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Abstract

Portable fiber supercapacitors with high energy storage capacity are in great demand to cater for
the rapid development of flexible and deformable electronic devices. Hence, we employed a
3D cellular copper foam (CF) combined with the graphene sheets (GSs) as the support matrix to
bridge the active material with nickel fiber (NF) current collector, significantly increasing surface
area and decreasing the interface resistance. In comparison to the active material directly growing
onto the NF in the absence of CF and GSs, our rationally designed architecture achieved a joint
improvement in both capacity (0.217 mAh cm™/ 1729.413 mF c¢cm™, 1200%enhancement) and
rate capability (87.1% from 1 to 20 mA cm™, 286% improvement), which has never been
achieved before with other fiber supercapacitors. in situ scanning electron microscope (SEM)
micro compression test demonstrated its superior mechanical recoverability for the first time.
Importantly, the assembled flexible and wearable device presented a superior energy density
of 109.6 pWh cm™ at a power density of 749.5 pW cm™, and successfully coupled with
flexible strain sensor, solar cell and nanogenerator. This rational design should shed light on
the manufacturing of 3D cellular architectures as micro current collectors to realize high

energy density for fiber-based energy storage devices.
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1. Introduction

The prosperity of portable electronics and smart textiles market stimulates the rapid evolution
of flexible and wearable energy storage devices. "*Fortunately, flexible fiber supercapacitor
(FFSC) has shed light on the possibility of fabricating wearable energy electronics to meet this

demand, where the first fiber-shaped energy storage device was fabricated by Baughman and

coworkers using carbon nanotube fibers as electrodes.’ Among them, metal fiber-based FSSC
has recently aroused much attention because of high conductivity for charge transportation,
which facilitates better electrochemical kinetics as well as superior mechanical strength
compared to carbon based substrate.>!!> However, the inferior areal energy density greatly
limits its practical application considering that the usable area of an average human body or
portable device is greatly limited." Therefore, the key challenge in improving areal energy
density lies in how to boost the areal capacity. However, many studies have focused on
developing or updating new synthetic electrode materials to address this issue,'*!* few works
have focused on boosting the electrochemical performance only by optimizing the
architecture of the electrode materials, current collector and the entire device without
change the chemistry of the electrode materials. Structure design plays imperative role in
guarantying the sufficient utilization and electrolyte ions accessing the inner part of the

electrode materials.'>!

Considering the structural characteristics of metal fiber-based FSSC, the limited
performance is likely due to the mean surface area for large-scale mass loading (areal
capacity) and poor utilization of the electroactive-material (rate capability), both arising from
its plain geometrical shape.”’18 The construction of an intertwined 3D cellular architecture
on a smooth substrate for depositing battery-type materials was able to alleviate this problem
to a certain extent by allowing for increased surface area. " For instance, the bicontinuous
porous Ni skeleton on nickel fiber (NF) or porous nickel wire as versatile hosts were fabricated
to improve the electrochemical behavior.”' In our previous works, we also have tried to
address this issue through the inclusion of a rough surface carbon coating on smooth carbon
fiber to enhance interface properties,22 acid-assisted treatment in coarsening the nickel
surface™ and self-assembly of a highly conductive electro-active materials as porous
"substrate” >, These architectures have proven that a 3D skeletal structure provides an
effective way to enhance the surface area and mechanical adhesion of active material thus
to achieve high areal capacity. Nevertheless, the intrinsic poor conductivity of battery-type
electrode materials remains to limit its further applications. Additionally, based on Holm's
theory, constriction/spreading resistance will be produced between electroactive materials and

current collector because of the interface resistance generated by the two contacted electrodes,

S : 26 .
which is dependent on the amount of contact spots at the interface.  Consequently, decreasing

the interface resistance of the electroactive material/ current collector remains to be a dilemma.



Due to the ultrahigh specific surface area and electrical conductivity, graphene sheets (GSs)
have Jong been considered as an ideal candidate to act as electrode substrates, which allows

the growth of battery-type materials through the formation of a conductive network for

electron transportation and stress transfer.””” For example, the vertically oriented graphene can
bridge the active materials and planar current collector, which results in a significant increase in

rate capability through the reduction of interfacial resistance originating from the limited contact
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points at the interface between the active layer and current collector.” Previous studies also show

that NiCo LDH on GSs foam achieved ultrahigh areal capacitance and rate capability,
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demonstrating the possibility of using GSs as current collectors to relieve internal resistance.

Inspired by the aforementioned facts, the smart combination of a hierarchical 3D cellular
graphene with battery-type electrode materials on metal wire would possibly not only enhance
the surface area, but also lower the internal resistance to achieve high areal capacitance and
rate capability. However, to our knowledge, it is lacking in research concerning this

hypothesis to improve the energy delivery of FSSCs.

Here, we converted low-cost, wasted NF, cellular copper foam (CF) and graphene sheets (GSs)
as well as layered double hydroxides (LDHs) into a FFSC with high areal capacity and
rate capability. Through a series of electrodeposition (ED) and dip-coating operations,
3D cellular graphene framework was effectively cloned onto the NF. Notably, the CF
was introduced as a scaffold to support the GSs while simultaneously acting as the micro

current collector for electrons transportation. Such a double-sheath (CF and GSs) strategy

allows a joint improvement in both areal capacity (0.217 mAh ¢cm?/1729.4 mF cm”,
1200% enhancement) and rate capability (87.1% from 1 to 20 mA cm™, 286% increase)
in contrast to growing the active materials directly onto a pristine NF. Importantly, the
mechanical behavior of the composite was quantitatively studied for the first time using
in situ scanning electron microscope (SEM). Finally, the as prepared wearable
asymmetric FSSC with unprecedented energy density has been experimentally verified
to be able to drive a series of electronic devices such as digital watch and calculator
under typical bending deformation conditions. Furthermore, the rational integrations
with a flexible strain sensor, piezoelectric-tribological nanogenerator, and flexible solar
cell demonstrates its potential to be applied in a multitude of commercial and specialized

electronic devices.

2. Results and discussions

Recycled NF was directly drawn from a wasted industrial nickel mesh (Figure 1a). After
thorough cleaning, a glossy NF (400 pm in diameter) with smooth surface was obtained
(Figure 1b and Figure 2a). Only featured peaks corresponding to nickel could be
observed in the X-ray diffraction (XRD) spectrum, demonstrating the high purity of the



cleaned NF (Figure S1). Hydrogen templating routine is introduced in fabricating
multiscale hierarchical porous CF which does not require the dissociation of a special
sacrificial hard template. The ED process successfully converted the NF into CF-NF
with kermesinus color within a short period of time (Figure 1c, d). SEM inspection
(Figure 2c, d) revealed that the NF-CF inherited an ordered porous structure with pore
sizes ranging from 20 to 50 pm and a layer thickness of approximately 50 um after
deposition for only 1 min at a constant current density of 1A cm(the deposition time
and current density can be optimized as shown in Figure S2). As a simple yet efficient route to
"grow" GSs, dip-coating was extensively employed.**** As shown in Figure 2e-f, the smooth
GSs with an average thickness of below 40 nm (Figure S3) were homogeneously deposited
onto the copper scaffold even at the innermost regions of the structure without aggregation.
The corresponding characterization on graphene was shown in Figure S4. Specially, the

XRD results (Figure S1) contain the pattern corresponding to graphite (002), indicating the

multilayer and highly graphitic property of the Gss.” Although the real effect of multilayered

GSs possibly is less than monolayer graphene, it is a promising candidate for electrode

substrates.” Following the dip-coating process, a well-arranged and integrated composite NiCo
LDH@GSs@CF-NF with porous architecture was successfully coated over the entire surface on
NF (Figure2g and Figure S5) in comparison to that of the electrode materials directly growing on
NF with exfoliation (Figure 2b). Simultaneously, numerous uniformly-distributed wrinkled and
interconnected ultrathin NiCo LDH nanosheets with an open porous structure grew vertically

and seamlessly on the GSs layer (Figure 2h) without any aggregation; XRD observations (Figure

S1) further corroborated the presence of the LDH structure. Therefore, several key
requirements (high rate of electron transportation, large specific surface area, highly porous
architecture and battery-type electrode materials) for improving capacitive performance were
effectively merged together in the hierarchical composite structure. Thus far, there have been no
reports of a FSSC which exhibited such hierarchically-ordered porous morphological features.
The proposed design is expected to increase electrolyte accessibility through utilization of the
inner active surface, consequently boosting the rate capability while providing a buffer for

volumetric expansion during electrochemical reactions.
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Figure 1. Schematic illustration of fabrication of the NiCo LDH@GSs@CF-NF using the industrial
nickel mesh. (a-c) NF. (d) CF-NF. (e) GSs@CF-NF. (f) NiCo LDH@GSs@CF-NF.

Since GSs and NiCo LDH@GSs possess similar 20 micro-structures, the GSs serving as
conductive backbones should have played a critical role in enhancing the mechanical loading
capability of the WH. Various chemical and mechanical characterization methods were
therefore employed to explore the mechanism involved. The typical transmission electron
microscopy (TEM) images of the NiCo LDH@GSs in Figure 2i demonstrate the densely
grown NiCo LDH on the copper skeleton (the dark part). Close-up observation of the
composite in Figure 2i-j and Figure S6 unveiled that the ultrathin LDH sheet adheres well
with the multilayer GSs. The lattice spacing in the higher resolution TEM (HRTEM, Figure
2k) observation was calculated to be 0.208nm, which agrees well with the (107) plane of the

NiCo LDH.* Moreover, the element mapping analysis further confirms the homogeneous

growth of NiCo-LDH on the GSs (Figure 21 and Figure S7).
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Figure 2. Structural and mechanical characterization of the NiCo LDH@GSs@CF-NF. SEM images of the
(a) bare nickel wire and (b) NiCo LDH@NEF. (c) low and (d) large view of the morphological features of CF-
NF. (e) low and (f) large view of the morphological features of SEM images of the GSs@CF-NF. (g) SEM
images of the NiCo LDH@GSs@CF-NF and (h) corresponding magnification. (i-k) low magnification
and high resolution of TEM images of NiCo LDH@GSs@CF-NF. (1)Element mapping images and (m)
micro-compression test of the GSs@CF-NF. (n) Large-scale fabrication of the GSs@CF- NF.

Figure 2m shows the schematic illustration of the compression test conducted on both the CF-
NF and GSs/CF-NF (measured by in situ nanoindentation with a diamond indenter tip
inside SEM, Figure S8a). The succeeding loading curve of the latter can almost completely

go back to its previous maximum stress point and continue the trend of the previous loading

curve over the entire range, indicating a nearly perfect strain memory effect.37 However, the
strain memory effect was not observed in the case for CF-NF, and each loading-unloading cycle
exhibited an intermittent drop in force. Furthermore, we discovered that each cyclic compression
on both samples would lead to a degree of permanent plastic deformation from the unloading
curves, and the elastic recoverability of the GSs-coated one was 3.17 times of the CF-NF (red arrow,
2000 nm vs. 588 nm on recoverability) when subjected to 3867 nm compression. Considering

the main difference between the two cases lies in the GSs coating, we propose that the energy



dissipation is mainly dependent on the buckling of the GSs which is tightly bounded to the CF,
drastically elevating its structural integrity. This is verified by the post-mortem image shown in
Figure S8b.The poor recoverability and intermittent force drop observed in the loading-unloading
curves of the CF-NF is presumably attributed to the loosely stacked copper nanoparticles (Figure

S8c-d). The weakly bonded nanoparticles would lead to limited electron transportation during the

electrochemical reaction. Additionally, similar to other flexible ﬁbers,3’38 our GSs@CF-NF can
also be readily rolled and curved into an arbitrary shape with a large scale production (Figure 2n).
Consequently, these observations imply the uniform growth of a dense NiCo LDH layer on the
substrate and the introduction of GSs would remarkably enhance the -electrochemical
performance, mechanical integrity and stability of the architecture when it suffered dynamic

mechanical deformation, all of which plays a crucial role in practical applications.

The NiCo LDH@GSs@CF-NF composite exhibited superiority in electrochemical properties
compared to all of its other controlled counterparts (Figure 3a), as indicated by the largest
integrated areas of the cyclic voltammetry (CV) curves at 5 mV s and the existence of two
stronger reduction peaks (D ®). A comparison of the galvanostatic charge-discharge curves (GCD)
at I mA cm? further certify this observation (Figure 3b). The discharging time for NiCo
LDH@GSs@CF-NF (781.3 s) is slightly larger than the NiCo LDH@CF-NF (685.8 s) but
significantly exceeds NiCo LDH@NF (67.32 s) by more than 10 times. Apparently, the electrode
materials could be sufficiently utilized with both the NiCo LDH@GSs@CF-NF and NiCo
LDH@CEF-NF at low current density. Whereas the NiCo LDH@NF displays the worst
capacitive performance owing to the poor adhesion of NiCo LDH on the smooth NF (Figure
3b), leading to the low mass loading of the electrode material. It then naturally come to
pose the question: where did the capacity of NiCo LDH@GSs@CF-NF mainly come from?
Armed with above systematic analysis and considering that the capacity supplied by the pure
nickel and GSs@CF-NF can almost be neglected (Figure S9 and Figure S10), the capacity
is most likely to be derived from the battery-type capacitive reaction of the NiCo-LDH.
Therefore, to have a better understanding of the corresponding capacitive performance, CV
curves at various scan rates were quantitively shown in Figure Slla. The CV curves,
especially at low scan rates, displayed two pairs of redox peaks. As the scan rate increases,

the potential difference between the anode and cathode is attributed to the polarization of

electrodes during the reaction process.39 Figure S11b shows the GCD curves at different
current densities ranging from 1 to 20 mA c¢cm™ The linear variation of potential with time
(0-0.16 V) alongside the vertical axis presented the double layer capacitance and the sloped
variation of potential against time (0.16-0.45), which was attributed to the battery-type

.. . . . .., 40 .
capacitive behavior arising from the redox activity, further confirming the
representative storage mechanism. However, to quantify the amount of charge stored by
the battery-type reaction in the composite material, the CV curves obtained at various

scan rates were fitted via using the kinetic models. The charge (Q, Cg') and the scan rate
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can be expressed according to the below equations.

Q = Queoo +kv~Y/? (1)
Or
Q™1 = Q20 + kv'/? 2)

Where Q,-. represents the electric double layer charge (EDLC)when v = o0.Q,-, stands
the total charge when v = 0. Therefore, the total charge and the double layer charge can be
calculated from the y-axis intercepts, as shown in Figure 3c-d. Based on the quantitative
analysis, the diffusion-controlled redox capacitive contribution (Outer charge) is almost
90.2%, only 9.8% was derived from the inner charge (graphene layer). This result was in a

good accordance with the observations displayed in Figure S9.
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Figure 3. Electrochemical behavior of NiCo LDH@GSs@CF-NF. (a) CV curves, jk indicates the
reduction peaks (b) GCD curves (c, d) relationships of charge vs. scan rate and (e) rate capability as well

as (t) EIS measurement of NiCo LDH@GSs@CF-NF, NiCo LDH@CF-NF, and NiCo LDH@NF,
respectively.



CF and GSs were two essential additives in the composites, understanding their respective
roles in the electrochemical reaction are necessary to help us to decipher the mechanisms
attributing towards the superior electrochemical performance. As studied above, at low
current density, the NiCo LDH grown on CF-NF show larger capacity as opposed to direct
deposition on a pristine NF. Based on this and SEM observations, we can schematically
conclude: I) the 3D porous CF remarkably enhances the NiCo-LDH loading by avoiding
delamination issues due to poor adhesion, non-uniformity, and constrained pores (Figure 2b); 2)
the 3D porous architecture facilitates the diffusion of electrolyte ions into the inner regions of
the electrode; 3) the large active area plays a crucial role in the enhancement of capacity. However,
one remaining question is, in addition to the recoverable mechanical enhancement and "capacitive
enhancement" for NiCo LDH@GSs@CF-NF at low current density (1 mA ¢cm™), how does the
GSs lead to increase the electrochemical performance? Toaddress this doubt, rate capability tests
were conducted to corroborate the role of the GSs. As shown in Figure 3e and Figure S12-S14,
the NiCo LDH@GSs@CF-NF exhibits high areal capacity of 0.217, 0.214, 0.208,0.2 and 0.189
mAh cm? (1729.4, 1714.7,1661.7,1599.7 and 1506.3 mF cm?) at current densities of 1,2.5, 5,
10,20 mA cm?, respectively. It achieved the highest areal capacity among the other fiber-shaped

supercapacitors tested in an aqueous electrolyte and outperformed all of the previous reports

which utilized a metal fiber as the substrate” (Table S1 in the Supporting information). For
example, the 1729.4mF cm? is almost two times higher than the recently reported 866 mF cm™ at
2.5mA cm? for CuO@CoFe LDH and three times higher than the NiC0,04/3D nickel wire (550 mF
cm‘z) 2 Moreover, the NiCo LDH@GSs@CF-NF achieved 6.8% and 1200% improvement in

areal capacity compared to NiCo LDH@CF-NF (0.203 mAh cm?) and NiCo LDH@NF (0.017
mAh cm?) at a current density of 1 mA cm?. Surprisingly, the capacity of NiCo LDH@GSs@CF-
NF remains to be 0.189 mAh cm? at current density of 20 mA cm?, achieving superior rate
capability of 87.1% capacity retention whereas the NiCo LDH@CF-NF and NiCo LDH@NF
only respectively kept 30.8% (0.063 mAh cm?) and 22.5% (0.0038 mAh cm™) capacity retention,
respectively. Furthermore, this exceptional rate capability also exceeds all previously

reported fiber supercapacitors such as NiO@CNT@CuO/Cu fiber (82.08% retention from 0.96 to
4.8 mA) '’ and NiO/Ni(OH),/PEDOT/Ni fiber (76.8% retention from 4 to 32 mA cm?).

Cleary, the GSs are essential for the significant enhancement of rate capability. To analyze the
rate capability mechanism of the composite, the iR drop (Figure 3b) was conducted on these

samples. As a typical measure of the overall resistance of the electrode materials, the iR drop

is proportional to discharge current.47 As shown in Figure 3b, the NiCo LDH@Gs@CF-NF
exhibits the lowest voltage drop (3.6 mV), indicating the smallest inner resistance. In contrast,
the CF modification cannot improve the conductivity (as high as 9.4 mV) of the electrode, and its
conductivity was even worse compared to the NiCo LDH@NF. This is attributed to the weak
bonding of the copper nanoparticles discussed earlier. Therefore, we deemed that the introduction
of GSs greatly eases the electrons resistance inside the electrode materials during the

electrochemical reaction, due to its intrinsic high current-carrying ability deduced from the



hexagonal lattice structure (Figure SlS).48 The electrochemical impedance spectroscopy (EIS)
was thus employed to further confirm and deeply probe it (Figure 3f). The nearly vertical curve
for NiCo LDH@Gs@CF-NF in the low frequency indicates an ideal and perfect
supercapacitor behavior. The largest slope of the profile for the graphene modified composite
was derived from a fast ion diffusion process in the electrolyte, which stemmed from the GSs
coating together with the rationally designed 3D porous copper structure. Conversely, the CF
is inferior but higher than that of the NiCo LDH@NF, further demonstrating the role of 3D
copper framework in enhancing the ions diffusionrate as a bufferreservoir. The series resistance
(electrolyte resistance, intrinsic resistance and interfacial contact resistance) was defined as
the intercept between the EIS and horizontal axis again validated the iR drop results (inset in
Figure 3f). Based on aforementioned findings, we can schematically conclude the mechanisms
behind the induced high rate capability by GSs was because of the establishment of a "super
highway" for rapid transportation of electrons and ions resulting from the seamless connection
between highly conductive GSs and NiCoLDH. This rationally designed architecture avoids
severe aggregation, easing the pathways for hydrated ions to access the interior surfaces.

However, note that long time deposition would lead to the over-dense packing and exfoliation

of LDH incausingless expose ofactive sits,reducing the areal capacitance (Figure S1 6).11 Finally,
anexcellent cycling stability with 86.7% was achieved after 5000 cycles at a scan rate of 50 mV
s (Figure S17), which is because that the readily porous structure of the electrode is capable

of accommodating the volume change during cycling, leading to a longer lifespan.

However, it does not make any sense to say how good the electrodes are without practical
applications. The most exciting improvement was the successful assembly of the NiCo
LDH@GSs@CF-NF (as the positive electrode), activated carbon (AC) (as the negative
electrode, see Figure S18 in Supporting information) and Polyvinyl Alcohol (PVA)/KOH
into a high-performance solid asymmetrical supercapacitor (SASC) (Figure 4a and Figure
S19). The heat shrinkable pipe was used to effectively avoid the electrolyte leakage and
moisture contamination. As expected, the SASC works in a wide potential range of 0-1.5
V (Figure 4b and Figure S20), which greatly beyond the limits of the positive and negative

electrodes individually, achieving a high energy density based on the typical formula:
E=-CV? 3)

Where E is the power density, C is the specific capacitance and V is the voltage range. Since
a larger potential (V) has been obtained, we urgently want to see how the SASC worked in
terms of the capacitive performance. To unveil this doubt, the CV curves of the SASC at
various scan rates ranging from 10 to 100 mV s were shown in Figure 4c. A combination of
both battery-type capacitor and double layered capacitor features was observed, without any
distorted behavior with increasing the sweep rates, demonstrating an efficient ion

transportation. The GCD curves in Figure 4d exhibit nearly linear and symmetric



behavior, further demonstrating the superior electrochemical reversibility. This was also
proven by the coulombic efficiency results in Figure 4e. At a high current density of 20
mA cm?, higher coulombic efficiency of 98.99% was obtained, the occurrence of a fast and
reversible electrochemical process at or near the electrode surface. Most importantly, the
SASC show superior high areal capacitance of 350.9 mF ¢cm? (52.1 F g''and 1949 mF cm?,
see Figure S21) at a current density of 1 mA cm™. This greatly outperforms other reported
fiber supercapacitors such as the VN/CNT//MnO,/PEDOT/CNT (213.5 mF ¢cm™ at 0.3 mA

em?)* and the CNT@ZnO@MnO,//CNT (31.15 mF cm?at 10 pA)™. Thanks to the strong
bonding force of the gel electrolyte and the shrinkable pipe compared to the aqueous
electrolyte, the assembled device showed superior Jong-cycling stability of 90.5% after 3000

cycles (Figure 4f and Figure S22a), demonstrating its great potential in practical application in
comparison with other reported fiber device such as Co3Qs4//Graphene (84%,1000 cycles)SI,

NiCoS//Graphene (86.2%,1000 cycles)sz. Notably, our device achieved outstanding energy
density of 109.6 pyWh cm? (0.61 mWh cm?) at a power density of 749.5 pW cm? (4.17 mW cm?)
and remained 64.2 uWh cm™ even at a power density of 14997.6 uW cm™ (Figure 4g). This value
exceeds most of the reported fiber supercapacitors such as the MXene (Ti3C2Tx,7.3 pWh cm?,

132 uW cm?)”, MOF- templated CNTFs@ZnCo:2Qs @Zn-Co-S (32.1uWh em?, 698.2 W cm?)’
NiCoS/nickel yam (48.7 uWh cm? , 553 pW crn‘z)sz, MnO,/PEDOT/CNT (96 uWh cm? , 270
uW cm‘2)49, CNT/carbon nanofiber (9.8 pWh cm?2, 1894 uW cm?)”, TIN@C nanotube (2.69
uWh cm?, 97 uW cm‘z)Bg,MnOZ/carbon fiber (1.428 uWh cm?, 51.4 uW cm‘2)56, MnO,/gold wire
(5.4 puWh cm™? |, 284 pW cm‘2)57, MnO,/Graphene (11.9 uWh ecm? 400 W cm‘2)58 and core-shell
graphene fiber (0.17 uWhem?, 100 uW cm‘z)sg. Furthermore, the ability of the solid fiber device

to retain excellent performance even under various mechanical deformations is desirable to be
used for flexible and wearable electronics. The inset in Figure 4h shows the digital optical
images of the device with different bending degree from 0 to 180 degrees, who showed excellent
overlapped GCD curves (Figure S22b) with only 5% decay (Figure 4h). This suggests the
possibility of a direct integration of the device onto a flexible substrate to drive electronic devices
or regarding it as the energy storage system, especially considering that the device show low
leakage current and limited self-discharge (Figure S23). As a proof of concept, several real-life
applications of the SASC were explored to demonstrate the feasibility of the device to be

incorporated into wearable electronic devices.



+- b

w
=}
o
S
=

Current density (mA cm™)
© 5 o 5 ¢
\\
Ry

~
=]
<

PVA/KOHgel electrolyte

/

v ¥
Heat shrinkable pipe
13v

w
=1

00 03 06 09 12 15

Potential (V)
e A T T T
A 20 mA em
/ 10 mAem Q e o
5 mAcm® > i
| ——25mAcm? °\°
/ B\ 1 mAcm / ‘\\‘0
s \\;
'\_\ A'\,\
\ —~al
\ 8 |
\
00 03 06 09 12 15 0 200 400 600 800 1000 1200 ¢ 10 15 70
f Potential (V) Og Time (s) h Curmnt density (mA cm ]
1000

8

el o %erork

)

=3
2
=]

: '/ w/ |

>

Capacitance retention (%),
8
Energy censity (uWh cm™)
S
Capacitance retention (%)

40 s T 0.4
LAt
20 0.2
0 y: T T M — 01 T 0.0 T T
0 500 1000 1500 2000 2500 3000 100 1000 }0000 0 A5 90 135 180
Cycles Power density (4W cm™) Bending angle (Degree)

Figure 4. Electrochemical performance of the solid asymmetrical supercapacitor. (a) Schematic
illustration of the assembled device. (b) Potential ranges of the SASC at a scan rate of 100 mVs-
1. (c) CV (d) GCD and (e) Rate capability as well as coulombic efficiency of the device. (f) Long-
time cycling of the device. (g) Ragone plots of the device. (h) Capacitance retention of the device

under various bending angles.

As shown in Figure S, the SASC was readily packaged with different devices, weaved into the
cotton shirt and even flexed to fit our body shape. After charging for only 10 seconds, the curved
individual SASC which was twined around a finger successfully powered a digital watch for
more than 25 min (Figure 5a and Movie S1). The device was also integrated with a headphone,
further demonstrating its capability to be worn and mold into our body shape (Figure 5b).
Moreover, it could be weaved into our lab cloth to power electronics under bending deformation
(Figure 5c, d). By employing several capacitors in series, the working potential can be increased
accordingly to power devices which requires high energy density. As shown in Figure Se-f, a
motor fan and a pocket calculator can also be powered with the SASCs (Movie S2 and Movie
S3).

Intriguingly, the device can be easily fixed on the magnetic paper without using extra force due

to the ferromagnetic property of the nickel ﬁber,60 further extending its functional applications
(Figure S24).



Figure 5. Practical application of the supercapacitor packaged with various electronic device. (a) The
curved SASC powered a digital watch. (b) The device was integrated with a headphone. (c-d) the device
was weaved into our lab cloth to power electronics under various bending deformation: @ (straight)®

(bending). (e-g) a motor fan and a pocket calculator were powered with the SASCs.

Its potential to be used as a flexible strain sensor was also investigated by using an
environmentally friendly and super-elastic yam obtained from disposable lab masks and coating
it with rGO (Figure S25). The flexible SASC serves as the power source in this case as well
(Figure 6a). Detailed fabrication procedures are included in the Supporting Information. The
rationally designed strain sensor shows favorable gauge factor of 13.5 (Figure 6¢), which is much
higher than that of similar fabrics reported in Ref®'.Coherent with the demonstration shown in
Figure 6¢, the assembled device powered by the SASC exhibits high sensitivity and displayed
oscillating electrical signal which is synchronized with the folding motion of the finger (Movie

S4).
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Figure 6. The device was assembled with a strain sensor. (a) The schematic illustration of the assembly. (b)
The performance of the strain sensor. Inset is corresponding SEM images. (c) The behavior of the

assembled SASC integrated with strain sensor.

The increasingly apparent energy crisis has forced people to find renewable and clean energy
resources. However, due to the non-continuous and unstable nature resources (for example,

the ocean wave owns alow frequency of below 5 Hz and the solar source is greatly limited by

the geographical distribution, time shifting),éz’63 these nature energy sources typically
cannot directly serve as the sole power source for driving consumer electronics. Totackle
this problem, the supercapacitor can be regarded asthe robust backup and reservoir to form a
self-sustaining system. Thus, to demonstrate the viability of our device in storing ocean wave
energy forpractical application,the SASC was charged by the nanogenerator (piezoelectric
and triboelectric units) with the frequency below 5 Hz (3 Hz, Figure 7a, and Figure S26).
After charging for 30 min,the SASC (8 cm in length) increased its voltage from 0 to 90 mV,
demonstrating its great potential in the storage of low frequency mechanical energy in our
daily life (Figure 7b). Furthermore,the flexible SASC was readily packed with abendable solar
cell with a working voltage of 1.5 V under light to assemble a self-charging power system,
as schematically illustrated in Figure 7c-d. Under the light irradiation, the SASC could not only drive
the digital watch but also fully charge the SASC (Figure 7¢). Thus, even when the light was
removed (Figure 7f), the stored energy in the supercapacitor could serve as the power source for

the watch, which enables this hybrid energy system to work for a prolonged period.
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Conclusions

To summarize, a rationally-designed strategy for the fabrication of FSSC with high energy
density was proposed in this work. A 3D porous CF architecture was successfully built on
NF for the first time, which not only act as a support for the graphene sheets but also served
as the micro current collector, achieving high capacity. The GSs significantly lower the
interfacial resistance and provide mechanical protection for the CF with superior
recoverability to avoid catastrophic fracture (demonstrated by the in situ SEM compression
test). Based on the cooperation between its constituents, the synthesized NiCo
LDH@GSs@CF-NF exhibited 1200% improvement in areal capacity, 286% enhancement
in rate capability and kept an excellent recycling ability. To our knowledge, such high
areal capacity and rate capability rarely reported before. Importantly, the fabricated
wearable FSSC could retain a high energy density even under mechanical deformation,
allowing it to be readily integrated with other electronic devices to achieve multifunctional

applications such as strain sensor, nanogenerator and flexible solar cell. Moreover, this



smart manufacturing strategy which utilized CF can be grafted to other metal wires (such as
Cu wire, Ti wire and shape-memory alloy wire) and the method to coat GSs can be further
optimized through chemical vapor deposition (CVD) to obtain a thinner graphene coating.
This design principle creates new opportunities for developing fiber shaped energy storage

device to achieve high energy output for applications in an extensive range of fields.

4. Experimental Section

Experimental procedure can be found in the Supporting information.

Supporting Information

Supporting information is available free of charge on the ACS Publications website at DOI:

Detailed experimental procedure; XRD patterns of the sample (Figure Sl); SEM and Raman
test of the sample (Figure SI-S7); in situ nanoindentation test of the graphene composite
(Figure S8); Electrochemical performance of the NiCo LDH@GSs@CF-NF, NiCo
LDH@CF-NF and NiCo LDH@NF (Figure S9-Sl4, Figure S16, Figure S17);

TEM images of the graphene sheets (Figure SIS); Electrochemical performance of the AC
(Figure S18); Performance of the assembled device (Figure S19-S24); The performance of
the strain sensor (Figure S25);The fiber supercapacitor was charged by the nanogenerator
(Figure S26); Comparison of the fiber supercapacitor with other reported device (Table S1);
The curved individual SASC which was twined around a finger successfully powered a
digital watch (Movie S1); A motor fan(Movie S2) and a pocket calculator(Movie S3) was
powered with the SASCs; The strain sensor can be assembled with the SASC.
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