.

TPA-Et/ TiO2
/| ——— rGO-TPA-EL/ TiO,
TiO,

3285 3305 3325 3345 3365 3385
Magnetic Field (Gauss)

Fig. 5 Light-induced EPR spectra of the TiO, TPA-Et/TIO, and
rGO-TPA-Et/TiO, samples (T = 130 K).

lead to more easily dispersed hybrids, interacting more efficiently
with the TiO, semiconductor.

By observing the EPR spectra in Fig. 4 it is possible to note a
difference in the lineshape between the TPA-Et*" radical in
solution and in the TiO,/dye systems: the two outer bands
(originating from the N hyperfine coupling) are less intense and
broader in the samples with TiO,. The reason can be attributed
either to a static or dynamic phenomenon occurring in the
solid blends. The static one consists in a delocalization of the
TPA-Et radical spin density in more than a single molecule,
causing a reduction of the hyperfine splittings and the collapse
of the spectrum towards the central line. In the TPA-Et/TiO,
blends, this phenomenon may be related to dye aggregation. In
the case of rtGO-TPA-Et/TiO,, the lineshape could be explained
by the occurrence of partial delocalization of the unpaired
electron over the graphene network, determining the smaller
hyperfine interaction with the amine nitrogen. However, we can
exclude this phenomenon on the basis of our DFT calculation
on the model rGO-TPA-Et radical cation, showing that the
extent of unpaired spin delocalization over the graphene region
is small, causing only a minor reduction of the hyperfine
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constants in the amine portion (Table 1). Therefore, in the case
of the hybrid adsorbed on TiO,, we believe that the lineshape
variations with respect to the free TPA-Et radical are likely
related to dynamical phenomena.

The dynamic reason for the lineshape broadening in TPA-Et/
TiO, could be described as caused by the high mobility of
positive charges (holes) undergoing a hopping motion between
TPA-Et molecules. If the hopping proceeds with a fast rate, a
partial averaging of hyperfine couplings ensues that explains
the broad lineshape. In a frozen solution of TPA-Et the solvent
separating the dye molecules does not allow a significant hole
motion, but in TPA-Et/TiO, samples, in the presence of some
aggregation of the dye, a hopping motion of the hole among the
adjacent TPA-Et molecules becomes feasible. A different expla-
nation must be devised for the increased hole mobility in the
rGO-TPA-Et/TiO, material, considering that the dye molecules
anchored to the graphene surface are quite diluted, as demon-
strated by TGA analysis. In this case, no direct hopping of the
unpaired electron (and therefore the hole) between dyes is
expected, but a charge transfer mechanism mediated by the «
orbitals of graphene could be active that can effectively transfer
the charges between different grafted dyes.

The comparison of the light-induced EPR spectra of pure
TiO, and TiO, mixed with TPA-Et or rGO-TPA-Et reveals that
the signal attributed to N,* defects vanishes in the TiO, stained
with the dyes (Fig. 5). We explain this result by noting that the
localized nitrogen paramagnetic N,* defects behave as traps for
the electrons injected into the TiO, conduction band by the
photoexcited dye. After the electron trapping, the N* defects
become diamagnetic and therefore EPR silent (eqn (1)).

Np*(paramagnetic) + e~ — N;, (diamagnetic) (1)

Therefore, we exploited the intrinsic TiO, defects as probes to
reveal the photoinduced electron injection into the TiO,.

In conclusion, in our TPA-Et/TiO, and rGO-TPA-Et/TiO,
samples, the disappearance of N* defects and the formation
of radical cations under photoexcitation unequivocally demon-
strate the electron transfer from TPA-Et to the TiO,, even in
presence of the graphene hybrid as sensitizer. This result was
not so expected in the hybrid rGO-TPA-Et dispersed on TiO,,
since the electron transfer from the dye to the graphene is the
main process causing excitation quenching in the hybrid in
solution. However, our EPR results demonstrate that when the
hybrid is blended with TiO, the electron transfer towards TiO,
is the most efficient process, while the electron transfer from
TPA-Et to graphene is of minor importance.

As suggested in a recent paper by Rozhkova and co-workers
the possibility of electron transfer from photoexcited rGO to
TiO, should also be considered.>* The authors demonstrated
that photoexcited rGO is able to transfer electrons to the
semiconductor in a Pt/TiO,-rGO photocatalytic system by
showing that the EPR signal of rGO electrons is lowered
upon illumination and a Ti*" signal arises. However, our EPR
measurements do not show this behaviour, suggesting that the
phenomenon observed by Rozhkova may be influenced by the
presence of the Pt cocatalyst by the rGO production method
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and the mixed rutile/anatase nanopowder used. Indeed,
although in our case a clear observation of the rGO signal
variation is hampered by the presence of the overlapping (and
larger) line of the TPA-Et radical in rGO-TPA-Et/TiO, and of the
Np,* defects in rGO/TiO,, we observed the same increase of the
N,* EPR signal in the illuminated rGO/TiO, blend (see Fig. SI-4,
ESI{) as in neat TiO,. This means that rGO does not transfer
electrons to the semiconductor as they would be trapped in N,*
defects making them diamagnetic and quenching their EPR
signal. In our case, the lack of a photoinduced signal of Ti**
would be a further confirmation of the absence of electron
transfer from rGO to TiO,, but it must be noted that the
detection of the EPR spectrum of Ti*" usually requires sample
temperatures lower than those used in our work.

According to this description of the photophysics of the
material and considering that the rGO work function lies higher
in energy compared to the HOMO of the dye (—5.39 eV), we
suggest that the rGO should be able to efficiently reduce the
oxidized TPA-Et, potentially aiding the regeneration of the active
chromophore in an operating DSSC device.

Conclusions

We synthesized the rGO-TPA-Et hybrid as a model sensitizer for
DSSCs, and explored the photoinduced processes occurring in
the material either alone or adsorbed on N-doped TiO, nano-
powders, making a comparison with the free dye TPA-Et. We
employed both optical (absorption and emission spectroscopy)
and magnetic (EPR) spectroscopic techniques for this purpose.
From the optical measurements on the dye and hybrid solutions,
a quenching of the dye photoluminescence was observed when it is
bound to rGO. We performed light-induced EPR experiments on the
hybrid in solution using visible-light excitation, which failed to
identify the formation of a stable radical cation of the dye. The
absence of a stable radical cation is explained, following previous
suggestions, with the occurrence of a fast photoinduced electron
transfer from the dye to rGO and subsequent fast recombination.
In contrast, when the dye or the hybrid were dispersed in
N-doped TiO,, we detected a strong light-induced EPR spectrum
of the dye cation radical and the quenching of the nitrogen-
related paramagnetic defects of the oxide. The two pieces of
evidence clearly demonstrate that in the dye/TiO, or the rGO-
dye/TiO, mixed materials an efficient photoinduced electron
transfer from the excited dye to the conduction band of the
oxide is active, generating a persistent radical cation of the dye.
The rGO-dye architecture seems therefore to be applicable to
DSSC as the main requirements for TiO, sensitization are fulfilled,
although further improvements concerning the solubility of the
hybrid and its efficiency in staining the TiO,, should be explored.
Furthermore, the effect of the rGO on the dye-regeneration is
promising, as the material could be an effective redox mediator.
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