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With the lab-made carbon nanotube aerogel (CNA) serving as the
counter electrode (CE), dye-sensitized solar cells (DSSCs) operated
under solar simulator illumination (100 mW cm™2, AM 1.5 G) demon-
strated an overall power conversion efficiency () of 8.35%, higher
than the n of 5.95 and 7.39% of DSSCs with a multi-walled carbon
nanotube (MWCNT) CE and conventional Pt CE, respectively. With
only 3.75 wt% Pt nanoparticles to form an aerogel carbon nanotube
composite (CNA-3.75 wt% Pt) CE, the corresponding n was further
increased to 9.04%. The enhanced performance by introducing Pt
nanoparticles is mainly attributed to the improved electrocatalytic
activity, reduced charge-transfer resistance (R.,) at the CE/electrolyte
interface, and increased diffusion for the redox couple in the elec-
trolyte. This work provides substantial support for developing low-
cost Pt-loaded nanocomposite CEs to further enhance the DSSC
performance.

1. Introduction

Renewable solar energy, with capabilities not only to solve
energy crisis but also to protect environments, has attracted
growing interest as an alternative to conventional fossil fuels.
Since the innovative construction proposed by O'Regan and
Grétzel in 1991," dye-sensitized solar cells (DSSCs) have received
significant attention as one of the most promising candidates
for photovoltaic systems, due to their low manufacturing cost,
facile fabrication process, eco-friendliness, and acceptable
energy conversion efficiency (7).> A typical DSSC has a sand-
wich structure composed of a sensitizer dye adsorbed nano-
crystalline TiO, photoanode covered on a fluorine-doped tin
oxide (FTO) conductive glass substrate, a liquid electrolyte
containing the iodide/triiodide (I /I;") redox couple, and
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a catalytic counter electrode (CE).>* All these components have
been recognized to play significant roles in determining the
performance of DSSC devices. Continuous efforts have been
devoted to optimizing the DSSC components to further boost
the n and stability of devices.®”® As one of the indispensable
parts of DSSCs, the CE plays a pivotal role as a platform for
collecting electrons from the external circuit back to the elec-
trolyte and electrocatalytic reduction of I;~ in the electrolyte.”® A
highly efficient CE can reduce inner energy losses in DSSCs and
thus improve the device performance. So far, Pt has been widely
used and recognized as a superior CE material for DSSCs due to
its good electrical conductivity, long-term stability and excellent
catalytic activity. However, the high price and limited avail-
ability of Pt metal have seriously impeded its practical deploy-
ment."* To solve this problem, the use of non-Pt CE materials
with low-cost and high efficiency electrocatalytic activity for
reducing I;~ has been recognized as a promising approach,
including various carbon materials,>***® metal sulfides,'*'*>*
metal nitrides,
alloys,**** and conductive polymers.** However, few alternative
electrodes have been reported with performances comparable
to that of the conventional Pt CE in low-cost DSSC systems.
Another way focusing on reducing the required amount of Pt by
developing Pt-loaded nanocomposite catalysts***** has been
viewed as an attractive strategy due to the synergistic effect of
different components of the composite CE. However, the
abundant grain boundaries and surface defects of nano-
structured Pt lead to poor conductivity.*> Consequently, an ideal
Pt-loaded support material should be endowed with a large
specific surface area, excellent catalytic activity and high elec-
trical conductivity to function as an efficient catalyst. A series of
Pt-loaded nanocomposite CE materials have been developed by
using different support materials, such as SiC,** multi-walled
carbon nanotubes (MWCNTSs),** carbon nanofibers,” gra-
phene,** and polypyrrole nanospheres.*® However, these re-
ported support materials never demonstrated a comparable 7 to
that of a conventional Pt CE.

2426 metal carbides,”” metal oxides,"'?%?*°
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Herein, we report the synthesis of an ultra-lightweight
carbon nanotube aerogel (CNA)***° consisting of self-assem-
bled, interconnected MWCNT skeletons, with a density of 110
mg cm ?, a large specific surface area of 507.3 m> g ', a large
porosity of >99%, high electrical conductivity, good electro-
chemical stability, high structural flexibility, and robustness.
Our study shows that the well-organized mesoporous CNA
exhibits better catalytic activity than MWCNTs and even Pt CEs.
Furthermore, a small number of Pt nanoparticles loaded onto
CNAs by thermal decomposition of H,PtClg to obtain a nano-
composite (CNA-Pt) CE led to a higher level of . The use of
CNAs as the support structure of Pt nanoparticles for the elec-
trocatalytic reduction of I3~ in DSSCs was disclosed for the first
time.

2. Experimental
2.1 Synthesis of carbon nanotube aerogels (CNAs)

Typically, 0.05 g of MWCNTs (Nanocyl NC 7000, offered by
Nanocyl, Belgium) were uniformly dispersed in distilled water
(4.73 mL) by ultrasonic agitation. Subsequently, resorcinol (0.42
2), formaldehyde (0.64 g), and sodium carbonate (0.003 g) were
dissolved in 1.52 mL distilled water to form a homogeneous
solution, which was then poured into the MWCNT aqueous
solution. The as-prepared mixture was aged in a glass beaker at
80 °C for 60 h to form hydrogels, followed by freeze-drying at
liquid nitrogen temperature (—60 °C) for 24 h and then heat
treatment at 1100 °C for 1 h in an Ar atmosphere to achieve
ultra-light weight CNA products.

2.2 Preparation of CNA-Pt nanocomposites

The as-obtained CNAs were soaked in 40 mM H,PtClg dissolved
in ethanol solution for 10 s and then dried at 120 °C for 30 min
to remove residual ethanol. Afterwards, the dried CNA-Pt
nanocomposites were heated at 400 °C for 30 min in an inert
atmosphere for the reduction of H,PtClg. This process allowed
Pt nanoparticles to be adsorbed onto the surface of CNAs owing
to the strong interaction induced by large specific surface
energy. The above steps were repeated for obtaining different
quantities of Pt nanoparticles supported on the CNAs. The
content of Pt was roughly calculated by weighing the CNA before
and after the deposition of Pt nanoparticles. Finally, a thin slice
of CNA-Pt was transferred onto the transparent conducting
oxide glass (FTO, sheet resistance 12 Q [0, purchased from
Hartford Glass Co., USA). For a good comparison with bare CNA
and CNA-Pt CEs, the conventional bare Pt and MWCNT CEs
were also studied. The Pt CE was prepared by heating a thin
layer of H,PtCls solution onto a FTO glass substrate at 400 °C for
30 min. The details of the preparation of the MWCNT CE can be
found elsewhere."” Briefly, a binder solution was prepared by
adding 0.16 g (carboxymethyl)-cellulose sodium salt into 19.84
mL distilled water, and then a total of 2.25 g MWCNTSs was
added followed by grinding to form a homogeneous MWCNT
slurry. The resulting product was tape-cast onto a previously
cleaned FTO glass substrate and then dried at 50 °C for 12 h in
air.

This journal is © The Royal Society of Chemistry 2016
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2.3 Preparation of dye adsorbed photoanodes

The cleaned FTO conductive glass plates were coated with
a compact layer of TiO, (~80 nm) by spin coating using a solu-
tion of 0.04 M tetra butyl titanate in isopropanol (containing 10
pL HCI per 5 mL solution), and then sintered at 500 °C for 30
min. Afterwards, the TiO, paste containing 18% commercial
P25 TiO, nanoparticles, 9% ethyl cellulose and 73% terpineol
was used for the deposition of a TiO, mesoporous layer (~8 pm)
by the doctor-blade method, followed by heating under an air
flow at 125 °C for 5 min, at 325 °C for 5 min, at 375 °C for 5 min,
at 450 °C for 5 min, and at 500 °C for 15 min. After naturally
cooling down to room temperature, the TiO, electrodes were
immersed into a 0.12 M TiCl, solution at 70 °C for 30 min. After
washing with water and drying in air, the samples were sintered
at 500 °C for 30 min. After being cooled down to about 120 °C,
the TiO, electrodes were immersed into a 0.5 mM ethanol
solution of N719 dye ([cis-di(thiocyanato)-N,N'-bis(2,2'-bipyridyl-
4-carboxylicacid)-4-tetrabutylammonium carboxylate]) (Solar-
onix Co., Ltd., Switzerland) and maintained at room tempera-
ture for 12 h. Afterwards, the as-prepared dye soaked photo-
anodes were washed in ethanol to remove physically adsorbed
dye molecules before the cell assembly.

2.4 Assembly of DSSCs

The dye adsorbed TiO, photoanodes and various CEs were
assembled to form DSSCs by sandwiching the electrolyte solu-
tion composed of 0.05 M I,, 0.5 M Lil, and 0.5 M 4-tert-butyl-
pyridine dissolved into 8 mL of acetonitrile. The active area of
each cell was 3 mm x 3 mm.

2.5 Characterization

The surface morphologies and elemental composition of the
CEs fabricated with the CNA and CNA-Pt were characterized by
means of field emission scanning electron microscopy (FE-SEM,
JSM-7500F, JEOL, Japan) and energy dispersive spectroscopy
(EDS). High-resolution transmission electron microscopy (HR-
TEM) images of CNA-Pt were obtained using a JEOL-2010HR
TEM to further determine the intrinsic structure. The specific
Brunauer-Emmett-Teller (BET) surface area was characterized
on a Quadrasorb EVO QDS-30 by nitrogen adsorption at 77.4 K.
Prior to each measurement, the synthesized CNAs with and
without Pt nanoparticles were degassed at 300 °C for 12 h under
high vacuum (<0.01 mbar). The pore size distribution of the
nanocomposites was calculated by density functional theory
(DFT).

The photocurrent density-voltage (J-V) tests of the DSSCs
were performed under a solar simulator with AM 1.5G and 100
mW cm™? illumination (Sun 3000 Solar Simulators, ABET
Technologies, USA), which was calibrated by using a Si refer-
ence solar cell. The electrochemical impedance spectroscopy
(EIS) measurements were carried out using full cells under
standard irradiation using an electrochemical workstation
(CHI660c, CHI Instrument, Co. Ltd., China). The frequency
range of EIS experiments was set from 0.1 MHz to 100 mHz and
the applied bias voltage was set at the open-circuit voltage of the
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DSSC with an AC modulation signal of 10 mV. The Nyquist plots
from EIS were analyzed using an equivalent circuit model by the
Z-view software. Tafel polarization curves were determined by
applying the same electrochemical workstation on the dummy
cells with a scan rate of 10 mV s~ .

3. Results and discussion

The microscopic surface morphologies of CNA and MWCNT
CEs were examined by FE-SEM to demonstrate the structural
differences. Fig. 1A and B show the FE-SEM images of CNAs at
low and high magnifications, respectively. The CNTs are
observed to be self-assembled into a porous, interconnected,
and uniformly distributed three-dimensional framework struc-
ture. It should be noted that the diameter of CNTs in the CNA
CE is observed to be a little larger than that in the MWCNT CE
(see Fig. 1B and C). The graphitic treatment of CNAs at high
temperatures allows for a lot of carbon particles to be left on the
surface of CNTs due to the decomposition of organic solutes,
leading to C-C bonding between the CNTs. Compared to the
physical contact between CNTs for the MWCNT CE, the CNA CE
exhibits more tight interconnection between them (see the
rectangular boxes in Fig. 1B). Hence, the CNA CE has
a remarkably low sheet resistance of 15.3 + 0.3 Q@ O'
compared with the MWCNT CE (119.6 + 1 Q [ "). Fig. 1D gives
the surface morphology of the CNA-Pt nanocomposite with 3.75
wt% Pt loading (CNA-3.75 wt% Pt). The Pt nanoparticles are
homogeneously distributed in the matrix of CNAs, and the pore
diameter of CNAs is significantly larger than the size of Pt
nanoparticles. As evidenced from the inset of Fig. 1D, the energy
dispersive spectroscopy (EDS) spectrum of the CNA-Pt nano-
composite clearly validates the presence of Pt and C, indicating
that CNAs are successfully decorated with Pt nanoparticles. This
is further testified by typical HR-TEM images of CNA-3.75 wt%
Pt, Fig. 1D & E. Pt nanoparticles attached to CNAs exhibit
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obvious lattice fringes with a lattice spacing of 2.26 and 1.98 A,
which can be indexed to (111) and (200) planes of Pt,
respectively.

The specific BET surface area and pore size distribution of
the synthesized CNAs with and without loading Pt nano-
particles were characterized by using the nitrogen adsorption
and desorption isotherms, Fig. 2. Fig. 2A(a)&(b) display the
hysteresis loop, indicating the mesoporous properties of the
CNA and CNA-3.75 wt% Pt. As shown in Table 1, it is found that
the CNA has a BET specific surface area (SSA) of 507.3 m* g~
with an average DFT pore diameter of 3.794 nm and a pore
volume of 0.489 cm® g~ " while the CNA-3.75 wt% Pt has a 482.4
m?” g~ " BET SSA with an average DFT pore diameter of 3.416 nm
and a 0.402 cm® g~ ' pore volume.

The CV measurements were carried out to evaluate the
electrocatalytic activity of different CEs for the reduction of
triiodide, as shown in Fig. 3. The relatively negative pair is
attributed to the oxidation and reduction of I /I;~, which
directly affect the photovoltaic performance of DSSCs.*® Similar
peak to peak splitting (Epp) can be observed for Fig. 3a (Epp =
400 mV) and Fig. 3d (Epp, = 412 mV), but it is little larger than
that observed for the other two CEs. Moreover, Fig. 3d displays
the lowest current density (J.eq = —1.76 mA cm™ > and J,, = 1.48
mA cm™?), suggesting that the MWCNT has the poorest elec-
trocatalytic activity towards the I /I;~ redox reaction. In
contrast, Fig. 3b shows similar £, (312 mV) but higher current
densities (Jreg = —2.35 mA cm ? and Jo, = 2.09 mA cm ?)
compared to Fig. 3¢ (303 mV, Jreq = —1.96 mA cm ™, and Jo, =
1.74 mA cm %), indicating that the CNA-3.75 wt% Pt CE has the
best electrocatalytic activity. From the CV results, we can
conclude that loading a small number of Pt nanoparticles
greatly improves its electrocatalytic activity due to the synergic
effect of the CNA and Pt. It should be noted that the CNA with
a high specific surface area and good conductivity significantly
increases the electrochemically active surface area and thereby

Fig. 1 FE-SEM images of the CNA ((A) low magnification; (B) high magnification), (C) MWCNTs, and (D) CNA-3.75 wt% Pt; the inset in (D) shows
the EDS spectrum of CNA-3.75 wt% Pt. (E and F) representative HRTEM images observed from the CNA-3.75 wt% Pt nanofibers.
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Fig. 2 N, adsorption—desorption isotherms (A) and pore size distributions (B) of the synthesized samples. (a) CNA and (b) CNA-3.75 wt% Pt.

Table 1 Structural properties of the CNA and CNA-3.75 wt% Pt

BET SSA Average pore Pore volume
Samples (m*g™) size (nm) (em® g™
CNA 507.3 3.794 0.489
CNA-3.75 wt% Pt 482.4 3.416 0.402

w

N
2

Current density (mAcm’z)
o

04 -02 00 02 04
Potential (V vs. Ag/AgCl)

Fig. 3 CVs of CEs: (a) CNA CE, (b) CNA-3.75 wt% Pt CE, (c) conven-
tional Pt CE, and (d) MWCNT CE in acetonitrile solution containing 10
mM Lil, 1 mM I, and 0.1 M LiClO, at a scan rate of 50 mV s %,

speeds up the reaction rate towards the reduction of I3~ ions,
exhibiting higher current density (Jreqg = —2.15 mA em ™2, Jox =
1.81 mA cm ™ ?) than the Pt CE.

Fig. 4A presents the current density-voltage (J-V) character-
istics of the best performing DSSCs applying different CEs. As
listed in Table 2, the DSSC with the MWCNT CE shows a short-
circuit current density (J,.) of 13.65 mA c¢cm >, open-circuit

Pmax

voltage (V,) of 719 mV, fill factor (FF = ) of 0.61 and 7

Voe X Jse
of 5.95% (n = Ppax%). In contrast, enhanced photovoltaic
performance (J;. = 16.17 mA cm 2, FF = 0.68, V,. = 761 mV,
and n = 8.35%) can be observed for the CNA CE based DSSC,
which should be attributed to a lower resistance of the CNA CE
than that of the MWCNT CE. It is worth noting that the device
with the conventional Pt CE displays a lower 7 (7.39%) than that
applying the CNA CE, which is accordance with the

This journal is © The Royal Society of Chemistry 2016

corresponding results of CV analysis (see Fig. 3(a) and (c)).
Moreover, the performance of the CNA CE based DSSC is
superior to those of DSSCs that use most other support mate-
rials as CEs.>*3¢37:42:43

In the meantime, the photovoltaic performances of the
DSSCs applying the CNA-Pt CE with different amounts of Pt
loading were further studied. Herein, the change range of
photovoltaic parameters with the Pt loading can be gauged by
dividing the standard deviations by the average value of
respective parameters (denoted as o). Fig. 4B exhibits the
dependences of V,. and FF on mass percentages of Pt and the
calculated ¢ values of both the V,. and FF are less than 1%.
However, the ¢ value of J;. reaches up to 3.3% (see Fig. 4C(a)),
which significantly reflects that the content of Pt nanoparticles
mainly affects the ;. value but has little influence on the V,,. and
FF fluctuations. The highest 1 of 9.04% can be achieved for the
DSSC with the CNA-3.75 wt% Pt CE (see Fig. 4A(b) and 4C(b)),
which is higher than those of the devices applying Pt/carbon
support CEs. 3437424445 There is a large improvement of 8.26
and 22.33% in 7 compared to that of the bare CNA and
conventional Pt CE, respectively. Further increasing the Pt
content causes serious aggregation of nanoparticles, leading to
the decrease of the active surface area and dye regeneration
ability. Hence, there could be an obvious reduction in J;. and 7
when the Pt content was more than 3.75 wt%, Fig. 4C.

In order to provide insight into the charge transfer process
and to further evaluate the electrochemical activity of CE
materials, the EIS measurements were carried out under one
sun illumination. Fig. 5A(a) and (b) demonstrate the Nyquist
plots of the full cells with the CNA CE and CNA-3.75 wt% Pt CE,
respectively. Two obvious arcs for each cell could be identified.
The high frequency arc in the left region can be assigned to the
charge-transfer resistance (R.4) and double layer capacitance
(Ca11) of the CE/electrolyte interface, while the intermediate
frequency arc in the right region can be ascribed to the charge-
transfer resistance (R.,) and double layer capacitance (Cqj,) at
the dyed TiO,/electrolyte interface. The Ry is the series resis-
tance mainly composed of the sheet resistance of the CEs, FTO
glass substrate, TiO, film, etc.** The inset of Fig. 5A displays
a typical equivalent circuit diagram used to analyze the Nyquist
plots by the Z-view software. The fitted parameters extracted
from the Nyquist plots of the respective cells are summarized in
Table 3. There are no significant differences in R, for both cells,
indicating that a small number of Pt nanoparticles loaded onto

J. Mater. Chem. A, 2016, 4, 3238-3244 | 3241
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(A) J-V characteristics of the best performing DSSCs using different CEs. (a) CNA CE, (b) CNA-3.75 wt% Pt CE, (c) conventional Pt CE, and

(d) MWCNT CE; (B) FF (a) and V. (b) as a function of Pt loading on the CNAs; (C) Jsc (a) and 7 (b) as a function of Pt loading on the CNAs. The inset

in (C) shows the aggregation of Pt nanoparticles.

Table 2 Photovoltaic parameters of DSSCs fabricated with different
CEs under one sun illumination (AM 1.5G, 100 mW cm™2)¢

Table 3 The simulated EIS parameters of the full cells based on the
CNA CE and CNA-3.75 wt% Pt CE

CEs Jse MA emM™) Voo (MV) FF Nimay (%) Naverage (%)
Pt 14.89 723 0.69 7.39 7.01 £+ 0.38
MWCNTs 13.65 719 0.61 5.95 5.73 £ 0.22
CNA 16.17 761 0.68 8.35 8.06 £ 0.29
CNA-3.75 wt% Pt 16.57 779 0.70 9.04 8.77 £ 0.27

¢ Average 7 (faverage) With error ranges and the highest (1yay) that are
recorded efficiencies when all the devices were fabricated under the
same conditions for valid comparisons.

CNAs would not change significantly the CE conductivity.
Fig. 5A(b) shows a lower R, (0.83 Q cm?) than Fig. 5A(a) (1.16 Q
cm?), suggesting relatively faster electron exchange and higher

Rs Retr Can Ret Caiz
CE (Qem?) (Qem?) (F) (Qem?) (F)
CNA 1.99 1.16 2.28 X 10°°  6.70 2.04 x 10°*
CNA-3.75 1.95 0.83 1.77 x 107°  6.12 1.46 x 1074

wt% Pt

reduction rates of redox couples at the interface of the CNA-3.75
wt% Pt CE and electrolyte, in good agreement with the C-V and
J-V results. It is also noted that the R, varies obviously less
than the R.4 due to the same photoanode structure.

Z'(Qcm?)

Fig. 5
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(A) Nyquist plots of the full cells and (B) Tafel curves of the symmetrical cells fabricated with the (a) bare CNA CE and (b) CNA-3.75 wt% Pt
CE. The inset in (A) shows an equivalent circuit for fitting Nyquist plots.
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To further characterize the catalytic activities of the I3~ /1"
couple on the CE surface, Fig. 5B(a) and (b) present the Tafel
polarization curves of dummy cells fabricated with the CNA CE
and CNA-3.75 wt% Pt CE, respectively. The exchange current
density (Jo) and the limiting diffusion current density (/) can
be obtained according to Tafel curves, which are closely related
to the catalytic activity of CEs. Apparently, Fig. 5B(b) exhibits
higher i, than Fig. 5B(a), suggesting that the CNA-3.75 wt% Pt
CE has a higher diffusion rate for the redox couple in the
electrolyte than the CNA CE. Additionally, the slope of the curve
in Fig. 5B(b) is larger than that of the one in Fig. 5B(a), indi-
cating an enhanced J, and catalytic activity for the Pt-loaded
nanocomposites, in accordance with the EIS and CV results.

Overall, the CNA CE with a large specific surface area and
good electrical conductivity exhibits better catalytic activity of
I;"/I" and photovoltaic performance than the conventional Pt
CE and MWCNT CE. The performance of the CNA based device
is further enhanced by introducing Pt nanoparticles, which is
mainly attributed to the improved electrocatalytic activity,
reduced R, at the CE/electrolyte interface and increased diffu-
sion rate for the redox couple in the electrolyte.

4. Conclusions

As a highly efficient CE material for the DSSC device, the carbon
nanotube aerogels with interconnected three dimensional
network nanostructures demonstrated superior electrocatalytic
activity and photovoltaic performance compared to the
conventional MWCNT CE and Pt CE, which mainly result from
the large SSA and high electrical conductivity. Furthermore, the
device with the CNA-3.75 wt% Pt CE reveals further improve-
ment in the electrocatalytic activity and PCE (9.04%), corre-
sponding to an increase of 8.26 and 22.33% compared to the
bare CNA CE and Pt CE based device, respectively. Such an
enhancement highlights the predominant synergic effect of
CNAs and Pt nanoparticles, in which the R, at the CE/elec-
trolyte interface and diffusion rate for the redox couple in the
electrolyte can be significantly improved. When the loaded Pt
nanoparticles were uniformly dispersed on CNAs, a higher 7
could be achieved. Hence, this work highlights the potential of
employing CNAs as a support for loading a small number of
noble metal Pt to obtain superior electrocatalytic activity and
photovoltaic performance, which fully meet the large-scale
industrial applications of cost-effective DSSCs.
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