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Novel nanographene/porphyrin hybrids — preparation,
characterization, and application in solar energy
conversion schemest
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Fabian Lodermeyer,? Sebastian Feihl,® Alexandra Roth,? Leonie Wibmer,®
Matthias Kehrer,? Michel Volland,® Pawel Wagner,” Gordon G. Wallace,”
David L. Officer® and Dirk M. Guldi*?

Four novel nanographene/porphyrin hybrids were prepared, characterized, and probed in solar energy
conversion schemes. Exfoliation of graphite by means of immobilizing four different porphyrins onto
the basal plane of graphene is accompanied by distinct electronic interactions in both the ground and
the excited states. In the ground state, a strong loss in oscillator strength goes hand-in-hand with a
notable broadening of the porphyrin transitions and, as such, attests to the shift of electron density
from the electron donating porphyrins to nanographene. In the excited state, a nearly quantitative
quenching of the porphyrin fluorescence is indicative of full charge transfer. The latter is corroborated
by femtosecond transient absorption measurements, which reveal the generation of the one-electron
oxidized radical cation of the porphyrins with absorption maxima at 490 and 625 nm in the visible
region and conduction band electrons in nanographene with features at 890 and 1025 nm in the near
infrared region. We have demonstrated the applicability of the new nanographene/porphyrin hybrids
in, for example, solar cells. In this regard, the presence of flakes is crucial in terms of influencing the
injection processes, preventing aggregation, and reducing recombination losses, which are commonly
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Introduction

Nature chose carbon to provide the basis for life on earth. As a
matter of fact, carbon is the key to many technological appli-
cations, which over the years have become indispensable in our
daily life and have influenced the world's civilization for
centuries. Notably, the structural diversity of organic building
blocks results in sheer endless chemical and physical proper-
ties. Altering the periodic binding motifs in sp®-, sp>, and sp-
hybridized networks represents the toolbox for constructing a
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encountered in porphyrin-based DSSCs.

wide palette of carbon allotropes. To this end, the past two
decades have served as a test-bed for probing the physico-
chemical properties of nanocarbons in reduced dimensions
starting with the advent of 0D fullerenes, followed by 1D carbon
nanotubes (CNTs) and by 2D graphene.'

Turning to 2D graphene, single layers of graphene were first
prepared successfully in 2004 by mechanical exfoliation of
graphite using Scotch Tape.® Alternative fabrication strategies -
epitaxial growth” and solubilization from bulk graphite® - have
recently been demonstrated and they are, indeed, paving the
way to systematic experiments and technological applications.’
At room temperature, charge transport measurements show
that a flat single layer graphene is a zero-gap semiconductor and
exhibits a remarkably high electron mobility with values
exceeding values from 2000 (CVD™) to 200 000 (suspended)
em® V' s, The symmetry of the experimentally measured
conductance indicates high mobility not only for electrons but
also for holes. In addition, an ideal monolayer has an optical
transmittance of 97.7%."> The aforementioned calls for its
implementation into transparent conducting electrodes as a
viable alternative to indium tin oxide.*

Graphite is the most desired starting material en route towards
fabricating graphene. Going from graphite to graphene requires,
however, an activation step owing to the thermodynamic
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stabilization of the former. The activation might come in the form
of oxidizing graphite to graphitic acid, which evolved providing
valuable insights into the structure and constitution of graphite.**
At basic pH, exfoliation results in monolayers of graphene oxide
(GO).** Nevertheless, the final step, namely reduction of GO
monolayers, fails to completely remove the introduced oxygen
atoms and reduction leads irreversibly to partially amorphous
carbon." Not surprisingly, the correspondingly reduced GO (rGO)
features properties different than those predicted for real gra-
phene. Another form of activation involves the intercalation of
graphite with alkali metals.'® Dissolving the resulting negatively
charged graphene sheets in solution, enables solutions of bi- and
trilayer graphene.” To avoid any of the aforementioned pre-
treatments, but still to activate graphite requires ultrasound as a
chemical free treatment in liquids.*'®* A common denominator is
a suitable amphiphilic intercalator and/or solvent that guaran-
tees the efficient exfoliation." As such, the versatility lies in the
use of water and/or organic solvents to exfoliate graphite and/or to
directly functionalize nanographene sheets by a variety of non-
covalent means.*

Nevertheless, recent results have documented that charge
transfer emerges as a necessity to harvest the full potential of
single layer graphene by tailoring the electronic properties for
new complex electronics.”>** To this day, only a few scattered
reports are known that come, however, short to provide a
coherent picture.*®*** Particularly relevant are advances on
self-ordering/self-assembling,”>* on one hand, and m-stack-
ing?*?® as well as charge transfer interactions,**** on the other
hand, to yield high-quality single layer flakes of nanographene
that are stable and dispersible.

With the help of recent studies a number of challenges in
studying nanographene have been unveiled. Clearly, the lack of
spectroscopic signatures, which render spectroscopic assign-
ments quite ambiguous - similar to early contributions to the
field of CNTs - stands out among these challenges. In prelim-
inary investigations, we have realized high-quality flakes of
nanographene, which were, however, few layer graphene rather
than single layer, by means of solution processing graphite with
tightly interacting porphycenes, phthalocyanines and porphy-
rins.”***3* In terms of spectroscopy, we were able to establish
spectroscopic as well as kinetic evidence not only for ground-
state interactions but also for interactions in the excited state.
In the excited state, radical ion pair states are formed including
the radical cation of the electron donating phthalocyanines
and/or porphyrins and electrons that are delocalized within the
basal plane of graphene. As a matter of fact, planar, aromatic
macrocycles are highly versatile to exfoliate graphite and to
afford functional nanographene based charge-transfer
hybrids.*?*3

In the current work, we report on the formation and char-
acterization of novel nanographene/porphyrin hybrids and
their implementation into solar cells. Particular emphasis was
placed on a top-down preparation of stable dispersions -
starting from natural graphite rather than graphene oxide -
whilst preserving the intrinsic properties of graphene. To the
best of our knowledge, the benefits of introducing such hybrid
materials in DSSCs have not been established to date.
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Experimental
Materials

Natural graphite was purchased from Graphit Kropfmiihl
AG. Spectroscopic quality solvents tetrahydrofuran (THF) and
toluene were ordered from Sigma-Aldrich and were used
without further purification. The 5,10,15,20-tetrabutylpor-
phyrin and its copper complex (CuTBP) were synthesized
according to literature procedures.*® The other reagents were
obtained commercially.

Synthesis

(2-Formyl-5,10,15,20-tetrabutylporphyrinato)copper(u) 2.
Phosphorus oxychloride (4.0 mL, 43 mmol) was added dropwise
into N-methylformanilide (6.9 mL, 56 mmol) and the resulting
orange solution was stirred at room temperature for 10 min
until it solidified. A solution of CuTBP 1 (0.344 g, 0.58 mmol) in
chloroform (50 mL) was added and the resulting red mixture
was stirred at 60 °C for 1.5 h. The mixture was poured into cold
water (200 mL), the organic layer separated, washed with water
then diluted ammonia, dried over magnesium sulphate, and
evaporated to dryness under reduced pressure at 50 °C. The
remaining crude product was dissolved in a minimal amount of
chloroform and filtered through a pad of silica. The solvent was
removed under reduced pressure at 50 °C and the resulting dark
oil treated with methanol to give 2 (0.24 g, 67%) as a green
powder. FAB-LRMS: m/z (%, assignment) cluster at 621-627, 623
(100, M"). HRMS: calc. for M" (C3,H,4,CuN,0): 623.2811, found:
623.2819.

2-Formyl-5,10,15,20-tetrabutylporphyrin 3. Porphyrin alde-
hyde 2 (0.24 g, 0.39 mmol) was dissolved in phosphorus oxy-
chloride (15.0 mL), cooled to 0 °C, and then water (1.5 mL) was
added at once with vigorous stirring in a high, narrow vessel. The
resulting green solution was stirred at 0 °C for 30 min and then
poured onto crushed ice (100 g). The green slurry was neutralized
with concentrated ammonia solution and a dark powder was
filtered off. The solid was dissolved in the minimal amount of
dichloromethane, filtered through a pad of silica, and evapo-
rated to dryness under reduced pressure at 50 °C. The remaining
solid was recrystallized from dichloromethane-methanol to give
3 (0.18 g, 82%) as a dark purple powder. '"H NMR (500 MHz,
CDCl;, TMS): 11.38 (s, 1H, CHO), 9.93 (s, 1H, H g pyrrotic), 9-34 (d,
1H, J = 5.0 Hz, Hp_pyrrolic); 9-40 (d, 1H, J = 5.0 Hz, Hp pyrrotic), 9-36
(d, 1H, J = 5.0 Hz, Hg pyrrolic), 9-33 (d, 1H, J = 5.0 Hz, Hg pyrrolic),
9.31 (s, 2H, Hp.pyrrotic), 4.94-4.97 (m, 2H, Porph-CH,), 4.80-4.88
(m, 6H, Porph-CH,), 2.38-2.49 (m, 8H, Alk-C2), 1.71-1.84 (m,
8H, Alk-C3), 1.08-1.15 (m, 12H, Alk-CH,), —2.315 (br s, 2H, NH).
FAB-LRMS: m/z (%, assignment) cluster at 560-565, 563 (100,
MH'). HRMS: calc. for MH' (C;,H4,N,0): 563.3749, found:
563.3747. UV-vis (CH,Cl,): Amay/nm (log ¢) 435 (5.16), 531 (3.95),
581 (3.60), 620 (3.47), 683 (3.80).

5,10,15,20-Tetrabutyl-2-(2-formylethenyl)porphyrin 4. Free-
base porphyrin aldehyde 3 (0.73 g, 1.30 mmol) and 18-crown-6
(52 mg, 0.2 mmol) were dissolved in benzene (80 mL), brought
to reflux then (1,3-dioxolan-2-ylmethyl)triphenylphosphonium
bromide (0.56 g, 1.30 mmol) with anhydrous, finely powdered,
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potassium carbonate (0.18 g, 1.30 mmol) (3 x) was added every 2
h for 6 h. Afterwards the reaction mixture was cooled down and
filtered through a pad of silica using chloroform as eluent. The
solvents were removed under reduced pressure at 50 °C and the
remaining solid was dissolved in a mixture of tetrahydrofuran
(50 mL) and chloroform (13 mL). Concentrated hydrochloric acid
(6.5 mL) was added and the resulting green mixture was vigor-
ously stirred for 45 min. The acid was neutralized with concen-
trated ammonia and the organic phase after dilution with
dichloromethane (100 mL) was separated, dried over magne-
sium sulphate, and evaporated to dryness under reduced pres-
sure at 50 °C. The crude product was dissolved in a minimal
amount of dichloromethane, filtered through a pad of silica, and
evaporated to dryness under reduced pressure at 50 °C. The
product was recrystallized from dichloromethane-methanol to
give the allyl aldehyde 4 (0.61 g, 80%) as a dark purple powder. "H
NMR (500 MHz, CDCl;, TMS): 6 10.7 (d, 1H, J = 7.6 Hz, CHO),
9.44-9.38 (m, 7H, Hp pyrrotic), 8-85 (d, 1H, J = 15.6 Hz, vinyl-H),
7.24 (dd, 1H, J = 7.6 and 15.6 Hz, vinyl-H), 4.89-4.83 (m, 6H,
Porph-CH,), 4.77-4.74 (m, 2H, Porph-CH,), 2.51-2.42 (m, 8H,
Alk-C2),1.85-1.77 (m, 8H, Alk-C3), 1.18-1.11 (m, 12H, Alk-CH3),
—2.43 (br s, 2H, NH). FAB-LRMS: m/z (%, assignment) cluster at
756-591, 588 (83 M'). HRMS: calc. for M' (C3oH4gN4O;):
588.3828, found: 588.3844. UV-vis (CH,Cl,): Amax/nim (log ¢) 359
(4.38), 410 sh (4.87), 427 (5.20), 530 (4.14), 573 (3.76), 615 (3.62),
674 (3.71).
[5,10,15,20-Tetrabutyl-2-(2-formylethenyl)porphyrinato]-
zinc(u) 5. Allyl aldehyde 4 (0.42 g, 0.71 mmol) was dissolved in
dichloromethane (20 mL) and a solution of zinc acetate dihy-
drate (0.18 g, 0.86 mmol) in methanol (3 mL) was added. The
resulting mixture was stirred at room temperature for 30 min
and was then evaporated to dryness under reduced pressure at
50 °C. The crude product was recrystallized from dichloro-
methane-methanol to give the zinc complex 5 (0.42 g, 90%) as a
greenish powder. "H NMR (500 MHz, CDCl;, TMS): 6 10.0 (s, 1H,
J = 7.9 Hz, CHO), 9.22 (dd, 2H, J = 3.6 and 4.6 Hz, Hg pyrrolic),
9.17 (d, 1H, J = 4.2 Hz, Hppyrrotic), 909 (d, 1H, J = 4.2 Hz,
Hp pyrrotic)s 9-04 (d, 1H, J = 4.0 Hz, Hp pyrrotic), 8.93-8.92 (m, 2H,
Hp, pyrrolic), 8:42 (d, 1H, J = 15.0 Hz, vinyl-H), 6.97 (dd, 1H, ] = 7.9
and 15.0 Hz, vinyl-H), 4.65-4.62 (m, 2H, Porph-CH,), 4.59-4.56
(m, 2H, Porph-CH,), 4.37-4.33 (m, 2H, Porph-CH,), 4.15-4.13
(m, 2H, Porph-CH,), 2.44-2.41 (m, 4H, Alk-C2), 2.28-2.21 (m,
4H, Alk-C2), 1.87-1.69 (m, 8H, Alk-C3), 1.18-1.09 (m, 12H, Alk-
CH;). FAB-LRMS: m/z (%, assignment) cluster at 648-658, 650
(85, M"). HRMS: calc. for M" (C39H46N,0,Zn,): 650.2963, found:
650.2935. UV-vis (CH,Cl,): Amay/nm (log €) 437 (5.21), 566 (4.11),
611 (3.92).
[5,10,15,20-Tetrabutyl-2-(4-carboxy-4-cyanobuta-1,3-dienyl)-
porphyrinato]zinc(u) 6a. Zinc allyl aldehyde 5 (0.15 g, 0.23
mmol), cyanoacetic acid (0.12 g, 1.38 mmol) and ammonium
acetate (0.11 g, 1.38 mmol) were dissolved in a mixture of
tetrahydrofuran (7 mL) and glacial acetic acid (7 mL). The
resulting mixture was stirred at 65 °C for 1.5 h and then
quenched by cold water (30 mL). The dark powder was filtered
off, washed several times with water and dried under vacuum at
60 °C to give the zinc acid 6a (0.15 g, 88%) as a dark greenish
powder. '"H NMR (500 MHz, de-DMSO): 6 13.56 (br s, 1H,
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COOH), 9.82 (s, 1H, Hg pyrrolic), 9-60-9.54 (m, 6H, Hp pyrrotic), 9.03
(d, 1H, J = 14.6 Hz, vinyl-H), 8.48 (d, 1H, J = 11.4 Hz, vinyl-H),
7.69 (dd, 1H, J = 14.6 and 11.4 Hz, vinyl-H), 4.40-4.89 (m, 8H,
Porph-CH,-Alk), 2.41-2.36 (m, 8H, Alk-C2), 1.81-1.75 (m, 8H,
Alk-C3), 1.36-1.09 (m, 12H, Alk-CHj). FAB-LRMS: m/z (%,
assignment) cluster at 716-722, 717 (56, M"). HRMS: calc. for M"
(C42H45N50,Zn): 717.3021, found: 717.3046. UV-vis (DMF):
Amax/nm (log €) 435 (5.13), 576 (4.09), 621 (3.92).
[5,10,15,20-Tetrabutyl-2-(4,4-dicarboxybuta-1,3-dienyl)por-
phyrinato]zinc(u) 6b. Zinc allyl aldehyde 5 (0.15 g, 0.23 mmol),
malonic acid (0.14 g, 1.38 mmol) and ammonium acetate (0.11 g,
1.38 mmol) were dissolved in a mixture of tetrahydrofuran (7 mL)
and glacial acetic acid (7 mL). The resulting mixture was stirred
at 65 °C for 1.5 h and quenched by cold water (30 mL). The dark
powder was filtered off, washed several times with water, and
finally dried under vacuum at 60 °C to give the zinc diacid 6b
(0.13 g, 77%) as a dark green powder. 'H NMR (500 MHz, d¢-
DMSO0): 6 11.99 (br s, 1H, COOH), 9.61-9.55 (m, 7H, Hp pyrrotic)s
8.59 (d, 1H, J = 15.5 Hz, vinyl-H), 8.43 (br s, 1H, COOH), 8.03 (d,
1H, J = 15.5 Hz, vinyl-H), 4.97-4.93 (m, 8H, Porph-CH,-AlIK),
2.46-2.40 (m, 8H, Alk-C2), 1.85-1.74 (m, 8H, Alk-C3), 1.23-1.18
(m, 12H, Alk-CHj3;). FAB-LRMS: m/z (%, assignment) cluster at
736-742, 736 (100, M"). HRMS: calc. for M" (C4,H4N,404Zn):
736.2967, found: 736.2956. UV-vis (DMF): Apa/nm (log ¢) 312
(4.31), 434 (5.03), 353 (3.57), 575 (4.01), 621 (3.82).
5,10,15,20-Tetrabutyl-2-(4-carboxy-4-cyanobuta-1,3-dienyl)-
porphyrin 7a. Allyl aldehyde 4 (0.06 g, 0.1 mmol), cyanoacetic
acid (0.09 g, 1.00 mmol) and ammonium acetate (0.08 g, 1.00
mmol) were dissolved in a mixture of tetrahydrofuran (3 mL)
and glacial acetic acid (3 mL). The resulting mixture was stirred
at 65 °C for 1.5 h and quenched with cold water (20 mL). The
dark powder was filtered off, washed several times with water
then dried under vacuum at 60 °C to give the acid 7a (0.06 g,
92%) as a brown powder. 'H NMR (500 MHz, d¢-DMSO): The
strong aggregation of the free-base porphyrin acid renders the
spectrum uninterpretable as we observed previously.*” FAB-
LRMS: m/z (%, assignment) cluster at 654-659, 655 (92, M").
HRMS: calc. for M' (C,4,H,oN50,): 655.3886, found: 655.3878.
5,10,15,20-Tetrabutyl-2-(4,4-dicarboxybuta-1,3-dienyl)por-
phyrin 7b. Allyl aldehyde 4 (0.06 g, 0.1 mmol), malonic acid
(0.10 g, 1.00 mmol) and ammonium acetate (0.08 g, 1.00 mmol)
were dissolved in a mixture of tetrahydrofuran (3 mL) and
glacial acetic acid (3 mL). The resulting mixture was stirred at 65
°C for 1.5 h then quenched by cold water (20 mL). The dark
powder was filtered off, washed several times with water then
dried under vacuum at 60 °C to give the diacid 7b (0.06 g, 92%)
as a dark brown powder. '"H NMR (500 MHz, de-DMSO): the
strong aggregation of the free-base porphyrin diacid renders the
spectrum uninterpretable as we observed previously.”” FAB-
LRMS: m/z (%, assignment) cluster at 673-676, 674 (100, M").
HRMS: calc. for M" (C4,Hs5oN40,): 674.3832, found: 674.3841.

Preparation of nanographene hybrids

Natural graphite (1 mg) was added to a 2 x 107> M stock
solution (3 mL) of 6a/b and 7a/b in THF or THF-water mixtures
(1:1,1:10 or 1:100 v/v) and subsequently ultrasonicated for
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10 min with a Bransonic 52 from BRANSON at room tempera-
ture with 37 kHz and an effective power of 330 W. The consid-
ered solvents were THF and THF-water mixtures. Next, graphite
(1 mg) was added again and the dispersion was kept under
ultrasonic treatment for additional 10 min. Afterwards, the
heterogeneous dispersion was centrifuged for 15 min at 500
rpm with a Fresco 21 centrifuge from Thermo Scientific at room
temperature. The steps were repeated two times with the
resulting supernatant. The final step included centrifugation at
5000 rpm for 15 min to remove any larger particles of graphite.

Physico-chemical characterization

Steady-state absorption spectra were recorded with a Perkin-
Elmer Lambda 35. Steady-state emission spectra were recorded
with a Fluoromax-P-spectrometer from HORIBA Jobin Yvon.
Time-correlated single photon counting (TCSPC) spectra were
taken with a Fluorolog system (HORIBA Jobin Yvon). Signal
acquisition was gathered by a Hamamatsu MCP photo-
multiplier (type R3809U-50). The time profiles were recorded at
the emission maxima. All samples were measured in a quartz
glass cuvette with a width of 10 mm. Femtosecond transient
absorption spectra were obtained with a Ti:sapphire laser
system CPA-2101 (Clark-MXR Inc.) in combination with a Helios
TAPPS detection unit from Ultrafast Inc. The initial laser exci-
tation wavelength was 775 nm with a pulse width of 150 fs. The
excitation wavelength employed was 387 nm, which was
generated with a SHG crystal. For the generation of the white
light, a sapphire crystal of adequate thickness was used. The
chirp-effect between 420 and 770 nm was approximately 350 fs.
The detection was carried out with two CCD cameras, each for a
specific measuring range. The spectral windows were therefore
415 to 770 nm and 770 to 1600 nm. The delay line allowed
spectral acquisition up to time delays of 8000 ps. All samples
were measured in a fused quartz glass cuvette with a width of 2
mm. Data acquisition was done with the software HELIOS
visible/nIR (Newport/Ultrafast Systems).

Raman measurements were carried out with a LabRAM
ARAMIS Raman-spectrometer from HORIBA Jobin Yvon that
was equipped with a confocal microscope and an automated
XYZ-table, using laser excitations of 532 and 633 nm. The
sample preparation involved drop casting the hybrids on a Si
substrate with a 300 nm oxide layer. In transmission electron
microscopy (TEM), sample preparation was performed by drop
casting and drying the hybrids on holey carbon-coated copper
grids. TEM images were recorded with an 80 kv EM 900 TEM
from Carl Zeiss AG.

Square wave voltammetry measurements were performed
using a three-electrode setup consisting of a Teflon covered (d =
10 mm) glassy carbon (d = 2 mm) working electrode, a Pt-wire
as counter electrode, and an Ag-wire as pseudo-reference elec-
trode. Ferrocene served as internal standard and was measured
in separate measurements under ambient conditions. 0.1 M
tetrabutylammonium hexafluorophosphate (TBAPF,) was
applied as electrolyte in dichloromethane. All solutions were
deoxygenated under an argon stream before measuring. The
scan rate was set to 0.125 V s~ " and the amplitude to 0.2 V. A
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pAutolab Methrom PG3stat with an impedance unit was used
for all experiments. The applied software was NOVA 1.6.

Photocurrent measurements were carried out under AM 1.5
conditions using a custom-made solar simulator, including a
350-1000 watt adjustable Xe lamp source (LOT) combined with
appropriate filters. Current-voltage measurements were made
by using a Keithley Sourcemeter 2400 in the range of —0.7 to 0.3
V with a rate of 0.037 V s~ . The cells were measured without a
black mask with an error of around 10% for the current density
values.

Device preparation

FTO TEC 8 plates (Xop Glass Company) were extensively cleaned
by means of ultrasonication in subsequent baths of detergent,
acetone and isopropanol for 15 min each, just before the depo-
sition of the TiO, electrodes. TiO,-T and TiO,-S electrodes were
prepared from Ti-nanoxide T/SP paste (Solaronix) and from “DSL
18NR-AO” paste (Dyesol), respectively. Both pastes were doctor-
bladed using a circular template with a diameter of 6 mm and a
thickness of 50 pm onto an FTO slide, and subsequently baked
from room temperature to 450 °C with a ramp of 3.5 °C min™".
The samples were baked at 450 °C for 30 min. Film thickness of
7-8 mmwas measured for both electrodes. These electrodes were
immersed into different suspensions - i.e., THF and THF-water
(1 :1 v/v) prepared for the porphyrins and the nanographene/
porphyrin hybrids at room temperature. For counter electrode
fabrication, FTO plates with holes of 1 mm? at the edge of the
active area were used. Prior to the fabrication of the counter-
electrodes, the FTO slides were cleaned using the following
procedure. A thin film of chloroplatinic acid, namely 0.5 mmol
H,PtCl in ethanol, prepared from chloroplatinic acid hydrate
~38% Pt basis (Sigma-Aldrich), was spread over the FTO plates
and dried in air prior to baking at 390 °C for 30 min. The thick-
ness of the platinum counter electrode was of around 20-40 nm.
Subsequently both electrodes were sealed together with a
transparent film of Surlyn 1472 (DuPont Ltd., UK) cut as a frame
around the nanocrystalline film. A solution of 0.6 M 1-butyl-3-
methylimidazolium iodide 99% (Sigma Aldrich), 0.03 M iodine
double sublimed (Merck), 0.1 M guanidine thiocyanate =99.0%
(Fluka) and 0.5 M 4-tert-butylpyridine 96% (Sigma Aldrich) in
85% acetonitrile (Sigma) and 15% valeronitrile (Alfa Aesar) was
employed as electrolyte. The latter was introduced through the
aforementioned holes in the counter electrode without vacuum
system and immediately sealed.

Results and discussion

Scheme 1 displays the structures of porphyrins 6a/b and 7a/b,
which were used in this work to realize the multifunctional
nanographene hybrids. Porphyrins 6a/b and 7a/b have several
key features. Firstly, the hydrophobic nature of the porphyrin
core is of utmost importance for the successful exfoliation of
graphite to yield stable suspensions of nanographene hybrids.
Secondly, the conjugated B-pyrrolic side chain bears one or two
carboxylic groups that facilitate grafting of TiO, nanoparticles
and the integration of the hybrids into the TiO, electrodes.

This journal is © The Royal Society of Chemistry 2013
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CHO CHO
i » ii >
1 3
iii
CHO CHO
P =
< iv
6a:X=CN
b: X = COOH 4
v
7Ta:X=CN
b: X = COOH
Scheme 1  Synthesis of porphyrin acids. Reagents and conditions: (i) N-methylformanilide, POCls, chloroform, 60 °G; (ii) POCl3, water, 0 °C, (iii) (1,3-dioxolan-2-ylmethyl)-

triphenylphosphonium bromide, K,CO3, 18-crown-6, benzene, reflux; (iv) Zn(OAc),, DCM, methanol, rt; (v) malonic or cyanoacetic acid, NH4OAc, AcOH, THF, 65 °C.

Additionally, the cyano group or corresponding carboxylic acid
group is electron withdrawing and assists in electron transfer to
the TiO,.

The general features of the syntheses of porphyrins 6a/b
and 7a/b have been previously described for the synthesis of
7a.*® As indicated in Scheme 1, the porphyrins were synthe-
sized in an analogous fashion to what we have previously
used for tetraarylporphyrin dyes.*”** The Vilsmeier for-
mylation of tetraalkylporphyrins has been reported previously
albeit in very low yields.*** We also found that using the
DMF-POCI; formylation complex at 80-90 °C produces mostly
decomposition products. Shortening the reaction time to
50 min gave 2 in low yield (<20%) with recovery of some
unreacted 1, whilst lowering the reaction temperature below
70 °C did not give any appreciable product. However,
replacing DMF with the more active N-methylformanilide
allowed us to decrease the reaction temperature to 60 °C yet
still provide 2 in satisfactory yield (67%) with no starting
material remaining. It is notable that a much larger excess
(x100) of the Vilsmeier reagent is required than normally
used for porphyrin formylation.

Porphyrin demetallation reactions usually require strong
acids such as conc. sulfuric acid.?” Usage of such harsh condi-
tions decreases the yield of the free-base tetraalkylporphyrin.*

This journal is © The Royal Society of Chemistry 2013

As a result, we have utilized here the milder procedure
described by Ponomarev and Maravin.*> A cooled solution of
porphyrin 2 dissolved in a small amount of POCI; is treated with
water (10% by volume). After a few minutes a vigorous reaction
takes place and a large quantity of hydrogen chloride is evolved.
A high yield of the resulting free-base porphyrin 3 is thus
obtained. The reaction is so vigorous that using more than
300 mg of the starting materials is not advised. In addition,
using larger amounts of porphyrin only results in partial
demetallation.

The allylaldehyde derivative 4 was synthesized by a modified
procedure of Ishkov et al.** Porphyrin aldehyde was reacted with
the ylide generated in situ from (1,3-dioxolan-2-ylmethyl)tri-
phenylphosphonium bromide, using crown ether as a phase-
transfer catalyst and potassium carbonate as a base. Since we
found that the ylide was not stable under the reaction condi-
tions, the addition of an excess of the phosphonium salt and the
base had to be carried out every 2 h for 6 h. Interestingly, the
attempts to replace benzene with the less toxic toluene did not
give satisfactory results. The reaction in boiling toluene gave
lower yields due to the apparent decomposition of the starting
materials. Lowering the temperature of the reaction in toluene
to 90 °C did result in some product formation but the reaction
could not be driven to completion.

Chem. Sci., 2013, 4, 3085-3098 | 3089
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Fig. 1 Absorption spectra of 6a/b and 7a/b in THF.

The product of this condensation is a mixture of E and Z
isomers of the protected aldehyde 4. It was previously reported
that attempts to purify a similar mixture on silica gel resulted in
partial deprotection of the porphyrins.** As a result we carried
out deprotection and isomerisation on the crude Wittig reaction
mixture, which gave, after purification, the porphyrin 4 in high
yield (80%).

The zinc insertion to give 5 was achieved by a standard
procedure with almost quantitative yield.*” The resulting zinc
complex 5 and free-base 4 were then subjected to Knoevenagel
condensation with malonic and cyanoacetic acids to give the
corresponding porphyrin acids 6a/b and 7a/b in excellent yields.
We found that the reactivity of the tetraalkyl derivatives after
formylation did not differ significantly from their tetraaryl
equivalents.®”

To determine the interactions of the porphyrins with gra-
phene, we decided to firstly elucidate the ground and excited
state features of 6a/b and 7a/b based on steady-state absorption
and fluorescence spectroscopy as well as their electrochemical
characteristics. The absorption spectra of 7a and 7b in THF
show asymmetric and broadened Soret bands at 419 and 417
nm, respectively. The Q-bands of free-base cyanoacetic acid 7a
are found at 523, 556, 611 and 669 nm, while for malonic acid
7b they emerge at 524, 553, 612 and 669 nm - Fig. 1. The overall
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Fig. 2 Fluorescence spectra of 6a/b and 7a/b (107® M) in THF upon excitation
at 420 (6a/b) and 410 (7a/b) nm.
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shape of the Soret band is a result of B-pyrrolic substitution by
the conjugated linker that causes a loss in symmetry as well as
some aggregation effects. Zinc porphyrins 6a and 6b show
typical absorption features of metalloporphyrins in THF with
Soret bands at 433 and 429 nm and Q-bands at 573/618 and 571/
618 nm, respectively. Additionally, experiments were performed
in THF-water mixture (1 : 1 v/v) - Fig. S1 in the ESL.+ Comparing
the absorption features of 6a/b and 7a/b in THF-water (1 : 1 v/v)
with those in pure THF, the biscarboxyporphyrins 6b and 7b
show strongly increased molar extinction coefficients by a factor
of up to 2 for the Soret band, which hints at a less aggregated
structure as a result of better solubility promoted by the two
carboxylic acids with water.

The electrochemical features of 6a/b and 7a/b were
measured in dichloromethane with 0.1 M tetrabutylammonium
hexafluorophosphate (TBAPF¢) as electrolyte. A silver wire,
which was calibrated vs. the Fc/Fc" reference redox couple, was
used as a quasi-reference electrode. As typically observed in
porphyrins, two reductions - the first reversible, the second
quasi-reversible - were noted for 7a and 7b at —1.6 and —1.8 V
followed by a quasi-reversible oxidation at +0.4 V. In contrast, 6a
and 6b reveal two oxidations - the first reversible, the second
quasi-reversible — at +0.2 and +0.6 V. The quasi-reversible
reduction was detected for 6b at —1.5 V, whereas 6a did not
show any appreciable reduction within the electrochemical
window of up to —2.0 V. In general, when comparing zinc
porphyrins 6a and 6b with free-base porphyrins 7a and 7b, the
former feature lower oxidation potentials, that is, +0.2 vs. +0.4 V,
while the reduction potentials are —1.5 and —1.6 V.

The excited state characteristics of 6a/b and 7a/b were
determined by fluorescence spectroscopy in THF. As Fig. 2
illustrates, upon exciting 7a and 7b at 410 nm broad fluores-
cence bands centered at 662/720 nm and 660/718 nm evolved,
respectively. Notably, the fluorescence quantum yields are
0.035 for 7a and 0.061 for 7b. These facts are in line with the
absorption measurements confirming the effect of B-pyrrolic
substitution and support the notion of aggregation that even
prevails at concentrations below 1077 M. The excited state
features of 6a and 6b include fluorescence maxima at 614/660
nm and 614/658 nm and fluorescence quantum yields of 0.015
and 0.023, respectively.** Corroborating results came from
time-correlated single photon-counting (TCSPC) experiments.
In particular, exciting 7a and 7b at 403 nm results in fluores-
cence decays, which were best fitted by a two-exponential
fitting function - Fig. S2 (ESI}) - revealing lifetimes of 3.9 and
9.1 ns with a relative distribution of 17 and 83% for 7a. For 7b,
the lifetimes are 4.3 and 9.3 ns with a relative weight of 20 and
80%, respectively. The lifetimes of 6a and 6b, as is typical for
zinc porphyrins, decreased to 1.8/3.1 ns and 1.8/4.7, respec-
tively, with relative distributions for both of 83/17%. We
rationalize the shorter lifetime by an excited state deactivation
of the aggregates.*>*’

Having established the key features of 6a/b and 7a/b, we
turned to the preparation of the respective nanographene/
porphyrin hybrids Gé6a/b and G7a/b following a previously
reported procedure that was, however, slightly modified.*® The
procedure consists of several consecutive steps, namely: (i)

This journal is © The Royal Society of Chemistry 2013
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ultrasonication of solutions of the porphyrins with natural
graphite, (ii) centrifugation of the suspension to eliminate the
remaining graphite particles, (iii) ultrasonication of the super-
natant with newly added natural graphite, and (iv) repetition of
the steps - see Experimental section for more details. Such a
treatment resulted in the direct exfoliation of graphite and the
concomitant immobilization of the porphyrins onto the basal
plane of graphene. For 7a and 7b, steps (i), (ii) and (iv) were
sufficient to yield stable nanographene/porphyrin hybrid
suspensions. However, in the case of 6a and 6b, despite the
optimization of different parameters such as force, time and
temperature during the ultrasonication, only the addition of
step (iii) resulted in acceptable results. An overall enrichment of
exfoliated graphite required the addition of new natural
graphite to decrease the amount of free porphyrins. Interest-
ingly, the stability of the nanographene/porphyrin dispersions
varies as a function of relative THF-water ratios — see Fig. S3
(ESIY). In fact, the overall dispersion stability benefits from the
presence of water as it enforces nanographene/porphyrin
interactions.

Initial insights into the graphite exfoliation came from
Raman spectroscopy performed with G6a/b and G7a/b. Laser
excitation at, for example, 532 nm is in resonance with 6a/b and
7a/b and with nanographene. Owing to the quantitative
quenching of the porphyrin fluorescence in Géa/b and G7a/b -
vide infra — the Raman peaks of 6a/b and 7a/b and nano-
graphene evolve - see Fig. S4 (ESIT). In particular, at 1096 (6(Cg-
H)), 1122, 1194, 1220 (¥(C,~N)), 1463 (v(C,~Cp) + 6(Cp-H)), 1481
and 1509 cm ™" (¥(C,~Cp,)) porphyrin-centered Raman peaks are
observed.*® Interesting is the fact that G7a and G7b gave rise to
much better results in terms of exfoliating graphite into few
layer graphene than G6a and G6b. This conclusion came from
Raman spectra that revealed 2D/G ratios between 0.45 and 1 as
well as FWHM values that ranged from 46 to 94 cm .
Responsible for the aforementioned trend is the fact that
porphyrin metallation to afford 6a and 6b leads to an increase
in steric demand and, in turn, to a weaker interaction with the
graphene surface.” Despite the successful graphite exfoliation
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Fig.3 Raman spectrum of G7b drop-coated onto silicon oxide wafers upon laser
excitation at 532 nm. The inset displays the experimental 2D peak (black) and its
single Lorentzian fit (red).
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Fig.4 Upper part — AFM image of a spin-coated dispersion of G7b in THF onto
silicon oxide wafer. Lower part - corresponding height profile across line 1. Height
profiles across lines 2, 3 and 4 are shown in Fig. S5 (ESIt).

and porphyrin immobilization, the 2D/G ratios suggest a
limited extent of doping, which is in line with a recent report on
porphyrin interactions with the basal plane of graphene.*

The Raman spectrum of G7b confirms the presence of
turbostratic and electronically decoupled single layer gra-
phene - Fig. 3. The confinement is affirmed by the symmetric
2D-band, with a 2D/G ratio of around 1 and a FWHM of

Fig.5 TEMimage (left) and zoom in (right) of a drop-casted dispersion of G7b in
THF onto a lacey carbon grid, with scale bars of 1000 and 250 nm, respectively.
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centered at 1299 cm

when fit by a single Lorentzian. The strong D-band
~1 which is absent in the Raman features
of natural graphite, is indicative of a diminished flake size
and increased edge sites contributing to the double resonant
Raman effect.

Additional experiments focused on screening different
solvent mixtures with respect to graphite exfoliation starting
with pure THF, to which increasing amounts of water were
subsequently added - vide supra. The best results in terms of
graphite exfoliation and nanographene functionalization were
obtained in pure THF. Raman spectra gave 2D/G ratios in the
range from 0.5 to 0.6 and a FWHM of 94 and 82 cm™'. Never-
theless, greater dispersion stabilities and greater graphene
enrichments resulted in THF-water (1 : 1 v/v). The presence of
even more water does not lead to any significant difference in
terms of exfoliation efficiency, not taking dispersion stabilities
into account. In fact, the Raman assays suggest that the
porphyrin aggregates are difficult to dissemble.

AFM images shed light on the nanographene/porphyrin
flake height and size distribution. The graphene flakes were
about 2-6 nm in height - note that a calibrated single layer is
with this apparatus in the range of 1 nm - owing to the presence
of strongly folded and intertwined sheets. Fig. 4 illustrates that
the lateral sizes are up to 500 nm. Self-aggregation, re-aggre-
gation, and the rolling up of graphene sheets should be
considered in the interpretation of the AFM height profiles.

Along the same lines, the TEM images reveal folded as well
as regularly stacked sheets that reach sizes of up to 1.2 pm?
with around 10% of them exceeding 2.0 um” - Fig. 5 and S6.1 It
is noteworthy that the graphene flakes of sizes below 1 um? are
more likely to be thinner than the larger graphene flakes - a
finding that goes hand-in-hand with the Raman experiments.
The use of a contrast aperture enabled us to detect even thinner
flakes, which are difficult to see in TEM investigations.**

With stable and concentrated dispersions of nanographene/
porphyrin hybrids Gé6a/b and G7a/b in hand, their photophysics
were probed. Overall, the absorption spectra of G6a/b and G7a/b
lack the distinct and well-resolved features of 6a/b and 7a/b. In
particular, the absorption spectra of G7a and G7b in THF reveal
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Fig.6 Absorption spectra of G6a/b and G7a/b in THF. The initial concentration
of 6a/b and 7a/b was 2 x 10> M. The amount of dispersed graphene was
calculated using the absorption coefficient a = 36.0 mL mg~" cm™" at 660 nm.52
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weak maxima at 255/421 and 255/417 nm, respectively. The
latter feature corresponds to the Soret band of 7a and 7b -
Fig. 6. The amount of dispersed graphene was calculated using
the absorption coefficient a = 36.0 mL mg~" em™" at 660 nm,*
resulting in concentrations of approximately 0.006 mg mL ™" for
G7a and 0.004 mg mL " for G7b.*® In contrast, the absorption
spectra of G6a and G6b in THF show somewhat stronger
features including a 429 nm maximum for G6a and Géb. The Q-
bands are only faintly visible in the form of shoulders at 570/617
and 572/622 nm, respectively. For Géa and G6b, the concen-
trations of dispersed graphene are around 0.001 and 0.002 mg
mL ™, respectively. Noteworthy, the initial concentrations of 6a/
b and 7a/b were in all of the experiments on the order of 2 x
107> M. Concentration losses during the work up procedure
cannot be ruled out, especially during the removal of the larger
graphite particles after centrifugation. Nevertheless, we corre-
late the loss in oscillator strength with the strong electronic
interaction between 6a/b and 7a/b and the basal plane of
graphene.®

Turning to THF-water (1 : 1 v/v), the absorption spectra are
nearly featureless. A likely rationale implies higher concentra-
tions of dispersed graphene, namely approximately at 0.013,
0.005, 0.005 and 0.012 mg mL ™" for G7a/b and Géa/b, respec-
tively. Notably, such concentrations are up to a factor of 6 higher
than in pure THF - see Fig. S7 (ESIT).

In line with the Raman and absorption studies, the
porphyrin fluorescence is strongly quenched in G6a/b and G7a/
b reaching up to 88% with respect to 6a/b and 7a/b - see
Fig. S8.1 The latter is indicative of strong electronic interactions
in terms of either electron or energy transfer deactivation of 6a/
b and 7a/b in their excited state - vide infra. Interestingly, the
fluorescence in THF-water (1:1 v/v) is almost quantitatively
quenched with values that reach 95%. The increased hydro-
philicity of the mixture seems to favor hydrophobic interactions
between the graphene surface and the porphyrins, thus
increasing the electronic interaction.

Finally, to characterize and to quantify the electronic inter-
actions between graphene and the porphyrins in terms of
energy and/or electron transfer, we performed transient
absorption experiments with Géa/b and G7a/b in THF and in
THF-water (1:1 v/v). In G6a/b and G7a/b, the presence of
nanographene evokes subtle changes when compared to 387
nm excitation experiments with 6a/b and 7a/b. For example, all
of the transient absorption changes are governed early on by
nanographene related features, that is, optical phonons that
propagate within the two-dimensional carbon crystal. To this
end, minima are discernable in the visible range between 450
and 750 nm and in the near-infrared range between 800 and
1500 nm for G6a/b and G7a/b. In the visible, for example, a
transient minimum at 495 nm, which is formed instanta-
neously, red-shifts to 685 nm and intensifies throughout the
first 1.5 ps before it drops in intensity. In parallel, a maximum
at 475 nm develops. Similarly, in the near-infrared, a transient
minimum at 1180 nm evolves, which also red-shifts as a
function of time, in addition to a 860 nm maximum. Such
spectral dissimilarities result from changing electron-phonon
couplings as they evolve from different stacking of the
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Fig. 7 Upper part — differential absorption spectra (visible) obtained upon
femtosecond pump-probe experiments (387 nm) of G7a in THF with several time
delays between 0.6 and 9.0 ps at room temperature. Upper central part —
differential absorption spectra (near-infrared) obtained upon femtosecond
pump-probe experiments (387 nm) of G7a in THF with several time delays
between 0.6 and 9.0 ps at room temperature. Lower central part — time
absorption profiles at 460, 850 and 1135 nm monitoring the charge separation.
Lower part — time absorption profiles at 460, 575 and 850 nm monitoring the
charge recombination.
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porphyrins onto the basal plane of graphene. A rapid trans-
formation (3.6 £ 0.2 ps) results in G7a and G7b in the formation
of a new transient species in the 450-800 nm range with distinct
maxima at 490 and 625 nm as well as minima at 660 nm - Fig. 7.
In the 800-1500 nm range, the new transient involves broad
bands that maximize at 890 and 1090 nm. Of key importance is
the resemblance of these attributes with those of the one-elec-
tron oxidized radical cation of 7a and 7b, as they were deter-
mined in pulse radiolytic investigations.

For G6a and G6b, the corresponding transformation (2.4 +
0.1 ps) leads to features that include maxima at 490, 535 and
690 nm as well as minima at 575 and 625 nm - Fig. S9 (ESI{).
Similarly, the near-infrared range is important, which imme-
diately after the photoexcitation shows phonon related bleach-
ing in the form of minima around 1225 nm and porphyrin
centered maxima at 860 nm for G7a and G7b and at 870 nm for
G6a and G6b. Here, new features are seen during the transient
decay/formation, namely maxima at 890 and 1025 nm for G7a
and G7b as well as 905 and 1010 nm for G6a and G6b. These
features imply a rapid charge transfer, that is, resulting in an
oxidized porphyrin and new conduction band electrons in the
nanographene. Multi-wavelength analyses of these newly
developed charge transfer states reveal their metastable char-
acter with lifetimes in THF of 250 + 20 ps for G7a, 260 £ 20 ps
for G7b, 390 £ 50 ps for G6a, and 420 + 50 ps for Gé6b. The
shorter lifetime in the former two when compared to the latter
two is ascribed to the weaker interactions of the more hydro-
philic zinc porphyrins as well as the fact that the more planar
free-base porphyrins 7a/b better immobilize onto the basal
plane of the graphene. The observation that tighter nano-
graphene/porphyrin interactions lead to shorter lifetimes is
reinforced in THF-water (1 : 1 v/v), in which the lifetime values
are 130 £ 20 ps for G7a and G7b and 190 =+ 20 ps for G6a and
G6b - Fig. S10 and S11 (ESIt).

To further exploit the properties of the porphyrins, the
carboxylic groups of 6a/b and 7a/b were probed as an anchor for
nanoparticles. In this context, three batches of G7a with
increasing loads of TiO, nanoparticles were prepared by
dispersing them with TiO, nanoparticles in water. The resulting
composites were deposited and dried onto copper grids for TEM
imaging - Fig. S12 (ESIt). The batch with the highest concen-
tration of TiO, nanoparticles yielded large TiO, agglomerates
that are adhered to the functionalized nanographene surfaces.
A decrease of TiO, nanoparticle concentrations, on the other
hand, results in a more homogenous coverage of the graphene
flakes. Most importantly, the presence of TiO, nanoparticles is
restricted exclusively to areas covered with G7a.

Intrigued by the features described for the new nano-
graphene/porphyrin hybrid materials, we decided to investigate
their impact on the performance of dye-sensitized solar cell
(DSSC) devices. Details regarding device fabrication and char-
acterization are summarized in the Experimental section.

We initially focused our attention on elucidating which type
of TiO, electrode - transparent (TiO,-T) or light-scattering
(TiO,-S) - and which sort of suspension - THF-water (1 : 1 v/v)
or THF solvents - were optimal for fabricating DSSCs with the
nanographene/porphyrin hybrids Géa/b and G7a/b. To this end,
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we immersed the previously prepared electrodes coated with
thin films of each type of TiO, into the nanographene/porphyrin
dispersions in each solvent for a period of 120 h to ensure
sufficient coating of the TiO, film by the graphene composite.
By the naked eye, we observed that the adsorption of
the nanographene hybrids and porphyrins from THF-water
(1 : 1 v/v) was poor in comparison with the colorful electrodes
obtained from THF suspensions - Fig. 8.

To validate the presence of Gé6a/b and G7a/b, we performed
scanning electron microscopy (SEM) analyses of the different
modified electrodes. Importantly, we deduce from the SEM
images that the choice of TiO, electrode is, indeed, a key factor
when dealing with such hybrid materials. For instance, as is
seen in Fig. 8, the G7a coverage is better in the case of the TiO,-S
electrode than that of the TiO,-T electrode. This is presumably
due to the larger particle size of the TiO,-S creating a more
porous electrode into which the graphene composite can
intercalate. Although we performed cross-sectional SEM with
the TiO, electrodes (Fig. S13, ESIt), we have been unable to
determine the depth of penetration of the composite into
the TiO,-S films. Nevertheless, it is possible to estimate the
thickness of the deposited materials as a few hundred of
nanometers.

Additionally, probing the modified TiO, electrodes at high
magnification reveals that, to a notable extent, re-aggregation of
the graphene flakes takes place during the integration of G7a.
Despite the presence of aggregates, their chemical and physical
nature is clearly graphene-like rather than graphite-like due to
the presence of the porphyrin. This indicates that the nature of
the nanographene/porphyrin hybrids is preserved when
attaching to the TiO, interface. To corroborate this notion, we
also recorded SEM images for nanographene/porphyrin hybrids
G6a/b and G7b leading essentially to the same results - Fig. 9
and S14 (ESI?).

Loading of Géa/b and G7a/b for 120 h onto both TiO,-T and
TiO,-S electrodes, produced active devices albeit with low
photocurrents - Fig. 10. Not surprisingly, the larger the amount

View Article Online

of nanographene composite on the photoanode, the higher the
photocurrent with TiO,-S films featuring higher values than
TiO,-T films. In order to optimize the adsorption process of the
nanographene/porphyrin hybrids on the TiO,-S electrode, we
focused our investigations on the impact of different soaking
times, that is, 2, 4, 8 and 16 h, on the device performance using
both THF and THF-water (1: 1 v/v) suspensions. Overall, the
best performances were observed for devices using photo-
anodes prepared from THF composite suspensions (Tables S1
and S2, ESI}). Therefore, we will focus on the trends obtained
from these DSSCs. The photovoltaic characteristic trends are
given in Fig. 11 and the best DSSC performance values given
in Table 1.

Overall, the device parameter vs. soaking time dependence is
quite similar for all hybrid materials. While open-circuit volt-
ages (Vo) remain nearly constant, short-circuit currents (I)
increase and reach maximum values at around 8 h for most of
the nanographene/porphyrin composites. The impact of the
latter is seen when inspecting the efficiencies (n) - Fig. 11. We
note a sizeable enhancement of I,. and n in Gé6a/b and G7a/b
devices when compared to those of 6a/b and 7a/b under
comparable conditions - Tables S1 and S2 (ESIf). Such a
phenomenon is likely to relate to the benefits from the presence
of graphene flakes in terms of influencing the injection
processes, the recombination processes, and the adsorption
behavior on TiO,.

To get insights into the penetration of the nanographene/
porphyrin hybrids into the TiO, network, we reduced the TiO,
film thickness from 8 to 4 pm. Please note that cross sectional
imaging was unsuccessful - vide supra. Important is the fact
that the trends on the thinner device performance are virtually
identical to those previously mentioned - Fig. S15 (ESIf). This
leads us to conclude the depth of penetration of the nano-
graphene/porphyrin hybrids is not a limiting factor.

To elucidate the injection mechanism that is operative in
nanographene/porphyrin based DSSCs, incident photon-to-
current efficiency spectra (IPCE) were recorded. Importantly,

THF/water (1:1)

Fig.8 Left— SEM images of TiO,-T (left) and TiO,-S (right) soaked with G7a THF for 120 h at low (A) and high (B) magnification, respectively. Right — photographs of
TiO-T (left) and TiO,-S (right) soaked with G7a in THF and THF-water (1 : 1 v/v) for 120 h.
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Fig. 9 SEM images of TiO,-S electrodes soaked with G7b (top), G6a (middle)
and G6b (bottom) in THF for 120 h at high magnification.
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Fig. 10 Photocurrent responses vs. time of DSSCs based on TiO,-T (red) and
TiO5-S (black) electrodes soaked with G7a in THF for 120 h.

This journal is © The Royal Society of Chemistry 2013
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the IPCE spectra of Fig. 12 match the absorption spectra of
Fig. 6 and, as such, confirm that the porphyrin generates the
photocurrent. The overall broadening suggests that the elec-
tronic coupling between the porphyrin and graphene is still
intact even on TiO,. For comparison, IPCE spectra were taken of
devices with graphene and porphyrin only photoanodes. The
former is featureless with a maximum of around 0.2% indi-
cating no contribution of this moiety while the latter features a
maximum at around 425 nm similar to the nanographene/
porphyrin hybrid devices but, in line with the photogenerated
currents, a much lower value was noted (Fig. 12). In addition,
SEM images show that the adsorption of graphene flakes at
these electrodes is rather poor (Fig. S16, ESIt) and, in turn, the
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Fig. 11 Upper part — V. as a function of soaking time for devices using nano-
graphene/porphyrin hybrids in THF. Central part — /. as a function of soaking time
for devices using nanographene/porphyrin hybrids in THF. Lower part — n as a
function of soaking time for devices using nanographene/porphyrin hybrids in THF.
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Table 1 Best performance values for DSSCs using TiO,-S electrodes with
different nanographene/porphyrins hybrids in THF suspensions at selected
soaking times

Soaking FF¢ n
Dye time/h VoV I,/mA cm™> (%) (%)
G7a 8 0.38 1.68 0.40 0.25
G7b 8 0.29 2.50 0.49 0.27
Gé6a 4 0.25 1.83 0.47 0.22
G6b 2 0.30 2.69 0.46 0.37

¢ FF is fill factor.

IPCE
1%

450 500
Wavelength / nm

550 600 650 700

Fig. 12 IPCE spectra for DSSCs with G6b (black spectrum), graphene (red
spectrum), and 6b (brown spectrum).

photocurrent is very low (3 pum cm™?). In light of the afore-
mentioned, it is safe to assume that graphene on its own plays
no significant role in the overall photosensitization process.

Our hypothesis implies that the photoexcited porphyrins
inject electrons either directly into the conduction band of TiO,
or indirectly via graphene as a conducting mediator. Both
processes are driven by a sizeable thermodynamic driving force
as has already been shown.>*¢

The competition between the direct and indirect route is
seen when comparing G6a/b and G7a/b, in which the former
give rise to weaker interactions with the basal plane of graphene
- vide supra - and, in turn, favor the direct route. Likewise,
comparing Gé6a/7a with G6b/7b, the presence of two carboxylic
groups in the latter shifts the competition to the direct route.
Nevertheless, graphene is also known to act as a Schottky
barrier,”” which prevents the recombination process that is a
typical drawback observed in porphyrin-based DSSCs.>**

In other words, the presence of graphene seems to be
crucial in the overall enhancement of device efficiency by
means of affecting the injection process and decreasing the
recombination process. Finally, the fact that the chemical and
also the physical nature of the nanographene/porphyrin
hybrids is clearly graphene-like rather than graphite-like, as
revealed by the SEM images (Fig. 8 and 9), cannot be neglec-
ted. Thus, its contribution to minimize porphyrin aggregation
and thereby to enhance porphyrin regeneration should not be
underestimated. To corroborate the latter, we are currently
directing our attention to perform femtosecond pump-probe
experiments.
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Conclusions

In summary, two major milestones in the preparation and use of
graphene in solution are provided in this work. Firstly, we have
demonstrated the versatility of free-base porphyrins 7a/b to
realize nanographene hybrids, while their metalated analogous
6a/b give rise to a much poorer performance in terms of exfoli-
ating graphite. The success has been corroborated by means of
Raman, AFM, TEM, and time-resolved pump-probe experi-
ments. Importantly, the latter provides solid evidence for shift-
ing electron density from the porphyrins to nanographene upon
excitation. In line with our previous assays, we conclude that the
synergy of - and electronic interactions is crucial to produce
highly stable graphene sheets in solution. Secondly, TEM images
of nanographene hybrid, to which TiO, nanoparticles were
grafted, and SEM images of TiO, electrodes have undoubtedly
shown that, even when the porphyrin interacts with the basal
plane of graphene, its hydrophilic chain is operative to imple-
ment this novel hybrid into solar cells. In this context, the device
data prompt to the benefits when the nanographene hybrids are
present. Quite likely, aggregation is prevented, which leads to
benefits in the regeneration process of the porphyrins, on one
hand, and implementation of a Schottky barrier reducing the
recombination rate process, on the other hand. These aspects
lead to a significant boost of the overall device performance.
Specifically, in the optimum photosensitizer uptake for nano-
graphene/porphyrin, the enhancement amounts to a 50%
increase of the device efficiency compared to DSSCs constructed
from only the respective porphyrins were noted. Currently, we
are directing our efforts to further unveil the underlying mech-
anism of DSSCs that are based on nanographene hybrids.
However, it should be noted that the use of nanographene/
porphyrin hybrids opens the way for the introduction of other
nanoparticles into solar cells.
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