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The carbon nanotube network decorated with Pt nanoparticles (PtCNT) irradiated by excimer laser
as counter electrode (CE) of dye-sensitized solar cells (DSSCs) has been systematically
demonstrated. The conversion efficiency would be improved from 7.12% to 9.28% with respect to
conventional Pt-film one. It was attributed to the enhanced catalytic surface from Pt nanoparticles
and the improved conductivity due to the adjoining phenomenon of PtCNTs irradiated by laser.
Moreover, the laser annealing could also promote the interface contact between CE and conductive
glass. Therefore, such a simple laser-irradiated PtCNT network is promising for the future flexible
DSSCs applications. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4864059]

Solar cell has been attracted much attentions owing to
its potential as the future reusable energy source. As com-
pared to the silicon-based solar cells, dye-sensitized solar
cells (DSSCs) fabricated by Gratzel and O’regan in 1991
possessed the lower device cost and flexible structures which
were suitable for the future portable and transparent energy
supply.' The Pt film was extensively utilized as the counter
electrode (CE) of the DSSCs for its good electrical conduc-
tivity, chemical stability, and high electrocatalytic properties
with electrolyte.>® However, the high cost and corrosion in
the electrolyte of Pt film increased the demand of new mate-
rials as the CEs. Therefore, there were many substitutes for
CEs such as graphene layers, CNTs, and conductive polymer
composites. Among these, the graphene and CNTs with high
surface-to-volume ratio, excellent mechanical and electrical
properties, and chemical stability had widely demonstrated
the promising properties. To obtain the comparable charac-
teristics with the Pt CEs, the Pt nanoparticles supported by
CNTs (PtCNT) network had already been demonstrated to
exhibit the improved photoelectrical properties. Although,
the usage of the noble Pt metals could be significantly
reduced, the micrometer thickness for the PtCNT CEs was
derived to obtain the equal performance with Pt ones, and*?
such a thick PtCNT CE would increase the material usage
and remain opaque. Therefore, the additional post treatment
was needed to further improve the performance of DSSCs.
In this Letter, the excimer laser was therefore utilized to
modify the PtCNT structure into the hybrid graphene sheet
(GS) and CNT structures decorated by Pt nanoparticles.
Such a semi-transparent PtCNT CE could remarkably
improve the conversion efficiency with 30% as compared
with the conventional Pt CE.

The CNTs were oxidized by H,SO4/HNO; solution.
Then, the oxidized CNTs were mixed with chloroplatinic
acid (H,PtCle) in ethylene glycol solution at 140 °C for 1 h.
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Subsequently, the obtained homogeneous PtCNT solution
was ultrasonically sprayed on the fluorinated tin oxide (FTO)
conductive glass. A PtCNT continuous network with the
thickness of approximately 700 nm was formed via the mul-
tiple spraying. Then, the PtCNT network was placed into a
chamber pumped down to 2 x 10~ Torr and irradiated using
the KrF excimer laser (4=248nm) with the laser energy
densities ranged from 100 to 700 mJ/cm?”. The laser energy
operation started from 100 mJ/cm? increased to 600 mJ/cm?
with the each elevated energy difference of 100 mJ/cm?
under the 98% overlapping ratio (i.e., 50 shots) for the CE
usage. The TiO, active layers with the diameters of 20 nm
and 200nm were coated on the FTO substrate by the
repeated doctor blade method, respectively, followed by
500°C thermal annealing. Such a working electrode (cell
area: 0.5cm x 0.5cm) was immersed into the 1 mM N719
dye solution in acetonitrile and ferz-butanol (TBP) for 24 h.
The working electrode and the counter one were assembled
with the polymide spacer. The electrolyte (0.1 M Lil, 0.1 M
PMII, 0.05M I, and 0.5M TBP in the MPN solution) was
injected into the assembled cell. The current-voltage
measurement (Keithley 2400) was operated under the 1.5
AM solar simulator (Oriel) with the light intensity fixed at
100 mW/cm?. The electrochemical impedance spectroscopy
(EIS) was measured by a potentiostat (EG&G 273 a)
equipped with a frequency response analyzer (EG&G 1025);
AC signal with 10mV amplitude was applied with a
recorded frequency that ranged from 10° to 10 >s~'. The
fitting of the impedance spectroscopy was implemented by
Zview software.

Fig. 1(a) displays the SEM micrograph of the top view
of as-sprayed PtCNT network with uniform surface morphol-
ogy. The structures of CNTs remained the tube shape with-
out deterioration by the strong oxidant. Fig. 1(b)
demonstrates the TEM pictures which display the uniform
distributed Pt nanoparticles with the size of 2—3nm. The
HRTEM image of PtCNTs in the inset of Fig. 1(b) shows
the well-dispersed Pt nanoparticles over the CNT sidewalls.

© 2014 AIP Publishing LLC
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FIG. 1. (a) The SEM image and (b) the TEM image of the as-sprayed
PtCNT network. The inset shows the HRTEM of PtCNT. (c) The SEM
image and (d) the TEM image of the laser-irradiated PtCNT (600 mJ/cm?)
network, and the inset displays the HRTEM of exfoliated PtCNT after laser
irradiation.

It depicted that the solution process decorating Pt nanopar-
ticles facilitated the smaller and uniform size distribution.
The SEM image of the laser-irradiated PtCNT network is
illustrated in Fig. 1(c). As compared with the as-sprayed net-
work, the surface morphology with the enlarged tube diame-
ters observed flatter and thin-film-like. The surface
roughness measured by atomic force microscopy (AFM)
decreased from 35.78 nm to 14.24 nm after laser irradiation.
Fig. 1(d) demonstrates the HRTEM images of the laser-
irradiated PtCNT network. According to the previous litera-
tures,”’ the CNTs would be unzipped by high laser energy
along the longitudinal direction into the fully exfoliated GS.
Consequently, some of the CNTs appeared to be unzipped as
the film structures, and the hybrid structures of CNTs and
GS were formed after laser irradiation of the PtCNT

Appl. Phys. Lett. 104, 051114 (2014)
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FIG. 2. The Raman spectrum of the as-sprayed and laser-irradiated PtCNT
network (600 mJ/em?).

network. Furthermore, the Pt nanoparticles were also found
to be well dispersed on such a hybrid structure, which is sim-
ilar to the ones without laser irradiation, as displayed in the
inset of Fig. 1(d). The well-dispersed Pt nanoparticles dem-
onstrated the remained high catalytic reacting surface after
laser irradiation.

The Raman spectrum demonstrates the crystallinity
variations after the laser irradiation, as illustrated in Fig. 2.
There are two peaks, G-peak and D-peak, can be observed.
The G-peak (1584 cm ') was assigned to the sp>-bonding of
CNTs, while the D-peak (1322 cm_l) was ascribed to the
existence of crystal defects, amorphous carbon, and dangling
bonds.® After the excimer laser irradiation, the Ip/Ig ratios
were obviously decreased from 1.98 to 1.11. In addition, the
D’ band (1610cm™ ") was also assigned to the existence of
crystal defects. Similarly, the reduced D’ band intensity also
proved the better crystallinity after laser irradiation.’

The schematic diagram of the fabricated DSSC with the
PtCNT network as the CE is shown in Fig. 3(a). The varia-
tions of the conversion efficiency and the sheet resistance
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TABLE 1. The J-V characteristics of DSSCs using the Pt, as-sprayed
PtCNT, and laser-irradiated PtCNT (600 mJ/cmZ) network as the CEs.

Jsc Voc Efficiency
Counter electrode (mA/cmz) V) FF (%)
Pt 14.19 0.74 0.68 7.12
As sprayed PtCNT 14.26 0.74 0.69 7.23
Laser —irradiated PtCNT 19.73 0.74 0.66 9.28

with the laser energy densities are illustrated in Fig. 3(b).
With the elevating the applied laser energy, the GS began to
appear to form a continuous conductive paths. In addition,
the crystallinity was also remarkable enhanced under the
laser treatment. Therefore, the efficiency would begin to be
improved obviously, owing to the surface morphology modi-
fication occurrence. As the laser energy reached 600 mJ/cm?,
the optimized efficiency could attain 9.28%. However, the
efficiency was dramatically reduced to 5.056% as the laser
energy was increased to 700 mJ/cm?. The efficiency reduc-
tion was resulted from the ablation of PtCNT network occur-
rence, causing the interrupted conducting paths and
decreased charge transferring ability. In addition, the trans-
parency of PtCNT network was proportional to the laser
energy, implying the GS production. The cleaved GS from
CNTs would reduce the light passing carbon layers, hence
that would increase the transmittance as the laser energy
elevated. The photocurrent-voltage (/-V) characteristics of
DSSCs with the conventional Pt film, the as-sprayed PtCNT
network, and the laser-irradiated PtCNT (600 mJ/cm?) one
as the CEs are displayed in Fig. 3(c). The cell parameters of
various CEs are summarized in Table I. The results indicate
that the short-circuit current Jg. increased from 14.19 to
14.26 mA/cm?, and the conversion efficiency improved from
7.12% to 7.23% after the Pt electrode was replaced as the
as-sprayed PtCNT one. The improved electrical characteris-
tics were ascribed to the three-dimensional structures
of PtCNT network. Furthermore, after the excimer laser
irradiation, the J,. could be significantly promoted to
19.73mA/cm? and the efficiency to 9.28%, as compared
with the as-sprayed PtCNT CE. The remarkably enhanced
Js was ascribed to the better charge transferring ability and
interface impedance.lo’11 This around 30% enhancement was
ascribed to the GSs occurrence. The exfoliated CNTs to
form GSs extended the conducting paths and contacting area
with electrolyte. For the as-sprayed PtCNT network, the
electrical transporting merely relied on discrete contact junc-
tions, therefore exhibiting deteriorated properties. The exfo-
liated CNT layers after excimer laser irradiation expanded
the conducting paths and contact area with electrolyte, hence
improving the electrical characteristics and redox ability. In
addition, for the laser-irradiated PtCNT network, the series
resistance was fitted to decrease from 6 Q cm” to 5.65 Q cm”
as compared to the conventional Pt one, demonstrating the
improved charge transferring ability of laser-irradiated
one.'”

For further confirming the laser-irradiation effects on
the photovoltaic properties, the EIS measurement was
conducted to evaluate the charge-transfer resistance (Rcr).
Fig. 3(d) illustrates the Nyquist plot of the Pt, as-sprayed
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PtCNT, and laser-irradiated PtCNT thin film as the CEs
measured at open-circuit condition. The first semicircle rep-
resents the contact resistance between the electrolyte and
CE. According to the radius of first frequency semicircle,
the Rcr of Pt and as-sprayed PtCNT CEs were fitted to be
28.24Q and 25.72Q. In contrast, the Rcr was notably
reduced to 19.12Q after the laser irradiation. There were
three possible reasons for the reduction impedance of the
laser-irradiated PtCNT CE. First, the excimer laser irradia-
tion would produce the instantaneous heat to melt the FTO
and merge with CNT network. Therefore, the electrical
contact between the transparent conducting film and CE
was improved. The contact improvement via thermal
annealing was already proven to be capable of promoting
the increased efﬁciency.13 Second, the excimer laser irradi-
ation exfoliated the CNTs into GS layers stacking. The
expanded GS layers could act as conductive paths and
improve the overall network electrical characteristics.
Finally, the exfoliated GS layers could not only increase
the contact surface area with electrolyte, but also sustain
the original three-dimensional structures for the electrolyte
to diffuse and react. As compared with the conventional Pt
and as-sprayed PtCNT CEs, the superior electrical charac-
teristics for the laser-irradiated PtCNT DSSCs were attrib-
uted to the modified surface morphology and the further
improved electrical contact.

The excimer laser irradiation has been performed on
the PtCNT network as the CE of the DSSCs to achieve a
high short-circuit current of 19.73mA/cm” and superior
conversion efficiency of 9.28%, respectively. As com-
pared with the Pt film as CE, the as-sprayed PtCNT net-
work could attain the improved characteristics ascribing
the three-dimensional catalytic surface area. Furthermore,
with the excimer laser irradiation, part of the CNTs would
be unzipped into GS layers, resulting in the GS and CNTs
hybrid structures. The promoted conversion efficiency is
attributed to the cleaved structures to elevate the electri-
cal conductivity and the reactive surface area with elec-
trolyte. Moreover, the instantaneous heat of the irradiated
laser beam assists the merged structures with FTO.
Therefore, the semi-transparent laser- irradiated PtCNT
network is promising for the future applications in flexi-
ble DSSCs.
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