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Herein, an improved structure of the dye-sensitized solar cell (DSSC) is demonstrated which is composed of surface
modified fluorine-doped tin oxide (FTO) glass with graphene (GR) sheets and TiO, films incorporated with three-
dimensional crumped graphene (3-D CGR)/GR sheets. The morphologies of the as-prepared GR sheets on FTO glasses
and 3-D CGR/GR sheets/TiO; films were observed by field-emission scanning electron microscopy. Light harvesting and
charge recombination kinetics were investigated with a solar simulator and electrochemical impedance spectroscopy
analysis. In addition to the reduced charge resistance by the GR modified FTO, the enhanced dye loading capability of
the 3-D CGR, and the rapid charge transport by the 2-D GR sheets, the power conversion efficiency was 7.2%, which
was an increase of 56% compared to a “conventional” structured DSSC. © 2015 American Institute of Chemical Engi-

neers AIChE J, 62: 574-579, 2016
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Introduction

Because dye-sensitized solar cells (DSSCs) are considered
as an alternative device to traditional silicon-based solar cells
due to their low production cost and high conversion effi-
ciency, they have attracted considerable interest from aca-
demic fields and industry.'™ The typical structure of a DSSC
consists of mesoporous TiO, photoanode covered with light-
absorbing dye molecules, redox-active liquid electrolyte
(iodide/tri-iodide based), Pt counterelectrode, and a conduct-
ing fluorine-doped tin oxide (FTO) glass.! Under light absorp-
tion, the excited electrons are injected from the dye molecules
into the conduction band of TiO, and subsequently transported
to the counterelectrode. Therefore, one of the key considera-
tions in enhancing the performance of a DSSC is how many
photogenerated electrons can be transported to the collecting
electrode while competing with the charge-hole recombina-
tion. Because DSSC uses several materials mentioned above,
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photogenerated electrons must overcome the various interfa-
ces and grain boundaries between the components.*

To reduce charge-hole recombination and improve the
transport, there are several strategies including (1) additional
coatings on the FTO glasssf7 and (2) introducing electrode
materials to heighten the dye adsorption and carrier transport
abilities.*® Recently, extensive studies have been carried out
to achieve a high conversion efficiency of DSSCs through sur-
face modification of the photoelecrtrode and counterelectrode
with graphene.”'! Because graphene (GR), a two-dimensional
(2-D) carbon nanomaterial with a honeycomb lattice, shows
astonishing advantages in device applications due to its
remarkable electrical conductivity, high specific surface area,
and transparency, it has drawn much attention for enhancing
the performance of photovoltaic cells. 214 1na previous study,
we reported that the surface coating of graphene sheets on
FTO glass using the Langmuir—Blodgett (LB) technique could
improve the performance of DSSCs by reducing the charge
recombination at the TiO,/FTO interfaces.'>'® However, this
enhancement of the cell performance was not accompanied by
an improvement in the TiO, photoanode. To obtain a high
electron transfer efficiency that was limited by the resistance
of the photoanode in DSSCs, we then fabricated a TiO, photo-
anode incorporated with 3-D crumpled graphene (3-D
CGR)."” The 3-D CGR powder synthesized with an aerosol
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spray pyrolysis process showed excellent resistance to restack-
ing or aggregation compared to the easily stacked flat gra-
phene sheets because of their uneven surface.'®!” As a result,
the 3-D CGR powder had a higher specific surface area and
adsorbed more dye molecules to produce photogenerated elec-
trons in the photoanode of DSSCs compared to the GR sheets.
Herein, we introduce an improved structure for the DSSC
which is composed of a surface modified FTO glass with gra-
phene sheets and 3-D CGR incorporated TiO, films to enhance
the efficiency of the DSSCs. In addition, we also incorporated
the graphene sheets into the TiO,/3-D CGR nanostructure film
to form graphene bridges for the charge transport between the
structured materials in the DSSC. This composite photoanode
is expected to not only adsorb more dye molecules but also
provide additional transport path ways for electrons, leading to
a higher conversion efficiency than that of conventional TiO,-
based devices. The morphologies of the as-prepared GR sheets
on the FTO glasses and the 3-D CGR/GR sheets/TiO, paste
were investigated by field-emission scanning electron micros-
copy (FESEM). Light harvesting and charge recombination
kinetics were characterized using a solar simulator and elec-
trochemical impedance spectroscopy (EIS) analysis.

Experimental Procedures

We prepared the colloidal graphene oxide (GO) solution by
a modified Hummers’ method.”* Graphite (Alfa Aesar, UCP-1
grade), H,SO,, and K,S,0g were mixed together in an 80°C
oil bath for the preoxidation process. After the mixing,
KMnO, was slowly added in a 30°C oil bath for the oxidation
process. This solution was transferred to an ice bath and a
thick paste was formed. Next, we added the distilled water and
stirred the solution for 30 min while the temperature was
maintained below 50°C. Finally, H,O, was slowly added into
the solution. The colloidal mixture was filtered, washed with
distilled water, and the filter cake was formed by drying. The
dried cake was dispersed in distilled water for 24 h. Then, the
supernatant was diluted with 1:5 = distilled water/methanol
solution and redispersed by an ultrasonic bath for the LB
experiment. In this study, the GO sheets were transferred to
the FTO glass at a surface pressure of 20 mN/m, which
showed the maximum power conversion efficiency (PCE) of
the DSSC. After GO sheets were transferred to the FTO glass,
they were dried at room temperature for 3 h and reduced to
graphene after annealing at the temperature of 400°C for 3 h."®

For the synthesis of the 3-D CGR particles, a colloidal solu-
tion as an aerosol precursor was prepared by dispersing the as-
prepared GO colloids into 100 mL of deionized water. The
concentration of the GO was fixed at 0.1 wt %. GO sheets in
the colloidal solution were exfoliated by ultrasonic treatment
for 1 h 20 min before the aerosol spray pyrolysis process. A
description of the experimental procedure used for the aerosol
process is available in the literature.?*' The droplets of the
colloidal solution generated by an ultrasonic atomizer were
carried by argon 1.0 L/min into a pretreated tubular furnace
(1073 K). The evaporation of water in the droplets, the self-
assembly and the reduction of GO were carried out in
sequence in the tubular furnace. The fabricated 3-D CGR par-
ticles were collected by a Teflon membrane filter.

The photoanode of the DSSCs was prepared by coating
TiO, paste onto an FTO glass substrate. TiO, nanoparticles
(P25, Degussa), as-prepared 3-D CGR and GO were used as
materials to prepare the TiO, paste, 3-D CGR/TiO, paste, and
3-D CGR/GR sheets/TiO, paste. The 3-D CGR/TiO, paste
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was prepared with a weight ratio of 0.003, while the amount
of TiO, was fixed at 0.3 g. The prepared materials were dis-
persed into a mixture of acetic acid (0.05 mL), deionized water
(0.25 mL), and ethanol (7 mL), in that order. Next, ethyl cellu-
lose (0.15 g) as a binder and a solution of a-terpineol (1 mL)
was added to the mixture while stirring. The 3-D CGR/GO
sheets/TiO, paste was prepared by dispersing the GO sheets
with a 3-D CGR/TiO, mixture (3-D CGR:GO sheets = 1:1),
followed by the same mixing procedures. We chose the weight
ratio of the GO sheets/3-D CGR was 1 because the highest
PCE value was achieved with that ratio as shown in Support-
ing Information Figure S1 and Table S1.

The 3-D CGR-GO Sheets/TiO, composite paste was also
prepared with a weight ratio of 0.003, while the amount of
TiO, was fixed at 0.3 g. The various TiO, pastes were coated
onto the FTO or GO modified FTO glass substrate to fabricate
the photoanodes through the doctor blade to obtain approxi-
mately 15-um thick films. After drying at room temperature
for 30 min., the TiO, films were sintered at 423 K for 10 min,
at 573 K for 20 min, and at 723 K for 40 min. During this
annealing process, the GO sheets in the paste and on FTO
glass were reduced to GR. Dye sensitization was performed by
immersing the TiO, films in 0.4 mM N719 dye (Solaronix)
ethanol solution for 24 h. The sensitized films were washed in
ethanol and dried in air. Afterward, they were sandwiched and
bonded with platinum-coated FTO counterelectrodes. The
active area of the cells was 0.09 cm”. The internal space of the
cells was filled with a liquid electrolyte (An50, Solaronix).

The morphologies of the as-prepared GR modified FTO sur-
face, 3-D CGR, and 3-D CGR/GR sheets/TiO, photoanode
composite films were observed with FESEM (MLA 650 FEG,
FEI). The photovoltaic properties of the DSSCs were meas-
ured with simulated AM 1.5 sunlight illumination with an out-
put of 100 mW/cm?. A solar simulator (LO1, Peccell) with a
150 W Xenon lamp power supply was used as the light source.
EIS was recorded under 1 Sun illumination over a frequency
range of 0.05-10° Hz with an AC amplitude of 10 mV using
Compactstat (Ivium).

Results and Discussion

To enhance the electron transport rate and reduce the
charge-hole recombination at the interface between the FTO
glass and TiO, particles, we coated GO sheets on the FTO
using the LB technique. When the barrier moved toward the
center of the trough, the GO sheets spread on the water surface
were gathered, and the density of the sheets started to rise (I)
seen in the surface pressure-area plot of Figure la. Because
the barrier was closed to the FTO substrate, a gradual increase
in the surface pressure was observed in region II. In the high
surface pressure region (III), the sheets on the water surface
collapsed and overlapped on the water during compression
and thus, tended to be folded and over-packed. Therefore, we
transferred the GO sheets on the FTO substrate at a surface
pressure of 20 mN/m to get a uniform and close-packed sheet
density without much overlap.

The morphology of the GO modified FTO is shown in Fig-
ure 1b. The lateral size of the sheets was in the micrometer
scale; thus, one GO sheet can cover a number of FTO and
TiO, nanoparticles. Although it was observed that a few GO
sheets were not exfoliated (black region), most of the sheets
were well dispersed and closely attached on the FTO glass
without wrinkles as shown in the inset of Figure 1b. Because
poor contact of the GO sheets with the FTO surface could
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Figure 1. (a) Isothermal surface pressure-area plot dur-
ing the LB deposition and (b) FESEM image
of the modified FTO surface by GO sheets.
The inset is a high magnification image of closely

attached GO sheets on the FTO glass without physical
deformation.

significantly hinder the charge transport, GO coating with the
LB technique is an alternative approach for reducing the
recombination at the FTO/TiO, interface.'®

Figure 2a shows the 3-D CGR particles prepared by the aer-
osol spray pyrolysis. The 3-D CGR has a spherical shape, and
the average diameter of the particle is about 0.44 ym measured
from the analysis results on particle size (Figure 2b). The D
and G peaks in the Raman spectra in Supporting Information,
Figure S2, show that the 3-D CGR was successfully reduced
from the GO solution by aerosol spray pyrolysis. Yen et al.
reported that 3-D CGR has small voids uniformly distributed
inside the particles and a high compressive strength, which
should be favorable for dye loading and infiltration of an elec-
trolyte. Furthermore, the uneven shaped surface of the 3-D
CGR can support a high specific surface area which can adsorb
a number of dye molecules and TiO, namoparticles.4

Cross-sectional SEM images of the photoanode pastes fabri-
cated with TiO,, 3-D CGR/TiO,, and 3-D CGR/GR sheets/TiO,
composite after the reduction and annealing are shown in Figure
3. Some of the 3-D CGR particles were marked with a doted
circle line. In Figure 2a, the pure TiO, paste exhibited low
porosity and roughness. Conversely, there were more pores in
the electrode comprised of 3-D CGR/TiO, (Figure 2b) and in
the 3-D CGR/GR sheets/TiO, composite (Figure 2c) that in the
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pure TiO, electrode. This enhanced porosity and roughness can
be explained by the following reasons. When 3-D CGR par-
ticles were incorporated into the TiO,, their presence in the
paste was seen as black holes. In addition, Yang’s group proved
that GR incorporation increases the roughness factor in TiO,
paste because of the gas released after the annealing process.''
As a result, the incorporation of 3-D CGR and GR sheets into
the TiO, enhanced the surface roughness of the photoanodes.
The GR sheets were invisible in the cross-sectional images due
to their thin layer thickness of 1-2 nm.

Figure 4 is a schematic illustration of the devices using the
GR modified FTO and composite photoanodes. Three devices
were fabricated with TiO,, 3-D CGR/TiO,, and 3-D CGR/GR
sheets/TiO, pastes on the FTO surface without premodifica-
tion by GR. They were, respectively, denoted as D1, D3, and
D5, D2, D4 and D6 indicate devices comprised of GR modi-
fied FTO and TiO,, 3-D CGR/TiO,, and 3-D CGR/GR sheets/
TiO, composite pastes, respectively. Considering their excel-
lent conductivity and good contact with TiO,, the incorpora-
tion of the 3-D CGR and GR sheets in the TiO, photoanode
may benefit the charge transfer and performance of the
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Figure 2. (a) FESEM images of the 3-D CGR particles.
The inset is a high magnification image
showing the accurate shape and size of the
3-D CGR. (b) Analysis results of the particle
size for 3-D CGR prepared by aerosol spray
pyrolysis.

February 2016 Vol. 62, No. 2 AIChE Journal



Flgure 3. Cross sectlonal FESEM images of (a) pure TiO,, (b) 3- D CGR/T iO,, and (c) 3- D CGR/GR sheets/T iO5

photoanode pastes.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

DSSCs. It was observed that their film thickness was almost
15 pum without cracking or peeling after annealing at 723 K.

Using the composite films as the photoanode and FTO
glasses, we fabricated DSSCs to evaluate their photovoltaic
performance. The short-circuit current (Jg.), open-circuit volt-
age (V,.), fill factor (FF), and PCE (#) are shown in Figure 5
and Table 1. A reference DSSC with only TiO, as the anode
material and the original FTO had the following values: a J,
FF, and 7 of 11.7 mA/cm?, 0.636, and 4.60%, respectively.
After the incorporation of 3-D GR onto TiO, (D3), the J,, FF,
and 7 values for the DSSC increased to 13.31 mA/cmz, 0.652,
and 5.49%, respectively, for which PCE was higher than that
of DI1. In the case of D5 which was fabricated with the 3-D
CGR/GR sheets/TiO,, the value of Js¢ increased to 16.81 mA/
cm?, resulting in a PCE of 6.98%. These results shows that the
3-D CGR and GR sheets in the TiO, photoanode can signifi-
cantly increase the PCE of DSSCs. DSSCs fabricated with the
GR modified FTO substrates showed a similar PCE increment.
The PCE values of the D2, D4, and D6 devices were 4.91,
6.72, and 7.20%, respectively, which were higher than those in
the DSSCs without the GR modified FTO regardless of the
photoanode types.

To understand the mechanism behind the performance
improvement of the GR modification on the FTO and the
incorporation of 3-D CGR and GR sheets into the TiO, paste,
EIS measurements were taken under 1 Sun illumination. Fig-
ure 6 shows typical EIS Nyquist plots of DSSCs using the
original (Figure 6a) or GR-coated (Figure 6b) FTO substrates
at the open-circuit potential. The inset in Figure 6 means that
the equivalent circuit was used to fit the DSSCs.** The small
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semicircle at the high frequency region in the Nyquist plot rep-
resents resistance R, caused by the charge transfer resistances
at the counter Pt electrode/electrolyte interface. The large
semicircle at the low frequency is attributed to the electron
transfer resistance R, at the TiO,/FTO and TiO,/redox electro-
lyte interfaces.'”* R is the series resistance associated with
other components such as the solution resistance, graphene
coating, and so forth. The resistance values of EIS are sum-
marized in Table 1. Because the same Pt counterelectrode and
electrolyte were used in all the experiments, R; is not
addressed in this study.

The R, values of the DSSCs based on the GR modified FTO
substrates using TiO,, 3-D CGR/TiO,, and 3-D CGR/GR
sheets/TiO, anode materials were 30.8, 22.2, and 17.0 Q,
respectively. These resistance values are, respectively, lower
than those of the DSSCs based on the conventional FTO sub-
strates using the same photoanodes. In a previous study, we
reported that the GR sheet coating on the FTO substrates by
the LB technique reduced the interface resistance between the
FTO surface and TiO, paste and enhanced the charge-transfer
rate, resulting in a higher efficiency of the DSSC.'> However,
when we compared the R, of the reference device D1 with
those of D6, the resistance value was decreased to 49%. The
reason for this dramatic reduction in R, is not simply
explained by the GR coating on the FTO surface.

The charge transport resistance R, for D1 and D3 were 33.3
and 28.2 Q, respectively. Because R, represents the charge
transfer at the interface of the TiO,/dye/electrolyte, these
results indicate that 3-D CGR incorporated into the TiO, film
can enhance the charge-transfer rate because graphene is an

(e) D5

) : TiO, particle

g : Crumpled graphene

(M D6 Q \ ‘ — : Graphene sheet

Figure 4. Schematic illustration of the devices using the original FTO glass with (a) pure TiO,, (c) 3-D CGR/TiO,,
and (e) 3-D CGR/GR sheets/TiO, photoanode pastes. (b), (d), and (f) are, respectively, the devices using
the pure TiO,, 3-D CGR/TiO,, and 3-D CGR/GR sheets/TiO, composite photoanodes with the GR modi-

fied FTO.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

AIChE Journal February 2016 Vol. 62, No. 2

Published on behalf of the AIChE

DOI 10.1002/aic 577


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com

— pure TiO,
(a) —= 3D CGR/TiO,

20 4 —.- 3D CGRIGR sheetTiO,

Current density (mA/cm?)

0.0 02 04 06 0.8

Voltage (V)
2%
(b) — pureTiO,
— — 3D CGRITiO,
20 = —..— 3D CGRI/GR sheetTiO,
= .-\'.“""\. :
*'w—._...._______‘“_"h.__\.
S~

Current density (mA/cm?)

0.0 0.2 0i4 ofe 0.8
Voltage (V)

Figure 5. I-V curves of the DSSCs with pure TiO,, 3-D
CGR/TiO,, and 3-D CGR/GR sheets/TiO, pho-
toanode pastes using (a) conventional and (b)
graphene modified FTO glass substrates
under AM 1.5 sunlight illumination with an

output of 100 mW/cm?.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

excellent electron carrier.'” The other reason for the reduction
of R, might be the dye loading capability of 3-D CGR. The
high specific surface area and good adhesion for TiO, materi-
als of the 3-D CGR particles can adsorb a great number of dye
molecules and produce more photogenerated electrons than
that of conventional DSSC devices. In addition, the R, for
Device 5 with the 3-D CGR/GR sheets/TiO, photoanode
decreased to 25.8 Q, which corresponds to the improved con-
version efficiency. When a GR sheet exists in a network of
TiO, particles, electrons can be transported from TiO, to gra-
phene because the conduction band of TiO, (—4.2 eV vs. vac-
uum) is more positive than the work function of GR (—4.4 eV

25
—e— pure TiO,
€)) i
Rl RZ —o— 3D CGRI’TIO2
20 A -N\R;\'mm —v— 3D CGRI/GR sheetTiO,
E 15 -
=
=
N 10
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—o— 3D CGRITIO,
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Figure 6. EIS spectra of the DSSCs using (a) conven-

tional and (b) graphene modified FTO glass

substrates.

The inset shows the equivalent circuit. [Color figure can

be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

VS. Vacuum).9‘ll Thereby, the introduced 2-D GR sheets cov-
ered with TiO,, CGR, and dye can act as a conductive bridge
connecting the dye-TiO,, TiO,-TiO,, and TiO,—3-D CGR
particles to increase the charge transport and suppress recom-
bination in the photoanode. The change in the resistance R, by
the incorporation of the 3-D CGR and GR sheets in TiO, is in
agreement with the electron lifetime evolution. The maximum
frequencies (Wmay) for D1, D3, and D5 were 45.4, 33.7, and
13.9 Hz, respectively. Because the lifetime of electrons in the
film (t.) can be calculated from the inverse Wpax (Te =1/
2Tmmax); @ decreased . indicates that the photogenerated
electrons from the dye molecules can move a longer distance
with a reduced rate of charge-hole recombination due to the
3-D CGR and GR sheets incorporated into the network of

Table 1. Performance Parameters of the DSSCs with Different Photoanodes and FTO Glass Substrates

Device Jsc [mA/ecm 2] Voc [V] FF PCE [%] Rs [Q] 2 [Q] Photoanode GR on FTO
D1 11.77 0.636 63.36 4.60 21.2 33.3 TiO, X
D2 14.07 0.597 59.72 491 22.7 30.8 TiO, O
D3 13.31 0.652 65.65 5.49 19.6 28.2 3D CGR/TiO, X
D4 18.07 0.608 62.89 6.72 21.2 222 3D CGR/TiO, O
D5 16.81 0.667 63.16 6.98 21.4 25.8 3D CGR/GR sheets/TiO;: X
D6 20.02 0.590 62.19 7.20 19.8 17.0 3D CGR/GR sheets/TiO, O
578 DOI 10.1002/aic Published on behalf of the AIChE February 2016 Vol. 62, No. 2 AIChE Journal
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TiO, particles. Therefore, using a GR modified FTO and 3-D
CGR/GR sheets/TiO, composite offer a novel and efficient
approach to achieve a higher performance in DSSCs.

Conclusions

We presented a high performance DSSC through the combi-
nation of a GR modified FTO and a composite photoanode
consisting of 3-D CGR/GR sheets/TiO,. The experimental
results show that the PCE of the DSSC increased because of
the following: (1) the GR coating on FTO surface reduced the
charge recombination at the interface between the FTO and
TiO, pastes, (2) the 3-D CGR particles adsorbed a great num-
ber of dye molecules and enhanced the production of photo-
generated electrons due to their high specific surface area and
rapid electron transport, and (3) 2-D GR sheets covered with
dye/TiO,/3-D CGR particles acted as a conducting bridge
between the structured materials because the sheets supported
rapid electron transport in the photoandoe. Consequently, the
final PCE of the DSSC with the GR modification on the FTO
and 3-D CGR/GR sheets/TiO, composited paste was remark-
ably increased from 4.6 to 7.2% which was 56% higher than
that of the conventional DSSC.
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