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Fiber-shaped solar cells have aroused intensive attention both
academically and industrially due to their light weight, flexibility,
weavability and wearability. However, low power conversion effi-
ciencies have largely limited their applications. Herein, a novel fiber-
shaped dye-sensitized solar cell is discovered to show a record
power conversion efficiency of 10.00% that far exceeds all other fiber-
shaped solar cells. It is created by the design of new fiber electrodes
with a hydrophobic aligned carbon nanotube core that provides both
high electrical conductivity and mechanical strength and a hydrophilic
aligned carbon nanotube sheath that can effectively incorporate other
active phases. The fiber-shaped solar cells show high flexibility and are
demonstrated to power a pedometer.

Introduction

With the unique advantages of being lightweight, weavable,
wearable, and adaptive to a variety of curved surfaces like our
bodies in comparison with planar photovoltaic devices,"™ fiber-
shaped solar cells are widely studied to possibly revolutionize
the present electronics and reshape the future of electronics
and related fields such as smart textiles>® and soft robotics.”®
Despite the huge application prospect, the current fiber-shaped
solar cells*** suffer from much lower power conversion effi-
ciencies compared with their conventional planar counter-
parts.”**® To this end, the main efforts have been made to
develop high-performance fiber electrodes that are critical in
enhancing the photovoltaic performances of fiber-shaped solar
cells."”*® Generally, for instance, fiber electrodes are expected to
simultaneously possess high mechanical strength, electrical
conductivity and electrochemical activity in the case of fiber-
shaped dye-sensitized solar cells (DSSCs).**2°
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A variety of electrically conducting materials have thus been
extensively investigated for fiber electrodes, evolving from metal
wires and conductive polymer fibers to carbon nanostructured
fibers such as aligned carbon nanotube (CNT) fibers.*** Due to
the unique aligned structure that can effectively extend the
remarkable mechanical, thermal and electronic properties of
CNTs from the nanoscale to the macroscale, the resulting CNT
fibers generally exhibit high mechanical strength, thermal stability
and electrical conductivity.**?® However, they display relatively low
electrochemical activities. A second phase with remarkable elec-
trochemical properties has thus been widely proposed for
enhancement.”*° Unfortunately, due to the hydrophobic nature, it
remains challenging to effectively incorporate other components
through the widely used electrochemical deposition method.**> A
lot of efforts have thus been made to modify aligned CNT fibers to
make them hydrophilic after treatments like plasma.***° Although
it is effective to introduce a second phase with high electro-
chemical activity into hydrophilic CNT fibers, the formation of
a number of defects largely decreases their mechanical strengths
and electrical conductivities®*** that are also critical for the
realization of high power conversion efficiencies. The balance
between these two aspects requires to be struck, which makes it
difficult to achieve higher power conversion efficiencies.

Herein, a novel family of core-sheath CNT (named CS-CNT)
fibers was created by asymmetrically twisting an aligned CNT
sheet with hydrophobic and hydrophilic CNTs at two sides
(Fig. 1a). The core or sheath can be hydrophobic or hydrophilic,
depending on the application requirement. As a demonstration
in the following discussion, we focused on CS-CNT fibers with
a hydrophobic core that provided both high mechanical
strength and electrical conductivity and a hydrophilic sheath
that made it easy to incorporate second phases with high elec-
trochemical activities. When the CS-CNT fiber was used as
a counter electrode to fabricate a fiber-shaped DSSC, a maximal
power conversion efficiency of 10.00% has been achieved. To
the best of our knowledge, it represents the highest power
conversion efficiency among all kinds of fiber-shaped solar cells
including but not limited to DSSCs.
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Experimental section

Preparation of pristine CNT sheets and hydrophilic CNT
sheets

Spinnable CNT arrays were synthesized via chemical vapor
deposition. Pristine hydrophobic CNT sheets were drawn from
the spinnable CNT arrays over a glass slide with two ends covered
with glass strips solidly. The hydrophobic CNT sheets were treated
with an oxygen microwave plasma under an oxygen gas flow rate
of 300 sccm and a power of 300 W (Plasma System 690, PVA Tepla)
to produce hydrophilic CNT sheets. The treatment time was
varied from 5 to 40 min to tune the degree of hydrophilicity.

Preparation and modification of CS-CNT fibers

The hydrophobic CNT sheet was first subjected to oxygen
plasma treatment for the left or right part. An asymmetric twist

[N Hydrophilic
Hydrophobic

Fig. 1 (a) Schematic illustration of the fabrication of a CS-CNT fiber
through an asymmetrical twisting. (b and c) SEM images of a CS-CNT
fiber at low and high magnifications, respectively. (d and e) Cross-
sectional SEM images of the core-sheath fiber containing 25% Si-
modified CNTs as the sheath at low and high magnifications,
respectively. (f) Lateral virtual slice of the core—sheath fiber with the Si
sheath from XRM. (g) 3D volume rendering of the core—sheath fiber
with the Si sheath using visualization and analysis software.
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was then made by using a motor to produce the CS-CNT fiber,
e.g., a hydrophobic core and hydrophilic sheath. Different CS-
CNT fibers with increasing hydrophilic CNT sheet content
from 0 to 100 wt% were prepared. To demonstrate the advan-
tage of the core-sheath structure, Pt-modified CS-CNT fibers
were further synthesized by an electrochemical double potential
step method with a platinum wire and Ag/AgCl electrode as
counter and reference electrodes, respectively. The aqueous
electrolyte consisted of 1 mM K,PtCls and 0.1 M KCIl. The
amount of Pt nanoparticles was determined by the consumed
charge during the electrochemical reaction. The Pt-coated CS-
CNT fiber was prepared by immersing the CS-CNT fiber in H,-
PtCls- 6H,0 aqueous solution (concentration of 5 mg mL ™) for
10 min, followed by pyrolysis in air at 400 °C for 30 min. The Pt
content was determined by the weight increase of the CS-CNT
fiber after the H,PtCls pyrolysis. The resulting modified CS-
CNT fibers were rinsed with deionized water and then dried at
room temperature in ambient air prior to use.

Fabrication of fiber-shaped DSSCs

A Ti wire (diameter of 127 pum) was modified with a TiO,
nanotube array via an anodic oxidation method at a voltage of
60 V for 6 h in 0.3 wt% NH,F/ethylene glycol solution containing
8 wt% H,O in a 40 °C water bath. Afterwards, the Ti wires were
washed with deionized water and annealed at 500 °C for 1 h in
air. Subsequently, the as-prepared wires were treated with
100 mM TiCl, aqueous solution at 70 °C for 30 min and rinsed
using deionized water. Finally, the modified wires were heated
to 450 °C for 30 min, followed by immersion in a mixture of
dehydrated acetonitrile and tert-butanol (1/1, v/v) containing
0.3 mM N719 dye for 16 h after the temperature decreased to
120 °C. The resulting dye-absorbed Ti/TiO, wire serving as
a photoanode was twined with a Pt-modified CS-CNT fiber or Pt
wire to produce the fiber-shaped DSSC. The redox electrolyte
containing 0.1 M lithium iodide, 0.05 M iodine, 0.6 M 1,2-
dimethyl-3-propylimidazolium iodide and 0.5 M 4-tertbutyl-
pyridine in dehydrated acetonitrile was used for testing under
AM 1.5 illumination. The electrolyte for cyclic voltammetry
characterization was a dehydrated acetonitrile solution con-
sisting of 5 mM lithium iodide, 0.5 mM iodine and 0.05 M
lithium perchlorate.

Results and discussion

To prepare a CS-CNT fiber, an aligned CNT sheet was first pulled
out of CNT arrays synthesized by chemical vapor deposition.
The left side of the aligned CNT sheet was then submitted to
oxygen microwave plasma treatment to produce hydrophilic
CNTs (named O-CNTs) with the right side to be the as-prepared
hydrophobic CNTs. After the above modification, no obvious
damages were observed for the aligned structure of O-CNTs,
confirmed by scanning electron microscopy (SEM) (Fig. 1b
and c) compared with pristine CNTs (Fig. S11). The weight ratio
of hydrophobic core and hydrophilic sheath can be tuned by
simply adjusting the width of O-CNTs in the sheet before
twisting, offering a general and effective method to obtain
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various core-sheath fiber materials. For example, a core-sheath
hybrid fiber with a Si sheath can be achieved by just replacing
the O-CNT sheet with a Si-decorated CNT sheet. Here Si was
introduced through an electron beam evaporation process.
Fig. 1d and e show the cross section of a core-sheath fiber with
25% Si-incorporated CNTs outside at low and high magnifica-
tions, respectively. Non-destructive images of the core-sheath
structure were also obtained from the dynamic lateral virtual
slice of the core-sheath fiber using a 3D X-ray microscope
(Fig. 1f). 3D spatial distribution of Si-modified CNTs was clearly
observed via a 3D rendering sketch (Fig. 1g).

Oxygen plasma interacted with CNTs by not only opening the
double bonds but also introducing oxygen-containing func-
tional groups onto the CNT surface,***® such as hydroxyl,
carbonyl, ether and epoxy groups (Fig. S2t), which was also
verified by the significant enhancement of the O 1s peak in the
X-ray photoelectron spectra (Fig. S31). Extending the oxygen
plasma processing time from 0 to 40 min, the hydrophilic

Q
o]

120+

Contact angle (°)
(2] O
e .2

/
|
|

o
o
o

N
o

w |
o
B
o

Processing time (min)
500

Conductivity (S cm™) @

%\\\\\\\\\\\\\\\\\\\&v
-

L

4004
3004
2004
1oo-
/
0

1.2

25 75
O-CNT content (wt%)

-
o
o

1.0

0.8
0.64
0.4
0.2

Resistance ratio (R/IR)) ®

0.0

Bending angle (°)

0 30 60 90 120 150 180 210

View Article Online

Journal of Materials Chemistry A

degree of CNTs went up with the water contact angle decreasing
from 123° to 15° (Fig. 2a) due to the increased oxygen-
containing functional groups. However, the damage of the
-1 conjugated structure of CNTs resulted in the degradation
of mechanical strength (Fig. S41) and electrical conductivity
(Fig. S51) which both decreased severely at processing time
beyond 40 min. Therefore, a processing time of 20 min was
adopted and investigated later.

The CS-CNT fibers with different O-CNT contents were
compared as counter electrodes of fiber-shaped DSSCs. As
shown in Fig. 2b and c, the tensile strength and electrical
conductivity of CS-CNT fibers decreased from 374 to 125 MPa
and 460 to 256 S cm ™ when the O-CNT content increased from
0 to 100 wt%, respectively. Cyclic voltammograms (CVs) were
compared for the catalytic activities of CS-CNT counter elec-
trodes (Fig. 2d), which showed two pairs of oxidation/reduction
peaks in each curve with the left pair corresponding to the redox
action of I;7/I". Typically, a more effective counter electrode
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Fig.2 (a) Water contact angle of modified CNT sheets as a function of O, plasma processing time from 0 to 40 min. (b) Tensile strengths of CS-
CNT fibers with increasing O-CNT content from 0 to 100 wt%. (c) Dependence of electrical conductivity of the CS-CNT fibers on O-CNT
content. (d) Comparison of electrochemical properties of CS-CNT fibers with increasing O-CNT content from 0 to 100 wt%. (e and f) Electrical
resistance of the CS-CNT fiber with 50 wt% O-CNTs as a function of bending angle and cycle, respectively. Ry and R correspond to the
resistances before and after bending, respectively. The bending angle in (f) was 90°.
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yields a lower peak-to-peak voltage separation (V) between the
left pair and a higher peak current density. Interestingly, the
introduced oxygen-containing functional groups together with
the active defects can improve the electrochemical activity of
CNTs.*”*® Compared with bare CNT fibers without the oxygen
plasma treatment, the CS-CNT fibers demonstrated better
performances in catalyzing the reduction of I;~ to I with Vpp
dropping from 0.71 to 0.48 V when the O-CNT content increased
from 0 to 50 wt%. However, V,,, increased to 0.59 V for the total
O-CNT fiber probably due to the deterioration in electrical

View Article Online
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conductivity. Considering the mechanical strength, electrical
conductivity and electrochemical activity, CS-CNT fibers with
50 wt% O-CNTs were mainly discussed if not specified below.
The CS-CNT fiber was highly flexible with only 1.2% variation of
the electrical resistance with bending angles varying from 0 to
180° (Fig. 2e). In addition, the electrical resistance remained
almost unchanged after bending for 10 000 cycles (Fig. 2f).
The O-CNTs can serve as effective platforms for further
modification. Electrochemical deposition of Pt nanoparticles
onto the CS-CNT fiber showed quite distinct morphologies from
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Fig.3 (a and b) SEM images of the Pt/CS-CNT composite fiber with 50% Pt at low and high magnifications, respectively. (c and d) SEM images of

the Pt/CNT composite fiber with 50% Pt at low and high magnifications, respectively. (e) Comparison of electrochemical properties of Pt/CS-
CNT fibers with different Pt contents, Pt/CNT fiber and Pt wire at a scan rate of 50 mV s~ (f) Schematic illustration of a fiber-shaped DSSC with
Pt-composite fiber as the counter electrode. (g) Comparison of J-V curves of fiber-shaped DSSCs using Pt/CS-CNT fibers with different Pt
contents, Pt/CNT fiber and Pt wire as the counter electrodes. (h) J-V curve of the fiber-shaped DSSC with the highest power conversion
efficiency. The inserted table shows the corresponding photovoltaic parameters.
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that onto a pristine CNT fiber (Fig. 3a—d). On one hand, the CS-
CNT fiber had a hydrophilic sheath which made it easy for the
aqueous electrolyte containing K,PtCls to diffuse deeper into
the fiber and react with more CNT bundles without a pre-
impregnation procedure. On the other hand, the oxygen-
containing functional groups and active defects provided
more nucleation sites for Pt nanoparticle deposition.*** As
a result, the Pt nanoparticles presented a smaller particle size
even when 50% Pt was deposited (Fig. 3a and b). The smaller Pt
nanoparticles showed better electrochemical properties with
the same loading amount,* so the Pt-electrodeposited CS-CNT
fiber (Pt/CS-CNT fiber) could catalyze the reduction of I3~
more efficiently.

As expected, the Pt/CS-CNT fiber proved more effective as
a counter electrode for fiber-shaped DSSCs. To optimize the
catalytic activity of the CS-CNT fiber, the cyclic voltammograms
of Pt/CS-CNT fibers with different Pt contents were compared.
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The Pt/CS-CNT fiber with 30% or more Pt nanoparticles
produced lower and similar V,,, (Fig. 3e), while those with 50%
and 70% Pt demonstrated higher peak current densities, i.e.,
higher catalytic activities. The J-V characteristic curves under
AM 1.5 illumination were also compared for the fiber-shaped
DSSCs (Fig. 3f and S67) in Fig. 3g, the corresponding photo-
voltaic parameters of which are summarized in Table S1.f The
open-circuit voltage (Vo) remained adjacent to 0.73 V, while the
short-circuit current density (Jsc) and the fill factor (FF) were
both enhanced from 13.14 to 19.43 mA cm™ > and 0.60 to 0.71
with increasing Pt content from 0 to 50%, respectively. All
photovoltaic parameters were slightly changed when Pt loading
increased further. The optimized power conversion efficiency
(n) was achieved at a Pt content of 50%.

Under the same conditions, the DSSC based on the as-
synthesized CNT fiber without modification demonstrated
a lower 7 of 4.17% (Fig. S71). Note that if Pt was just coated on
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Fig. 4 (a and b) Power conversion efficiencies of the fiber-shaped DSSC as a function of bending angle and cycle, respectively. g and n
correspond to the power conversion efficiencies before and after bending, respectively. The bending angle in (b) was 90°. (c) Five in-series
connected fiber-shaped DSSCs with a length of 3 cm being woven onto a T-shirt. (d) Fiber-shaped DSSCs in (c) under bending and twisting states
(the blue rectangle). (e) Fiber-shaped DSSCs in (c) and (d) connected with a commercial pedometer. The inserted dashed rectangle highlights the
fiber-shaped DSSCs. (f) Step number displayed on the pedometer after 16 times of arm swing under outdoor sunlight.
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the surface of the CS-CNT fiber, the resulting DSSC showed an 7
of 7.21%, compared with 7.78% for the electrochemically
deposited Pt/CS-CNT fiber (Fig. S8f). The electrochemically
deposited Pt/CS-CNT fiber showed higher electrochemical
properties than the Pt wire and Pt-electrodeposited bare CNT
fiber (Pt/CNT fiber). As shown in Fig. 3e, the Pt/CS-CNT fiber
with a Pt content of 50% showed a Vj,, of 0.20 V rather lower
than the Pt/CNT fiber counterpart (0.39 V) and Pt wire (0.57 V).
To exclude the impact of electrode surface area, the normalized
current densities at the reduction peak were provided, where
the Pt/CS-CNT fiber presented a higher current density of —1.83
mA cm™ > compared with the Pt/CNT fiber (—1.49 mA cm ™ 2) and
Pt wire (0.50 mA cm™?). Moreover, the Pt/CS-CNT fiber could
offer more active sites for the reduction of I;~ due to a smaller
nanoparticle size than the Pt/CNT fiber based on the same Pt
amount (Fig. 3a—d). The 7 of the resultant cell was increased by
19% and 64% compared with the Pt/CNT fiber and Pt wire
counterparts, respectively (Fig. 3g and Table S11). A highest
power conversion efficiency of 10.00% was obtained after opti-
mization (Fig. 3h), which exceeded all other fiber-shaped solar
cells.>*9713:1822:39.40 T fylly understand the apparent high effi-
ciency of the prepared fiber cells, further exploration is needed.

Besides the high power conversion efficiency, these fiber-
shaped DSSCs were also flexible. The n was maintained at
86% under bending with increasing angle from 0 to 180°
(Fig. 4a). After bending at 90° for 2000 cycles, the fiber-shaped
DSSC could effectively work with only 18% of the initial power
conversion efficiency sacrificed (Fig. 4b). The fiber-shaped
DSSCs can be further woven onto flexible power textiles
(Fig. 4c) and can also bear a variety of deformations like
bending and twisting (Fig. 4d). They were demonstrated to
power a pedometer effectively and steadily under outdoor
sunlight (Fig. 4e and f).

Conclusion

In conclusion, a new family of hydrophobic core/hydrophilic
sheath CNT fibers was designed to simultaneously realize
high mechanical strength, electrical conductivity and electro-
chemical activity. When they were used as counter electrodes to
fabricate fiber-shaped DSSCs, a record power conversion effi-
ciency of 10.00% has been achieved. These novel fiber elec-
trodes can also be widely explored for high-performance energy
storage devices such as supercapacitors and aqueous lithium-
ion batteries. This work may open up a new direction in the
development of energy materials and devices with high
properties.
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