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ye-sensitized solar cells (DSCs),

also called Gratzel cells, represent

an attractive alternative of solid-
state photovoltaics due to their high effi-
ciency, low cost, and easy fabrication.'? Dur-
ing the last two decades, considerable effort
was focused on the optimization of photo-
anode material, dyes, and electrolytes, but
less attention was paid to the counter
electrode.>* The latter is usually made from
platinized F-doped SnO, (FTO). The reason
is that Pt exhibits high electrocatalytic activ-
ity toward the iodide/triiodide redox
couple, which is the common redox relay
for most DSCs. Although the necessary
amount of Pt on the cathode is very low,
ca. 10—100 pg/cm?3~% there is a challenge
for substituting platinum with a cheaper
material. The request for Pt-free counter
electrode is particularly important in solar
cells which use other redox relays than I3~/
17, such as quantum-dot-sensitized solar cell
with a $27/5,2” couple in the electrolyte so-
lution.” The palette of alternative materials
comprises carbon, conducting polymers,
polymer/Pt, or polymer/carbon composites
(for review, see ref 4). Materials like Au, Cu,S,
and RuO, were also occasionally
mentioned.>”® Recently, the high activities
of surface-nitrided nickel® and CoS'® were
reported; the latter material is particularly
attractive for fabricating optically transpar-
ent counter electrode on plastic substrates.

Carbon is the second most widely stud-

ied material for the DSC cathode after plati-
num. This research was triggered in 1996
by Kay and Grétzel,"" who found good elec-
trocatalytic activity of graphite/carbon
black mixture. In subsequent years, various
kinds of carbon were studied, such as hard
carbon spherules,'? activated carbon,'?
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ABSTRACT Commercial graphene nanoplatelets in the form of optically transparent thin films on F-doped

Sn0; (FT0) exhibited high electrocatalytic activity toward I;~/I~ redox couple, particularly in electrolyte based on

ionic liquid (Z952). The charge-transfer resistance, R, was smaller by a factor of 5—6 in ionic liquid, compared to

values in traditional electrolyte based on methoxypropionitrile solution (Z946). Optical spectra and electrochemical

impedance confirm that the film's absorbance scales linearly with R;~". Electrocatalytic properties of graphene

nanoplatelets for the I;7/1~ redox reaction are proportional to the concentration of active sites (edge defects and

oxidic groups), independent of the electrolyte medium. Dye-sensitized solar cell (DSC) was assembled with this

material as a cathode. Semitransparent (>85%) film of graphene nanoplatelets presented no barrier to drain

photocurrents at 1 Sun illumination and potentials between 0 and ca. 0.3 V, but an order of magnitude decrease

of Ry is still needed to improve the behavior of DSC near the open circuit potential and, consequently, the fill

factor. We predict that the graphene composite is a strong candidate for replacing both Pt and FTO0 in cathodes

for DSC.

KEYWORDS: graphene - dye-sensitized solar cell - electrochemical impedance -
ionic liquid - electrocatalysis

mesoporous carbon,’ nanocarbon,’
single-walled carbon nanotubes,'® multi-
walled carbon nanotubes (MWNTs),'” =20
and carbon black/TiO, composite.?! The
MWNTSs were also assembled in compos-
ites with conducting polymer'” and TiN.?
(In the latter case, however, the presence of
TiN requires further proof, due to possible
mismatch of TiN with titanium oxynitrides
at the used synthetic conditions.?3)

To achieve a comparable activity to plati-
num, carbon-based counter electrodes
must have sufficiently high surface area.
This requirement concurs the fact that the
active sites for I3/l redox reaction are de-
fects and oxidic surface groups which are
located at crystal edges of graphite.?'242>
Even so, carbonaceous electrodes which
would be superior to Pt were reported only
rarely for certain kinds of activated car-
bon." Promising activity similar to that of
Pt was also found for MWNT cathodes.'#2°2>
However, there is a debate in the literature
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whether or not the high activity of MWNTs comes, actu-
ally, from the residual metal or metal oxide catalyst par-
ticles which are present in the samples.'®?526

In most cases, the carbon layers on the electrode
were ca. 1—150 pum thick,'2713222 and they are, obvi-
ously, nontransparent to visible light. Optical transpar-
ency is, nevertheless, an important benefit of DSCs for
certain practical applications, like windows, roof panels,
or various decorative installations.? The transparent
counter electrode is essential for the operation of plas-
tic DSCs and for tandem solar cells.? In the case of solar
cells which use conductive glass as the photocathode
substrate, the optical transparency of counter electrode
is not critical for the function of DSC, but it provides
added value for practical applications as mentioned
above. To the best of our knowledge, there is only one
report on semitransparent DSCs with carbonaceous
cathode, which was fabricated from MWNTSs.'® It exhib-
ited good conversion efficiency of 7.59%, but direct
comparison with Pt cathode was not made in this
paper.

Hence, there is a challenge for further search and op-
timization of transparent Pt-free cathodes. Graphene
seems to be an attractive material for this purpose be-
cause it forms transparent, conductive, and stretchable
thin-film electrodes.?’ % Miillen et al.*® have used
graphene as a collector layer of TiO, photoanode in
dye-sensitized solar cell based on spiro-OMeTAD hole
conductor. The layer had a conductivity of 550 S/cm
and transparency of more than 70% within the
1000—3000 nm wavelengths region, but it dropped
down to ca. 50% at 400 nm. Recently, Zhang et al.*' re-
ported on graphene nanosheet cathode for DSC, but
the solar conversion efficiencies were only between
0.71 and 2.94%, depending on the calcination tempera-
ture (from 350 to 450 °C). Analogously, Choi et al.*? re-
ported on a rather poor performance of graphene cath-
ode, but a composite of graphene with MWNTs
exhibited enhanced activity, giving 3% solar conver-
sion efficiency in DSCs. Recently, Roy-Mayhew et al. re-
ported on functionalized graphene sheets for the DSC
cathode either on FTO or on mylar supports and found
efficiencies of 5 or 3.8%, respectively, but their cathodes
were, presumably, not transparent optically. In all
cases,*®" 3 graphene was prepared from chemically ex-
foliated graphene oxide via subsequent thermal
treatment.

Perfect graphene does not seem to be the right can-
didate for a DSC cathode, in view of the limited num-
ber of active sites for I37/I” electrocatalysis.*?"* This ex-
pectation comes from the fact that also the activity of
basal-plane graphite is known to be low.2* Nevertheless,
small graphene nanoplatelets might behave differently
if they have large number of active edge sites.>' ~33 Such
a defect-rich graphene seems to be favored over
MWNTs for a transparent DSC cathode because the
amount of active sites per one mr-electron in carbon-
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aceous skeleton is larger. (MWNTSs are handicapped by
the fact that the inner tubes hardly contribute to elec-
trochemical activity, but absorb light.) Here we report
one promising electrode material, which is both opti-
cally transparent and reasonably active for the I57/1~
redox reaction. In contrast to earlier reports,>' 33 we ob-
tained good solar conversion efficiency (=5%) in DSCs
with an optically transparent graphene cathode. The
cathode was fabricated by drop-casting on FTO from
non-optimized graphene nanoplatelets as-received
from the producer.

RESULTS AND DISCUSSION

The basic requirements for electrocatalytic activity
of the DSC cathode are outlined by the typical current
densities on TiO, photoanode, which are ca. 20 mA/cm?
under full Sun illumination.? Ideally, the exchange cur-
rent density on the cathode, j,, should be comparable,
which provides an estimate of the required charge-
transfer resistance, R¢y, of the cathode. From the
equation

. _ AT
o= hFRg

M

this translates into Rcr of ca. 1.3 Qcm?. Such values are
accessible for platinized FTO%?'3* (although they
strongly depend on the Pt deposition method and elec-
trolyte type34) as well as for massive carbon layers (~20
wm thickness'?' or ca. 0.3 mg/cm?).' We should note,
however, that the reported Rcr values for carbon are
usually normalized to the projected geometric area of
the electrode. If we recalculate the charge-transfer resis-
tances to the total surface area of carbon, we get Rcr
values of ca. 5—25 kQcm? for the same electrodes.?’
Trancik et al.?> have suggested that the target carbon-
aceous film, which would, eventually, replace Pt@FTO,
should have the following parameters: 80% optical
transparency at a wavelength of 550 nm, Rcr of 2—3
Qcm?, and sheet resistance of 20 )/sq. Such a film has
not yet been demonstrated experimentally.

The behavior of our reference system, that is,
Pt@FTO, is demonstrated in Figure 1. The left panel of
Figure 1 displays a cyclic voltammogram of a symmetri-
cal sandwich cell with Z946 electrolyte. The electrolyte
solution (coded Z946) is 1 M 1,3-dimethylimidazolium
iodide + 0.15 M iodine + 0.5 M N-butylbenzoimidazole
+ 0.1 M guanidine thiocyanate in
3-methoxypropionitrile.3> (For molecular formulas of
the electrolyte components, see Supporting Informa-
tion.) We observe an almost perfect ohmic response be-
tween —1 and 1V bias. However, closer inspection re-
veals that the freshly assembled cell has higher currents
than the cell after several days of aging. The changes
were pronounced during the first 11 days; after this pe-
riod, the cell was in a steady state with no marked ag-
ing changes within the next 10 days. Hauch and Georg®*
mentioned a poisoning of Pt, which might be respon-
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Figure 1. Left chart: cyclic voltammogram of a closed dummy cell with platinized FTO electrodes, scan rate 50 mV/s; elec-
trolyte Z946. Right chart: Nyquist plot of electrochemical impedance spectra measured from 65 kHz to 0.1 Hz on a closed

dummy cell with Pt@FTO electrodes; electrolyte Z946.

sible for this initial deactivation. Clearer manifestation
of the poisoning effect is provided by the impedance
spectra shown on Figure 1, right panel.
Electrochemical impedance of the symmetrical
dummy cell can be fitted to a Randles-type circuit (Rcr
with a parallel double-layer capacitance, Cy) plus a se-
ries resistance, R, and the Nernst diffusion impedance,
Zy, in the electrolyte. The latter is related to the diffusion
coefficient of I3~ in the electrolyte solution, D;:

LT
" antedio

)

tanh( 0.251(1))

DL

where A is the electrode area, c is the concentration of
157, and L is the distance between electrodes.3

If the reactions at both electrodes are identical, we
can simplify, according to Kirhoff's laws, our system to
the equivalent circuit shown in Figure 2 with Rcr
doubled and Cg4 halved.3* However, more accurate
analysis points to a small deviation from the ideal ca-
pacitance, caused by the roughness of the
electrodes.>'4212234 Hence, the capacitance (1/2Cy)
should be replaced by a constant phase element (CPE)
with an impedance Zcpe:

Zepe = Bliw) P 3)

where B and B are frequency-independent parameters
of CPE (0 = B = 1; for B = 1, the Zcpe transforms into
Cq). The experimental impedance spectra for platinized
FTO (Figure 1, right panel) are dominated by the RC el-
ement of the Pt/electrolyte interface in the high-
frequency domain. They can be fitted to an almost
ideal capacitance, with the CPE exponent 3 being about

Figure 2. Equivalent circuit diagram for fitting the electro-
chemical impedance spectra of a dummy cell with two iden-
tical electrodes.
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0.99 for all spectra. The found impedance parameters
in Z946 electrolyte were as follows: R, = 18 (), Rcr = 0.4
Q- cm?, Cy = 18 wF/cm? (fresh electrode) and R, = 17
Q,Rer =1.9Q-cm? Cy = 17 wF/cm? (electrode after 11
days of aging). The impedance of ionic diffusion is ex-
pressed by the second semicircle in the low-frequency
domain (Figure 1, right chart). As expected, it does not
depend on electrode aging because ionic diffusion in
the electrolyte solution (eq 2) is invariant with the sur-
face conditions at electrodes.

Figure 3 presents the electrochemical behavior of
symmetrical dummy cells with graphene electrodes
(G1 to G5) having different amounts of graphene nano-
platelets deposited on FTO. The G1—G5 electrodes
were prepared by drop-casting from isopropyl alcohol
suspension of graphene nanoplatelets (see Experimen-
tal Section for details). The left panel in Figure 3 shows
the cyclic voltammograms in Z946 electrolyte, and for
comparison also, the corresponding voltammogram of
pure FTO electrode is plotted for reference. Obviously,
there is a considerable overpotential for the I37/1~
couple, but the currents increase with increased
graphene loading, that is, from G1 to G5. Again, this is
more clearly reflected by impedance analysis shown in
Figure 3 (right panel) and by the fitted data summarized
in Table 1. In this case, we cannot distinguish Zy as in

TABLE 1. Electrochemical Impedance Parameters of the
Studied Graphene-Based Cathodes

electrode electrolyte R, () Ra (Q + em?) CPE:B (S.sP) CPE:3
G1 1946 23 1183 8.6X107° 0.89
G2 1946 26 590 91X 107° 0.92
63 1946 29 308 11X 1074 0.91
G4 1946 28 134 34X107* 0.87
G5 1946 31 94 50x107* 091
G1 7952 28 205 10X107 089
G2 1952 27 18 15X 1074 0.80
63 1952 30 50 21X 107" 0.88
G4 1952 29 22 40x10"* 0.89
G5 7952 29 15 94X107*  0.84
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Figure 3. Left chart: cyclic voltammogram of a dummy cell with graphene on FTO electrodes (G1 to G5), scan rate 50 mV/s,
electrolyte Z946. Right chart: Nyquist plot of electrochemical impedance spectra measured from 65 kHz to 0.1 Hz on dummy
cell with graphene on FTO electrodes (G1 to G5); electrolyte Z946.

the case of platinized FTO (Figure 1). The series resis-
tance, R;, is larger for graphene electrodes and ap-
proaches the value of platinized FTO only for the small-
est graphene loading (G1). The same effect was
observed also for carbon black.?' We may note that
the CPE parameter B is proportional to Ry, which shows
that the improved electrocatalytic activity is simply re-
lated to the active surface area of our graphene nano-
platelets. Recently, Roy-Mahew et al.3* upgraded the tra-
ditional equivalent circuit (Figure 2) by adding the
Nernst diffusion impedance within electrode pores in
functionalized graphene sheets. In our case, the diffu-
sion in pores can obviously be neglected because the
amount of graphene on FTO is small.

Interestingly, our graphene films exhibit signifi-
cantly higher electrochemical activity in the electrolyte
based on ionic liquid. This electrolyte (coded Z952) is a
solvent-free mixture of 1,3-dimethylimidazolium iodide
+ 1-ethyl-3-methylimidazolium iodide + 1-ethyl-3-
methylimidazolium tetracyanoborate + iodine +
N-butylbenzoimidazole + guanidinium thiocyanate.
(For molecular formulas of the electrolyte components,
see Supporting Information.) Figure 4 (left chart) shows
cyclic voltammograms of three electrodes, G3, G4, and
G5, in this electrolyte. (These electrodes are duplicates
of the electrodes presented in Figure 3 above.) Also
shown is the voltammogram of platinized FTO. The lat-
ter voltammogram confirms that there is a limiting cur-
rent density of ca. 10 mA/cm?, which is controlled by
the mass transport in our ionic liquid electrolyte. We
may note that there is almost no marked overpotential
for the I137/17 couple on our film G5, which behaves al-
most like platinized FTO (Figure 4).

Right chart in Figure 4 shows the corresponding im-
pedance spectra. To demonstrate the improvement in
electrochemical parameters, the impedance spectra in
7946 and 7952 electrolytes are compared in Figure 4
(dashed vs full curves). We should note a similarity of
the Z946 impedance spectra plotted in Figure 4 (dashed

\\&) VOL.5 = NO. 1 = KAVAN ET AL.

curves) and those in Figure 3 (electrodes G3—G5). As
different films were tested in Figures 3 and 4, this com-
parison proves that our graphene deposition tech-
nigue (see Experimental Section) is reasonably repro-
ducible. More importantly, the charge-transfer
resistance, Rcr, is smaller by a factor of about 5—6 in
the ionic liquid medium (Z952) compared to usual elec-
trolyte solution (Z946); the actual values are summa-
rized in Table 1.

The reason for such a striking improvement of Rcr
for graphene/ionic liquid interface is not clear at this
stage of research. Hausch and Georg®* found that Rcr
grew with the viscosity of solvent and the size of sol-
vent molecule for Pt@FTO in various electrolyte solu-
tions. Obviously, the argument about viscosity control
of Rcris just opposite of what we have observed. In gen-
eral, the I37/1" redox reaction in electrolyte solutions as-
sumes two mechanistic models: (i) the electroactive
ions (Is~ or I7) first discard the solvating molecules, mi-
grate through the double layer, adsorb on the elec-
trode, and transfer electron in “naked state”; or (i) the
electroactive ions (I3~ or I7) remain in solvated state
during the charge-transfer process, and the redox reac-
tion occurs via electron tunneling through the solvat-
ing sphere.3* In the absence of any solvent, like in ionic
liquids, both of these barriers for electron transfer are
missing. Hence the solvation, rather than viscosity,
seems to be the decisive parameter controlling our
reaction.

Independent of the electrolyte medium used, the ac-
tivity of our electrodes depends on the amount of
graphene nanoplatelets deposited on FTO support.
This conclusion is further corroborated by optical spec-
tra of our G1—GS5 films (Figure 5, left panel). Similarly to
large-scale CVD-grown graphene films,?’ the feature-
less transmittance curve drops toward shorter wave-
lengths. The transmittance of our G1 film roughly corre-
sponds to the transmittance of a perfect bilayer
graphene.? Interestingly, there is a linear fit between

www.acsnano.org
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Figure 4. Electrochemical behavior of graphene electrodes in ionic liquid electrolyte (Z952) and in volatile electrolyte (Z946).
The electrodes (G3, G4, G5) were duplicates of the corresponding electrodes shown in Figure 3. Left chart: cyclic voltammo-
gram of a dummy cell with graphene on FTO electrodes, scan rate 5 mV/s, electrolyte Z952. The voltammogram of plati-
nized FTO is also shown for comparison. Right chart: Nyquist plot of electrochemical impedance spectra measured from 65
kHz to 0.1 Hz on dummy cell with graphene on FTO electrodes. Dashed curves: electrolyte Z946, full curves: electrolyte Z952.

the absorbance of our electrodes (—log T,, where T, is
transmittance at the given wavelength, \) and the in-
verse charge-transfer resistance, 1/Rcr, both in volatile
electrolyte solution (Z946) and in ionic liquid (2952).
This is demonstrated on Figure 5 (right panel) for absor-
bance at an arbitrarily chosen wavelength of A = 500
nm. As the absorbance is, according to Lambert—Beer
law, proportional to concentration, we may conclude
that there is a simple proportionality between 1/Rcr and
the concentration of active sites for the I57/I~ electro-
catalytic exchange, viz. defects and oxidic surface
groups at crystal edges.*?'?*2> Obviously, for a semi-
transparent DSC cathode, a compromise has to be
sought between the optical transparency and electro-
chemical activity. This task is reminiscent of similar
problems with MWNTSs.'8%
Finally, we tested the performance of our medium-
loaded graphene cathode (G3) in a DSC. Figure 6 and

Table 2 show the corresponding current—voltage char-
acteristics for a reference DSC with platinized cathode
and G3 cathode under various light intensities. The
short circuit photocurrents densities (jsc) are almost
identical for both cathodes independent of the light in-
tensity and electrolyte medium. Also we may note that
the jsc on G3 in ionic liquid at 1 Sun (ca. 11 mA/cm?) is
similar to the transport-limited current densities ob-
served for Ptin a symmetrical dummy cell (Figure 4), de-
spite the fact that the cell geometry and other experi-
mental parameters are quite different in both cases.
Hence, graphene cathode presents no barrier for the
maximal current, which is achievable in the solar cell
under 1 Sun illumination at potentials between 0 and
ca. 0.3 V. The dark current in DSC with the graphene
cathode is considerably smaller at potentials positive
to ca. 0.6 V (Figure 6), but deeper discussion of this dif-
ference is beyond the scope of this paper. The larger
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Figure 5. Left chart: Optical transmittance spectra of graphene films (G1 to G5) deposited on glass. Right chart: Optical ab-
sorbance at a wavelength of 500 nm plotted as a function of inverse charge-transfer resistance determined from electro-
chemical impedance spectra in volatile electrolyte, Z946 (open points), and in ionic liquid electrolyte, Z952 (solid points).
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Figure 6. Current—voltage characteristics of a dye-sensitized solar cell with the platinized FTO (black lines) or G3 cathode
(red lines) under various light intensities. Left chart: Z946 electrolyte. Right chart: Z952 electrolyte.

charge-transfer resistance of G3 influences particularly
the j—V curves near the open circuit potential. This de-
creases the fill factor, predominantly at higher light in-
tensities. The actual data are collected in Table 2.

In accord with the electrochemical data discussed
above, the graphene cathode exhibits markedly better
performance in DSC with ionic liquid (Z952) due to the
lower Rcr in this medium (Figure 6, right chart). At 1 Sun
illumination, the cell with the G3 electrode yielded the
efficiency of 4.4% and fill factor of 0.60 when compared
to platinized electrode, 5.7% and 0.75. The relatively
higher fill factor, 0.65 and 0.73 (vs 0.57 and 0.65 with
7946), was also observed at lower light intensities, 0.5
and 0.1 Sun, respectively (Table 2). Our efficiencies com-
pare favorably to those in earlier reports on DSCs with
a graphene-based cathode.?' "3 Since our G3 was se-
lected here as a non-optimized example of medium-
loaded electrode, these results are encouraging in view
of further engineering of graphene cathodes for DSC.
Our G3 film had a transmittance better than 85% in the
visible spectrum (Figure 5), but its Rcr still needs to be

TABLE 2. Characteristics of Solar Cells with N-719
Sensitized TiO, Photoanode and Pt or G3 Cathodes under
Various Light Intensities (/y): Short Circuit Photocurrent
Density = jsc, Open Circuit Voltage = Vo, Fill Factor = FF,
Solar Conversion Efficiency = 1

electrolyte cathode Ip(Sun)  jsc (mA/cm?) Voc (mV) FF m (%)
1946 Pt 1 131 m 0.74 6.89
1946 Pt 0.5 6.58 689 0.76 6.88
1946 Pt 0.1 131 627 0.77 6.33
1946 @3 1 13.1 724 0.52 5.00
1946 G3 0.5 6.64 708 0.57 5.38
1946 G3 0.1 1.34 657 0.65 5.73

1952 Pt 1 1.2 679 0.75 5.70
1952 Pt 0.5 5.71 663 0.77 5.84
1952 Pt 0.1 1.18 612 0.78 5.70
1952 G3 1 11.0 673 0.60 438
1952 G3 0.5 5.64 658 0.65 4.81

1952 @3 0.1 11.6 610 0.73 5.16

decreased by a factor of ca. 10 to make it competitive
to platinized FTO. The final goal would be a FTO- and Pt-
free cathode for DSC. For instance, a combination of
defect-free graphene as a current collector (cf. Mullen
et al.%) with highly active graphene nanoplatelets as a
catalyst might, eventually, meet the criteria of carbon-
aceous DSC cathode, formulated by Trancik et al.?

CONCLUSIONS

Graphene nanoplatelets exhibit promising electro-
catalytic activity toward I37/I" redox couple in thin films
which are optically semitransparent. The charge-
transfer resistance, Rcr, is smaller by a factor of 5—6 in
ionic liquid electrolyte (Z952) compared to that in tradi-
tional electrolyte in methoxypropionitrile solution
(Z946). The difference was attributed to solvation-
related events rather than viscosity control of the
charge-transfer mechanism.

In both electrolytes tested (2946, Z952), the Rcr
scaled linearly with the graphene film’s absorbance,
confirming a simple proportionality between the con-
centration of active sites (edge defects and oxidic
groups) and electrocatalytic properties of the elec-
trode for I37/I~ redox reaction.

Solar efficiency tests confirmed that semitranspar-
ent film of graphene nanoplatelets presented no bar-
rier to drain photocurrents at 1 Sun illumination and po-
tentials between 0 and ca. 0.3 V.

Consistent with the impedance data on symmetri-
cal dummy cells, the graphene cathode exhibited bet-
ter performance in DSC with ionic liquid electrolyte
(Z2952). Nevertheless, the Rcr of graphene nanoplate-
lets still needs to be decreased ca. 10 times to improve
the behavior of DSC near the open circuit potential and,
consequently, the fill factor.

Our study points at an optimistic prediction that all-
carbon cathode (FTO- and Pt-free) is eventually acces-
sible from graphene composites.
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EXPERIMENTAL SECTION

Materials. Graphene nanoplatelets, grade 3, were purchased
from Cheap Tubes, Inc. (USA). According to the manufacturer’s
specification, they consisted of several sheets of graphene with
an overall thickness of approximately 5 nm (ranging from 1 to 15
nm) and particle diameters less than 2 pm, surface area of
600—750 m%g. The platelets were dispersed in 2-propanol by a
short sonication (ca. 1 min), and the dispersions (0.1—2 mg/mL)
were stable for several days without marked sedimentation. This
solution was drop-casted (ca. 0.1 mL/cm?) on FTO glass (TEC 15
from Libbey-Owens-Ford, 15 ()/sq), and a uniform semitranspar-
ent film was obtained after drying at room temperature. Five dif-
ferent films (G1—G5) were prepared by varying amounts of
graphene on FTO. The graphene loading was adjusted by vary-
ing the concentration of the used dispersion (0.1—2 mg/mL)
and/or by repeating the drop-cast deposition. The supporting
FTO sheet was 2.5 X 1 cm? but the active carbon-coated layer
was 1 cm?, leaving the edge for the electrical contact. The latter
was fabricated by ultrasonic soldering (Cerasolzer alloy 246, MBR
Electronics GmbH). For optical measurements, the same
graphene films were also duplicated by deposition on micro-
scope glass sheets to avoid interference fringes coming from the
FTO layer. Platinized FTO was prepared by deposition of ca. 5 pL/
cm? of 10 mM H,PtCls in 2-propanol and calcination at 400 °C
for 15 min.82'

To investigate the cathode’s performance at conditions
which are as close as possible to the actual situation in DSC, the
symmetrical sandwich cell was used.* It was fabricated from two
identical FTO sheets which were separated by 70 um thick Sur-
lyn (DuPont) tape serving as a spacer leaving 1 X 1 cm? active
area with two edges of the cell open for electrolyte soaking. The
aging of platinized FTO electrodes was studied in a geometry
identical to that of ordinary DSC, that is, in a closed sandwich cell.
In this case, the cell had circular active area of 0.38 cm? and was
thermally sealed with 25 wm Surlyn foil. The cell was filled with
an electrolyte through a hole in one FTO electrode and was fi-
nally closed by a Surlyn seal. The electrolyte solution was 1 M 1,3-
dimethylimidazolium iodide + 0.15 M iodine + 0.5 M
N-butylbenzoimidazole + 0.1 M guanidine thiocyanate in
3-methoxypropionitrile (coded Z946).3> Alternatively, a solvent-
free electrolyte based on ionic liquids was also used, Z2952: 1,3-
dimethylimidazolium iodide + 1-ethyl-3-methylimidazolium io-
dide + 1-ethyl-3-methylimidazolium tetracyanoborate + iodine
+ N-butylbenzoimidazole + guanidinium thiocyanate (molar ra-
tio 12/12/16/1.67/3.33/0.67).3° For photoelectrochemical tests,
the mesoporous anatase TiO, film (20 nm particle size, 10 pum
film thickness, 60% porosity) was sensitized with N-719 dye.”
The DSC was assembled with a counter electrode using a Sur-
lyn tape (25 pm in thickness) as a seal and spacer (see above).
The cell active area for illumination was 0.2 cm?, defined by a
mask.

Methods. Electrochemical measurements were carried out us-
ing the PAR 273 potentiostat (EG&G) interfaced to a Solatron
1260A frequency response analyzer and controlled by CorrWare
program. Electrochemical impedance data were processed using
Zplot/Zview software. The impedance spectra were acquired in
the frequency range from 65 kHz to 0.1 Hz, at 0 V bias voltage,
and the modulation amplitude was 10 mV. The optical spectra
were measured by Hewlett-Packard 8453 diode array spectrom-
eter. For photoelectrochemical tests, the light source was a 450
W xenon light source (Osram XBO 450, Germany) with a filter
(Schott 113). The light power was regulated to the AM 1.5G so-
lar standard by using a reference Si photodiode equipped with a
color-matched filter (KG-3, Schott) to reduce the mismatch in
the region of 350—750 nm between the simulated light and AM
1.5G to less than 4%. The differing intensities were regulated
with neutral wire mesh attenuator. The applied potential and
cell current were measured using a Keithley model 2400 digital
source meter.
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