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ABSTRACT: Underwater mechanical energy harvesters are of rising interest
due to their potential for various applications, such as self-powered ocean energy
harvesters, monitoring devices, and wave sensors. Pressure-responsive films and
stretch-responsive fibers, which provide high electrical power in electrolytes and
have simple structures that do not require packing systems, are promising as
harvesters in the ocean environment. One drawback of underwater mechanical
energy harvesters is that they are highly dependent on the direction of receiving
external forces, which is unfavorable in environments where the direction of the
supplied force is constantly changing. Here, we report spherical fleece,
consisting of wool fibers and single-walled carbon nanotubes (SWCNTs),
which exhibit repetitive electrical currents in all directions. No matter which
direction the fleece is deformed, it changes the surface area available for ions to
access SWCNTs electrochemically, causing a piezoionic phenomenon. The
current per input mechanical stress of the fabricated SWCNT /wool energy harvester is up to 33.476 mA/MPa, which is the highest
among underwater mechanical energy harvesters reported to date. In particular, it is suitable for low-frequency (<1 Hz)
environments, making it ideal for utilizing natural forces such as wind and waves as harvesting sources. The operating mechanism in
the nanoscale region of the proposed fleece harvester has been theoretically elucidated through all-atom molecular dynamics

simulations.

KEYWORDS: underwater mechanical energy harvester, omnidirectional response, fibrous wool, carbon nanotube,

molecular dynamics simulation

1. INTRODUCTION

Underwater mechanical energy harvesters are promising
devices that electrochemically generate electrical energy in
electrolyte environments by external mechanical energy.'™”
The device uses the ions dissolved in deionized water as the
main power source, and depending on the type, it has the
potential to utilize even the ions present in waterfall” or natural
seawater.” The primary goal is to convert spontaneously
generated mechanical energy, such as wind and ocean currents,
into electrical energy. Therefore, underwater energy harvesters
are likely to expand to a variety of applications, such as current
monitoring devices or wave sensors for the management of
marine ecosystems.

The two main types of underwater mechanical energy
harvesters reported to date are liquid—solid triboelectric
nanogenerators' > and chemo-mechanical energy harvest-
ers.””” Both types produce electrical energy through a change
in the area of an electrically or electrochemically charged
surface area under mechanical force. The development
direction of such energy harvesters has been focused on
maximizing output power while minimizing performance drop
by repeated cycles. Representative achievements include the
introduction of the plied structure for increasing the maximum
output to 1475 W/kg® and the noncontact working mode
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method, which maintains 96% of output even in repeated
cycles of 120,000 times.”

However, the underwater mechanical energy harvesters
developed so far have a major limitation in that they only
accept external mechanical force in one direction. Since the
flow of natural fluids always changes, it is reasonable to
consider that the (natural) mechanical force of surrounding
electrolytes in a practical operating environment cannot be
controlled in all aspects of size and direction. Therefore,
designing an energy harvester by limiting the orientation of the
driving force seriously conflicts with the fundamentals of the
device that seeks to exploit the natural mechanical energy
sources found in the ocean. In other words, it is essential to
design an energy harvester capable of actively coping with an
external force of a broadband, low frequency, and arbitrary
direction close to a naturally occurring force environment.

Motivated by the above, we propose an omnidirectional soft
fleece structure composed of single-walled carbon nanotubes
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(SWCNTs) and wool composites. The proposed energy
harvester is designed to target when a very small external
force is supplied with a low frequency (<1 Hz) and can
generate electrochemical energy by converting mechanical
force in any direction. The fleece structure creates softness that
responds with a large compressive strain (>50%) to small
mechanical forces, resulting in the highest current per
mechanical input stress compared to other underwater
harvesters. The generation of electrical energy under repeated
compression deformation has been demonstrated from a three-
electrode system, with a measured peak current value of 150.40
HA. In addition, the nanoscale-level mechanism explaining the
principle of energy generation at the SWCNT /wool composite
interfaces was theoretically identified through all-atom
molecular dynamics (MD) simulations.

2. MATERIALS AND METHODS

2.1. Materials. Single-walled carbon nanotube (SWCNT) powder
(surface area > 700 m?/g) and isopropyl alcohol (IPA; molecular
weight: 60.10 g/ mol) were purchased from Sigma-Aldrich. Wool was
purchased from the Ashford Store of New Zealand.

2.2. Fabrication of the SWCNT/Wool Energy Harvester. The
SWCNT powder was dispersed in IPA by 0.05 wt % under 1 h of
sonication process at a power of 117 W (sonicator: VCX 130, Vibra-
Cell). Next, wool was dip-coated in the SWCNT solution for 10 min.
The stability of the SWCNT/wool composites is secured by good
noncovalent bonding interactions between the materials. Wool keratin
contains an appropriate amount of aromatic amino acid residues, such
as tyrosine (2.2%), tryptophan (0.5%), and phenylalanine (1.9%),
which can provide the capability to obtain a strong 7—7 interaction
with CNTs.'” The SWCNT/wool composites were placed in a
spherical container (diameter: 35 mm) and dried overnight under a
vacuum at 80 °C. By repeating this dip-coating process five times, the
SWCNT /wool energy harvester of 5.3 wt % and 2.92—3.09 kg/m®
was fabricated (see Figure S1 for details on the fabrication process).
The prepared SWCNT /wool energy harvester samples were placed in
the container and connected with Pt wire to measure the
electrochemical properties (Figure S7).

2.3. Measurement of Physical Properties of SWCNT/Wool
Composites. The state in which SWCNTs were dispersed on the
wool surface was verified by field-emission scanning electron
microscopy (FE-SEM, SU8010, Hitachi Co., Tokyo, Japan) images.
Raman spectroscopy analyses of wool, SWCNT, and SWCNT /wool
were performed using a 532 nm excitation laser (Xperam-S500,
Nanobase). The data deviations due to mechanical noise were
flattened to highlight important peaks. The SWCNT diameter (d,) of
the SWCNT /wool composite was calculated as follows

“=g M

where @ is the wavenumber of the RBM mode peak. The stress—
strain curves of the pristine wool and the SWCNT /wool composites
were obtained from a texture analyzer (TA.XT Express C, Stable
Micro Systems).

2.4. Characterization of Electrochemical Energy Harvesting
Behavior of SWCNT/Wool Composites. The SWCNT/wool
composites were compressed sinusoidally using a linear actuator
(FE-DL100). The short-circuit current (SCC) and gravimetric
capacitance change were measured using an electrochemical instru-
ment (Zive SM6, WonA Tech). Every electrochemical measurement
was conducted in a 0.1 M HCI electrolyte. The SCC was measured
using the potentiostatic method, at which the external voltage was
zero. All electrochemical properties in Figure 2b—e represent the
average of three measurements.

The gravimetric capacitance (C) was calculated from the cyclic
voltammetry (CV) curve as follows

_ A
mkAV ()

where A is the area of the CV curve, m is the mass of the SWCNT/
wool energy harvester, k is the scan rate, and AV is the magnitude of
the voltage scan range.

2.5. Molecular Modeling to Understand the Interaction of
SWCNT-Coated Wool Surfaces with Electrolytes. To understand
the interaction between the SWCNT's coated on the wool surface and
the electrolyte during compressive deformation, an all-atom molecular
dynamics (MD) simulation was performed. The molecular
components were modeled using Materials Studio software (Dassault
Systemes, France), and the thermodynamic ensemble application in
the time integration process and subsequent mechanical testing and
analysis were performed using the open-source code LAMMPS (large-
scale atomic/molecular massively parallel simulator; Sandia National
Laboratories).""

The KAPS8.1 (keratin-associated protein) model was used to
express the molecular structure of wool in a simulation environment.
The amino acid sequence of the 63-residue KAP8.1 is MLCDN
FPGAV FPGCY WGSYG YPLGY SVGCG YGSTY SPVGY GFGYG
YNGCG AFGYR RYSPF ALY."? In other words, the KAPS.1
molecule considers only the cuticle layer, which is the dominant
component on the wool surface. In addition, this sequence is widely
used to represent animal fur at the molecular scale.'”'* The
calculation of the interaction energy between the atoms of the
peptide chain was based on the polymer consistent force field
(PCFF)." Under a force field based on PCFF, the geometry of a
single KAP8.1 chain was optimized using conjugate-gradient (CG)
minimization with a 0.0002 kcal/mol/A energy convergence criterion.
The 14th, 29th, and 49th cysteines folded to form fB-sheets with the
same shape as that reported in previous studies,'>'® which proves the
compatibility of the force field used.

Next, an amorphous unit cell composed of 25 KAP8.1 peptide
chains was generated with an initial density of 1.0 g/cm®. To represent
the material properties in the bulk state, periodic boundary conditions
(PBCs) were applied to all «, y, and z directions of the unit cell. The
unit cell was equilibrated by sequentially applying an NVT (N:
number of atoms, V: volume, T: temperature) ensemble at room
temperature for 2 ns, an NPT (P: pressure) ensemble at room
temperature, and atmospheric pressure for another 2 ns. A Nosé—
Hoover thermostat and Berendsen barostat were used to control the
system temperature and pressure, respectively. The density of the
amorphous KAPS8.1 unit cell converged to 1.13 g/cm® after thermal
equilibration.

The key to molecular modeling is to construct a complex system
that can track the behavior of the SWCNTSs coated on the surface of
KAPS8.1 and the ionic layer together (Figure S9). Therefore, we first
added a 16-nm-thick void layer in the z-direction to the unit cell
model filled with equilibrated KAP8.1 chains. Another simulation box
of 40.64 X 40.64 X 140.0 A size, in which 200 hydronium (H;0%)
and chloride (CI7) ion pairs are randomly dispersed (density of 0.1 g/
cm?), was independently prepared and placed in the void area of the
aforementioned unit cell. Simultaneously, eight strands of (6,5)
SWCNTs (diameter of 7.6 A) were arranged along the y-axis on both
KAP8.1 surfaces exposed to the voids. The length of each SWCNT is
40.64 A equal to the y-axis length of the unit cell, covalently bonded
to each other across the PBC and thus behaves like an infinitely long
nanotube. The total potential energy of the merged model was
minimized using a CG gradient with a 0.001 kcal/ mol/A convergence
criterion. The electrostatic effects between the atoms in the central
cell and periodic images were calculated using the Ewald summation
method. Subsequently, time integration was performed for 2 ns using
the NVT ensemble at 300 K. During this process, the SWCNTs were
fully attached to the exposed KAPS8.1 surfaces. Finally, the z-direction
length of the unit cell was reduced until the density of the area
occupied by H;0" and Cl™ ions reached the experimental value of
1.07 g/cm® in a 1 M solution.'” The unit cell contraction proceeded at
a rate of 4 A/step, and the energy of the entire system was minimized
at each step using a CG gradient with a convergence criterion of 0.001
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Figure 1. Omnidirectional SWCNT/wool energy harvester. (a) Schematic of a harvester structure that generates energy by mechanical
deformation in an electrolyte. Scanning electron microscopy (SEM) images obtained for (b) single strand, (c) cuticle scale, and (d) cuticle surface
domains. (e) Comparison of Raman spectroscopy analysis results of the neat wool, pristine SWCNT, and SWCNT/wool composites. (f) Stress—
strain curves of the neat wool and the SWCNT/wool composites. Inset is a magnified view of the elastic deformation region (up to a strain of 5%).

kcal/mol/A. After the ion pair density reached the desired value, the
gap between the two surfaces coated with SWCNT's was reduced to
2.5 nm, and the final size of the merged cell box became 40.64 X
40.64 X 192.0 A%,

Interestingly, the surfaces composed of KAP8.1 chains show high
affinity to neighboring SWCNTs. When SWCNTs were placing
SWCNTs on the KAPS8.1 surface, the peptide chains changed their
morphology along the curvature of the SWCNT array. The shape
change on the KAP8.1 surface was quantitatively plotted from
molecular-scale surface roughness R, calculations (Figure S10). For
the area viewed from the x-y plane, the root-mean-square surface
roughness value formed by atoms belonging to KAP8.1 is calculated
as follows

()

where 7 is the number of sample data points, L is the length of the cell
box in the x-direction, and a is the window size used to measure the
average position of the surface atoms in the z-direction. The a value
was set at 2 A. The analysis results of the KAP8.1 surface support two
points. First, KAP8.1 readily forms physisorption on untreated
SWCNTs. The 7—7 stacking between the aromatic rings of tyrosine
and the SWCNT surface is crucial for the formation of these strong
interfacial bonds.'® Second, the KAP8.1 chains are structurally very
soft, so they do not greatly damage the array of SWCNTSs during the
coating process. This behavior suggests that most of the strain was
applied to the wool domain when the SWCNT /wool composites were
compressed to function as energy harvesters. This is related to the
high deformability and durability of the SWCNT/wool composites
observed in this study. The related content is covered in more detail
in the analysis of the mechanical properties of each component
against the compressive strain of the simulation model, which is
discussed in the next section.

2.6. Compressive Strain Simulation Inducing Contact
between SWCNT-Coated Wool Surfaces. Mechanical behavior

tests were performed through uniaxial compression in the z-direction.

36690

At a strain rate of 107/s, continuous compression proceeded until the
z-directional cell length reached 153.6 A.

During the compression simulation, the compressive strain in the z-
direction (—¢,,) was calculated using

_ (Lz,f - Lz,i)

= —
Ly ©

where L,; and L, are the z-direction lengths of the unit cell model
before and after deformation, respectively.

Mechanical testing was performed under the NVT ensemble at 0.1
K

During the compression simulation, the stress components caused
by the changes in the internal microstructure were calculated using
the virial theorem'’

Z Z (rij ® E;)

1| < 1
6=—|— E m(v, @ v) + =
Q - 2 ==

i i jF

©)

where 6 is the virial stress tensor,  and N are the domain volume
and number of atoms in the domain, m; and v, are the mass and
velocity of the atom i, and F;; is the interaction of the relative distance
(r;) between atoms i and j. Because the compression simulation was
conducted at temperatures close to zero, the kinetic term (mv,®v,;)
can be neglected in virial stress calculations. Because the thermal
vibration of atoms due to the temperature is excluded, it is possible to
evaluate the mechanical properties expressed from the pure potential
energy of a given microstructure. Therefore, this mechanical testing
technique is considered the best way to explicitly analyze the
mechanical behavior of molecular systems and is widely used in many
studies,”””" including our research group.”””>* To evaluate the
energetic stability between KAP8.1 and SWCNTs during deforma-
tion, the interaction energy (E;,,) was calculated as follows™>**

_ Ecomp - EKAP - ECNT

Eint - A

(6)

int
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where A;, is the x-y plane area of the cell box, and Eg,p, Ecnp, and
Eomp are the potential energies of the KAP8.1 chains, SWCNTs, and
overall composites, respectively.

2.7. Anisotropy of Fluidity of lons during Compressive
Strain. The mobility of ions placed between the SWCNT-coated
surfaces during the compression of the system was evaluated using
mean square displacement (MSD). The MSD components in the x, y,
and z directions were calculated as follows

| Nl )
MSD, = E Z (lx(£) = x,(0)1%)

()
3 lN—l ~ ,
MSD, = Z (y(5) = y(O)P) .
1 N-1 ,
MSD, = N Z (Iz,(t) — z(0)I*) o

where the angular brackets denote the ensemble average; ; (0), y; (0),
and z; (0) are the reference positions of atom i in the initial
configuration; and x; (t), y; (t), and z; (t) denote the position change
at time t.

3. RESULTS AND DISCUSSION

3.1. Preparation and Characterization of the SWCNT/
Wool Energy Harvester. The omnidirectional energy
harvester was designed based on the structure in which
SWCNT is coated on the surface of wool. The SWCNTS are
suitable for use because of their high chemical stability in
electrolytes, excellent ionic conductivity, and large specific
surface area. Also, wool in the form of a fiber has high softness
and flexibility, so it is easy to make a spherical structure that
shows uniform mechanical deformation against any direction
of force. The inherent porosity and resulting high solution
absorbency of structures made from wool fibers are also
advantageous for ion exchange in electrolytes. The SWCNT/
wool composites were fabricated simply by the dip-coating
process and have a shape in which the wool fibers coated with
SWCNTSs are bundled together in an irregular shape (see the
Section 2.2; see Figures la and S1). When the harvester was
subjected to an external force in any direction within the
electrolyte, contact events between the coated SWCNT's were
induced. In this process, the adsorbed electrolyte ions desorb
and increase the potential of the system, leading to energy
generation™ (also see Figure S2 for a conceptual overview of
the principles of electrical energy formation). Therefore, if a
SWCNT/wool composite material with an irregular three-
dimensional structure is used as an electrode, deformation in
any direction can be converted into electrical energy.

Under mechanical compressive strain, contact events
between SWCNTs microscopically occur, which generate
electrical energy using potential changes induced by changes
in the electrochemically accessible capacitance. Additionally, a
larger SWCNT surface area directly exposed to the electrolyte
is more advantageous for such energy harvesting.

The SWCNT/wool energy harvester was fabricated by
repeating the dip-coating process, and evaluation of the
electrochemical conductivity and weight indicated that a
satisfactory product quality level was achieved. When pristine
wool was repeatedly dip-coated with the SWCNT solution, the
weight of the SWCNT/wool composite system increased and
rapidly saturated (Figures S3a and S4). Accordingly, the five
dip-coating cycles selected in this study were considered
sufficient for SWCNTSs to completely cover the wool surface.

Additionally, the change in the electrochemical conductivity of
the SWCNT /wool composite fibers according to the number
of dip-coating cycles was confirmed using cyclic voltammetry
(CV) curves (Figure S3b). Clear regions were formed in the
CV curves of the composite fibers under the considered
process conditions, suggesting that the material has high
electrochemical conductivity properties.

Scanning electron microscopy (SEM) images of the
SWCNT /wool composites clearly suggest the microstructural
advantages of the proposed system. The fiber strands of the
SWCNT/wool composites had alternating layers of cuticle
scale and cuticle surfaces (Figure 1b). After dip-coating, the
entire surface of the SWCNT /wool fibers was very rough,
unlike that of the pure wool fibers (Figure SS). Interestingly,
microscale porous regions were created only in cuticle scale
layers (Figure 1c). The cuticle layer is the rough edges exposed
on the surface and is an intrinsic structural property of wool
fibers. The regions formed from the cuticle layer facilitate the
hanging of SWCNTs during the dip-coating process. In
contrast, the SWCNTSs coated on the flat cuticle surface layer
were densely packed without interstitials (Figures 1d and S5).
Numerous SWCNTs are exposed from the pore surface and
exposed to the outside between the cuticle scales and cuticle
surface. SWCNTs in the interfacial region actively participate
in ion exchange in the electrolyte and can therefore be fully
utilized for energy harvesting.

The homogeneity of the fabricated SWCNT/wool compo-
sites was confirmed using Raman spectroscopy. The analysis
was conducted on neat wool, pristine SWCNT, and SWCNT/
wool composites (Figure le). The Raman spectrum of the
SWCNT/wool composites contains peaks of both the neat
wool and the pristine SWCNT: tyrosine (Tyr), tryptophan
(Trp), amide 1, disulfide (S—S) bond stretch, CH, and CH,
bending peaks of the wool,”**” radial breathing mode (RBM),
and D, G', and G* peaks of the SWCNT.***° In particular, the
diameter of the SWCNTs predicted from the RBM mode peak
(271.349 cm™) was 0.8255 nm, which did not deviate much
from the original specification (0.78 nm; Sigma-Aldrich)
before material compounding. The inherent nanoscale proper-
ties of SWCNT's embedded in the composites were confirmed
to be well preserved without significant aggregation (see the
Section 2.3). In addition, the wavenumbers of D, G~ and G*
peaks of the SWCNT /wool composites were blue-shifted by
approximately 18 cm™" with compressive strain (Figure S6). It
is well known that the increase in bond strength due to the
reduced lattice constant under compressive stress causes an
increase in the frequency and a blue shift in the peak.*’
Therefore, the present results suggest that the pressure applied
to the entire system affects not only the voids between the
wool fibers but also the micropore deformations between the
SWCNTs.

The mechanical response of the SWCNT /wool composites
to uniaxial compressive deformation was also compliant. The
main advantage of pure wool fiber bundles is that they retain
the elastic properties of the structure even at large
deformations in excess of 50%, and the SWCNT/wool
composite structure has the same properties (Figure 1f).
Owing to the homogeneous coating of SWCNTs, the elastic
modulus of the SWCNT /wool composite structure (2.14 kPa)
was 5.6 times higher than that of the neat wool bundles (0.38
kPa). In other words, the fabricated SWCNT /wool composites
significantly enhanced the effective mechanical properties
without losing their structural deformability.
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Figure 2. Electrochemical performance of the SWCNT/wool energy harvester in a 0.1 M HCI electrolyte. (a) Experimental setup of a three-
electrode system for characterization of fabricated samples in an electrolyte. (b) Change in capacitance of the SWCNT/wool energy harvester by
compressive strain. The capacitance measurements were made under cyclic voltammetry scans at SO mV/s. (c) Peak short-circuit current (SCC)
measured during increasing compressive strain. The right panel shows the repetitively applied compressive strain as a sinusoidal wave at 1 Hz in the
SWCNT/wool energy harvester (top) and the resulting SCC response profile (bottom). (d) Peak power per mass induced by the load resistance
for the SWCNT/wool energy harvester when compressed to 50% at 1 Hz. (e) Peak values of SCC and power per mass of the SWCNT/wool
energy harvester as a function of compressive strain frequency. (f) Ratio of SCC to mechanical input stress of the SWCNT/wool energy harvester

compared to previous chemo-mechanical energy harvesters.

3.2. Electrochemical Performance of the SWCNT/
Wool Energy Harvester. The practical energy-harvesting
performance of the fabricated SWCNT/wool composite
structures was evaluated. A three-electrode system was used
to quantitatively measure the electrochemical properties of the
SWCNT/wool energy harvester (Figure 2a). The three-
electrode system consisted of a working electrode (W.E.)
with a SWCNT /wool harvester, a counter electrode (CE) with
a Pt mesh/CNT buckypaper, and a reference electrode (RE)
with Ag/AgCl attached. The W.E. was prepared by inserting
SWCNT /wool composites at a density of 3.09 kg/m’ into a
spherical cage (Figure S7). A linear actuator was installed
above the cylinder barrel to measure the changes in the system
properties when the internal composite structures were
compressed.

The capacitance of the energy harvester as an electrode is
the primary factor that determines the electrochemical
performance of a system. As compressive strain up to 70%
was progressively applied, the capacitance exhibited by the
SWCNT /wool energy harvester decreased linearly by approx-
imately 55.4% from 0.22 to 0.098 F/g (Figures 2b and S8).
The capacitance change clearly shows that the SWCNT/wool
composites can be used as an electrode in electrochemical
energy harvesters.

The performance of SWCNT/wool energy harvesters was
characterized (Figure 2c). The short-circuit current (SCC)
change measured at the W.E responded almost instantaneously

to the cyclic compressive strain and did not degrade under
repeated operation. If the compressive strain increases, the
peak SCC increases linearly and the maximum peak SCC was
obtained as 200.46 pA at 70% of compressive strain. The
SWCNT/wool energy harvester generated an electrical peak
power of 30 mW/kg at S Q (Figure 2d), and such a low
matching impedance indicates high energy transfer efficiency.””
The electrochemical performance also depends on the
frequency of sinusoidal compressive strain (Figure 2e). The
condition for the SWCNT/wool energy harvester to achieve
the highest peak current of 150.40 pA is at a very low
frequency of 0.18 Hz. As the frequency increases, the
impedance decreases and the peak power increases to 57
mW/kg within the observation range.

It is worth noting that the present findings on SWCNT/
wool energy harvesters are particularly suitable for harnessing
the continuously and widely varying mechanical energy
generated by the ocean. Because of the inherent softness of
the fleece structure, the mechanical input stress required to
drive the SWCNT/wool energy harvester is approximately
15,000 times lower than that of other chemo-mechanical
energy harvesters. As a result, the proposed SWCNT/wool
energy harvester achieved the highest SCC to input stress ratio
(> 10%) among chemo-mechanical energy harvesters reported
so far®”*?! (Figure 2f). Such extremely sensitive responsive-
ness to mechanical loads is an important factor in ensuring the

https://doi.org/10.1021/acsami.3c06644
ACS Appl. Mater. Interfaces 2023, 15, 36688—36697


https://pubs.acs.org/doi/suppl/10.1021/acsami.3c06644/suppl_file/am3c06644_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c06644/suppl_file/am3c06644_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.3c06644?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c06644?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c06644?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c06644?fig=fig2&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c06644?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

(op

a

Wool (keratin, KAP8.1 x25)

19.2 nm
_ - - 1.0
EREE YO = 0.0} \\
™

0.8}
"
0.7} \"‘N
by
L] e \\\
— CNT
— lons

05 . . :
0.00 005 040 015 020

Compressive strain in the z-direction

Density:
1.34 glcm?

Volume change rate

(6,5) CNT x16 [H,0][CI] x200

ec s, ws Yo e
oPC s
A Joas 'ty ©
4 2ve, “or .
0.76 nm o et L
* .ty C."a‘ o'

e

© 120
. o
3 A =015 ) s
> & " 90
s I .9.. -10 <
c \ 8 E
2 ' -&,,= 0.1 ) = £
= 1 2z . 5 = 60
Z Y 20 a
S f N 7]
§ ¥ &,,=0.05 e § = 30
z o ) £ 30
- — H,0 g 4 A
%,=0 —ci o 0.00 0.02 0.04 0
" 1 1 n > 4 1 1 " 1 1 "
0.0 02 04 0.6 0.8 1.0 @ 3.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20

- S— Compressive strain in the z-direction Compressive strain in the z-direction

Figure 3. Comprehension of the electrolyte kinetics on the surface of the SWCNT/wool composites through the MD simulation. (a)
Computational model describing the microstructure in which SWCNTSs are placed on the wool surface. The molecular structures of the
constituents considered in the simulation model, KAPS.1, (6,5) SWCNT, and H;O" and CI~ ions, are shown in the left panel. The thermal
equilibrium state of the microstructure in which SWCNT/wool and electrolyte coexist is presented in the right panel (top: front view, bottom: side
view). The folded corners and the straight f-sheets of the KAPS8.1 structure are colored blue and white, respectively. A ribbon diagram
representation of KAP8.1 was drawn using the STRIDE algorithm® implemented in VMD software.”® Other all-atom configurations were
presented using OVITO software.”* (b) Volume change of KAP8.1 chains, SWCNTs, and ions during compressive strain. The effective volume
occupied by the atoms was defined according to the Connolly algorithm® with a probe radius of 2.5 A. (c) Population density changes in the z-
direction of Cl~ and H;O" ions. All distributions are plotted in the area where the relative distance between two SWCNT-coated surfaces (denoted
by Scr-cnr) is normalized to 1. The circular symbols connected by the dotted lines highlight shifts in the peak values of the ion distribution during
compression. (d) Virial stress component exerted on the ions in the z-direction. The scattered lines show raw data obtained every 1077 engineering
strain. The bold lines are the moving average results for 30 consecutive data points. (e) MSD profiles of the ions during compression. The insets

represent the direction of ionic motion versus the arrangement in which the SWCNTs are placed.

operation of the harvester even with small external forces,
maximizing its operability in real environments.

3.3. Molecular-Scale Simulation of Energy Harvesting
Mechanism of SWCNTs/Wool Composites. So far, it has
been experimentally demonstrated that a wool fleece coated
with SWCNTs can function as an energy harvester. This
suggests that the macroscopic compressive strain of the
structure effectively induced the flow of ions around the
SWCNTs in the nanoscale region. Therefore, it is necessary to
explain the principle by which SWCNT /wool composites can
exhibit meaningful electrochemical performance and high
durability. In this regard, all atomic molecular dynamics
(MD) simulations were performed to clearly understand the
mechanical properties of the SWCNT/wool composites and
the behavior of the electrolyte during operation.

The molecular model for the MD simulation consists of an
electrolyte in which H;O" and CI” form ion pairs, and the
keratin-associated protein 8.1 gene (KAP8.1) surfaces coated
with SWCNTs are adjacent to it (Figure 3a; also refer to
Section 2.5 and Figure S9 for details of the model preparation).
In the coated area, the KAP8.1 chains were gently wrapped
around the SWCNTs without destroying their cylindrical

shape (Figure $10).”**° When the system received an external
mechanical load, the mechanical response of each component
of the composites (see the Section 2.6) and the mobility
characteristics of the electrolyte (see the Section 2.7) were
simultaneously evaluated.

As forcible compressive strain was applied, each component
of the system experienced different volume changes (Figure
S11). The volume of the ion pair in the fluid state decreased
most rapidly, and at a compression rate of 10% or more,
KAPS.1 also compresses together (Figure 3b). On the other
hand, the SWCNT layer preserves its original shape between
KAPS8.1 and ions. The structure of the coated SWCNT layer
was not distorted, even when the density of the entire
molecular-scale system reached 1.34 g/cm’. As a result, ion
pairs do not pass through the coated surface composed of
SWCNT arrays (Figure S12). This shows that the van der
Waals interactions formed by the SWCNTSs within a bundle
were sufficiently robust to prevent neighboring diffusing atoms
from penetrating into the surface. The ion pairs trapped in the
microscopic region where the SWCNT bundles contact each
other do not disintegrate the coating layer during compressive
deformation but rather generate repulsive forces between the
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Figure 4. Demonstration of omnidirectional response of the omnidirectional energy harvester. (a) Illustration of the omnidirectional energy
harvester application in ocean environments. The unit system is composed of two separate components, namely, the SWCNT /wool energy receiver
and a support. The support can be designed as a multilayered coaxial structure consisting of a conductive electrode, insulator, and counter electrode
connected to a SWCNT /wool energy harvester. (b) Compressive stress applied to the SWCNT/wool fleece at various locations in three-
dimensional space and the resulting (c) peak SCC and (d) peak power. The color brightness is assigned according to the size of the data measured

at each location.

ions. Macroscopically, the repulsive force becomes the driving
force that causes ions to escape the cuticle layer and leak.

The existence of such a repulsive force was also confirmed
by the distribution of ion pairs around the SWCNT array
during compression (Figure 3c). In the absence of mechanical
strain, ClI~ was located closer to the SWCNT surface than
H,;0". It is typical for Cl™ ions to be trapped closer to the
SWCNT surface because they are heavier, less mobile, and
have stronger physicochemical bonds with carbon atoms than
H,0" ions.””*® However, the tendency rapidly collapsed when
the compressive strain exceeded 0.1, and the polarization
characteristics disappeared. The stress component experienced
by the ions in the axial direction during compressive
deformation also suggests the same implication. In the
undeformed state, the ions were polarized and adsorbed on
the SWCNT array, forming an intrinsic repulsive stress of
about —2 MPa (Figure 3d). As compression proceeds, the
repulsive stress applied to the ions maintains an equilibrium
and then increases rapidly. When the compressive strain of the
entire system reached 0.2, the value reaches approximately —35
MPa. This value is sufficiently large to escape ions from the
physisorption formed by the SWCNT array covering the
cuticle layer. Meanwhile, the SWCNT and KAPS8.1 chains
receive three times more stress than ions because they
withstand both the repulsive force from ions and the pressure
from external deformation (Figure S13). In particular,
SWCNT prevented ions from being immersed in the matrix
beyond the SWCNT coating area while maintaining a constant
interaction force with KAP8.1 (Figure S14).

3.4. Omnidirectionality of System Performance.
Finally, the mobility of ions owing to the repulsive force
shows a high correlation with the arrangement of the SWCNT
array. The mean square displacement (MSD) profile analysis
results for each direction show that the ions move along the
surface of the SWCNT array using the repulsive force supplied
by compression (Figure 3e). However, little movement in the

z-direction away from the SWCNT array was observed. In
particular, the mobility in the y-direction parallel to the
SWCNT array increased noticeably after the compressibility of
the system reached a level that collapsed the ion-polarization
layer. In other words, as the repulsion between ions intensified,
not only did the noncovalent bonding force form with the
carbon atoms of SWCNTSs but also the structural shape of the
SWCNT array had a significant effect on the ion flow.

In real marine environments, the direction of ocean power
sources, including surface waves, tides, and currents, is
constantly changing, and thus, how well the above energy
harvesting mechanisms will work is unpredictable (Figure 4a).
In other words, to demonstrate realistic energy harvesting
performance, independent evaluation of omnidirectional
responses to external forces in all directions is required.
Therefore, the dependence of the energy-harvesting properties
of the SWCNT/wool fleece on numerous external force
directions was investigated. A spherical SWCNT /wool fleece
was prepared, and 17 checkpoints were designated according
to the latitude and longitude of the surface (Figure 4b—d). The
checkpoints were specified only for the upper hemisphere
region, and all compressive forces were applied normally to the
surface. The compressive stress was applied in a range from 0
to 0.3 kPa, and the peak SCC and peak power that occurred at
each stress were recorded at the corresponding location. For all
measured points, the peak SCC and peak power were observed
from 1.3 to 9.5 pA and from 1.2 to 9.7 mW/kg, respectively,
which clearly proves the omnidirectional nature of the
proposed SWCNT /wool fleece.

The proposed fleece structure can be operated at any
location when packaged with the electrolyte and electrode,
further expanding its applicability. In this respect, an all-in-one
electrochemical system containing the WE, CE, and electrolyte
was developed, and its performance was qualitatively evaluated.
The packaging was carried out with a rabbit-shaped rubber
balloon so that the force applied to the WE did not damage the
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CE (Figure S15). Each time the fleece located on the working
electrode was repeatedly pressed with bare hands, an SCC
change was detected. In particular, when the test was
conducted by dividing the method of gripping by hand into
three stages (nudging, pressing, and grasping), it was
confirmed that the size of the change in SCC was measured
at a classifiable level (Figure S16).

4. CONCLUSIONS

Although this test was conducted in a naive and non-
quantitative environment, the results demonstrate the high
potential of the proposed structure as a novel mechanical
sensor. For example, this system can be developed as a
cognitive developmental training tool for infants, who emit a
signal when a blow comes from an arbitrary direction. When
used in the form embedded in the ball, it is highly likely to be
used as a training aid and for precise technical analysis in
various sports games. In the environmental industry, the
system can be applied as a detector that observes the blowing
direction and size of winds and ocean currents in real time in
three dimensions, which cannot be observed with the naked
eye.

In the design of a soft energy harvester, removing constraints
on the direction of the external force is as important as
increasing the absolute performance or efficiency of the system.
The fleece structure proposed in this study utilizes the unique
capacitance characteristics of SWCNTSs but is not constrained
by the direction of compression deformation; therefore, its
usability is greatly increased compared to existing harvesters.
Owing to the structure in which the fibers are loosely
entangled, the system can withstand a large amount of
deformation, and the material constituting each fiber strand
is lightweight and flexible. Experiments have proven that the
maximum SCC values of the proposed fleece energy harvester
are 6.71 mV and 200.46 pA, respectively, under 70%
compressive strain. In particular, the fleece structure has high
energy harvesting performance at low frequencies (<1 Hz);
therefore, it can be directly used in natural environments, such
as waves, wind, and tides.

The findings of this study are the first to demonstrate the
potential of fleece structures as next-generation soft energy
harvesters. The biggest advantage is the removal of constraints
on the direction of the external force, and it is believed that
further improvements in performance and efficiency will
continue to be possible. From the perspective of manufacturing
composite materials, maximizing the cuticle interfaces, in
which the direct contact of SWCNTs with the external
electrolyte actually occurs, can increase the energy density of
the system. The electrolyte considered in this study was an ion
pair of H;O" and CI7, which is one of the most primitive
conditions. However, it is believed that there are suitable types
of ion pairs and concentration conditions that exhibit better
performance, depending on the effective properties of the
SWCNT /wool composites and the usage environment. It is
also important to design the mechanical behavior character-
istics at the interface of the microstructure. The size of the
SWCNTSs being coated, the coating density of SWCNTs in the
cuticle interfacial layer, and the effective strain experienced by
the interface region under operating conditions are also
expected to govern the absolute performance of the system.
Finally, designing an appropriate shape for efficient energy
harvesting in an asymmetrical situation where external force
with local directivity is supplied is also a major concern.
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