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Dipole alignment in ferroelectric polymers is routinely exploited for applications in charge-based applications.
Here, we present the first experimental realization of ideally ordered dipole alignment in a-phase nylon-11
nanowires. This is an unprecedented discovery as dipole alignment is typically only ever achieved in ferroelectric
polymers using an applied electric field, whereas here, we achieve dipole alignment in as-fabricated nanowires
of ‘non-ferroelectric’ a-phase nylon-11, an overlooked polymorph of nylon proposed 30 years ago but never
practically realized. We show that the strong hydrogen bonding in a-phase nylon-11 serves to enhance the
molecular ordering, resulting in exceptional intensity and thermal stability of surface potential. This discovery
has profound implications for the field of triboelectric energy harvesting, as the presence of an enhanced surface
potential leads to higher mechanical energy harvesting performance. Our approach therefore paves the way
towards achieving robust, high-performance mechanical energy harvesters based on this unusual ordered phase

of nylon-11.

INTRODUCTION

Remanent polarization in a ferroelectric polymer is the polarization
that persists when an applied electric field is reduced to zero. Typically,
ferroelectric polymer materials, such as poly(vinylidene fluoride)
(PVDF) and its copolymers, exhibit nonzero remanent polarization
following electrical poling (I, 2). These materials have found use in
various applications, including sensors, materials for tissue regener-
ation, and energy-harvesting devices (3-6). In particular, ferroelectric
materials have received substantial interest for mechanical vibration-
based energy-harvesting applications, such as in triboelectric gener-
ators, as the amount of accumulated charges (i.e., triboelectric charge)
on the contact surface can be improved by increasing the intensity
of the remanent polarization in the material (7-11). However, fab-
rication of polymers with strong and thermally stable remanent
polarization, as required for next-generation high-performance
energy harvesters, has been a long-standing issue (12-14).

In ferroelectric polymers, remanent polarization can be generated
via molecular alignment (i.e., preferential crystal orientation) and
resulting dipole alignment by electrical poling, (i.e., the application
of an electric field higher than the coercive field of the material). The
remanent polarization (P;, uC cm™?) obtained in this way is always
much lower than the saturation polarization, as the forcibly oriented
polymer molecules relax back into an equilibrium conformation
once the electric field is removed. Furthermore, above the Curie
temperature (T¢), ferroelectric polymers readily lose their P; since
the structural phase transition occurs. These phenomena indicate
that the low intensity and limited thermal stability of remanent
polarization can be attributed to the molecular structure of the
ferroelectric polymer. Polymers with hydrogen bonds can potentially
overcome such limitations, and odd-numbered nylons, especially
nylon-11, are well-known ferroelectric polymers with hydrogen bonds.
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As a result, through extensive hydrogen bonding, nylon-11 can
exhibit better packing and a more stable molecular configuration.
(It must be noted that even with the hydrogen bonds, the P; of
nylon-11 cannot exceed that of fluoropolymers because of its different
constituents and molecular structures.) Furthermore, nylon-11 shows
good thermal stability and ferroelectric properties, which are com-
parable to those of PVDF and their copolymers (15-18). However,
among the various crystal structures of nylon-11, ferroelectric prop-
erties, including remanent polarization, have only been achieved in
the metastable 8'-phase, with relatively sparse chain packing and
random hydrogen bonds, as the only way to achieve polarization has
been through electrical poling (a detailed explanation of the crystal
structure of nylon-11 is provided in note S1) (14-16). In the case of
the thermodynamically stable o-phase, despite its outstanding thermal
stability based on denser molecular packing and well-ordered hy-
drogen bonds, achieving dipole alignment via electric poling has not
been possible (19, 20). This is because tightly packed hydrogen bonds
in the a-phase restrain the rotation of dipoles up to the point of
electrical breakdown, which is why the a-phase has been known as
a “polar” but “nonferroelectric” phase (21, 22).

Here, we have found exceptionally ordered and thermally stable
dipole alignment in a-phase nylon-11 nanowires. Through a nano-
confinement effect, namely, “thermally assisted nanotemplate in-
filtration (TANI) method,” a-phase nylon-11 nanowires with
definitive dipolar alignment have been achieved spontaneously
without the need for an external electric poling field. The ideal P,
value of perfectly aligned a-phase nylon-11 was confirmed through
molecular simulations. To demonstrate the formation of preferential
crystal orientation in a-phase nanowires, we performed detailed
x-ray diffraction (XRD) analysis using nanowires with and without
the supporting nanotemplate. The remarkably high surface potential
of the a-phase nanowires, corresponding to unidirectional dipole
alignment, was measured directly by Kelvin probe force microscopy
(KPFM), indicating that a-phase with fully aligned dipoles would
have much greater net polarization than that of electrically poled
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ferroelectric &'-phase. The robust thermal stability of the dipole align-
ment in o-phase nylon-11 nanowires was also confirmed through
studies of surface potential and molecular structure changes before
and after thermal annealing. Correspondingly, a triboelectric energy
generator based on o-phase nylon-11 nanowires fabricated via the
TANI method showed 34 times higher output power density as
compared to an aluminum-based device, when subjected to identical
mechanical excitations.

RESULTS

Intensity of ideal polarization

As a semicrystalline polymer, nylon-11 has at least three crystal
structures referred to as triclinic (o and a’), monoclinic (B), and
pseudo-hexagonal (y, §, and &’) (2, 23). Among them, only the
metastable pseudo-hexagonal phases, such as the §’-phase, display
ferroelectric properties due to sparse chain packing and random
hydrogen bonding. As Fig. 1 (A and D) illustrates, the unpoled
&’-phase has randomly oriented nylon-11 chains within a pseudo-
hexagonal unit cell, resulting in the cancellation of dipole moments
(23). Additional mechanical drawing and subsequent electrical pol-
ing allow chains to rotate such that the amide groups point in the
same direction, resulting in a net dipole moment (Fig. 1, B and E)
(14-16). In contrast, the a-phase can adopt a well-aligned molecular
structure in the triclinic unit cell without stretching and/or high-
voltage poling (Fig. 1, C and F). This is because the hydrogen bonds
are organized into well-defined sheets held together by van der Waals
interactions, with the amide groups of adjacent chains located at about
the same height along the chain axis (23). As a result, the dipole
moment perpendicular to the chain axis points along a single direc-
tion. However, it must be noted that such unidirectional dipole

Unpoled &'-phase

Poled &'-phase

moments of a-phase are limited to a localized crystalline region, and
the net-polarized directions of such crystalline regions are randomly
determined during the crystallization process. Furthermore, it is also
impossible to align every dipole in the o-phase structure because of
the constraints on rotation of the hydrogen-bonded molecules up
to the point of electrical breakdown. As a result, the net polarization
of pristine a-phase (bulk) sample is much smaller than that of elec-
trically poled &’-phase sample.

So how high can the polarization be when the dipoles in bulk
o-phase are fully aligned? To evaluate the possible maximum polar-
ization in nylon-11, we estimate the “ideal” P, values of perfectly
aligned &'-phase and a-phase by conducting molecular-scale simu-
lations (24) (details of simulation process are discussed in note S2).
To a first-order approximation, the P; scales linearly with the dipole
moment and the crystallinity (12, 25). Using molecular simulation,
the dipole moment for individual molecules can be measured by
assigning partial atomic charges to the atoms. For a minimum
repeating unit, the dipole moments per unit cell of 88 x 10" and
101 x 10°° C m were obtained for the 8- and a-phase, respectively.
In the case of perfectly aligned &'-phase, assuming a crystallinity of
about 40%, the calculated P, was 3.2 uC cm™>; this is in good agree-
ment with the experimentally determined value of about 5.0 uC cm™>
(2). In contrast, the a-phase with the same crystallinity showed P; of
7.5uC cm 2, meaning that a-phase with fully aligned dipoles would
have much greater net polarization than that of electrically poled
ferroelectric &’'-phase. This is because the fully stretched chain struc-
ture and well-aligned hydrogen bonded sheets in the a-phase max-
imize the dipole moment per monomer unit (25). In addition,
considering the crystal structure, the distance between adjacent
molecules in the triclinic a-phase is much smaller than that in
the pseudo-hexagonal &'-phase (26).

Fig. 1. Molecular structure and chain packing of nylon-11. (A and D) Schematics show packing of nylon-11 monomeric units in unpoled §-phase nylon-11 viewed
along the c axis and b axis, respectively. All molecules lie in a random orientation. (B and E) The crystal structures and molecular packing of the poled &"-phase. All
the oxygen atoms point to the same direction. (C and F) Crystal structure of a-phase nylon-11. The fully stretched molecules in trans configuration with sheets of strong
hydrogen bonding gives the a-phase a relatively well-ordered crystal structure. The yellow lines indicate intermolecular hydrogen bonding. Gray spheres, carbon atoms;
red spheres, oxygen atoms; blue spheres, nitrogen atoms; white spheres, hydrogen atoms.
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Nanoconfinement-induced preferential crystal orientation
To align the dipoles in o-phase nylon-11 nanowires, we developed
the TANI method as an effective nanoconfinement technique (de-
tails of the experimental process are given in Materials and Methods
and note S3) (27, 28). This is because, to date, nylon-11 nanowires
with thermodynamically stable o-phase have never been realized by
conventional template-wetting methods because of the difficulties
associated with this synthetic route (11, 29). Figure 2A shows scan-
ning electron microscope (SEM) images of an anodized aluminum
oxide (AAO) nanoporous template. The top surface and cross-
sectional images indicate that the pore size is around 200 nm.
The morphology of the nanowires fabricated by the TANI method
is displayed in Fig. 2B. Long chain-shaped nanowires with uniform
width (200 nm) and length (60 um) were detected after the AAO was
dissolved using mild acid. These nanowire dimensions are similar
to that of the template pore channels. The surface morphology of
the nanowire was measured by atomic force microscopy (AFM).
Compared to the nylon-11 film, the nanowires showed a uniform and
smooth surface topography without grain boundaries (figs. S2 and
S3). Note that this fabrication method can be scaled up as TANI is a
nonvacuum and relatively low temperature process, and o-phase nano-
wires within the AAO template are relatively easy to handle (note S4).
Detailed crystal structure characterization was carried out by XRD.
It has been reported that an a-phase nylon-11 film shows diffrac-
tion peaks at 20 = 7.8°, 20°, and 24.2° (23). However, the nanowires
fabricated by a conventional template-wetting method were found
to generate diffraction patterns with weak intensity of peaks at
26 = 21.6° and 22.8° (Fig. 2C, left, black) (29). This result indicates

that the a-phase nylon-11 nanowires with desirable crystallinity could
not be obtained through a conventional nanoconfinement method.
In contrast, the nanowires fabricated by our TANI method displayed
the same peak position, as the reported a-phase film, with much
stronger diffraction intensities than that of conventionally generated
nanowires (Fig. 2C, left, red). This means that the solvent-vapor-
filled closed-heating system of the TANI method effectively mimics
the slow crystallization process of typical a-phase film fabrication
techniques by suppressing the speed of solvent evaporation within
the nanopores. Furthermore, the TANI method allowed more precise
control of the crystal structure, wherein we were able to manipulate
the rate of crystallization by adjusting both the solution concentra-
tion and the processing temperature. As shown in Fig. 2C (left and
right top), the relative intensity of the peak at 26 = 24.2° gradually
decreased with decreasing the solution concentration, while that of
the 20° peak was maintained within the error range. This is because
the more dilute solution enabled further decrease of the crystalliza-
tion speed by increasing the free volume of the polymer chains.
Considering that each peak corresponds to a specific lattice plane,
the resulting diffraction pattern with only one distinct peak from
5 weight % (wt %) solution indicates that more aligned molecular
structures could be achieved through the TANI method. Additional
heating also allowed us to control the polymer crystallization pro-
cess within the nanopores. The changes in the crystallite size per-
pendicular to (200) plane (D(2g0)) of 5 wt % samples as a function
of processing temperature showed that the average D ») gradually
increased with processing temperature (Fig. 2C, right bottom). This
indicates that the additional heating enabled an increase in the
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Fig. 2. Nanowire morphology and x-ray analysis. (A) SEM image of the nanotemplate surface with 200 nm pores. Inset shows the template cross section. (B) SEM image
of template-freed nanowires fabricated by the TANI method. (C) Left: XRD patterns of nanowires fabricated by the conventional template-wetting (black) and the TANI
(red) methods. Top right: Changes in the average intensities of the XRD peak at 20° and 24.2° as a function of solution concentration. Bottom right: Changes in the
crystallite sizes perpendicular to the (200) planes (Dg0) of 5wt % samples as a function of processing temperature. [ll, middle line, and top and bottom boundaries
indicate mean, median, and 75 and 25% values, respectively. a.u., arbitrary units. (D) XRD patterns of a-phase nylon-11 film (black) and nanowires (NW) without (red) and
within (orange) a nanoporous AAO template. Inset schematics display the morphology of sample and the direction of x-ray beam (8) with a scattering vector (q). (E) XRD
patterns of calculated (black) and experimentally observed (red and orange) a-phase nylon-11 nanowires. Calculated patterns | and Il assumed random orientation of
crystals with large (>100 nm) and small crystallite sizes (D2g0) (~25 nm), respectively. Calculated pattern Ill assumed preferred crystal orientation with actual Dygo.
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chain mobility, which is a driving force for molecular reorientation
and alignment. (It must be noted that the errors in the D ;) plot are
attributed to deviations between different samples. Experimental
errors, originating from XRD measurement setting and profile
fitting, are within a 2-nm range.) These XRD results imply that the
desired a-phase nanowires could be achieved by the TANI process.

To confirm the crystallography of the nanowires, o.-phase nylon-11
films were fabricated for comparison. Figure 2D shows the XRD
patterns of the a-phase film (black) and template-freed nanowires
fabricated by the TANI method, using 5 wt % solution and 80°C
heating (red). The a-phase nylon-11 film displayed two distinct peaks
at 26 = 20° and 24.2° and one small peak at 7.8° corresponding to
(200), (210/010), and (001) planes, respectively (23). In nanowires
without the AAO template, identical peak positions with a-phase
film were also observed, indicating that the TANI method enabled
fabrication of a-phase nylon-11 nanowires. Notably, the diffracto-
gram of the template-freed nanowires showed a much sharper peak
for the (200) plane with a smaller full width at half maximum
(FWHM) than that of a-phase film, resulting in much larger D)
in nanowires (25 nm) than that of the film (16 nm). Furthermore,
both a-phase nanowires and film samples showed a similar degree
of crystallinity of ~48% (details of crystallinity calculation are dis-
cussed in note S5). Considering that most nanowires fabricated via
a conventional template-wetting process showed poor crystallinity
than that of films with the same crystal structures, these results
suggest that the TANI method does, in fact, enable the generation
of highly crystalline a-phase nanowires with larger crystal sizes
compared to the o-phase film (30, 31). The thermal behavior of de-
veloped nylon-11 nanowires also confirms that the TANI method
synthesized the nanowires on the basis of the nanoconfinement
effect (note S6). The chemical bonds in a-phase nanowires were
studied using Fourier transform infrared (IR) spectroscopy measure-
ments (note S7). In fig. S8, within the same IR spectrum, much
higher relative peak intensity at both N—H stretching and amide I
regions was observed from the a-phase nanowires. Considering that
the N—H stretching (3300 cm ') and the amide I (1635 cm™ ") bands
reflect the overall distribution of hydrogen-bonded strengths and
local ordering of hydrogen bonds, respectively (16, 32, 33), it can be
inferred that the TANI method further enabled well-ordered crystal
growth, based on the formation of hydrogen bonds.

The direction of molecular orientation was verified by detailed
XRD analysis of the nanowires within the nanoporous AAO tem-
plate (Fig. 2D, orange). In principle, a single crystal sample exam-
ined in reflection mode would produce only one family of lattice
planes with scattering vectors (g) normal to the sample surface. This
means that if the nanowires have preferential crystal orientation, then
the discrepancy in the diffractograms between the vertically aligned
nanowires and randomly positioned nanowires would indicate the
direction of crystal orientation. As discussed, the template-freed
o-phase nylon-11 nanowires showed two distinct peaks at 26 = 20°
and 24.2° and one small peak at 7.8° corresponding to (200), (210/010),
and (001) planes, respectively (Fig. 2D, red). In contrast, a-phase
nanowires within the AAO template had only one distinct diffraction
peak at 20290y = 20° (Fig. 2D, orange). The lack of intensity from
(001) and (210/010) planes implies that the nanowires were, in fact,
oriented, such that these peaks were not visible in reflection mode
geometry. A rocking curve on the (200) reflection with a peak width of
~8° also confirmed this observation (note S8). These results indicate
that the nanowires fabricated by the TANI method had preferential
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crystal orientation with the molecular chain axis perpendicular to the
nanowire length direction, consistent with previous reports (34-36).

The molecular simulation results validate the determinations of
crystallite size (D,) and preferential crystal orientation in a-phase
nanowires (Fig. 2E). With the assumption of an ideal D, (>100 nm)
and random crystal orientation (37), the simulated powder diffrac-
tion pattern displayed the highest peak at 268(210/010) = 24.2° with the
second highest peak at 26(,00) = 20° (Fig. 2E, top). However, intro-
ducing the experimentally measured D5 values of 25 nm changed
the order of the highest peaks from 24.2° to 20° and broadened the
diffraction pattern (Fig. 2E, middle). Considering that an amorphous
region is likely to give rise to a broad diffraction peak at about 22.2°,
the simulated data gave a good match to the experimental data from
template-freed o-phase nanowires (red dot). Note, however, that the
other peaks were broader, which implies that the crystallite size in
these directions is smaller than that perpendicular to (200) planes.
Last, applying preferential crystal orientation calculated by Rietveld-
Toraya equation (38, 39) resulted in a diffractogram with a remark-
ably high and sharp peak at 20,0y = 20° (Fig. 2E, bottom), showing
good agreement with the experimentally measured diffraction pat-
terns of a-phase nanowires within the AAO template (orange dot).
The agreement of relative peak intensity and FWHM between cal-
culated and experimental results confirms that the relatively large
crystals in the o-phase nanowires were indeed preferentially aligned and
that the (200) planes were perpendicular to the axis of the nanowires.

Surface potential of a-phase nanowires

It is believed that surface potential and resulting triboelectric charge
on the surface can be improved by increasing the intensity of the net
dipole moment in the material (7-11). In addition, such net dipole
moment in nylon-11 results mainly from alignment of dipoles be-
cause the P; value is close to zero when the dipole density approaches
zero in oriented and poled nylon-11 (40, 41). This indicates that
dipole alignment generated by the preferential crystal orientation
arising from the nanoconfinement effect can enhance the surface
potential, and the intensity of surface potential has a close relation-
ship with the degree of molecular orientation (42).

To investigate the surface potential of o-phase nanowires, detailed
analysis was conducted by KPFM (details of the KPFM technique and
measurement procedure are provided in note S9). Although the P,
of ferroelectric materials has been observed by polarization-electric
field (P-E) hysteresis loops, the net dipole moment of nonferroelectric
materials cannot be measured in this way as they do not show such
hysteretic behavior. In contrast, KPFM can measure the surface po-
tential of a material, and it has been shown that net dipole moment
contributes to the magnitude of the surface potential (7, 43, 44).
When we compare the surface potential of nylon-11 nanowires and
unpoled films, the nanowires showed much higher values than the
films with the same crystal structure (Fig. 3 and fig. S11). [The top
surface of nanowires within the AAO template sample is filled with
nanowire tips; thus, the influence of AAO template on surface
potential can be ignored (fig. S12).] Both &’- and a-phase nanowire
samples showed a 2- and 30-fold increase in surface potential
compared to those of the corresponding film samples, respectively.
These results indicate that the nanoconfinement effect during crystal
growth effectively aligned the dipoles and generated a strong net
dipole moment in the nanowires (45, 46). It must be noted that
the surface potential of the a-phase nanowire (576 mV) was much
higher than that of §'-phase nanowires (395 mV). This is in good
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Fig. 3. Surface potential analysis. Plots of the surface potential of various films
and nanowires. Thermal stability of nanowire samples was also investigated by
surface potential measurement before (white bar) and after (orange bar) thermal
annealing at 165°C. Inset schematics indicate the way to measure the surface
potential using KPFM.

agreement with our P; calculations from molecular simulations and
indicates that the TANI method gives rise to strong surface potential
in a-phase nylon-11 by nanoconfinement-induced molecular ordering.
(Note that when we compare the surface potential of &'-phase and
o-phase films, molecular ordering cannot be the major factor for
the surface potential because both films are unpoled. Therefore,
other minor factors, such as crystal size and surface roughness,
should be considered to approximate the surface potential of those
unpoled films.)

Thermal stability tests confirm the notable contribution of
hydrogen bonding to the changes in dipolar orientation. After a
thermal annealing process at 165°C, the surface potential of the
&’-phase nanowires dropped from 395 to 0 mV (Fig. 3B, orange bar).
This is because the preferential crystal orientation in metastable
&’-phase disappeared because of thermal agitations (23). In contrast,
the a-phase nanowires sustained their high surface potential (~570 mV)
within the error range, even after thermal annealing at high tem-
perature, indicating that dipole alignment in a-phase nanowires can
be maintained during annealing process. The changes in XRD pat-
terns after thermal annealing further confirmed the thermal stability
of molecular configuration in o-phase nanowires (fig. S13). In the
case of &’-phase nanowires, the intensity of 21.6° peak, correspond-
ing to the (hk0) planes, decreased after thermal annealing, while the
intensity of peak at 20 = 20.4° increased (fig. S13A). In contrast, the
peak positions and intensities in diffractograms of o-phase nano-
wires before and after 165°C annealing were found to be almost the
same (fig. S13B). This means that the molecular configuration within
o-phase nanowires was thermally stable, and the resulting preferential
crystal orientation could therefore be maintained up to near the
melting temperature, as a result of the strongly hydrogen-bonded,
well-ordered, and highly packed molecular structure.

To verify the enhanced charge accumulation ability resulting from
a higher net dipole moment, we measured the changes of surface
potential before and after mechanical rubbing. This is because the
accumulated charges on the surface can be transferred by contact with
other materials having different work functions, and the friction of
the AFM tip on the surface of the material induces such an effect
(43). In particular, the intensity of remanent polarization in the
ferroelectric polymer affects the amount of transferred charges
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during the rubbing process due to the direction of polarization and
the degree of dipole orientation, as well as the change in charge
affinity of the surface (8). We measured the surface potential of
pristine §’- and a-phase nanowire samples before and after mechanical
rubbing (Fig. 4). After rubbing, the average surface potential of
d’-phase nanowires dropped from 510 to 469 mV, indicating that the
accumulated charge on the surface of §'-phase nanowires (corre-
sponding to a surface potential change of 41 mV) was transferred
via the AFM tip. In the case of a-phase nanowires, much larger
changes in surface potential of 224 mV were obtained after rubbing
(646 to 422 mV). These results indicate that a-phase nanowires
maximize the charge accumulation ability because of their dipole
alignment. Comparison with the o-phase film also confirms that the
increased charge transfer could be attributed to the dipole alignment
in the nanowires, which was otherwise absent in the film (fig. S14).

Nanowire-based energy-harvesting devices

As a practical demonstration, we propose triboelectric generators for
energy-harvesting applications. To achieve high levels of energy-
harvesting performance, materials with electron-donating tendencies
must be paired with those with electron-accepting tendencies, and
nylon-11 belongs to the less explored family of synthetic and organic
electron-donating materials (11). On the basis of o-phase nylon-11
nanowires fabricated by the optimized TANI method, we developed
a contact-separation mode triboelectric generator with an area of
3.14 cm®. An Al film and §'-phase nanowire-based devices were also
prepared to compare the device performances (note S10).

Figure 5A shows the short-circuit current density (Jsc) measured
in response to the periodic impacting at a frequency of 5 Hz and
amplitude of 0.7 N with 0.5 mm in an energy-harvesting setup that
has been previously described (27). The Al-based device showed
a peak Jsc of ~13 mA m™2 Because of the better charge-donating
property of nylon and dipole alignment effect, higher device perform-
ance was observed from a 8'-phase nanowire-based triboelectric
generator with Jsc of ~38 mA m™2 than from the Al-based device,
consistent with our previous results (11). The o-phase nanowire-
based device displayed further enhanced output performance
with a peak Jsc of ~74 mA m~2 likely due to the much higher net
dipole moment. The peak output power densities of 3.38, 1.03, and
0.099 W m™* were observed from a-phase nanowires, 8'-phase
nylon-11 nanowire, and Al-based device under impedance-matched
conditions at a load resistance of ~5, 20, and 20 megohms, respec-
tively (Fig. 5B and fig. S16A). The observed output power from
o-phase nanowire-based triboelectric generator was ~3 times and
~34 times higher than those of §'-phase nanowires and the Al-based
device, respectively. An output power comparison between a- and
&’-phase nanowires-based devices illustrates that the much higher
net dipole moment in closely packed and aligned molecular struc-
ture of a-phase nanowire contributed to the enhancement of device
performance, in good agreement with the results of modeling and
surface potential analysis (a detailed explanation of the triboelectric
charge transfer process is provided in note S11). It must be noted
that those energy-harvesting performances are originated not from
piezoelectricity but from triboelectricity of nylon-11 nanowires,
considering the properties of nanowires and the design of energy-
harvesting setup (note S12). In terms of stability, the o-phase nylon-11
nanowire-based triboelectric generator exhibited a negligible change
in output current density over the entire period of fatigue testing
(540,000 cycles) and during long-term reliability test (~2 weeks),
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(C and D) Surface potential changes before (black square) and after (red circle) rubbing process.
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demonstrating the high mechanical stability of the dipole alignment
in o-phase nanowires and the robustness of the nanowire-based
device, respectively (figs. S16D and S17). It must be noted that
the mechanical stiffness of a-phase nanowires is much higher than
that of the ’-phase nanowires because of the large crystallite with
well-ordered hydrogen bonding (47). Although no abrasion was
observed during the fatigue test in either the o- or §’-phase nano-
wires, such a stiffness difference implies that the a-phase nanowire
device is more appropriate for use in friction-based devices, includ-
ing triboelectric energy harvesters.

DISCUSSION

Nylon-11 nanowires exhibiting dipole alignment with an un-
precedented intensity of net dipole moment and thermal stability
have been fabricated. Through the nanoconfinement effect of our

Choi et al., Sci. Adv. 2020; 6 : eaay5065 10 June 2020

TANI method, a-phase nylon-11 nanowires with dipole alignment
were successfully achieved. The larger crystallite size and improved
alignment of hydrogen bonds were confirmed by XRD and IR mea-
surements, while molecular simulation was used to interpret the
diffraction data and to shed light on the mechanism behind the
preferential crystal orientation. The intensity of net dipole moment
and thermal stability of dipole alignment were also investigated by
analyzing the changes in surface potential through KPFM measure-
ments. Consequently, we have verified that, because of the ordered
crystalline regions and higher molecular packing density, the net
dipole moment of a-phase nylon-11 can be much higher than that
of poled ferroelectric &'-phase. Furthermore, the strong hydrogen
bonding, which has previously been considered as a serious dis-
advantage for the polarization of nylon-11, actually serves to enhance
the stability of the molecular structure, resulting in a constant net
dipole moment up to near the melting temperature. When a-phase
nylon-11 nanowires were incorporated in triboelectric generators,
the resulting output power was observed to be ~3 times and ~34 times
higher than those of 8'-phase nanowires and Al-based device, respec-
tively. This work provides a new insight for both nanomaterial and
nanofabrication methods to develop strong and thermally stable
dipole alignment for next-generation high-performance energy-
harvesting applications.

MATERIALS AND METHODS

Materials

Nylon-11 (polyamide-11), [=NH(CH),0CO—],,, with molecular weights
(M,,) of 201.31 g/mol, was purchased from Sigma-Aldrich. Calculated
weight percent nylon-11 solutions were prepared in formic acid
(Sigma-Aldrich, reagent grade >95%) at 70°C.
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Fabrication of nylon-11 nanowires

To prepare the nanowires, 25-mm-diameter AAO templates (Anopore,
Whatman) with a pore diameter of 200 nm and a thickness of 60 mm
were placed on an 800-ul nylon-11 solution droplet. In the case of a
conventional template-wetting method, the AAO template was placed
on the solution and was then left at room temperature for at least
24 hours with no protective covering (29). As the formic acid naturally
evaporated through the pores, the solution was drawn up through
the pores via capillary forces, and the nylon-11 was able to crystallize
into nanowires. In the case of the TANI method for the a-phase
nanowires, the AAO template was attached to a square glass slide
before placing on top of the solution to limit the exposure of the
template’s top surface to the air, thus limiting the rate of formic acid
evaporation. In addition, a lid was placed over the sample to further
reduce exposure to the surrounding air and to allow the local envi-
ronment to become saturated with formic acid vapor, and the sample
was then placed on a hot plate. The 8'-phase nanowires were pro-
duced by maximizing the evaporation speed of the solution (11). The
AAOQ template was placed on top of a drop of 17.5 wt % nylon-11
solution in accordance with the conventional template-wetting method.
No additional protective layers were added, and the solution was not
heated during the crystallization. To control the crystallization rate
of the solution, assisted gas flow with a speed of ~3 m s~ was intro-
duced upon the AAO template using a portable mini fan placed im-
mediately next to the floating template. The rate of assisted gas was
controlled by fan rotation speed and measured by an anemometer.
The whole fabrication process proceeded under room temperature.

After treatment

For accurate characterization, the thin nylon-11 film that formed
underneath the AAO template had to be removed. To do so, excess
material was scraped off using a razor blade. Next, formic acid was
warmed on a hot plate to 80°C and swabbed over the template bottom
surface using a cotton bud. Once the thin nylon-11 films had been
removed, the nanowire-filled template was washed in deionized water
and dried at room temperature. To obtain the template-freed nano-
wires, the nanowire-filled template was immersed in a 40 volume %
phosphoric acid solution for 4 hours. To achieve the assembled (and
template-freed) nanowire film, acid-immersed nanowires should be
lifted off by silicon wafer from the surface of acid solution. The
assembled film was then washed carefully in deionized water and
dried at room temperature.

Fabrication of nylon-11 films

The o-phase nylon-11 films were produced by casting the nylon-11
solution onto the hot plate (~80°C), and a lid was placed over the
sample to reduce the crystallization speed.

Fabrication of triboelectric energy generators

To fabricate the triboelectric energy generators, a 100-nm-thick Au
layer was deposited on the bottom side of the nanowires-filled AAO
template by using benchtop sputter (k550 Emitech). As a counter-
part material, a 100-pum-thick Teflon film was prepared, and Au was
sputtered on the bottom side of the Teflon film. A 24-pm-thick
aluminum film with the same diameter of 2 cm was also prepared to
compare the triboelectric generator performance with the nanowire-
based devices. The mechanical input was generated using a vibra-
tional impacting system, where a permanent magnetic shaker (LDS
Systems V100) was connected to an amplifier (LDS Systems PA25E-
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CE) driven by a signal generator (Thurlby Thandar TG1304) to gen-
erate vibration motion of the impacting arm based on a programmed
signal in the signal generator. The impacting arm underwent peri-
odic oscillations at frequency f (27). Energy-harvesting data in the
form of output voltages and currents were collected by two different
data acquisition modules: multimeter (Keithley 2002) for voltage and
picoammeter (Keithley 6487) for current measurement. A top-down
schematic of this triboelectric generator system, including the actuating
and data-collecting configuration, is shown in fig. S15.

Characterization

Three-dimensional molecular images of nylon-11 were rendered
using BIOVIA Materials Studio (Dassault Syst¢tmes BIOVIA). The
morphology of the nanowires was investigated using field-emission
scanning electron microscopy (FEI Nova NanoSEM) and AFM
(Bruker MultiMode) with an antimony n-doped Si (tip radius, <35 nm;
resonance frequency, 150 kHz). Detailed crystal structural charac-
terization was carried out by an XRD machine (Bruker D8) with Cu
Ko radiation (A = 0.15418 nm). The sample was placed on a highly
p-doped silicon substrate during the XRD measurement. The size of
corresponding crystals (D,) was calculated from the diffraction peaks
using Scherrer equation (48): D, = (K x A)/(B cos 0), where K is the
Scherrer constant, B is the FWHM of diffraction peak (in radians),
and 0 is the diffraction peak position (angle). To help optimize the
process, the XRD data from more than 90 samples were measured
to assess changes in D, and relative intensities of the peaks as a
function of processing parameters. The degree of crystallinity (y)
was calculated by calorimetry and XRD methods (49). The differential
scanning calorimetry (DSC) data were measured at a scanning rate
of 5°C/min using TA Instruments Q2000 DSC to determine the
thermal and structural properties of nylon-11 nanowires, from which
the melting temperature (Ty,) and the melt crystallization temperature
(T.) were recorded from the first heating. KPFM measurements were
carried out using Bruker MultiMode 8 in the noncontact amplitude
modulation (AM-KPFM) mode with 2-V AC signal, and an antimony
(n)-doped Si tip (MESP-RC-V2, Bruker) with a nominal radius of
~35 nm, a resonant frequency of ~150 kHz, and a nominal spring
constant of 5 N m™" was used. The KPFM measurements were
performed under the same measuring conditions for all samples
(temperature = 21°C, humidity = 17%). The rubbing procedure was
pursued for one time in a contact mode with a scan rate of 1 Hz, a
scan area of 5 um? and a contact force of 30 nN. Film thickness was
measured using a stylus surface profilometer (Veeco Dektak 6M).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/24/eaay5065/DC1
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