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We demonstrate a fast and large area scalable methodology for the fabrication of efficient dye sensitized
solar cells (DSSCs) by simple addition of graphene micro-platelets to TiO, nanoparticulate paste

(graphene concentration in the range 0 to 1.5% wt.). Two dimensional (2D) Raman spectroscopy,
scanning electron microscopy (SEM) and atomic force microscopy (AFM) confirm the presence of
graphene after 500 °C annealing for 30 minutes. Graphene addition increases photocurrent density from
12.4 mA cm™ in bare TiO, to 17.1 mA cm? in optimized photoanode (0.01% wt. graphene, much lower
than previous works), boosting photoconversion efficiency (PCE) from 6.3 up to 8.8%. The investigation

o

of the 2D graphene distribution showed that an optimized concentration is far below the percolation

threshold, indicating that the increased PCE does not rely on the formation of an interconnected network,

as inferred by prior investigations, but rather, to increased charge injection from TiO, to the front

electrode. These results give insights on the role of graphene in improving the functional properties of

DSSCs and identify a straightforward methodology for the synthesis of new photoanodes.

Introduction claimed ** to create a 3D percolating network of highly

conducting and almost transparent material perfectly matching

the electron band alignment between the TiO, and the fluorine-

doped tin oxide (FTO) conducting glass (see Scheme 1), offering

an efficient pathway for fast collection of photogenerated

electrons.

The few existing works on the application of graphene in DSSC

ss photoanodes®™ * report a limited increase in the overall

photoconversion efficiency (PCE). '  Another recently

exploited strategy relies on the addition of tin oxide nanosheets to

TiO, anatase nanopowder,* featuring quite high PCE (8.25%).

A major issue with previous work is the extremely high graphene

concentration inserted in the photoanode, which does not allow to

fully exploit this strategy, similarly to studies reporting the

addition of CNTs. In some cases, graphene was added to the TiO,

in form of graphene oxide and then reduced, highly affecting the

time needed for photoanode preparation. For instance, 24 h are
. 710 , e needed in the case of Ref. %, only for the step of reduction of

(ID) oxide nanostructures (nanotubes,

. 13 14 . . graphene oxide. Such long time is too slow in view of its
composite  systems ™ ) or hierarchically assembled . o
1517 practical exploitation and scale-up).
photoanodes.

. 1820 Herein we demonstrate a simple, very fast and highly
40 Carbon-based materials (1D carbon nanotubes (CNTs) and, . . . "
21 2 L. reproducible methodology for incorporating low quantities of
more recently, 2D graphene” ~ were proposed as additives on h . latelets i h ditional ph de of
ional TiO, photoanodes to increase electron mobility, due graphene microplatelets into fhe traditional photoanode of a
conve‘ntlona 2 P . ;i Y, DSSC. We applied a straightforward preparation method, only
to their exceptional electronic properties. . . . . ) .
L icul h . atel h hich electrical including tape casting and sintering processes: we did not apply
n (11) art.lcg ar, {iiraph‘erllle microplatelets baveb 18 2e3e(;ctrlca any surface treatment (e.g. TiCl,; bath and/or vacuum-based
s conductivity - an igh ~transparency (absorbance 2.3%  per plasma cleaning), which of course significantly increases the

npnola}fer in the VISII‘)I‘e range). Slnce. i ext.end mn tw.o 75 functional properties of DSSCs, but which is rather unlikely to be
dimensions, a small addition of graphene in the TiO, anode is

=3

Dye sensitized solar cells (DSSCs) 3 have been studied
extensively during the last decade in the context of new
generation photovoltaics, due to their unique features like low
cost, simple and inexpensive processes and straightforward
25 scalability. An impressive 10% photoconversion efficiency was
obtained by Gratzel and co-workers by using a TiO, mesoporous
anatase film sensitized by the so-called N719 dye.* They are now
living a renaissance period,” prompted by recent major advances
in the design of new dyes and electrolytes, which can boost
30 photoconversion efficiency above 12%.°
One of the major bottlenecks for further improvement of the
photoconversion efficiency is the inhibition of charge
recombination, which competes with transport of photogenerated
electrons across the TiO, nanoparticle network. Various strategies
35 have been recently proposed to increase charge collection, such
as e.g. the exploitation of highly conducting one-dimensional
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applied on a large scale for cheap and massive production.
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Scheme 1. (a) Schematic illustration of the concept of improved charge collection in a photoanode based on composite system with a 3D
graphene network embedded in a TiO, mesoporous structure. (b) Electronic band diagram of the DSSC illustrating the beneficial effect
of the insertion of graphene in boosting electron injection from TiO, nanoparticles to the collecting FTO.

Experimental
Materials.

Transparent TiO, paste (20 nm diameter anatase nanoparticles,
DSL 18NR-T) and high performance electrolyte (EL-HPE) were

10 purchased from Dyesol; the N719 dye was purchased from Sigma
Aldrich and graphene microplatelets were purchased from
Cheaptubes. The redox electrolyte was composed of 0.1 M Lil,
0.05 M I, 0.6 M 1,2-dimethyl-3-n- propylimidazolium iodide,
and 0.5 M 4-tert-butylpyridine dissolved in acetonitrile. All

15 chemicals were purchased from Sigma—Aldrich and used without
any further purification.

Photoanode preparation and characterization.

An ethanol suspension of graphene platelets was prepared and
sonicated for 3 hours to obtain a good dispersion of graphene in
20 ethanol. A precise amount was then mixed with a known weight
of TiO, paste, to obtain a mixed composite, containing fixed
percentages of graphene (from 0.005%, up to 1.5% in weight
(wt.)). The minimum graphene concentration achievable in a
controlled and reproducible way was 0.005%, which represents
25 the inferior limit of the investigated graphene concentration range
in this work. A pure TiO, photoanode without graphene addition
was also considered as a benchmark.
The TiO,—graphene and the pure TiO, paste were tape casted on
FTO glass. A drying process followed for 15 minutes at ambient
30 atmosphere and temperature and then for 6 minutes at 150 °C.
Subsequently the photoanodes were annealed at 500 °C for 30
minutes in ambient atmosphere. The final percentage of graphene
in the TiO, photoanode was estimated taking into account the
photoanode weight after annealing. The weight loss of TiO, paste
35 after annealing was evaluated by gravimetry and found to be 80%
of the original weight before sintering.
After annealing the photoanodes were characterized before dye
sensitization through UV-Vis absorbance, scanning electron

microscopy (SEM), X-ray diffraction (XRD), Raman

40 spectroscopy and X-Ray Photoelectron Spectroscopy (XPS).

The photoanodes were dye-sensitized by immersion into 0.5 mM
ethanol solution of commercial Ru-based complex molecular
N719 dye for 24 hours, and then washed with ethanol to remove
any excess of unabsorbed dye molecules.

Dye loading was quantitatively evaluated using UV-Vis
spectrophotometry after complete removal of the dye from the
photoanode with 0.1 M aqueous NaOH.

4

@

Solar cell fabrication and testing.

The DSSCs were fabricated by using the I3/I" redox couple
electrolyte, platinized FTO glass as counter-electrode (5 nm thin
film of Pt on FTO by sputtering), with 25 pum-thick plastic
spacers between the photoanode and the Pt counterelectrode.

5

The current-voltage characteristics of the fabricated cells were

measured by a Keithley 2400 SourceMeter under simulated
ss sunlight using an ABET2000 solar simulator at AM1.5G (100
mW cm™) calibrated using a reference silicon cell and mechanical
filters. During measurements the cell was masked with a square
mask and the irradiated area was 0.25 cm’. The TiO, layer,
square in shape, has dimensions slightly larger than the mask, for
a typical active area of around 0.27-0.30 cm®. At least three cells
were tested for each concentration, to evaluate the repeatability of

6

the fabrication procedure and the accuracy of the results.
Electrochemical impedance spectroscopy (EIS) was carried out
both in dark and under simulated sunlight using a SOLARTRON
1260 A Impedance/Gain-Phase Analyzer, with an AC signal 20
mV in amplitude, in the frequency range between 100 mHz and
300 kHz. The applied bias during measurements in dark was
between 0 V and 100 mV above the open-circuit voltage of the
solar cell under illumination. The applied bias during
measurements under simulated sunlight (AM1.5G100 mW cm?)
was equal to the V.. All the samples were measured inside a
Faraday cage.

6!
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Results and Discussions

The first target of our investigation is the characterization of the

This journal is © The Royal Society of Chemistry [year]
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spatial distribution of graphene inside the TiO, network. Direct
imaging of graphene sheets and/or CNTs dispersed in a
mesoporous TiO, film is not trivial, since they tend to be
conformally coated by the NPs. In Refs. ** and %, CNTs and

s graphene are detected through the indirect effect of the formation
of extended cracks and/or increase of the porosity of the
electrode. Graphene is directly detected” only at very high
concentrations (0.6% of in wt.), when the volume occupied by
graphene is a significant fraction of the total volume.

10 For this reason, we used three complementary techniques, namely
2D Raman spectroscopy, SEM and AFM to confirm the presence
of graphene and to estimate its distribution.
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Figure 1. 2D Raman spectroscopy on the composite sample containing
15 1.5 % wt. graphene. (a) Raman spectrum averaged on a 50 pm x 50 um
area of the sample. (b) Raman spectra of two selected regions of the
sample reported in (c) (colours of the lines correspond to the colours of
the triangles in (c)). (c) Optical imaging of the analysed sample. (d) and
(f) 2D mapping of D and G band intensities. (e) 2D mapping of the
20 relative intensity of the signal of the D band over the G band.

The TiO, composite systems at different graphene content were
analysed using 2D Raman spectroscopy after sintering (Figure 1
and Figure 2). Figure 1(a) refers to the Raman spectrum averaged
over a 50 um x 50 pum area of the sample containing 0.010% wt.
»s graphene.® ** The D and G bands of graphene at around 1350
and 1582 cm’l, which can be attributed to graphene defects, a
disorder-induced mode, and in-plane E,, zone-centre mode,
respectively, are present in all the analysed samples, even at the

wt.). This result
30 confirms the presence of graphene in the nanocomposite, which

lowest graphene concentrations (0.010%

preserves its original structure after the high temperature
annealing of the film. The relative intensity of the D and G bands
varies over the sample, as clearly demonstrated in Figure 1 ((c) to
(f)). We were able to map the 2D distribution of the D and G

35 bands and their relative intensity. The D band, related to graphene
defects, is more intense at the edge of the platelets, in which a
higher amount of defects is expected, while the G band, which is
a Raman signature of sp> carbon bonds, is more intense in the
centre of the platelet.”

40 D and G band mapping over a statistically relevant area of the
samples (50 pm x 50 pum) allows direct imaging of graphene
distribution on samples at different graphene content (Figure 2).
On bare TiO, films no graphene platelets are detected, while the
number of platelets and their density increases at the increase of

45 the nominal graphene concentration. The lateral size of platelets
(certified by the Supplier) is below 2 pum. Raman mapping
indicates formation of aggregates up to 8 um in size, clearly
indicating platelet aggregation during the preparation of the
photoanodes. At least up to 0.020% wt., graphene distribution is

so below the percolation threshold, and we can exclude the
formation of a percolating network inside the mesoporous film.
This will be important to give an exhaustive explanation of the
functional properties of the operating solar cells.

55 Figure 2. 2D mapping of graphene platelets based on the G band at 1550
cm’ for identification of graphene (azure scale) and on the band at 630
cm’ for TiO; (yellow scale). The scanned area is 50 um x 50 um. The

samples correspond to four different graphene concentrations, namely: (a)
0% wt. graphene; (b) 0.010% wt. graphene; (c) 0.075% wt. graphene; (d)
60 1.5% wt. graphene.

In the present study, we performed direct imaging using SEM and
AFM in samples containing 0.15% wt. (Figure 3), in which
extended graphene sheets (lateral dimensions in the micrometre
scale) forming a connected 2D network are clearly visible. The
es formation of a percolation network at 0.15% wt. is in agreement
with previous results obtained by 2D Raman. These observations
confirm the possibility of integrating graphene sheets in the final

Page 4 of 9
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photoanode.

In the low magnification image (Figure 3 d) the formation of
small but extended cracks is visible. The cracks are not present in
samples with graphene concentration up to 0.075 % (not
reported), while their number and extension increases when
increasing graphene content.

The surface structure of the TiO, composite systems with
different graphene content was also investigated by using XPS
analysis (Figure 4). Interestingly, the binding energies of Ti 2p
for the sample containing 0.010 % wt graphene shift to lower
values (458.1 and 463.8 eV) compared with the corresponding
values of pure TiO, (458.9 and 464.6 eV). The same trend is
observed also for the O 1s core level (529.7 eV and 530.1 eV,
respectively for the composite with 0.01% wt of graphene and
pure TiO,). This shift, not evident in the samples characterized by
higher graphene content, seems to suggest an intimate interaction
between graphene and Ti(IV) in TiO2 nanocrystals. This datum,
together with the Raman findings, seems suggesting a preference
of graphene platelets to stick together, in case of high
concentration, rather than to interact with the TiO,. It is however
interesting to note that previous literature dealing with the
integration of graphene in DSSC photoanodes do not report
information on this point. Wang and co-workers® deeply
investigated carbon nanosheets/1D TiO2 nanostructures
(exploited as photocatalysts) by means of TGA-DTA, FTIR and
XRD, but no information could be inferred about the nature of the
interaction between the two elements. A more detailed study of
this interaction would deserve a dedicated investigation, which is
beyond the aim of the present work.

Figure 3. SEM and AFM images of TiO, mesoporous films with and
without addition of 0.15 % wt. graphene (scanned area in AFM: 4x4
umz). (a), (b), (d) and (e): composite sample; (c) and (f) pure TiO, layer.
In (a), (b) and (e) the graphene sheets are visible as straight lines
favouring ordered alignment of TiO, NPs. In (b) the solid arrows mark

40

~
O

55

o
a

80

three crossing points between different graphene sheets. In (e) the dotted
lines run parallel to graphene edges (other edges are visible, not
highlighted by arrows). In (d) formation of cracks as a consequence of
addition of high concentration of graphene is visible. In the inset:
graphene platelets before insertion in the TiO, host.

The optical properties and dye loading of the films are reported in
Figure 5. The addition of small amounts of graphene (up to
0.03% wt.) does not significantly affect the transparency of the
layer, which stays above 85%, the same as the pure NPs film.
Above 0.06% wt. graphene, the addition leads to a homogeneous
increase of absorption in the visible range, which can negatively
affect the photovoltaic properties of the device, because part of
the radiation is absorbed by graphene, without generating free
electrons to be collected. Dye loading is also affected by the
presence of graphene, as clearly visible in Figure 5 (b). Dye
loading linearly increases with graphene concentration, most
probably due to direct dye attachment to graphene platelets. 2" >

0%
— 0.01%
—— 0.045%
— 1.5%

DAA A

460 464
Binding Energy (eV)
Figure 4. Ti 2p and O 1s XP peak spectra. (The spectra are normalized to
their maximum value).

Ti2p O1s

T T T
530 532 534
Binding Energy (eV)

T T T
456 468 528

At first glance, an increased dye uptake would be beneficial for
the photovoltaic properties of the device, because an increased
optical density of the material can boost photon collection and
photoelectron generation. However, the functional
characterization of the solar cells demonstrates that increased dye
loading has a minor effect in terms of improving device
performance, most probably because this beneficial effect is
neutralized by the detrimental processes induced introduces in the
solar cell by the excess of graphene, as explained in the
discussion of the experimental results.

The results on current density-voltage measurements on DSSCs
under simulated sunlight at one sun (AM 1.5G, 100 mW cm’?) are
reported in Figure 6 and in Table 1, including the open circuit
photovoltage (V,.), the short circuit photocurrent (Jy), the fill
factor (FF) and the photoconversion efficiency (PCE). The
lowest graphene concentration (0.005%) does not significantly
alter cell parameters, which do not vary compared to pure TiO,.
The presence of graphene in the concentration range 0.010% wt.
and 0.075% wt. significantly enhances the J,. with respect to the
case of pure TiO, photoanode, while it has less influence on the
other cell parameters. The J, is maximized in the sample with the
lowest graphene content (0.010 % wt.) and then exponentially
decreases as a function of graphene addition: 0.15% wt. of
graphene results in a J. almost equal to the sample of pure TiO..
Vi, shows a very different trend: it monotonically decreases with
the addition of graphene and is systematically lower than pure
TiO.,.

This journal is © The Royal Society of Chemistry [year]
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Figure 5. (a) UV-Vis absorbance spectra normalized to film thickness of
TiO2-graphene system for selected samples at different graphene
concentrations in the range 350-800 nm. Inset in (a): absorbance at 500
nm (dashed line in (a)) as a function of graphene concentration. (b) Dye
loading vs. graphene concentration. The red line is linear fit of the
experimental data.

This behaviour can be explained in terms of the band alignment
in the composite system illustrated in Scheme 1b. A possible

10 explanation for this behaviour is that increasing graphene

15

concentration downshifts the conduction band of the composite
TiO,-graphene system with respect to pure TiO,, resulting in a
systematic decrease of the V. of the final device. As expected,
such downshifting effect increases with the increased amount of
graphene in the layer. Another possible reason is the intimate
contact between graphene and electrolyte, which induces strong
electron transfer from the conducting graphene to the electrolyte,
reducing at the same time V. and J,., as observed experimentally.

Table 1. Functional properties of DSSCs under 1 sun irradiation (AM 1.5

20 G, 100 mW cm-2) as a function of graphene content.

25

[Graphene] Je Ve FF PCE
(%o wt.) (mA cm?) %) (%) (%)
0 124 0.717 71.3 6.3
0.005 13.7 0.711 60.4 5.9
0.010 17.1 0.702 73.6 8.8
0.015 16.7 0.698 70.8 8.0
0.020 14.1 0.702 73.4 7.3
0.075 13.5 0.698 69.3 6.5
0.150 12.5 0.680 69.2 5.9
0.300 12.0 0.680 69.7 5.7
1.5 8.7 0.620 68.8 3.7

The increase in J is mainly responsible for the drastic boost of
PCE in these samples. At graphene concentrations in the range
0.010% wt. and 0.075% wt. PCE is higher than for pure TiO,,
with maximum increase at the minimum graphene concentration,
resulting in PCE as high as 8.8%, with an increase of around 40%
with respect to pure TiO, (6.3%). This is unprecedented with
respect to previously reported results in the literature on TiO,-
graphene systems. These results directly testify that graphene

30 addition is highly effective in improving the performance of

DSSCs.
A rational understanding of the functional properties of the solar
cells was obtained by using EIS. We measure two relevant

35
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parameters describing the photoelectron transfer processes in a
photoelectrochemical system, i.e. the chemical capacitance (C,)
and the recombination resistance (Rgrgc) as a function of the
applied bias, to understand the role of graphene at the oxide-
electrolyte interface. EIS results on four selected samples at
different graphene concentrations are reported in Figure 7. The
sample with the lowest graphene concentration (0.005% wt., not
reported) exhibits almost the same trends and values for Cu and
Rgec as the pure TiO,, suggesting that graphene is not effective
below a certain threshold. In the bias interval 400-900 mV the
chemical capacitance increases, as expected. Higher values for C,
are obtained for samples with higher graphene concentration: at
600 mV bias, close to V., C, in the sample with the highest
graphene concentration is four times larger than in pure TiO,.
This behaviour can be related to the increased effective surface
area of the photoanode in contact with the electrolyte.”” In the
analysis of the recombination resistance, the
graphene presents the highest Rgrgc compared to
photoanodes.

cell without
all the other

20 T T r r r T T
Graphene
content
—— 0%
——0.01%
——0.02%
—v—0.3%
1.5%

o
1

J (mA cm?®)
3

54

T T
0.2 03 0.5

0.72

()
0.01 01 1
graphene concentration (wt.%)

(b)
8 T T T
0.01 0.1 1
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74 . - -

68

0.01 01 1
graphene concentration (wt.%)

0.01 0.1 1
graphene concentration (wt.%)

Figure 6. (a) Current density — Voltage curves of solar cells at four
different graphene concentration under simulated sunlight (AM 1.5 G,
100 mW cm’z). (b) to (d) Functional properties (J, Vo, FF and PCE,
respectively) of the solar cells as a function of graphene content. Red
lines are a guide for the eye. The horizontal dashed line represents the
value measured for pure TiO, photoanode.

A large surface exposed to the electrolyte creates a preferential
pathway for the recombination of photogenerated charges for the
oxide to the electrolyte (low recombination resistance Rggc)
reducing the functional performance of the cell.

Based on the relationship between C, and the position of the
conduction band of the photoanode Ec,*™ * the trend reported in
Figure 7 (b) confirms the downward shift of conduction band at

6 | Journal Name, [year], [vol], 00—00
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increasing graphene content.
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Figure 7. EIS on DSSCs at different graphene concentrations. (a) Nyquist
plots in dark at bias equal to V. of cells under 1 sun irradiation; (b)
Chemical capacitance and (c) Recombination resistance from EIS
measurements in dark; (¢) Bode plots under simulated sunlight at bias
equal to V. of cells under 1 sun irradiation.

Another clear effect of the presence of graphene is visible in the
high frequency semicircle in the Nyquist diagram reported in
Figure 7 (a). The real part of this element represents the response
of the Pt-electrolyte interface at the counter electrode and the
FTO-oxide interface.** The addition of graphene reduces the
diameter of the semicircle. Since the counter electrode is the same
for all samples, the reduced resistance can be attributed to the
enhancement of contact between FTO and oxide, thanks to the
presence of graphene, which favours charge injection from the
photoanode to the FTO.

We repeated EIS measurements under simulated sunlight
irradiation around the V. of each cell. The Bode phase plot of
selected cells is reported in Figure 7 (d). The electron lifetime
was determined from the main peak at minimum phase angle (in

the 10-100 Hz range) according to Equation 1:*'
Equation 1 r= 1
27#‘ peak

Where fp.. is the peak frequency in the Bode plot.

The incorporation of small quantities of graphene (0.01% wt.),
corresponding to the best operating device, increases electron
lifetime compared to bare TiO,. However, adding a very high
graphene concentration (1.5% wt.) leads to a catastrophic
reduction of electron lifetime, as clearly testified by the large
shift in the Bode plot, confirming the results obtained from EIS in
dark, i.e. very low recombination resistance and chemical
capacitance, leading to a preferential path for electron transfer
from the photoanode to the electrolyte.

These results are confirmed by transient photovoltage decay. The
electron lifetime 7, calculated from transient photovoltage decay

4

S

45

&
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according to Equation 2 * is reported in Figure 8 for DSSCs at
different graphene concentration values.

k,T (de, ]1
T, =—"—| —%
e dt

The largest electron lifetime is found for 0.01% wt. graphene
concentration, in agreement with EIS in dark and under light. The
addition of a large amount of graphene (1.5% wt.) confirms the
very short electron lifetime, induced by very fast electron transfer

Equation 2

from the photoanode to the electrolyte, resulting in very large
recombination, which negatively
performance. On this basis, we can conclude that the addition of

electron affects  cell
moderate quantities of graphene highly improve PCE, but an
excessive amount of graphene induces an electrochemical short
circuit, in which electrons are massively injected into the
electrolyte and no longer collected at the anode.

However, the mechanism at the origin of the observed improved
performance upon graphene addition is still debated. At least
three components should be considered here: (i) the increased dye
loading at higher graphene concentration; (ii) the increased
charge collection and reduced recombination upon addition of
small graphene concentrations; (iii) the mechanical defects
(cracks and voids induced by the presence of graphene at high
concentrations).

Previously, reached  opposite
conclusions. Working on a composite TiO,-CNTs system, they
observed a significant increase in Jy, but the strong V,. decrease
that they attributed to the downshift of the conduction band was
much more pronounced than in the present work, so that the PCE
did not increase.

3
Kamat and co-workers*

0.01 5

T T T T T T T
00 01 02 03 04 05

oc

15

Figure 8. (a) Transient photovoltage decay and (b) electron lifetime for
DSSCs with addition of different graphene concentrations.

However, in their investigation, a much higher CNT
concentration was used (the photoanode was a bundle of single
walled CNTs decorated with TiO, nanoparticles) and V. decrease
was significantly more pronounced (more than 60 mV over an
original V. of 320 mV, while in our study the maximum decrease
is 37 mV over 717 mV V,.). Results closer to the ones reported
here are collected in Figure 9, where our results are compared
with previous data from the literature on TiO,-graphene
composites, that highlight the limited photoconversion efficiency
obtained in previous studies. Bisquert and co-workers attributed
the increased PCE to the enhanced light absorption as a direct
consequence of increased dye loading.”' On the other hand, Wang
and co-workers? pointed out the beneficial role of graphene in

increasing the transport properties of the photoanode towards

This journal is © The Royal Society of Chemistry [year]
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better performances. In the present study, no increase in dye
loading was found in the solar cell with best performance,
indicating a limited role of dye loading in boosting PCE.

7501
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[23] [30] [24] [21] This work

w
LL 604

504

[23] [30] [24] [21] This worl

s Figure 9. Functional properties (Vec, Ji, FF and PCE) of the best DSSCs
in Refs. 2,3, % and Z as compared to the results of the present
manuscript.

A 15% and 25% increase in PCE was obtained for the composite
photoanodes in Refs. % and %, up to 6.86% and 5.77% PCE,
10 respectively. These values are much lower than ours, both in
terms of relative increase and maximum PCE (40% and 8.8%,
respectively, in the present study). Our results suggest that
graphene concentration is the key parameter that plays a critical
role in optimizing the performance of DSSCs. In previous work
15 [references?], much higher concentrations of graphene were used,
which are far above the optimal ones we identified to maximize
PCE. Another fundamental difference relies in interpreting the
role of graphene. Previous literature suggested that graphene
addition leads to the formation of a 3D percolating network,
20 which increases charge transport inside the photoanode. We
clearly demonstrated that the maximum PCE corresponds to
graphene concentration far below the percolation threshold,
indicating that several effects are responsible for increased
efficiency (intimate contact TiO,-graphene-electrolyte, increased
25 specific surface, favoured charge injection from the TiO, to the
FTO), but not the formation of a conducting network, which
could reduce electron recombination.
As soon as graphene concentration increases, the mechanical
deficiencies induced by the tightly entangled graphene sheets
30 severely affect the mesoporous structure of the photoanode, and
the downshift of the conduction band of the hybrid photoanode
simultaneously induces a significant lowering of V., leading to a
in PCE. In addition, at high graphene
concentrations, direct absorption of light by graphene is not
35 negligible, reducing the solar radiation available for exciton
generation. Finally, the cracks formed in the highly loaded
samples represent a severe obstacle for a properly operating
system, since they introduce macroscopic fractures that limit
direct paths for fast and efficient electron collection. Similar
40 behaviour was found in CNT-based photoanodes at CNT
concentrations comparable to the ones found for graphene.**

drastic decrease

s
O

b4

w
O

60

Conclusions

In conclusion, we demonstrated a fast and highly reproducible
methodology to fabricate DSSCs by simple addition of graphene

s nanoplatelets into a commercial TiO, paste. A photoconversion

efficiency as high as 8.8% was achieved, which is far above
previous results on similar photoanodes based on graphene-TiO,
composites. The role of graphene is to boost electron injection
from the photoanode to the front contact, highly increasing the
collection of photogenerated charges and reducing charge
recombination. Compared to similar literature on the topic, we
demonstrated that optimum graphene concentration is very low,
around 0.01% wt., and is well below the percolation threshold.
This finding particularly critical, previous

is because

s understanding of the role of graphene in DSSC photoanodes was

the formation of a 3D percolation network which boosts charge
transport, while we experimentally demonstrated that excess
graphene reduces the open circuit photovoltage and induces a
dramatic increase of charge recombination through direct charge
transfer from the photoanode to the electrolyte.

In addition, our preparation methodology is very fast and does
not rely on dangerous, vacuum-based or environmentally
aggressive chemical processes, like the use of acidic baths,
plasma treatments, and similar, which are typically used to boost
photoconversion efficiency in standard fabrication procedures of
DSSCs.

These results provide a straightforward way to significantly
increase cell efficiency (up to 40% increase for the best operating
device) in DSSCs with a scalable and highly reproducible
process, representing a major advance for the practical and
massive exploitation of this promising technology.
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