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ABSTRACT: The mechanical and electrochemical properties are coupled through a piezo-electrochemical effect in Li-
intercalated carbon fibers. It is demonstrated that this piezo-electrochemical effect makes it possible to harvest electrical energy
from mechanical work. Continuous polyacrylonitrile-based carbon fibers that can work both as electrodes for Li-ion batteries and
structural reinforcement for composites materials are used in this study. Applying a tensile force to carbon fiber bundles used as
Li-intercalating electrodes results in a response of the electrode potential of a few millivolts which allows, at low current densities,
lithiation at higher electrode potential than delithiation. More electrical energy is thereby released from the cell at discharge than
provided at charge, harvesting energy from the mechanical work of the applied force. The measured harvested specific electrical
power is in the order of 1 μW/g for current densities in the order of 1 mA/g, but this has a potential of being increased
significantly.
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■ INTRODUCTION

In this paper we demonstrate the possibility to harvest electrical
energy directly from the mechanical work of a force applied to
carbon fiber bundles, by using the fibers simultaneously as an
electrode in a Li-ion battery cell. Energy harvesting consists of
capturing energy from surrounding sources, converting it and
storing it into a usable form.1,2 Recent advances in small size
and low-power design electronics allowed the use of micro-
energy harvesting technologies to move closer toward wireless
autonomous electronic devices.3 Energy in various forms is
harvested from the human body or the environment which can
generate microwatt or milliwatt level power.1,3,4 Microenergy
harvesting from kinetic energy (motion or vibrations) is
generally the most versatile and ubiquitous.5 Kinetic energy is
often converted into electrical energy using piezoelectric
harvesters that have operating frequencies of typically 100−
1 000 Hz,3 are small, light, and have advantageous energy
densities.1,6 Lead zirconate titanate (PZT) piezoceramics have

high piezoelectric coupling and energy conversion rate but are
too brittle to take general shape.1

Rechargeable batteries are the primary electrical energy-
storage medium for today’s mobile and wearable electrical
devices, although with inherent demand of external input in
form of contacting and charging. Li-ion batteries are particularly
attractive for their high specific energy, high operating voltage,
and very slow self-discharge, but efforts are made to increase
their rate capability.7 Intermediate modulus polyacrylonitrile-
based (PAN) carbon fibers electrodes exhibit promising specific
electrochemical storage (Li-intercalating) capacities as battery
electrodes.8−10 Using carbon fiber electrodes, instead of today’s
mesocarbon microbeads (MCMB) powder form graphite,
allows the electrode to carry mechanical loads.11−13 In fact,
carbon fibers retain their high stiffness and strength even after

Received: March 24, 2015
Accepted: June 10, 2015
Published: June 10, 2015

Research Article

www.acsami.org

© 2015 American Chemical Society 13898 DOI: 10.1021/acsami.5b02585
ACS Appl. Mater. Interfaces 2015, 7, 13898−13904

www.acsami.org
http://dx.doi.org/10.1021/acsami.5b02585


large amounts of Li have been intercalated.11,13 Recently a
piezo-electrochemical effect was found in lithiated carbon
fibers.14 When lithium ions are intercalated (inserted) into the
carbon fiber electrode it swells12 causing the fiber to expand
both longitudinally and radially. This is a well-known effect in
most electrode materials. However, it was also found that the
electrical potential of the carbon fiber electrode changes when a
mechanical load is applied in a similar way to a piezo-electric
material. A clear physical explanation for the potential change
due to mechanical loads is still pending. Previous work has used
a similar effect in intercalated graphite for electrochemical
actuator applications because of the low coupling factor it
provides (i.e., high voltage-induced stress, contrary to piezo-
electrics which have low voltage-induced strain).15−17 The
possibility to harvest and store energy in a single device has also
been demonstrated using piezo-electric materials as separator in
a lithium-ion battery coin cell, where an external alternating
mechanical load was used for charging the battery.19,20

The aim of this paper is to demonstrate the possibility to
harvest energy using lithium intercalated load carrying carbon
fiber electrodes. This might be achieved by converting the
energy from mechanical work of an external force applied to the
Li-intercalated carbon fiber electrode releasing more electrical
energy during discharge than provided at charge of the same
capacity by using this piezo-eletrochemical effect. Energy
harvesters with high strength, flexibility, conceivable internal
storage capability and with general shape might thus be
obtained using carbon fiber electrodes in a Li-ion battery-like
device.18

■ EXPERIMENTAL SECTION
Materials and Test Specimen Design. This study was

conducted on PAN-based carbon fiber bundles of Torayca T800HB
6K 40B P1 BB 223tex and unsized Toho Tenax IMS65 24K 830tex.
These grades are particularly favorable due to their high tensile
strength and elastic modulus and good electrochemical specific
capacities to intercalate Li which can be up to 300−350 mAh/g at
low current densities (charge/discharge current per electrode mass)
when the diffusion of Li in the electrolyte and carbon fiber bundle is
not rate limiting.9,10 Test specimens made of carbon fiber bundles
were designed and manufactured for multifunctional experiments, i.e.,
for use in strain-controlled mechanical tests and as electrode in Li-ion
cells simultaneously, as shown in Figure 1. The IMS65 bundle was split
into a lighter one of about 12 600 filaments (estimated by weighing) to
ease the diffusion of Li in the bundle).

The specimens were manufactured from dry carbon fiber bundles
according to a method previously described.11 The end tabs were
about 67 mm long × 18 mm wide × 2 mm thick. The specimen gauge
length, i.e., the length of the carbon fiber bundle between the end tabs
was 108 mm. The mass of the carbon fiber electrode facing the Li
metal electrode was 20 mg for the T800 bundle and 33.5 mg for the
IMS65 bundle. The specimen dimensions were made suitable for the
tensile test rig and for the external extensometer and to facilitate the
use of the specimens as an electrode in electrochemical cells. The Li-
ion cell used, as shown in Figure 1a, was manufactured in a glovebox
under inert argon atmosphere with less than 1 ppm oxygen and water
at ambient temperature. The cell consisted of a carbon fiber working
electrode (specimen), a glass microfiber separator (Whatman GF/A,
260 μm thick, 90% porosity) impregnated with 1200 μL of 1.0 M
LiPF6 in EC:DEC (1:1 w/w, LP40 Merck) electrolyte and a Li metal
counter electrode. Copper and nickel foils were used as current
collector tabs. The layup was packed in a vacuum sealed bag (Skultuna
Flexible, PET/Al/PE, 12 μm/9 μm/75 μm thick). The bag was sealed
over ∼15 mm with sealant tape on the specimen end tabs. Each end
tab was partly out of the bag to allow direct gripping of the tester on
the specimen and direct measurement of the strain in the carbon fiber
bundle between the end tabs with an external extensometer (to
remove the compliance of the loading system and of the grips). All
cells were subjected to a preliminary characterization and a couple of
electrochemical charging/discharging cycles at a low constant
reference current density (13.6 mA/g for the T800 and 15 mA/g
for the IMS65 specimens, respectively) to be in an electrochemical
state which could be considered reproducible.

Experimental Setup. An external extensometer Instron 2620-601
with a 162.5 mm gauge length was used to measure the strain between
the end tabs. The mechanical tester was an Instron 5567 equipped
with a 5 kN load cell and pneumatic grips which maintain a constant
force to the specimen end tabs during long-lasting tests. The cell
current collectors were connected to a Solartron 1286 Electrochemical
Interface potentiostat controlled with the CorrWare software. Figure
1c shows a finished cell in the grips of the mechanical tester and
connected to the potentiostat.

Electrochemical Framework. The Li metal counter electrode can
be considered as an infinite source of Li with a constant electrode
potential independent of current density and thus also serving as a
reference electrode in the system. The change in the cell potential
thereby corresponds to the change in the carbon fiber electrode
potential vs Li/Li+. The term lithiation is used to indicate the
intercalation (insertion) of Li in the carbon fiber electrode and
delithiation is for the extraction of the same.

The term state of charge (SOC) is used herein to indicate the
degree of lithiation of the carbon fiber electrode, i.e., a measure of the
amount of Li intercalated in the carbon fiber electrode. Here, fully

Figure 1. (a) Test specimen consisting of a carbon fiber bundle is used as an electrode and composite end tabs allow applying an axial mechanical
force to the bundle. (b) Side-view of the setup in part a to show the current collector and electrode setup. (c) Photo of experimental setup.
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intercalated corresponds to lithiation at a low constant current density
down to 0.002 V vs Li/Li+ and a subsequent polarization at constant
potential (about 0.030 V vs Li/Li+) to stabilize the cell potential. The
Li in the carbon fiber electrode was extracted at low current density
until the electrode reached a potential of 1.50 V vs Li/Li+, and this
state was defined as fully delithiated. Thus, the measured fully
delithiated and lithiated states were used to define the 0% and 100%
SOC of the carbon fiber electrode, respectively. At the defined 100%
SOC, the measured capacity was 300 mAh/g for the T800 cell and 290
mAh/g for the IMS65 cell.
The change in accessible specific capacity Cs during charging or

discharging reflects the amount of Li intercalated or deintercalated in
the carbon fiber electrode during the experiment and is calculated from

∫Δ =C I t md /
T

s
0 (1)

which is the electrical current I integrated over the experiment time
and m is the mass of carbon fiber electrode.
Measurements of the Piezo-Electrochemical Response.

Applying a mechanical force to Li-intercalated carbon fibers results
in a response of the open circuit potential (OCP), i.e., of the carbon
fiber electrode potential when no external current is applied.14 In order
to investigate a possible dependency on the SOC, the OCP response
was measured in the delithiated and fully lithiated states (0% and 100%
SOC) and at intermediate states during lithiation and delithiation of
approximately 5%, 20%, 40%, 60%, and 80% SOC, respectively.
A small tensile extension (∼0.10% strain) was applied prior to

testing to put the Li-intercalated carbon fibers under tension (the OCP
must respond at this initial strain). The OCP response was measured
for 0.37% (0.40 mm) applied strain at different SOC according to the
following procedure. (i) Apply a constant current density until the
target electrode potential is reached; (ii) stabilize the electrode
potential to the desired value by applying a constant potential during
5−10 h or until the absolute current becomes lower than 1 μA; (iii)
increase the tensile strain of 0.37%, hold for 20 s, and then decrease of
the same while measuring the OCP response, repeat twice at two
different strain rates (1.85 × 10−4 s−1 and 9.26 × 10−5 s−1).
Energy Harvesting Experiments. A battery generally delivers

less electrical energy during discharge than provided during charge
because of a higher cell potential at charge than at discharge
(electrochemical hysteresis), as shown in Figure 2a. This is due to the
total cell overpotential, a deviation from equilibrium, i.e., OCP, due to
irreversible losses originating from the charge transfer processes,
resistances, and transport limitations in the battery cell.10 The
magnitude of these losses depend on the applied current density.
However, if the OCP response to a mechanical force carried by the
carbon fiber electrode (piezo-electrochemical effect) overtakes the
induced overpotential, more electrical energy will be delivered from
the cell than provided, as schematically shown in Figure 2b. This can
be achieved by adjusting the current density and thereby the
overpotential during lithiation and delithiation of the carbon fiber
electrode.

The carbon fiber bundles have a higher electrode potential than the
Li metal and are in essence used as positive electrodes in our setup.
That leads to a higher cell potential during delithiation than lithiation
of the carbon fibers, opposite to the behavior of a normal Li-ion
battery cell where the carbon material acts as the negative electrode.
However, the electrode potential of the counter electrode is not
important for demonstration of the concept.

The procedure for harvesting energy is to carry out a 4-step
harvesting cycle according to the following route (Figure 2b,c).

Initial state: From a delithiated state (SOC 0%), lithiation at
constant current density until a target carbon fiber electrode potential,
denoted E0, was reached. The potential was stabilized to E0 by
applying a constant potential for 5 h or until the absolute current
becomes lower than 1 μA.

Step (i) (OCP): Measure the OCP during 100 s. Increase the
applied strain (1.2 mm/min) in the specimen Δε at midtime, i.e., after
about 50 s. The applied strain increases Δε = 0.37% which results in
an increase of the OCP from E0 to E1.

Step (ii) (lithiation): Keep the applied strain constant and run a 100
s lithiation at a constant current density (cell discharge).

Step (iii) (OCP): Measure the OCP during 100 s. Decrease the
applied strain (1.2 mm/min) in the specimen Δε at midtime, i.e., after
about 50 s. When the applied strain decreases Δε, the OCP also
decreases to E3 < E0 since the fibers have been further lithiated during
this step.

Step (iv) (delithiation): Keep the applied strain constant and run a
100 s delithiation (cell charge) at the same constant current density as
for the lithiation. The final cell potential is then back to E0 since the
applied strain and state of charge are the same as before step (i).

■ RESULTS AND DISCUSSION
Piezo-Electrochemical Response. Figure 3 shows the

OCP response to an external force for an applied strain of
0.37% and for two strain rates of a T800 specimen. The
response clearly shows a change in the potential of the Li-
intercalated carbon-fiber electrode induced by the mechanical
force. It appeared to be fast, linear, and reversible with the
applied strain and the same for two applied strain rates which
supports that it might be used for strain sensing as already
stated.14 Figure 4 plots the OCP response as a function of the

Figure 2. Working electrode (WE) and the counter electrode (CE) of the cell are connected to the potentiostat (P). (a) Electrochemical hysteresis
when the carbon fiber electrode carries no mechanical force. (b) Harvested electrical energy when the carbon fiber electrode subjected to an applied
strain ε and carries a mechanical force F during lithiation. (c) Mechanical hysteresis perspective of part b. Wmech represents the losses in the
mechanical work of the external force (see Table 1 for explanation of labels (i) to (iv)).

Table 1. Description of the Energy Harvesting Procedure
and Potential Response

electrochemical
operation

external
strain potential vs lithium

(i) OCP 100 s increasing increasing (PECT effect)
(ii) CF lithiation 100 s constant decreasing (SOC increase)
(iii) OCP 100 s decreasing decreasing (PECT effect)
(iv) CF delithiation 100 s constant increasing (SOC decrease)
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carbon fiber SOC for both T800 and IMS65 specimens. The
response appears to reach a maximum of about 5.4 mV at
∼60% SOC for the T800 specimen. For the IMS specimens the
values are slightly lower, about 3.6 mV. For a fully
deintercalated carbon fiber (0% SOC), it was still possible to
measure a fairly high OCP response (∼4 mV for T800 and ∼3
mV for IMS65) which is attributed to that some Li still remains
intercalated (trapped) in the delithiated fibers.12 The overall
variation in the OCP response with the SOC was limited to
about 30% implying that energy harvesting can be performed at
any initial SOC.
Harvested Energy and Power. The specific electrical

energy harvested per cycle Welec is the difference between the
electrical work delivered during lithiation (cell discharge) and
the electrical work provided during delithiation (cell charge) of
the carbon fiber electrode (the area of the encircled charge/
discharge cycles shown in Figure 5):

∫ ∫= × − ×W I E t m I E t md / d /
T T

elec
0

li
0

deli (2)

where Eli and Edeli are the cell potentials during lithation and
delithiation, respectively, I is the absolute value of the applied
current, T is the duration of the galvanostatic steps, i.e., 100 s,
and m is the mass of carbon fiber electrode. The harvester
specific power is the useful energy per cycle divided by the cycle
time. The specific energy per cycle and the specific power were
measured for different current densities at electrode potentials
of about 5%, 20%, 50%, and 80% SOC. The overpotential still
induces a voltage drop between OCP and lithiation so that ΔEli
< 0 and a voltage increase between OCP and delithiation ΔEdeli

> 0 (see Figure 5a). The specific electrical energy harvested for
an ideal harvesting cycle (without electrochemical losses) could
be estimated through

∫= × − Δ − − ΔW I E E E E t m[( ) ( )] d /
T

elec,ideal
0

li li deli deli

(3)

Figure 5a−d shows energy harvesting cycles at 0.6 mA/g and
1.2 mA/g for increasing SOCs for T800 specimens. Each step
of the harvesting cycle is numbered and oriented with an arrow
at 6% SOC and 0.6 mA/g for clarity. For each cycle, step (i) is
the left vertical line, step (ii) is the top slightly decreasing
horizontal curve, step (iii) is the right vertical line, and step (iv)
is the bottom slightly increasing horizontal curve. Lithiation of
the carbon fiber electrode was consistently performed at higher
potential than delithiation which clearly demonstrates the
concept of piezo-electrochemical energy harvesting. As denoted
in eq 3, at the end of step (i) and as step (ii) is started, a voltage
drop of ΔEli < 0 is seen (top left corner, indicated with arrow in
Figure 5a). Similarly, at the end of step (iii) and as step (iv) is
started, a voltage increase of ΔEdeli > 0 is seen (bottom right
corner). This electrochemical overpotential is expectedly higher
at higher current density and is found to depend on the SOC
and to be for instance higher at 81% SOC than at 24% SOC.
The harvester specific electrical power is shown in Figure

6a,b for T800 and IMS65, respectively. Depending on the SOC,
the current density below which it was possible to perform a
harvesting cycle with T800 was 1.2−2.5 mA/g (dashed line)
and the specific power reaches a maximum at 0.8−1.2 mA/g.
For IMS65, the corresponding values were 0.6−1.2 mA/g and
0.4−0.6 mA/g. The specific power is expectedly lower at the
lowest current densities because the change in SOC is smaller
during the galvanostatic steps, see eq 3. At higher current
densities the specific power is also expectedly smaller because
the overpotential increases. A maximum of 0.85 μW/g was

Figure 3. OCP response (solid line) to an external force (dashed line)
at about 80% SOC and for an applied strain of 0.37%.

Figure 4. Measured piezo-electrochemical response of T800 specimen
and IMS65 specimen as a function of SOC during lithiation for an
applied strain of 0.37%.

Figure 5. (a−d) The results of the measured piezo-electrochemical
harvesting cycles are shown for two different current densities at four
different SOCs.
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measured for the T800 specimen at about 20% SOC for a
current density of 1.2 mA/g. At 5% and 80% SOC, the specific
power was lower. The measured maximum for IMS65 was of
about 0.30 μW/g for a current density of 0.6 mA/g at about
20% SOC. The specific power was lower and had a maximum at
lower current densities for the IMS65 bundle which may be due
to the material or an effect of a thicker bundle. The measured
piezo-electrochemical responses were also smaller for IMS65 as
seen in Figure 4.
The electrochemical efficiency as a function of the current

density used during the harvesting cycles is shown in Figure
6c,d as the ratio Welec/Welec,ideal for the different SOCs (see eqs
2 and 3). This ratio approaches 1 when the overpotential
becomes negligible. The efficiency was then expectedly higher
at lower current densities and also at the intermediate SOCs.
Thus, the harvested specific power, the ratio Welec/Welec,ideal and
the OCP response to an applied strain exhibited similar trends
as a function of SOC and reached a maximum at intermediate
SOC which appeared to be the most favorable for piezo-
electrochemical energy harvesting. At the current density for
which the specific power is at maximum the ratio Welec/
Welec,ideal appears to be about 0.6−0.7 and similar at all SOCs.
Considering a density of 7.5 g/cm3, the typical specific power of
MEMS PZT piezoelectric energy harvesters are on the order of
100 μW/g.2 However, the frequencies are typically 100−1 000
Hz which leads to a specific energy per cycle in the order of
0.1−1 μJ/g per cycle. The specific energy per cycle of the
present harvester is much higher, 100−350 μJ/g per cycle at a
frequency of 2.5 mHz (for 400 s cycle time), and it could be
even higher for higher cycle times. Thus, from this perspective
it seems most advantages to use the piezo-electrochemical
effect to harvest energy from mechanical motions of low
frequencies.
Losses in Mechanical Work. Reversible Li-intercalation

expansion strains will cause the force carried by the carbon fiber
electrode (subjected to a constant strain) to decrease during
lithiation (step (ii)) and increase during delithiation (step
(iv))12 resulting in a mechanical hysteresis. The electrical
energy is harvested from this mechanical hysteresis, i.e., from
the losses in the mechanical work of the external force induced
by reversible Li-intercalation expansion strain during the
harvesting cycle. Figure 2c is a schematic of the external
mechanical force as a function of the applied extension during a
4-step harvesting cycle. During lithiation (step (ii)), the carbon
fibers expand causing a drop in the external mechanical force12

which leads to that the mechanical work during the strain
release (step (iii)) is smaller than during application of the

strain (step (i)). The mechanical hysteresis Wmech corresponds
to the difference between the mechanical work of the external
applied force when the strain is increased (during step (i)) and
when it is decreased (during step (iii)):

= Δ × ΔW f L m/mech (4)

where Δf is the estimated change in the external force during a
lithiation or delithiation step at constant applied strain (step
(ii) in Figure 2c), ΔL is the change in the applied extension
during the OCP steps ((i) and (iii)), and m is the mass of
carbon fiber electrode.

Harvesting Efficiency. The loss in the mechanical work
during a harvesting cycle was of course expected to be at least
as large or larger than the harvested electrical energy. However,
in the present work, only a very low amount of Li (∼0.01 mAh/
g) is intercalated during the energy harvesting cycle in step (ii)
(due to low charging time and rates) and the measured
mechanical hysteresis was very small and not measurable with
any acceptable accuracy. Therefore, the loss in mechanical work
Wmech was instead estimated using the following procedure.
Starting at a low SOC, about 5% SOC, the specimens were
subjected to a constant mechanical strain of ∼0.5%. The
specimen was thereafter subjected to a lithiation at constant
current density causing a longitudinal expansion of the carbon
fiber, and the subsequent load drop was measured as a function
of SOC using the same procedure as in ref 12. The same low
current densities were used as in the harvesting cycles during a
time long enough to intercalate about 5−10 mAh/g in order to
more accurately measure the load drop. These experimental
results allowed for the estimation of the force drop during the
lithiation at a constant current density (step (ii)) of the
harvesting cycles, i.e., of Wmech at different current densities
using eq 4 assuming that the carbon fiber bundle has constant
stiffness.13

Figure 7 plots the ratios between the harvested electrical
energy and the mechanical losses at 5% SOC. For lower current
densities, the ratio approaches one which indicates small
electrochemical and transduction losses. However, because of
variations and errors in the Wmech estimates, the calculation of
energy ratios becomes very inaccurate at the lowest current
densities used. At higher current densities, the electrochemical
as well as the transduction losses expectedly increase.

Paths for Improved Harvesting Efficiency. There are
several paths to significantly increase the harvesting frequency
and power density. First of all, steps (i) and (iii) in the present
cycle could be cut to only a few seconds resulting in the same
energy per cycle but thus almost twice the output power. We

Figure 6. Specific electrical power and electrochemical efficiency of the harvester as a function of the current density with (a) and (c) the T800 and
(b) and (d) the IMS65 specimens. The results are at SOCs of about 5% (square marker), 20% (circle marker), 50% (x-marker), and 80% (diamond
marker) for the T800H and IMS65 specimens, respectively.
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have used carbon fiber bundles herein, but as shown
previously,10 the overpotentials can be decreased and the rate
of lithiation increased significantly when using single fibers. By
using, e.g., spread fiber bundles one can increase the current
density in steps (ii) and (iv) while still maintaining low
overpotentials which again would increase the harvested power
significantly. Yet another way to increase the power is to
increase the applied strain on the fiber which increases the
OCP response; however, this is of course limited by the failure
strain of the carbon fibers which is in the order of 1.5−2%. All
these things together might make it possible to perform energy
harvesting with significantly higher power density using this
device in the range of 1 Hz in the future.

■ CONCLUSIONS
A proof of concept showing that a piezo-electrochemical effect
in carbon fibers can be used for energy harvesting has been
shown for the first time. A reversible response of Li-intercalated
carbon fiber electrode potential to an applied mechanical strain
was measured for a range of SOCs. At low current densities,
typically lower than 0.5−2 mA/g, it was possible to discharge
the cell at higher cell potential than at charge, harvesting energy
from the applied external mechanical work. At intermediate
SOC, the specific power harvested reached a maximum which
was in the order of 0.3−1 μW/g for current densities of about
0.4−1.2 mA/g at an operating frequency in the order of mHz.
The energy per cycle was particularly promising and appeared
to be in the order of 100 times more than for PZT
piezoceramics harvesters in the present tests. There are several
promising paths to increase the power output of this new type
of energy harvesting concept.
This work shows a completely new path for energy

harvesting using Li intercalation in carbon fibers which appears
to be general to this type of material. It could open up for a new
field of research possibly involving other ion intercalating
materials and electrochemical processes. With the development
of structural polymer electrolytes that can provide stiffness and
strength, one can envisage carbon fiber composite materials
with both structural and energy storage capability18 and that
such materials also can be used for converting mechanical
energy, e.g., bending, vibrations, etc., to electrical energy.
Since this approach is based on the concept for Li-ion battery

technology, the same device can also be used for storing energy
by just adding an appropriate counter electrode, forming a true
Li-ion battery cell. One vision of this work is to construct a

material combination that can harvest mechanical energy and
store it in the same device, i.e., make a battery that can be
charged using external alternating mechanical loads.
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