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Photovoltaic Wire with High Efficiency Attached onto and Detached
from a Substrate Using a Magnetic Field**
Hao Sun, Zhibin Yang, Xuli Chen, Longbin Qiu, Xiao You, Peining Chen, and Huisheng Peng*

Portable electronic equipment represents a mainstream direc-
tion in the future. To this end, it is critically important to
develop portable energy systems such as photovoltaic devices
which should be lightweight and can be easily fabricated and
operated with high performance. Unfortunately, for either
silicon-based, dye-sensitized or polymeric photovoltaic devi-
ces, they generally appear in a heavy plate, which could not
effectively meet the above requirement.?™ In particular, for
the use in many portable electronic facilities such as space-
craft, the photovoltaic devices are further required to be able
to be removed remotely as a physical detachment is not
allowed or available® though it remains unavailable yet.
Recently, some attempts were made to explore solar cells in
a wire format which showed unique advantages such as a light
weight compared with the conventional planar structure.”
The wires can also be interwoven. These photovoltaic wires
shed light on the development of portable electronic equip-
ment. However, they are not responsive to environmental
stimuli and cannot be remotely controlled. In addition, the
wire-shaped solar cells also suffer from much lower energy
conversion efficiencies than their planar counterparts.

To fabricate the novel solar cell which may be fixed onto
and detached from the electronic equipment remotely,
a possible solution is to integrate new responsive function-
alities, for example, they can be remotely operated by
external forces such as magnetic fields. The superparamag-
netic properties of many metal oxide and metal nanoparticles
have been widely studied in recent years and represent ideal
candidates to meet this requirement.”” Herein, we have
developed a new family of dye-sensitized photovoltaic wires
where superparamagnetic metal oxide and metal nanoparti-
cles are incorporated into electrodes. These photovoltaic
wires can be easily attached onto a substrate using a magnetic
field during their use and then removed from the substrate
after their use. These new photovoltaic wires have also
exhibited a record energy conversion efficiency of 8.03% in
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wire-shaped devices." The combined advantages of such
wire-shaped solar cells are promising to various portable and
wearable electronic applications.®

The photovoltaic wire with magnetic response and high
efficiency was realized by designing and synthesizing a series
of nanostructured materials including carbon nanotubes
(CNT), superparamagnetic nanoparticles, and TiO, nano-
tubes. Figure 1a schematically shows the structure of a typical
photovoltaic wire where a CNT composite fiber incorporating
superparamagnetic nanoparticles was twisted with a Ti wire
grown with TiO, nanotubes on the surface. Here the
composite fiber served as a counter electrode, while the
modified Ti wire functioned as the working electrode.
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Figure 1. Photovoltaic wire by twisting a TiO, nanotube-modified
titanium wire which serves as a working electrode and an Fe;O,/CNT
composite fiber which functions as the counter electrode together.

a) Schematic illustration. b) SEM image. c) Higher magnification of

(b).
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CNTs have been widely used as energy materials because
of their remarkable mechanical and electronic properties.’'?!
Generally, they are prepared in forms of powders or films in
which CNTs randomly aggregate into networks. However, the
network structure produces a lot of boundaries which are
unfavorable for the charge separation and transport. Here
aligned CNT fibers have been spun from CNT arrays based on
a dry spinning process. CNT arrays were synthesized by
a chemical vapor deposition process,'*?l and they showed
appropriately 200 um in thickness. A continuous CNT fiber
with a length of up to hundreds of meters could be produced
from such an array, and the diameter of the CNT fiber was
controlled from 6 to 40 um by varying the width of the CNT
bundle that was pulled out of the array. Figure2a shows

Figure 2. Characterization of a Fe;O,/CNT composite fiber and a TiO,-
modified Ti wire. a,b) Scanning electron microscopy (SEM) images of
a bare CNT fiber at low and high magnifications, respectively. c) Trans-
mission electron microscopy (TEM) image of Fe;O, nanoparticles.
d,e) SEM image and Fe mapping image of a Fe;O,/CNT composite
fiber, respectively. f) SEM images of a broken Fe;O,/CNT composite
fiber. g) Higher magnification of the green rectangle area in (f). The
arrow shows the superparamagnetic nanoparticle. h,i) SEM images of
highly aligned TiO, nanotubes which were grown on the surface of

a titanium wire at low and high magnifications, respectively.

a typical scanning electron microscopy (SEM) image of
a CNT fiber with a uniform diameter of 25 pm. As the
building CNTs are highly aligned (Figure 2b), the resulting
fiber exhibited excellent physical properties, for example,
a light weight with a density of 0.54 gcm ™, tensile strength of
up to 600 MPa, and electrical conductivity on the order of
10>-10° Scm™'. The CNT fiber was also highly flexible and did
not break under bending for more than a hundred cycles.
Two representative superparamagnetic systems, that is,
Fe;O, and Ni nanoparticles, were studied as two examples in
this work. Fe;O, nanoparticles had been most investigated for
the excellent superparamagnetic property and were synthe-
sized by a co-precipitation method.'>' An average diameter
of 8 nm was obtained from the transmission electron micros-
copy observation (Figure 2¢). Powder X-ray diffraction was
further used to investigate the nanocrystalline structure of
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Fe;O, nanoparticles (see Figure S1 in the Supporting Infor-
mation). A cubic inverse spinel structure has been verified
with characteristic peaks of (220), (311), (400), (422), (511),
and (440). The Fe;O, nanoparticle could be well dispersed in
water. To produce composite fibers, CNT bundles close to the
array were pulled through Fe;O, nanoparticle dispersions
(Figure S2). The Fe;0, content could be easily tuned by the
concentration of Fe;O, nanoparticles (Figure S3). Figure 2d
shows SEM image of a typical Fe;O,/CNT composite fiber
with a uniform diameter and a smooth surface. The Fe
mapping image was further used to study the structure of
a composite fiber (Figure 2¢), and the red dots correspond to
Fe elements. Obviously, Fe;O, nanoparticles are uniformly
dispersed in the CNTs, which is also verified by SEM.
Figure 2f and g show cross-sectional images of a breaking
part in the composite fiber. Fe;O, nanoparticles with a diam-
eter of 8 nm were stably attached on the CNTs, and no
obvious aggregation had been observed. Ni nanoparticles had
also been studied as they are commercially available. The Ni
nanoparticle with an average diameter of appropriately 20 nm
was used here (Figure S4). Similar to the Fe;O, nanoparticle,
Ni nanoparticles could also be uniformly incorporated into
the CNT fiber (Figure S5).

Aligned TiO, nanotubes were grown on the surface of
a titanium wire by electrochemically anodizing a pure tita-
nium wire.'”! Figure 2 h shows that the modified titanium wire
is uniform in diameter, that is, the TiO, nanotubes have the
same length. Figure 21 further shows that the TiO, nanotubes
are uniform with diameter of about 100 nm and a wall
thickness of about 30 nm.

The magnetic properties of CNT composite fibers were
studied by a superconducting quantum interference device at
300 K. Obviously, the synthesized composite fiber exhibit
a superparamagnetic behavior confirmed by zero coercivity
and remanence on the hysteresis loop (Figure 3a and Fig-
ure S6). Different saturation magnetizations were obtained
for different weight percentages of Fe;O, nanoparticles. High
saturation magnetizations of 17.9 and 7.0emug ' were
obtained for the composite fibers with 16.6% Fe;O, and
11.2% Ni nanoparticles, respectively. The magnetic property
of the composite fibers was also shown in Figure 3b and c. A
composite fiber with 16.6% Fe;O, nanoparticles showed
a tensile strength of 600 MPa, and could hold a heavy object
at the end (Figure 3¢). When a magnet was approaching the
fiber, it was rapidly attracted to the magnet.

A bare CNT or CNT composite fiber could be then
twisted with a modified Ti wire to produce a photovoltaic
wire. Because of the high flexibility, the CNT fiber could be
closely and stably bundled with the Ti wire (Figure 1b and c),
which is critically important for the high performance of the
photovoltaic wire. As expected, the resulting photovoltaic
wire could also be stably attached on a magnet. In Figure 3d
and e the two devices are compared. The device on top is
without Fe;O, nanoparticles in the counter electrode and the
device at the bottom uses Fe;O, nanoparticles incorporated
into the counter electrode. Obviously, only the bottom device
was attracted on the magnet. Two videos had been provided
for the responsive process in the Supporting Information
(Videos S1 and S2).
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Figure 3. Magnetic responses of the superparamagnetic nanoparticle-
based composite fiber and the resulting photovoltaic wire. a) Hyste-
resis loop of the composite fibers with different weight percentages of
superparamagnetic nanoparticles. b,c) Photographs of a superparamag-
netic nanoparticle/CNT composite fiber (at a diameter of about
25 pm) before and after being close to a magnet, respectively.
d,e) Photographs of two photovoltaic wires before and after a magnet
was moved close to them at the same distance. The top device was
fabricated by twisting a bare CNT fiber and a modified titanium wire,
while the bottom one was fabricated by twisting a superparamagnetic
nanoparticle/CNT composite fiber and the same modified titanium
wire. Here Fe;O, nanoparticles with an average diameter of 8 nm had
been studied.
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Figure 4 shows the J-V characteristics of the photovoltaic
wires using a bare CNT fiber and Ni/CNT composite fibers
with an increasing amount of superparamagnetic nanoparti-
cles as counter electrodes and a Ti wire being impregnated
with aligned TiO, nanotubes (length of 30 pm) as the working
electrode under the same condition. These photovoltaic wires
were measured under AM 1.5 illumination (spectral distri-
bution of sunlight at a zenith angle of 48.2°; AM = air mass;
100 mW cm?), and the photovoltaic parameters are com-
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Figure 4. J-V curves of the photovoltaic wires by bare CNT fiber and
Ni/CNT composite fibers as counter electrodes. Ni/CNT composite
fibers with different weight percentage of Ni were used as counter
electrodes. A TiO,-modified Ti wire which was grown with TiO,
nanotubes on the surface (length of 30 um) had been used as the
working electrode. The photovoltaic wires were measured under AM
1.5 illumination.
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pared in Table 1. Here the effective area was calculated by
multiplying the length and diameter of the working electrode
in the wire cell. Although the open-circuit voltage (V)
remained almost unchanged, both the short-circuit current

Table 1: Photovoltaic parameters of photovoltaic wires based on bare
and composite CNT fibers with different weight percentages of Ni as
counter electrodes.

Group Voc V] Jsc [mAcm™?) FF h (%]
CNT 0.729 13.99 0.497 5.07
5.06% Ni/CNT 0.730 14.22 0.538 5.58
10.62% Ni/CNT 0.734 14.30 0.565 5.93
11.20% Ni/CNT 0.733 14.43 0.571 6.04

density (Jsc) and the fill factor (FF) were continuously
enhanced with increasing Ni weight percentage. Accordingly,
the energy conversion efficiency was largely increased, for
example by appropriately 20% in the case of a composite
fiber with a Ni weight percentage of 11.2% compared with
the bare CNT fiber.

The increased efficiency can be explained by the fact that
Ni nanoparticles also showed a high electrocatalytic activ-
ity.">'®l Figure S7 shows typical cyclic voltammograms for
composite fibers with increasing content of Ni nanoparticles.
Two pairs of oxidation/reduction peaks have been observed in
all curves, and the left corresponds to the redox reaction of
I;7/I". Generally, both higher peak current density and lower
peak-to-peak voltage separation correspond to a higher
catalytic activity. Here the reduction peak current density
was increased while the peak-to-peak voltage separation
decreased with increasing Ni content of the composite fibers.
On contrast, both peak current density and peak-to-peak
voltage separation remained almost unchanged with an
increasing content of Fe;O, nanoparticles (Figure S8). The
three photovoltaic parameters Vo, Jse, and FF of the
resulting photovoltaic wires had also been maintained, and
the energy conversion efficiencies were similar (Figure S9 and
Table S1).

To further improve the catalytic activity and the cell
performance, platinum (Pt) nanoparticles were further elec-
trodeposited onto the superparamagnetic nanoparticle/CNT
composite fiber by a double potential step electrochemical
method.'”! The Pt weight percentage could be controlled
between 3.85 and 44.6 %, and Figure S10 shows a typical SEM
image of Pt nanoparticles with an average diameter of
appropriately 30 nm coated on the surface of the composite
fiber. Figures S11-13 have compared cyclic voltammograms
of the Pt nanoparticle-deposited superparamagnetic nano-
particle/CNT composite fibers and a Pt wire. Obviously, the
Pt deposition favored a higher electrocatalytic activity than
both a bare Pt wire and superparamagnetic nanoparticle/CNT
composite fibers. As expected, the resulting photovoltaic wire
with the Pt deposition exhibited a record efficiency of 8.03 %
(Figures S14 and S15).1% For comparison, a Pt wire had also
been used as the counter electrode to fabricate the photo-
voltaic wire under the same condition, and an efficiency of
6.52% was produced (Figure S16). To verify the obtained J,
in these wire cells, the incident photon-to-electron conversion

Angew. Chem. Int. Ed. 2013, 52, 8276 -8280


http://www.angewandte.org

efficiency was measured as a function of the wavelength
(Figure S17). A high maximum value of 83 % was typically
obtained at a wavelength of 550 nm.

Superparamagnetic nanoparticles were introduced into
the photovoltaic wire during the fabrication. If such nano-
particles were directly attached to the outer surface of the
photovoltaic wire by a solution process after it had been
fabricated, the cell structure would be destroyed. In addition,
the nanoparticles would be peeled off under bending during
the use. Furthermore, the attached nanoparticle layer would
reflect the incident light, and lower energy conversion
efficiencies of the photovoltaic wires were produced. There-
fore, it is critically important to incorporate Fe;O, nano-
particles into the fiber electrode at the beginning step of the
synthesis.

The photovoltaic wire could be further extended to store
the produced electric energy by integrating a supercapacitor
with a high performance (Figure S18). The storage efficiency
was calculated to be about 62.9 %, and the total photoelectric
conversion and storage efficiency can be then obtained by
multiplying the photoelectric conversion efficiency and
storage efficiency, which was appropriately 4.7% (Fig-
ure S19). The calculation processes are detailed in the
Supporting Information.

In conclusion, this work has developed novel photovoltaic
wires which could be repeatedly attached onto and detached
from substrates like a post-it paper by incorporation of
superparamagnetic nanoparticles. The reversible operations
are remotely controlled by magnetic fields. The introduction
of the superparamagnetic nanoparticle has also greatly
improved the performance of photovoltaic wires. To the
best of our knowledge, they have exhibited a record energy
conversion efficiency of 8.03% in wire-shaped devices. The
combined advantages are promising to the portable and
wearable electronic applications. This work also provides
a fabrication method for the development of new energy
devices.

Experimental Section

The synthetic details of CNT arrays and Fe;O, nanoparticles are
described in the Supporting Information. Fe;O,/CNT and Ni/CNT
composite fibers were then prepared by a dry spinning process. A
spinnable CNT array was first fixed on a clean substrate. To produce
composite fibers, CNT bundles were pulled out of the array and
through the superparamagnetic nanoparticle dispersion (Figure S2).
Composite fibers with different Fe;O, and Ni contents were
controlled by varying the concentrations of their dispersions in
water, respectively. The fibers were dried in vacuum prior to the
fabrication of photovoltaic wires. Pt nanoparticles were electro-
deposited onto CNT composite fibers by a double potential step
method in a conventional glass container at room temperature. The
electrolyte was composed of 1 mm K,PtCls and 0.1m KCI in water. A
platinum wire and a Ag/AgCl/KCl electrode were used as counter and
reference electrodes with the first step at E1 of 0.5 V for 10 s and the
second step at E2 of —0.7 V for 10 s, respectively. The resulting fibers
were then washed with deionized water and dried in vacuum prior to
use. Aligned TiO, nanaotube arrays were grown on the surface of a Ti
wire by an electrochemical anodization in 0.3 wt% NH,F/ethylene
glycol solution containing 8 wt % H,O at voltages of 60 V for 6 h. The
anodization was performed in a two-electrode electrochemical cell
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with the Ti wire (diameter of 127 um and purity of 99.9%) and Pt
sheet as anode and cathode, respectively. The resulting wires were
washed with deionized water twice to remove the electrolyte,
followed by heating to 500°C for 1 h and annealing in air.

To fabricate the photovoltaic wire, the modified Ti wire was first
immersed in a 40 mm TiCl, aqueous solution at 70°C for 30 minutes,
and then rinsed with deionized water, followed by annealing again at
450°C for 30 minutes. After the temperature was decreased to 120°C,
it was immersed into 0.3 mm N719 solution in a mixture solvent of
dehydrated acetonitrile and tert-butanol (volume ratio of 1/1) for
16 h. Finally, the dye-absorbed working electrode was twisted with
a CNT fiber, Fe;O,/CNT fiber or Pt/Fe;O,/CNT fiber as counter
electrode to form a wire cell which can be sealed in a capillary glass
tube or transparent flexible fluorinated ethylene propylene tube. Two
electrodes were extracted and modified by indium. The redox
electrolyte (containing 0.1m lithium iodide, 0.05M iodine, 0.6M 1,2-
dimethyl-3-propylimidazolium iodide, and 0.5M 4-tert butyl-pyridine
in dehydrated acetonitrile) was introduced to the cell prior to the
characterization.
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