Published on 19 April 2016. Downloaded on 11/07/2016 09:42:59.

Joumal of

Materials Chemistry A

COMMUNICATION

ROYAL SOCIETY

OF CHEMISTRY

View Article Online
View Journal | View Issue,

CrossMark
& click for updates

Cite this: J. Mater. Chem. A, 2016, 4,

Integrating photovoltaic conversion and lithium
ion storage into a flexible fibery

7601 Hao Sun,? Yishu Jiang,? Songlin Xie,® Ye Zhang,? Jing Ren,® Abid Ali,?

Received 20th February 2016
Accepted 19th April 2016

DOI: 10.1039/c6ta01514j

www.rsc.org/MaterialsA

Flexible electronics has witnessed the rapid advancement of fiber-
shaped energy devices, particularly fiber-shaped integrated devices
that simultaneously realize energy conversion and storage in a single
fiber. However, it remains challenging to produce integrated energy
fibers with enhanced energy storage capacities and output voltages,
and meanwhile retain the high flexibility and integration. Here, we
demonstrate a novel family of integrated energy devices by integrating
photoelectric conversion and lithium ion storage into a flexible fiber.
The fiber-shaped integrated energy device exhibits a core—sheath
structure with the photoelectric conversion part at the sheath and the
lithium ion storage part at the core. It simultaneously displays a high
energy storage capacity and output voltage. The integrated energy
fibers are lightweight, flexible and weavable, and represent promising
candidates to power the next-generation portable and wearable
electronic devices. The results presented here could provide inspira-
tion for the development of high-performance integrated devices.

Flexible and wearable electronics is inspiring scientists to
design and fabricate various powering systems with high flexi-
bility and integration.' To this end, fiber-shaped energy har-
vesting and storage devices are particularly promising due to
the combined advantages of being lightweight, flexible and
weavable compared with the conventional planar or blocky
structures.” Fiber-shaped solar cells,'*** supercapacitors**°
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and lithium-ion batteries*>** have been intensively explored in
recent years. Generally, two fiber electrodes coated with active
materials were wound together to produce a fiber-shaped energy
harvesting or conversion device. In order to further reduce the
size and enrich functionality, it is necessary to integrate the
photoelectric conversion and electrochemical storage into
a single fiber-shaped device. Some efforts have thus been made
to integrate a dye-sensitized or polymer solar cell and a super-
capacitor typically by sharing a fiber electrode.”*** However, the
electrochemical storage part has been fully charged by the
photoelectric conversion part within a few seconds due to the
low energy density of the supercapacitor part. In addition, the
output voltages are obviously too low to power various elec-
tronic devices for practical applications.

In this communication, we have developed a novel family of
energy devices by integrating photoelectric conversion and
lithium ion storage into a flexible fiber. The fiber-shaped inte-
grated energy device (FIED) shows a core-sheath structure with
the photoelectric conversion (PC) part at the sheath and the
lithium-ion storage (LS) part at the core. It simultaneously
displays a high photoelectric conversion efficiency and energy
storage capability, with an output voltage up to 2.6 V to power
the next-generation electronic devices.

The fabrication process of the FIED is schematically illus-
trated in Fig. 1. Briefly, LiMn,0O, (LMO) and Li,TisO,, (LTO)
nanoparticles were incorporated with aligned multi-walled
carbon nanotube (MWCNT) fibers via a biscrolling method,
serving as positive and negative electrodes of the LS part,
respectively. A layer of the gel electrolyte was coated onto
aligned MWCNT/LMO and MWCNT/LTO fibers, followed by
wrapping on a rubber fiber (diameter of 500 um) (Fig. 1a) and
encapsulating into a heat-shrinkable tube (diameter of
~1.5 mm) to complete the LS part (Fig. 1b). An aligned MWCNT
sheet was then wrapped on the surface of the above heat-
shrinkable tube (Fig. 1c). Separated PC segments were formed
by the use of paper masks prior to the wrapping process
(Fig. 1d). The following fiber was then inserted into spring-
shaped photoanodes (Fig. 1e), followed by injection of the
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Fig. 1 Schematic illustration to the fabrication process of the fiber-shaped integrated energy device (FIED).

liquid electrolyte and encapsulation of each PC unit in one
heat-shrinkable tube, and the overall diameter of the FIED was
measured to be ~2.5 mm. The output voltage of the PC part
should be higher than the charging voltage of the LS part. To
this end, several neighbouring PC units were connected by

MWOCNT sheets with the assistance of silver paste (Fig. 1f). The
resulting FIED shows a core-sheath structure with the PC
unit at the sheath and the LS part in the core (Fig. S1}). The
integration of LS was used to achieve high energy storage
capability.

Fig.2 SEM images of the structure of the FIED. (a) Spring-shaped photoanode on a plastic tube (aligned MWCNT sheet being wrapped on the
surface). (b) and (c) Aligned MWCNT sheet and titanium dioxide nanotubes, respectively. (d) Joint point of two neighboring PC units. The aligned
MWCNT sheet was wrapped on the outer surface to fasten the Ti wire. (e) Cross-sectional image of an FIED with the two arrows indicating two
fiber electrodes. (f) and (g) Aligned MWCNT/LMO fiber at low and high magnifications, respectively. (h) and (i) Aligned MWCNT/LTO fiber at low

and high magnifications, respectively.
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Fig. 2a shows a typical scanning electron microscopy (SEM)
image of the PC part. The MWCNT remained highly aligned to
favor a rapid charge transport on the electrode (Fig. 2b). Tita-
nium dioxide nanotube arrays were perpendicularly grown on
the surface of the spring-shaped titanium wire (screw pitch of
~1 mm) via an anodic oxidation method (Fig. 2c). A close
contact between the MWCNT sheet and Ti wire was found at the
connecting point of the neighboring unit due to the use of silver
paste that was filled in the voids to reduce the contact resistance
(Fig. 2d). A cross-sectional SEM image demonstrated a core-
sheath structure with the twisted MWCNT/LMO and MWCNT/
LTO fibers in the LS core (Fig. 2e). Aligned MWCNTs served as
a conductive scaffold to provide a low electrical resistance, while
LMO and LTO were well dispersed within MWCNT bundles to
provide high energy storage capability (Fig. 2f-i). The MWCNT/
LTO hybrid electrode was further coated with a thin layer of
graphene oxide to enhance the structural stability of the elec-
trode.”* No binder, conducting diluent and metal current
collector were required, making the FIED lightweight.

The photovoltaic conversion and energy storage properties
were carefully investigated and presented in Fig. 3. A single PC
unit demonstrated a power conversion efficiency of 6.05% with
an open-circuit voltage of 0.68 V (Fig. S3T). Importantly, the
open-circuit voltage was about 7.5 times of a single one, i.e., 5.12
V, at a unit number of 8 with the same short-circuit current of
~200 pA (Fig. 3a). The overall optical status can be enhanced by
adopting some efficient strategies, for instance, introducing
a diffusion reflector or a micro-light concentrating groove at the
PC part, which can increase the output power.>® For the LS part,
the voltage profiles in charging and discharging at a current of
0.02 mA showed a high coulombic efficiency of over 95%
(Fig. 3b). The discharging plateau voltage was increased from
2.2 to 2.5 V with decreasing discharging currents from 0.05 to
0.01 mA, indicating a stable operation of the LS part at a variety
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of discharging currents (Fig. 3c). A high mass specific capacity
of 112 mA h g™" had been achieved at 0.01 maA; it was deter-
mined by the MWCNT/LTO electrode and may be further
enhanced by increasing the amount of active materials or being
replaced with the other electrodes. The specific capacity had
been maintained at 88% after 100 charging/discharging cycles
with a coulombic efficiency of almost 100% (Fig. 3d).

A switch was incorporated between the PC and LS parts to
realize the photocharging and discharging processes. Under
illumination, the switch was turned on and the dye molecules
on the photoanode of the PC part were excited to the excited
state, followed by injecting electrons to the conduction band of
titanium dioxide,”” and the LS part was charged by the PC part.
During the discharging process, the switch between the PC and
LS parts was turned off, and the LS part began to discharge to
the external circuit. The output voltage from the PC part should
exceed the charging voltage plateau of the LS part, so the PC
parts with increasing repeating units of 5, 6, 7 and 8 had been
studied and compared. They were photocharged under the
illumination of simulated AM1.5 solar light and discharged at
0.05 mA when the output voltage reached 3.3 V (Fig. 4a). For 5
units, the voltage of the LS part rapidly exceeded 2.5 V and
suffered from a very slow increase to below 3.3 V for more than
600 s. Even when the LS part was discharged at 3 V, the voltage
had been rapidly decreased to 1.5 V without a typical dis-
charging plateau, indicating an unsuccessful photocharging
process due to a low photovoltage. In the case of 6 units,
a successful photocharging process had been achieved, which
was certified by a more rapid increase in voltage from 1.5 to
3.3 V within 150 s and an obvious discharging plateau. The
photocharging time had been further reduced to 115 and 86 s
for 7 and 8 units, respectively (Fig. 3a). Note that the photo-
charging voltage was also affected by the electrical resistances
of PC and LS parts. Due to the resistance of the PC part, the
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Fig.3 (a) Current-voltage curves of PC parts with increasing unit numbers. (b) Charging and discharging profiles of an LS part at a current of 0.02
maA. (c) Discharging curves of an LS part with increasing currents from 0.01 to 0.05 mA. (d) Cyclic performance of an LS part during 100 charging/

discharging cycles.
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Fig. 4 Photocharging and discharging performances of the FIED. (a) Photocharging and discharging curves with increasing PC units. The
photocharging process was performed under the illumination of simulated AML.5 solar light (100 mW cm™2). Discharging current, 0.05 mA. (b)
Photocharging and discharging curves with eight PC units with increasing discharging current. (c) Photocharging and discharging curves at
different angles of incident light. Discharging current, 0.05 mA. (d) Photocharging and discharging curves with different power densities of

incident light. Discharging current, 0.05 mA.

actual charging voltage for the LS part was lower than the open-
circuit voltage of the PC part. The total photoelectric conver-
sion and energy storage efficiency had been increased with the
increasing PC unit, attributed to a combined effect of
a decrease in charging time and an increase in the effective
photoanode area. Once fully photocharged, the FIED can
discharge at a variety of currents from 0.01 to 0.1 mA (Fig. 4b). A
high energy density of ~22 W h kg™' (~15.3 W h cm™>) had
been achieved, one to two orders of magnitude larger
compared with previous reports based on supercapacitors, as
well as a comparable power density of ~800 W kg™ " (~0.54 W
em?). The energy and power densities are also higher than
those of planar lithium thin-film batteries (1-10 mW h cm 3
and 107 % to 10> W cm ™ 3).?®

As expected, the photocharging and discharging curves of
the FIED remained almost unchanged with the increasing angle
of incident light from 0 to 180° because the power conversion
efficiencies at the PC part were independent of the incident
angle based on the fiber shape (Fig. 4c). Therefore, the FIED can
harvest light from various directions and is particularly suitable
for indoor applications with abundant scattered light. The
dependence of photocharging and discharging performance on
incident light intensity was also investigated (Fig. 4d). With
decreasing light intensity from 100 to 60 mW cm™ >, the pho-
tocharging time of an FIED containing eight PC units was
increased from 95 to 150 s, attributed to decreased photo-
generated current and voltage of the PC part. The specific
capacities were well maintained with a fluctuation below 10%.
The independence of the performance on the light intensity
provides advantages in many fields, e.g., for wearable applica-
tions under weak light.
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The FIED was lightweight (Fig. 5a) and flexible (Fig. 5b), so it
can be readily woven for smart clothes that can harvest light and
store it at daytime, and discharge to power electric devices at
night. As a demonstration, a smart glove was fabricated based
on the FIED and used to power two light emitting diodes con-
nected in parallel. Upon illumination, light was converted to
electric energy and stored in the LS part (Fig. 5¢). When dis-
charging in the dark, the stored electrochemical energy was
converted to electric energy to light up the light emitting diodes
(Fig. 5d).

Fig. 5 (a)and (b) Photographs of an FIED model product on the leaves
and under bending, respectively. (c) and (d) Photographs of an FIED
being woven into a sport glove for photocharging (under AM1.5 illu-
mination) and powering two light emitting diodes in the dark,
respectively.
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The liquid electrolyte is used in the PC part which requires
a careful encapsulation to avoid possible leakage, so a solid-state
one can be designed to solve this problem for practical applica-
tions.>?® Similarly, the currently used switch may be inconve-
nient for practical applications, and a microelectronic chip
containing a voltage detector can be incorporated for smart
control. When the voltage of the LS part exceeds the set value, the
circuit between the PC and LS parts can be automatically cut off.
The energy storage performance of the integrated system can be
increased by incorporating more active materials into the fiber
electrode. For instance, an extended discharge time was realized
by using ~5 times more electrode materials at the LS part, and
represented an ~5-time enhancement on the capacity at the same
current (Fig. S51); the discharge plateau can be raised from 2.2 to
2.6 V by incorporating amorphous carbon (25 wt%) into the
MWCNT/LMO composite electrode to enhance the rate perfor-
mance, accompanied by a decrease in the capacity (Fig. S6T).**
The other rechargeable fiber-shaped energy storage devices with
higher capacity such as a lithium sulphur battery can be also used
to enhance the energy storage.*” More efforts are underway to
further improve the energy harvesting and storage performance.

In summary, a new fiber-shaped integrated device that can
simultaneously and effectively realize energy conversion and
storage is developed by making the photoelectric conversion at
the sheath and lithium ion storage at the core. Both high pho-
tovoltages up to 5.12 V and high output voltages up to 2.6 V are
achieved to power various electronic devices. It is lightweight,
flexible and weavable, and represents a promising candidate to
support the next-generation portable and wearable electronics.
Avariety of integrated energy and electronic devices may be also
produced on the basis of the same strategy by incorporating
lithium ion batteries or other batteries.
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