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An integrated device for both photoelectric conversion
and energy storage based on free-standing and aligned
carbon nanotube filmt

Zhibin Yang,#? Li Li,+2° Yongfeng Luo,® Ruixuan He,? Longbin Qiu,? Huijuan Lin?
and Huisheng Peng™®

An all-solid-state and integrated device in which photoelectric conversion and energy storage are
simultaneously realized has been developed from free-standing and aligned carbon nanotube films or
carbon nanotube—polyaniline composite films. Due to the aligned structure and excellent electronic
property of the film electrode, the integrated device exhibits a high entire photoelectric conversion and
storage efficiency of ~5.12%. The novel devices can also be flexible, and show promising applications in
a wide variety of fields, particularly for portable electronic equipment.

1 Introduction

It is critically important to effectively store the electrical energy
produced by solar cells.’ Traditionally, they are connected to
external energy storage devices such as various batteries
through electrical wires. However, the relatively long distance
connection has greatly decreased the storage efficiency. In
addition, it is inconvenient for use and may not be allowed for
many fields such as integratable and portable electronic
devices. To further improve the use efficiency, a supercapacitor
has been recently directly attached to an organic solar cell.*”
Specifically, the back electrode of the solar cell was contacted
with an electrode of the supercapacitor. Although the photo-
electric conversion and energy storage were thereby realized
without a long connection of electric wires, they were two
separate devices in nature. In particular, the interface between
the two electrodes has largely limited the device efficiency and
optimization. The attached two devices were also not flexible,
although the possibility of being flexible has been considered as
a main advantage in the development of high-performance
devices.

On the other hand, due to their unique structure and
excellent mechanical, electrical, and electrocatalytic properties,
carbon nanotubes (CNTs) have been widely studied as elec-
trodes in both photovoltaic and energy storage devices.*** For
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dye-sensitized solar cells, CNT films have been used as both
working and counter electrodes.®® In the use of CNT film as a
counter electrode, for instance, the resulting cells showed high
power conversion efficiencies close to the conventional plat-
inum. Supercapacitors based on CNT films as electrodes
also exhibited a high performance, e.g., a specific capacitance of
54 F g~ '.** Although CNTs have been widely used in either dye-
sensitized solar cell or supercapacitor, no studies have been
reported to integrate them into an effective device. In addition,
the CNTs used typically appeared in a randomly dispersed
structure, while aligned CNT materials were proposed to be
more efficient."*

Herein, we have developed an all-solid-state and integrated
device in which both photoelectric conversion and energy
storage are realized on the basis of free-standing and aligned
multi-walled carbon nanotube (MWCNT) films as electrodes.
The structure of the integrated device is shown in Fig. 1 and S1.f
Specifically, a gel or solid electrolyte was first sandwiched
between two aligned MWCNT films to realize the energy

MWCNT film

Fig. 1 Schematic illustration of an integrated device for both photoelectric
conversion and energy storage based on aligned MWCNT films as electrodes.
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storage. A dye-incorporated TiO, electrode was then integrated
onto one of the MWCNT films to achieve the photoelectric
conversion. Upon illumination by light, the photogenerated
electrons from the dye molecules are injected into the
conduction band of the TiO, nanoparticles, followed by them
flowing to the MWCNT electrode by the external circuit. The
aligned structure and high surface area of MWCNTSs provide the
integrated device with a high performance, e.g., photoelectric
conversion efficiency of 6.10%, specific capacitance of 48 F g™,
and storage efficiency of ~84%. To improve the device perfor-
mance, a second phase such as polyaniline (PANI) was further
incorporated into the MWCNT film to increase the specific
capacitance to 208 F g~ . Due to the good flexibility of MWCNT
films, ultrathin and flexible devices have also been produced
with high performance. The novel device can be widely used in
many fields, particularly for portable electronic equipment.

2 Experimental section
2.1 Preparation of aligned MWCNT films

MWCNT arrays were grown by a chemical vapor deposition with
Fe (1 nm)/Al,O; (10 nm) on silicon substrate as the catalyst
typically at 750 °C (Fig. S21).***° Ethylene was used as carbon
source, and a gas mixture of Ar and H, was used as carrier gas.
The flow rates of Ar, H,, and C,H, were typically 400, 25, and
75 sccm, respectively. MWCNT arrays with a thickness of
2.0 mm were mainly used in this work. To prepare aligned
MWCNT films, the MWCNT arrays grown on silicon substrate
were fixed to a plate, followed by pressing with a glass slide
(Fig. S371). The resulting free-standing MWCNT film can be
easily peeled off from the silicon substrate by a blade (Fig. S47).

2.2 Preparation of MWCNT-PANI composite films

The composite film was synthesized by chemical oxidation
polymerization of aniline monomers. Typically, ammonium
persulfate (14.25 g) as the initiator was dissolved in deionized
water (250 mL), and the monomer (4.65 mL) was dissolved in
1 M HCI solution (250 mL) under ultrasonic irradiation for 10
min. The as-prepared initiator and aniline solutions were then
kept in an ice bath for 30 min. The cold initiator solution was
dropped onto MWCNT films, followed by addition of the aniline
solution after 20 s. The polymerization was performed at 4 °C
for 2 min. Finally, the resulting composite films were washed
with deionized water three times and dried under vacuum at
60 °C for 12 h.

2.3 Fabrication of integrated devices

The outer electrode in the photoelectric conversion part was
composed of a layer of nanocrystalline TiO, particles (diameter
of 20 nm) with thickness of 14 pum and a light-scattering layer of
TiO, particles (diameter of 200 nm) with thickness of 2 um on
fluorine-doped tin oxide glass (15 ohm per square) prepared by
a screen printing technology. The electrode was heated at 500 °C
for 30 min and annealed in air. It was then immersed in 40 mM
TiCl, aqueous solution at 70 °C for 30 min, followed by washing
with de-ionized water and sintering at 500 °C for 30 min. For the
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flexible device, a TiO, mixture with 80% anatase and 20% rutile
was added to ethanol at a concentration of 20 wt%, and
the suspension was then coated onto the indium tin oxide
on polyethylene naphthalate (15 ohm per square). The TiO,
electrode at 120 °C was immersed into 0.3 mM cis-diisothio-
cyanato-bis(2,2’-bipyridyl-4,4’-dicarboxylato) ruthenium(mu) bis-
(tetrabutylammonium) (a dye also named N719) solution in a
solvent mixture of dehydrated acetonitrile and tert-butanol
(volume ratio of 1/1) for ~16 h. The N719-incorporated elec-
trode was carefully rinsed with dehydrated acetonitrile. The gel
electrolyte was coated onto the N719-incorporated electrode by
a doctor blading method. The used area of the electrode was
0.36 cm”. At the same time, a PVA-H;PO, electrolyte was
sandwiched between two aligned MWCNT films with a relatively
large area of 1 cm” as the electrode. Here the PVA-H;PO, elec-
trolyte was prepared by dissolving PVA powder (1 g) in deionized
water (10 mL) and H3PO, (2 mL). The TiO, electrode was finally
pressed onto one MWCNT film by use of a Surlyn frame
(thickness of 60 pm) as the spacer at a pressure of ~0.2 MPa and
introduction of a gel electrolyte as the photoactive component.
The gel electrolyte for the photoelectric conversion part was
prepared by mixing poly(vinylidene fluoride-co-hexa-
fluoropropene) (10 wt%, Atochem, KynarFlex 2801) and
3-methoxypropionitrile solution containing 0.1 M Lil, 0.05 M I,,
0.5 M 4-tert-butylpyridine and 0.5 M 1-propyl-2,3-dimethylimi-
dazolium iodide.”® The integrated device was finally obtained
after sealing at 125 °C.

2.4 Characterization

The thickness of MWCNT films was measured by a Dektak 150
Step Profiler. The structure of MWCNT films was characterized
by scanning electron microscopy (Hitachi FE-SEM S-4800
operated at 1 kV). The electrical conductivity was obtained by a
physical property measurement system (KEITHLEY 2182A
nanocoltmeter with 6221A DC and AC current source). The
resistivity change under bending was monitored by an Agilent
34401A digital multimeter. Raman measurements were per-
formed on a Renishaw inVia Reflex with an excitation wave-
length of 514.5 nm and laser power of 2 mW at room
temperature. The dye-sensitized solar cells were measured by
recording J-V curves with a Keithley 2400 Source Meter under
illumination (100 mW cm™2) of simulated AM1.5 solar light
coming from a solar simulator (Oriel-94023 equipped with a 450
W Xe lamp and an AM1.5 filter). The stray light was shielded by
a mask with an aperture which was a little smaller than the
working electrode. Cyclic voltammetry, galvanostatic charge/
discharge and photocharging tests were performed on a CHI
660d electrochemical workstation.

3 Results and discussion

For the preparation of aligned bare MWCNT films, the thick-
ness of MWCNT films was controlled by varying the height of
MWCNT arrays. Typically, an array with a height of 1 mm
produced a film with a thickness of 25 um on a glass slide
(Fig. S5T). MWCNT arrays with a height of 2 mm were mainly
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used to produce MWCNT films with a thickness of ~50 pm in
this work, unless otherwise specified. The angle between
MWCNTs and the flat film was calculated to be ~1.4°. The
resulting MWCNT film can be easily peeled off and coated onto
various rigid and flexible substrates. These MWCNT films
showed very high electrical conductivities close to individual
MWCNTSs (10* S ecm ™), compared with 10° to 10> S cm ™" in the
randomly dispersed or other aligned MWCNT films in the
direction perpendicular to the film.*?** The high conductivity
may greatly improve the charge transport in their use as elec-
trodes. In addition, as the MWCNTSs were highly aligned in the
film (Fig. 2a), the in-plane conductivity achieved a high level of
10> S em™'. The MWCNT films were highly flexible and stable.
The conductivities of a MWCNT film varied by less than 2% in
the above two cases after it was bent for one hundred cycles. The
combined properties make them very promising as electrode
materials in the devices for both photoelectric conversion and
energy storage.*>*'"?

To further improve the properties of MWCNT films, a second
phase such as a polymer was often incorporated to produce
composite films.**** Here we have mainly introduced PANI with
the advantages of easy synthesis and low cost.* Fig. 2b shows a
scanning electron microscopy image of an aligned MWCNT-
PANI composite film. PANI can be stably attached on MWCNTSs
due to their interactions. Raman spectra of PANI and MWCNT-
PANI composites are shown in Fig. S6.1 Compared with pure
PANI, the stretching of C-N" shifted from 1338 to 1350 cm ™"
and the stretching of the benzene ring shifted from 1584 to
1594 cm ™' in the MWCNT-PANI composite, which indicated
the interaction between MWCNTSs and PANI.>**

Fig. 2 Scanning electron microscopy (SEM) images. (a) An aligned bare MWCNT
film. (b) An aligned MWCNT-PANI composite film.
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Fig. 3 Photocurrent density-voltage (J-V) characteristics of an integrated device
based on the aligned MWCNT film measured under AM1.5 illumination.
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To investigate the photovoltaic performance of the inte-
grated device, photocurrent density-voltage (J-V) characteristics
were obtained under AM1.5 illumination (Fig. 3). It was found
that, for both bare MWCNT and MWCNT-PANI composite
films, the resulting integrated devices showed a similar photo-
electric conversion efficiency () of 6.10% with open-circuit
photovoltage (Voc) of 0.750 V, short-circuit photocurrent
density (Jsc) of 13.41 mA ecm ™2 and fill factor (FF) of 0.61. The
high photovoltaic performance is mainly derived from the high
catalytic activity of MWCNTSs due to high surface area.?®*’

The energy storage part of integrated devices was charac-
terized by cyclic voltammetry (CV) and galvanostatic charge/
discharge tests. Fig. 4a and b show CV curves of integrated
devices which were made from bare MWCNT and MWCNT-
PANI composite films as electrodes and poly(vinyl alcohol)-
H;PO, (PVA-H;PO,) as electrolyte under different sweep rates of
10, 50, and 100 mV s ' at a potential range of 0 to 0.8 V.
Supercapacitors are generally divided into two categories, i.e.,
an electric double-layer capacitor in which the capacitance is
derived from the charge separation at electrode-electrolyte
interfaces and a pseudocapacitor with faradic reactions on the
electrode.* The CV curve of the bare MWCNT film based device
showed a rectangular shape without current peaks, indicating
that the MWCNT film electrode possesses electrical double-
layer capacitance (Fig. 4a).*' In contrast, redox peaks were
observed for the MWCNT-PANI composite film (25 wt% of
PANI) based device (Fig. 4b), which indicated pseudocapaci-
tance.*” The current density based on the composite film was
much higher than the bare MWCNT film. Accordingly, Fig. 4c
and d further show the galvanostatic charge/discharge tests at a
constant current density of 1.4 mA cm 2. The discharge time of
the MWCNT-PANI composite based device was ~140 s, much
longer than the 35 s of the bare MWCNT film based device. The
specific capacitances of bare MWCNT and MWCNT-PANI
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Fig. 4 Electrochemical characterizations of bare MWCNT and MWCNT-PANI
composite films as electrodes. (a and b) Cyclic voltammograms based on bare
MWCNT and MWCNT-PANI composite films in PVA-H3PO, electrolyte with
different sweep rates of 10, 50, and 100 mV s~". (c and d) Galvanostatic charge/
discharge curves based on bare MWCNT and MWCNT-PANI composite films,
respectively. The thickness of the composite film was ~50 pm.
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composite based devices were calculated to be 26 and 83 F g™,
respectively. Inflection points were observed in the charge-
discharge curve based on the MWCNT-PANI composite film,
and they correspond to the redox potential where the redox
reaction occurred during the charge-discharge process. The
dependence of the specific capacitance on the electrode thick-
ness for the two devices is further shown in Fig. S7.T The device
based on the bare MWCNT film with thickness of 10 um had a
specific capacitance of 48 F g~ '. The capacitance continuously
decreased with the increasing thickness of MWCNT films and
stabilized at ~26 F g~ '. Compared with the bare MWCNT film,
the device derived from an MWCNT-PANI composite film with
the same thickness of 10 um exhibited a much higher specific
capacitance of 208 F g~ '. The specific capacitance also
decreased with the increasing thickness of composite films.
Here the same weight of PANI was used in all composite films.
The device exhibited a high stability, e.g., the voltage was
maintained at 0.48 V after a self discharge of 400 s when it was
charged to 0.8 V (Fig. S87). In addition, the specific capacitance
was slightly decreased by less than 5% after bending for
100 cycles (Fig. S97).

Fig. 5a and b schematically show the photocharge and
discharge of such an integrated device. Here the photocharge
was performed under AM1.5 illumination, and the discharge
was made by a galvanostatic method with a constant current
density of 1.4 mA cm ™. Fig. S10f shows the dynamic voltage of
the integrated devices based on bare MWCNT and MWCNT-
PANI composite films during the photocharging process.
Obviously, the voltage was rapidly increased to and maintained
at 0.72 V, which was slightly lower than Vo in the photoelectric
conversion measurement, possibly due to the electric power lost
in the external circuit. Fig. 5¢ and d further exhibit the curves of
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Fig.5 Schematicillustration and performance of an integrated device. (a and b)
Schematic illustrations of an integrated device during photocharging and gal-
vanostatic discharging processes, respectively. (c) The dynamic voltage of the
device with bare MWCNT films as electrodes during photocharging and galva-
nostatic discharging processes. The constant discharge current density is 1.4 mA
cm~2. (d) The dynamic voltage of the device with MWCNT-PANI composite films
as electrodes during photocharging and galvanostatic discharging processes. The
characterizations were made in PVA-H3PO4 electrolyte under AM1.5 illumination.
The constant discharge current density is 1.4 mA cm™2.
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dynamic voltage versus time for the photocharge and galvano-
static discharge based on bare MWCNT and MWCNT-PANI
composite films, respectively. The photocharge was much faster
than the discharge due to a higher photocharging current
density in both cases. For the bare MWCNT film based device,
the voltage was increased to 0.72 V in ~8 s, while it took 35 s to
complete the galvanostatic discharging process. The energy
storage efficiency was calculated as ~84% with an entire
photoelectric conversion and storage efficiency of ~5.12% (see
ESIt). In the case of the MWCNT-PANI composite film, a longer
photocharging time of 33 s was required, which indicated a
better capability of charge loading. Accordingly, the galvano-
static discharge time was increased to ~144 s. The energy
storage efficiency was calculated as ~70% with an entire
photoelectric conversion and storage efficiency of ~4.29%. The
lower energy storage efficiency for the MWCNT-PANI composite
film can be mainly explained by the fact that, for the bare
MWCNT film, the resulting device showed an electric double-
layer capacitor behavior without chemical reactions during the
charge/discharge processes, but for the composite film, some
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Fig. 6 Photograph and characterization of a flexible integrated device. (a)
Photograph of a flexible integrated device during bending. (b) Typical /~V curve
under AM1.5 illumination. (c) The dynamic voltage during photocharging and
galvanostatic discharging processes. The constant discharge current density is
1.4 mA cm™2.
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electrochemical reactions occurred for the consumption of
charges. The cyclic stability of the integrated devices has also
been investigated. The discharge capacitances remained almost
unchanged for bare MWCNT films, and at least 80% was
retained by the MWCNT-PANI composite film over 100 cycles.

As the aligned MWCNT films were highly flexible, a flexible
integrated device was also easily fabricated (Fig. 6a). The
resulting device on the basis of the MWCNT-PANI composite
film showed a Ve of 0.75 V, Jsc of 5.10 mA cm ™2, and FF of 0.61,
which produced an 7 of 2.31% (Fig. 6b). Fig. 6c further shows
the voltage change during the photocharging and galvanostatic
discharging processes. The flexible integrated device was pho-
tocharged to 0.73 V in 183 s and then maintained. Compared
with the rigid counterpart, the relatively long photocharging
time is mainly due to the lower photocurrent during the pho-
tocharge. The galvanostatic discharge time was about 137 sata
discharge current density of 1.4 mA cm 2. The specific capaci-
tance is 83 F g, so the energy storage efficiency was calculated
to be ~34% with an entire energy conversion and storage
efficiency of 0.79%.

4 Conclusions

In summary, we have first developed an integrated device to
realize both photoelectric conversion and energy storage by
using aligned MWCNT films or composite films as electrodes.
Due to the unique structure and remarkable property of the
films, the resulting devices exhibited a high photoelectric
conversion efficiency, high specific capacitance, and high
storage efficiency. In addition, they could be flexible and easily
integrated into portable electronic equipment. This work also
provides an effective paradigm to fabricate various integrated
devices by developing functional nanomaterials.
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