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ABSTRACT With the bloom of wearable electronics, it is becoming necessary to develop
energy storage units, e.g., supercapacitors that can be arbitrarily tailored at the device level.

Although gel electrolytes have been applied in supercapacitors for decades, no report has studied 5

the shape-tailorable capability of a supercapacitor, for instance, where the device still works after
being cut. Here we report a tailorable gel-based supercapacitor with symmetric electrodes
prepared by combining electrochemically reduced graphene oxide deposited on a nickel nanocone
array current collector with a unique packaging method. This supercapacitor with good flexibility
and consistency showed excellent rate performance, cycling stability, and mechanical properties.

As a demonstration, these tailorable supercapacitors connected in series can be used to drive small
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gadgets, e.g., a light-emitting diode (LED) and a minimotor propeller. As simple as it is (electrochemical deposition, stencil printing, etc.), this technique can

be used in wearable electronics and miniaturized device applications that require arbitrarily shaped energy storage units.
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earable electronic devices are

leading the trend of commercial

electronics, mainly due to their
novel characteristics of flexibility, light
weight, and compact size. The energy stor-
age units such as batteries and supercapa-
citors are critical components of wearable
electronics; thus, they have attracted a great
deal of attention.'® From the ergonomic
aspect, these energy storage units should
be capable of being made into arbitrary
shapes, unlike conventional coin, column,
or square counterparts, to meet a high level
of integration demand and to cater to ver-
satile applications ranging from cloth, to
smart glasses, to watches or bracelets.* For
this purpose, tailorable energy storage units
that can be reshaped or cut at the device
level need to be developed. Furthermore,
these tailorable energy storage units could
serve as reliable power suppliers even if
they are damaged, for example, being cut,
punctured, or blasted, ensuring that they
are able to power electronics under severe
conditions.
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For typical energy storage devices such as
lithium ion batteries and supercapacitors,
one approach to realize their tailorability is
to adopt solid electrolytes. Solid electrolytes
can not only provide a strong mechani-
cal support for the device but also prevent
the leakage of electrolyte.®> For example,
Kamaya et al. and Mizuno et al. recently
reported lithium ion batteries with a solid
electrolyte, showing improved safety per-
formance.®” In the past decade, great ef-
forts have also been devoted to all-solid-
state supercapacitors.®~'° However, super-
capacitors with tailorable features have not
yet been explored. It should be noted here
that the typical ceramic solid electrolyte has
an ion mobility about 32—70 times slower
than that of a liquid counterpart,’’ greatly
limiting the power density of the corre-
sponding energy storage device. Addition-
ally, the widely studied gel electrolytes are
overwhelmed with weak molecular interac-
tions, which can barely provide enough
strength to resist an intense mechanical
impact. To date, supercapacitors with both
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Scheme 1. Schematic illustration of the shape-tailorable graphene-based ultra-high-rate supercapacitor. Regular NCAs
deposited on a Ti substrate were used as current collector and then perpendicularly stencil-printed with EVA glue. After
constructing the EVA cofferdams, ErGO was electrochemically deposited onto the NCAs, and this ultrathin electrode can be
peeled off from the Ti carrier substrate. Two pieces of the same ErGO electrodes coated with Na,SO,—PVA gel electrolyte were
hot-laminated together to form a tailorable supercapacitor that can drive the light-emitting diode.

tailorable characteristics and a high power density
have not been realized.

Carbon materials have been most widely used as
electrode materials of commercial supercapacitors.'?
Recently, graphene has drawn unprecedented atten-
tion in both academic and industrial aspects, because
of its atom-thick two-dimensional structure, large the-
oretical specific surface area (SSA, 2675 m?/g), and
ultrahigh theoretical specific capacitance (550 F/g)."*
Moreover, many well-engineered graphene-based sup-
ercapacitors exhibited negligible losses in their capa-
citances during ultrafast charging/discharging pro-
cesses.'*"> Particularly, manipulating the orientation
and assembly of graphene sheets in the electrodes of
supercapacitors can improve the rate performance.'6~ '8
For example, a constant electric field is able to trigger
the self-assembly and reduction of graphene oxide
(GO), rendering the electrochemical reduction of
GO."”2" Consequently, electrochemically reduced
graphene oxide (ErGO) sheets were deposited on a
conductive substrate (acting as the current collector),
forming a highly porous structure to improve the
performance of the supercapacitor.??

Here we report a tailorable ultra-high-rate super-
capacitor using ErGO as the binder-free electrode
material. The ErGO was homogeneously deposited
on well-defined nickel nanocone arrays (NCAs) by one-
step electrochemical deposition with a two-electrode
configuration.?>?3 The involvement of NCAs can help
to improve the loaded mass of the active material and
improve the contact between the active material and
the current collector, rendering excellent transport of
electrons through the whole structure, which is bene-
ficial to deliver high areal specific capacitance and
superior cycling stability. The mass loading of ErGO
can be further increased by multiple depositions and
can reach 0.6 mg/cm?, showing leading areal specific
capacitance in the ErGO system (57.1 mF/cm?at2 mV/s).
In addition, the electrode showed 96.5% capacitance
retention after 20 000 cycles of CV scanning at a high
scan rate of 1000 mV/s, indicating outstanding cycling
stability. 2%

To make the supercapacitor tailorable, we stencil-
printed hot-melting glue (ethylene vinyl acetate,
EVA, resin) lines (width: 0.25 mm; distance: 3 mm;
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height: ~0.02 mm) on the NCA current collectors
with Ti foil supports in a perpendicular direction as
cofferdams (banks). Successively, ErGO active material
was deposited and a PVA-Na,SO, gel electrolyte was
applied, aiming at promoting the mobility of the ions.
Subsequently, two identical electrodes were hot-
laminated together, generating numerous isolated
small square cells, preventing the contact of the oppo-
site electrodes. Finally, the attached Ti foils were peeled
off to minimize the packaging size (Scheme 1). Such a
tailorable gel supercapacitor (TGS) with EVA coffer-
dams showed large areal and volumetric specific ca-
pacitances, excellent rate performance, and good
cycling stability. In addition, a series of device-level
characterizations demonstrated that the TGS has ex-
cellent flexibility and mechanical robustness. In terms
of potential applications, TGSs are able to drive light-
emitting diodes (LEDs) and minimotor propellers, even
when they suffer from intense slitting. This technique
involves simple processes including electrochemical
deposition and stencil printing; thus, it is readily scal-
able to industrial levels.

RESULTS AND DISCUSSION

The NCAs used as the current collector were pre-
pared by a one-step electrodeposition method. SEM
images of the NCAs show that they are morphologi-
cally uniform (Figure S1a,b). The NCAs grown vertically
on the Ti substrate had an average height of about
800 nm with an aspect ratio close to 4, rendering the
surface area of the current collector about 2 times
larger than that of a planar Ni plate.?® The large surface
area and the regular surface structure may help to load
more active materials. Thanks to their dislocation
growth mechanism,® the rough surfaces of NCAs
(Figure S1¢,d) can enhance the contact between NCAs
and the active material.>®

GO was in situ converted to ErGO on NCAs via
electrochemical deposition using a two-electrode sys-
tem, forming a uniform layer (Figure S2a). In our experi-
ment, the applied voltages ranged from 2.8 to 3.2 V,
and no evolution of hydrogen was observed during
this process. Different from the previous works on the
preparation of ErGO using the three-electrode con-
figuration (the reduction process takes place on the
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Figure 1. (a) (Side view) SEM image of the macroporous ErGO network (height ~20 um) deposited on NCAs at the bottom.
(b) TEM image of a thin area of the ErGO network. (c) TEM image of a thin area of the contacting area between ErGO and NCAs.
(d) HRTEM image of a nickel nanocone with close contact of ErGO (inset: SAED of the ErGO).

glassy carbon electrode),’®?' we adopted the simpler

two-electrode method and multiple depositions; thus,
we could also obtain ErGO electrodes with large areas
(e.g., 24 cm?, Figure S2b) and high mass loadings (up to
0.6 mg/cm?). The formation of ErGO was confirmed by
XRD and Raman examinations. As shown in Figure S3a,
an intense peak located at 26 = 10° in the XRD pattern
of GO represents the typical structure of the GO sheets,
while this peak was replaced by a new one at 20 = 26°
after electrochemical deposition, reflecting the con-
version of GO to ErGO.*'

The FT-IR spectrum of GO shows a broad absorption
peak at around 3300 cm ™', which is associated with the
hydroxyl groups and carboxylic groups (Figure S3b).
The strong peak at approximately 1720—1740 cm ™' is
attributed to the C=0 stretching vibrations from car-
bonyl and carboxylic groups. A weak peak at approxi-
mately 1614 cm™" corresponds to the C=C skeletal
vibration of the unoxidized graphitic domain. The peak
at 1045 cm™' is consistent with a C—O stretching
vibration. The spectrum also indicates the presence
of O—H bending in tertiary alcohol (1361 cm™")
groups, which were reported to be located on the
basal plane of GO.?° After the electrochemical deposi-
tion, it is evidenced that the relative intensity of peaks
associated with oxygen-containing functional groups
was significantly reduced, especially the broad band at
around 3300 cm™". The other peaks originated from a
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C—O stretching vibration and a C=C (1614 cm™ Y
skeletal vibration of the unoxidized graphitic domain.
Therefore, most of the oxygen-containing functional
groups on the basal plane of GO sheets were removed
by electrochemical reduction. A Raman scattering
(Figure S3c¢) investigation showed that the intensity
ratio of Ip/lg increased from 0.97 to 1.16 after the
reduction process, which is a typical phenomenon for
ErGO and could be attributed to the increased amount
of small conjugated domains.?* Additionally, XPS anal-
ysis of the C;s of GO and ErGO showed analogous
results with a previous report (Figure S4), confirming
the reduction process.’

In order to construct the supercapacitor device,
regular NCAs were grown on a Ti substrate for the
current collector, and EVA glue was then stencil-
printed on the NCAs to construct the cofferdams. Suc-
cessively, a macroporous ErGO network was formed on
the NCAs by the electrochemical deposition method
(Scheme. 1). From the top view of ErGO on the NCAs
(Figure S5a), the ErGO exhibits a macroporous net-
work characteristic, which is capable of providing fast
ion transport channels in the electrode. Cross-sectional
observations of the ErGO electrode (Figure 1a) also
confirmed that the ErGO can be successfully de-
posited on the NCAs to form a porous network,
and the thickness of ErGO was about 20 um. As shown
in Figure 1b and Figure S5b, the high-resolution
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transmission electron microscopy (HRTEM) analysis
showed that the ErGO is high quality; the dark spots
may be the residual salt crystals originating from the
electrolyte. From Figure 1¢d and Figure S5cd, it
appears that ErGO has good contact with the NCAs,
which helps to improve the electron transfer rate. The
selected area electron diffraction (SAED) pattern (inset
of Figure 1d) of ErGO displays a bright diffraction ring
corresponding to the (100) reflection from the gra-
phene plane compared with that of GO (Figure S6),
suggesting that the conjugated structure of graphitic
domains in GO was recovered.?”

In order to evaluate the electrochemical perfor-
mance of the electrode material, cyclic voltammetry
(CV), galvanostatic charging/discharging (GCD), and
electrochemical impedance spectroscopy (EIS) analyses
were used. All the tests were performed in 0.5 M
aqueous Na,SO, electrolyte with a three-electrode
configuration. The CV curves over a range of scan rates
from 2 to 50 mV/s exhibited an almost ideal symmetric
rectangular shape, suggesting the typical capacitive
characteristic (Figure S7a). The GCD test was per-
formed with different current densities, over the vol-
tage window of 0 to —0.8 V (Figure S7b).?% The GCD
curves kept a nearly ideally triangular shape and
exhibited only negligible /R drops of 0.007 V at 0.1
mA/cm?and 0.03 V at 1 mA/cm?, respectively, by virtue
of the good contact between ErGO and NCAs.? In
addition, the GCD curves of the NCA current collector
were recorded under the same current density for
ErGO (1 mA/cm?), demonstrating that the NCA current
collector had a negligible contribution to the total
capacitance of the electrode (Figure S8). According to
eq 1, the maximum areal specific capacitance of the
ErGO electrode was close to 57.1 mF/cm? at the scan
rate of 2 mV/s, which is a leading areal specific capac-
itance of the ErGO system.?*?° With the scan rate
increased to 50 mV/s, the areal specific capacitance
slightly decreased to 38.8 mF/cm? suggesting an
excellent rate performance (Figure S7c). The excellent
capacitive property can be mainly attributed to the
following two reasons: (1) the macroporous ErGO net-
work facilitates the diffusion of ions from the electro-
lyte to the inside of the electrodes to form electrical
double layers; (2) the involvement of the NCA current
collector and multiple depositions enable more ErGO
to be loaded, leading to a high areal capacitance. It
should be noted that increasing the deposition cycles
to six resulted in a maximum ErGO loading of about
0.6 mg/cm? on the NCAs (Figure S9). The specific
capacitance of this ErGO electrode was calculated to
be 160 F/g by using eq 2 (Figure S10).

In order to address the effect of the presence of
NCAs, a piece of smooth Ni plate loaded with ErGO by
the same method was used for control. The mass
loadings of ErGO on NCAs and the Ni plate were
calculated by weighing the electrode before and after
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ErGO deposition. We found that the mass loading of
ErGO on NCAs was almost 2 times that deposited
on the bare Ni plate after the same deposition time
(Figure S7d), which is conducive to the realization of
high areal specific capacitance. As compared, the
electrode of the ErGO on the Ni plate showed a
capacitance retention of 94.3% after 20000 cycles of
CV scanning at 1000 mV/s, while that of the electrode
consisting of ErGO on NCAs was recorded as high as
96.5% (Figure S7e). A Nyquist plot of the ErGO elec-
trode is shown in Figure S7f. An equivalent circuit
model (Figure S11) was used to fit the EIS data. From
the inset of Figure S7f, the Re/R. of ErGO on the NCA
was 0.13/0.41 compared with 0.76/0.77 of ErGO on the
Ni plate (Re: intrinsic resistance of the substrate, the
ionic resistance of the electrolyte, and the contact
resistance at the ErGO/NCAs interface; R.: charge
transfer resistance, which is caused by the Faradaic
reactions and the double-layer capacitance on the
grain surface).° A smaller R, suggests a faster charge
transfer rate, which is due to the improved contact
between ErGO and the NCAs.

As shown in Scheme 1, the NCAs deposited with a
macroporous ErGO network after being printed with
regular EVA cofferdams can be easily peeled off from
the Ti plate and used as a superthin electrode. Subse-
quently, two ErGO electrodes coated with PVA-Na,SO,
gel electrolyte, eliminating the need for a separator,
were carefully hot-laminated together to form an
integral symmetric TGS that can light up an LED. When
the supercapacitor was tailored arbitrarily, the EVA
cofferdams not only function as a mechanical support
to resist invasive forces and to avoid the contact of the
two electrodes but also prevent the leakage of electro-
lyte by the closed cells. The TGS was evaluated by CV,
GCD, and EIS at room temperature. From the CV curves
shown in Figure 2a, it appears that the shape of the CV
curves exhibited a nearly symmetric rectangle at dif-
ferent scan rates, indicating excellent typical double-
layer capacitive characteristics. It is noteworthy that
the TGS maintained an almost perfectly symmetrically
rectangular shape when the scan rate rose from 50 mV/s
to 5000 mV/s, and the scan rate was much higher than
most of the previously reported conditions, while
the capacitance retention was as high as 53%, excel-
lently suggesting the high rate performance. Figure 2b
shows a nearly ideal triangle of GCD curves when
scanning at various current densities, and the IR drop
calculated from the GCD curve under 0.1 mA/cm? was
only 0.002 V, giving an equivalent series resistance
(Resr) of 10 Q/cm?. The areal specific capacitance of the
TGS showing excellent rate performance can reach up
to 6.84 mF/cm?, which is one of the highest values
among the reported all-graphene-based supercapaci-
tors (Figure 2¢, Table S1). Figure 2d shows the volu-
metric capacitance of the TGS reaching up to 1.72 F/cm?,
higher than those of some reported works,>' ~33 which is
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Figure 2. (a) CV curves of the TGS under different scan rates from 50 to 5000 mV/s. (b) GCD curves of the TGS with various
current density ranging from 0.1 to 2.0 mA/cm?. (c, d) Areal and volumetric capacitances of the TGS with different current
densities. (e) Capacitance retention for the TGS that has undergone 20 000 cycles. (f) Nyquist plots of the TGS without separator
and the aqueous-electrolyte-based supercapacitor with a separator; (inset) magnification of the high-frequency region.

attributable to the increased mass loading and de-
creased height of the TGS (about 0.045 mm, as shown
in Figure S12). It is noteworthy that the thickness of
ErGO should match the height of the EVA cofferdams,
preventing ErGO from being deposited onto the EVA
cofferdams without selectivity, which limited the
improved areal and volumetric capacitance of the
TGS. The cycling performance of the TGS is shown in
Figure 2e. After scanning for 20 000 cycles (scan rate:
1000 mV/s), the capacitance still remained at 99%,
suggesting excellent cycling stability. In order to in-
vestigate the ion mobility in this device, EIS analysis
was performed and the aqueous electrolyte (pure
Na,SO, solution) supercapacitor fabricated with a
commercial separator was used as a control sample
(see Supporting Information for details). Figure 2f
shows the Nyquist plots of the TGS (without separator)
and the aqueous-electrolyte-based supercapacitor
(with separator and without cofferdams). The former
shows smaller R, and R, especially in the low fre-
quency range related to Warburg resistance (W,),
indicating better EIS performance.®* In order to analyze
the ion mobility of the above two different systems,
eq 8 was used to calculate the diffusion coefficient (D)
of the ions.>® The Warburg coefficients () of the gel
supercapacitor (without separator) and the aqueous
supercapacitor (with separator) were 1922 and 2754
Q/s"?, respectively. Because D is inversely proportional
to g, the ion diffusion in the TGS without a separator
was faster than the aqueous supercapacitor with a
separator, which showed a more vertical curve in the
Nyquist plots. The EIS study suggests that the current
design of the cofferdams can excellently maintain the
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ion diffusion ability in the electrolyte owing to the
elimination of the commercial separator.

Volumetric energy and power densities as two im-
portant parameters for microsupercapacitors have
been intensively investigated.>**” A Ragone plot of
the TGS and some recently reported results are shown
in Figure S13. The highest energy density of the TGS
reached 0.15 mWh/cm?, which is more than 2 orders of
magnitude higher compared with an aluminum elec-
trolytic capacitor®® and is comparable to graphene
carbon nanotube carpet based microsupercapacitors
(0.16 mWh/cm®, 1 M Na,50,),3® which is even higher
than the laser-scribed-graphene-based supercapacitor
(0.06 mWh/cm?, PVA/H;P0,)3? and TiN-based super-
capacitor (0.05 mWh/cm?, PVA/KOH)*' and is slightly
lower than the supercapacitor based on carbon/MnO,
(0.22 mWh/cm?, PVA/H3PO,).*° In addition, with the
power density raised from 4 mW/cm?® to 40 mW/cm?,
the retention of volumetric energy density was close to
67%, demonstrating excellent rate performance.

In order to meet the demand of broader applica-
tions, supercapacitors are often connected together in
series or in parallel. Serial/parallel combinations of
supercapacitors are demonstrated by connecting two
TGSs together both in series and in parallel configura-
tions with a 1.5 mA/cm? current density. As shown in
Figure S14a—d, the CV and GCD curves clearly indicate
that the tandem TGSs exhibited nearly ideal symmetric
rectangular and triangular shapes, which were consis-
tent with the individual TGS. Meanwhile, the operat-
ing voltage window and capacity doubled under the
same test conditions, suggesting excellent consistency
of each TGS. It is noteworthy that the tests for tandem
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Figure 3. (a) Capacitance retention performance of the TGS under different compression strength (0, 45, and 90 kPa). (b) Force
vs displacement curve of the TGS testing vehicle in a tearing test (along the direction of one of the perpendicularly printed
EVA cofferdams). (c) Force vs displacement curve of the TGS testing vehicle in a lap-shear test (along the direction of one of the
perpendicularly printed EVA cofferdams). (d) CV curves of the TGS tested at 100 mV/s with and without bending (curvature
radius: 1.7 cm). (e) CV curves of the TGS tested at 100 mV/s at different temperatures (0, 25, and 55 °C). (f) CV curves of the TGS
that correspond to the sample before (a) and after (b) being cut down to half of the size.

TGSs were performed without using a voltage balance,
which was often needed with the series connections
to prevent any supercapacitor from going into over-
voltage *°

For the purpose of being used in extreme conditions,
a series of mechanical and temperature reliability tests
were performed with the TGS. Results showed that the
CV curves retained the rectangular shape under dif-
ferent compression stresses and the maximum com-
pression stress applied on the TGS reached 90 kPa
(capacitance retention was 92.6%), while the gel super-
capacitor without EVA cofferdams (GS) broke down at
30 kPa (Figure S16a), suggesting excellent compres-
sion strength of the TGS (Figure 3a), which is compa-
rable to that reported by Westover et al. for super-
strong supercapacitors.*’ Figure 3b,c show the curves
of both tearing resistance (peeling force) and tensile
(lap-shear force) tests of a TGS testing vehicle (see
schematic diagram in Figure S15). In Figure 3b, six
equally spaced peaks corresponded to the six parallel
EVA lines that were perpendicular to the tearing direc-
tion. Figure 3c shows the typical tensile behavior of a
polymer under the lap-shear conditions. The maximum
tearing and lap-shear forces of the TGS testing vehicle
reached 5.54 N (the stress was 2.46 MPa when only
counting the EVA area) and 90.86 N (the stress was
5.05 MPa when only counting the EVA area), showing
the superior mechanical property compared with the GS
testing vehicle (Figure S16b,c). In order to demonstrate
the flexibility of the TGS, CV curves at different bending
states were measured. There was no significant change
of CV curves under the bending conditions compared

XIE ET AL.

to its original state, suggesting excellent flexibility
(Figure 3d). In addition, the temperature reliability test
(Figure 3e) showed excellent performance, as the
capacitance of the TGS increased about 30% when
the temperature was raised to 55 °C, corresponding to
higher ionic mobility of the electrolyte at elevated
temperatures. In turn, the lower ion migration at 0 °C
resulted in a slightly decreased capacitance. In addi-
tion, when a piece of TGS was cut down by half of its
size, the capacitance retention was 48%, which was
well proportional to the area of the TGS (Figure 3f and
Figure S17). The self-discharge behavior of the TGS was
also studied in this work. The device was charged to
Vimax(0.8 V) and held for 30 min, and then it took nearly
7 h for the open-circuit voltage to decrease from V,jax
to '/5Vmax (Figure $18), which exceeded the reported
carbon-based supercapacitor.*?

To demonstrate tailorability, three pieces of TGSs
connected in series by stacking them together were
connected to a simple circuit with a red LED (1.9 V,
30 mA) (Figure 4a; for the whole video, please refer to Sl
Moive-1). After charging at 3 V for 5 s, the red LED
delivered a dazzling red light. Subsequently, the tan-
dem TGSs were tailored by a pair of ceramic scissors,
during and after which the LED was still lit. Meanwhile,
the brightness of the LED did not show significant
attenuation, implying a stable electric current flow.
Since the tailoring process was during the time the
LED was lit, this test strongly supported the tailorable
and high safety characteristics of the TGS. Moreover,
three pieces of TGSs stacked together (area of each
piece: 24 cm?) and connected in series successfully
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Figure 4. (a) Photographic image series that indicates TGSs
being cut during working. (b) Three bigger area tandem
TGSs driving a motor. (c) TGSs attached on a jacket lighting
an LED indicator after being cut by a knife.

drove a minimotor with paddles (totally diameter:
9 cm), indicating excellent power density (Figure 4b).
Another example of a possible application is shown
by attaching three pieces of the stacked TGSs on the
arm part of a jacket, which shows potential integra-
tion probability (Figure 4c). Even though both the
device and the cloth are cut, the tandem TGSs could
still drive an LED indicator, suggesting highly reliable
power supply ability for those applications in severe
conditions such as puncturing, cutting, or even ex-
periencing a blast, which is essential in many appli-
cations.

On the basis of the above demonstrations, one can
understand that when the TGS is tailored, EVA coffer-
dams are able to effectively prevent direct contact
between the two electrodes when the device is rup-
tured (for comparison, both the TGS and GS were
tailored, and the optical images showing their cross
sections are shown in Figure $19). Additionally, even
though the electrolyte inevitably leaks after the tailor-
ing process, the gel electrolyte based on Na,SO,4 can
reduce the probability of leakage of the electrolyte and
contaminations to a certain level. Furthermore, the
isolated small cells originating from the EVA coffer-
dams can enable the electrolyte to stay in a limited
area, which further prevents the leakage of electrolyte

EXPERIMENTAL SECTION

Synthesis of G0. The GO was prepared by a modified Hum-
mers method.?®

Preparation of Nickel Nanocone Array. The nickel nanocone
arrays grown on Ti foils were directly obtained by elec-
trodeposition.?® Nickel foam was employed as the anode, while
a Ti foil with a thickness of about 40 um was used as the
cathode. First, the Ti foils and nickel foams were cleaned by

XIE ET AL.

and guarantees the functionality of the other small
cells of the supercapacitor. Besides, EVA glue can also
act as a binder to connect the two electrodes, which
greatly simplifies the packaging process.

CONCLUSIONS

In summary, we successfully combined the macro-
porous ErGO network with highly ordered NCAs by a
one-step electrochemical deposition process. The
ErGO electrode exhibited high areal specific capaci-
tance (57.1 mF/cm?) and outstanding cycle stability
(20000 cycles with only 3.5% loss). In addition, com-
pared with conventional chemical reduction, the po-
rous ErGO layer can be homogeneously deposited on a
conductive substrate and be used as the electrode
without any binder; this process can be conveniently
scaled up as well. Most importantly, we for the first time
proposed and demonstrated the concept of a tailor-
able supercapacitor and proved its feasibility by using a
simple stencil-printing technique. The excellent con-
sistency, rate performance, and cycle performance
(20 000 cycles with only 1% loss) of the TGS are realized.
Moreover, the TGS exhibited excellent mechanical and
temperature reliability, showing great potential to
serve in severe conditions. In terms of the tailorable
characteristic, tandem TGSs were able to drive an LED
and motor work and could be attached to a cloth to
prove its high reliability when they are damaged.

Given the above unique features, TGSs can meet the
increasing demand of intense integration and may
potentially find advanced applications in, for example,
consumable and medical fields. The fabrication route
of TGSs may also inspire the development of other
energy storage devices. Even though both the volu-
metric energy/power density and size of our current
supercapacitor samples were limited by the stencil-
printing process and the inevitable loss of effective
electrode area occupied by the cofferdams, we believe
that with the advancement of printing techniques, for
example nanoimprinting®® and 3-D printing,**** the
future tailorable energy storage devices may inherit
better performances; we also envisage that the
involvement of high-volumetric capacitance electrode
materials and electrolytes with a wider operating
voltage may sharply improve the energy density of
TGSs,**® which can benefit the development of novel
wearable and miniaturized devices.

ultrasonication for 30 min in a mixed solution of acetone and
ethanol (1:1 vol). Subsequently, Ti foils were coated with
insulating tape, leaving an exposed area equal to 1.5 cm x
3 c¢m. The electrodeposition process was performed in an
aqueous solution containing three components (NiCl,-6H,0,
200 g/L, providing Ni**; H3BO5, 100 g/L, buffer agent; NH,CI,
40 g/L, crystal modifier, all of which are 99% pure and obtained
from Sinopharm Chemical Reagent Co., Ltd.), and its pH value
was adjusted to 4.0 with 10% HCl and 10% NH,OH solutions.
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In addition, the temperature of the electrolyte was maintained
at 60 °C. All chemicals were used as received without further
purification. The electrodeposition process was performed under
1.0 A/dm? current density for 12 min to obtain the NCAs. After
that, the deposited samples were rinsed with DI water three
times to remove the impurities and dried at 80 °C for 30 min.

Preparation of the ErGO Electrode. For electrochemical reduction
of GO, the electrochemical deposition method was applied to
obtain high-quality ErGO grown on the NCA substrates. The GO
dispersion (3 mg/mL) with a 0.1 M LiClO,4 solution was used as
the electrolyte. Prior to electrochemical deposition, the N, was
constantly blown into the electrolyte to remove the O,, which
contributed to the formation of ErGO. The NCAs were used as
counter electrodes, while the platinum foil acted as the working
electrode. The electrodeposition was performed with a con-
stant voltage ranging from 2.8 to 3.2 V for 20—120 min in the GO
solution in a N, atmosphere; the mass loading of ErGO can be
improved by multiplying the deposition cycles. (In our experi-
ment, the ceiling loaded weight was about 0.6 mg/cm?) The
samples were then washed carefully with DI water several times
to remove the GO residue and were freeze-dried and used for
further characterizations.

Fabrication of the Symmetric Supercapacitor. The symmetric TGS
was fabricated by stencil printing. Ti plates with NCAs were used
as current collector, and EVA (working temperature 80 °C) glue
acted as the hot-melt binder. After printing, the samples were
air-dried at room temperature for 1 h, which enabled the EVA
glue to solidify. After the ErGO was deposited on the NCAs, the
samples were cleaned with DI water. For the preparation of the
gel electrolyte, Na,SO, (0.5 M, 6 g) and PVA (poly(vinyl alcohol),
6 g) were added into 60 mL of deionized water, which were
heated to 85 °C under stirring until the mixture became clear.
The above-mentioned electrodes were uniformly coated with
the gel electrolyte and air-dried for 30 min to evaporate the
excess water. After that, two electrodes were carefully lami-
nated together under a compression strength of about 8 Pa at
80 °C for 5 min. The aqueous supercapacitor with a separator
was fabricated with two ErGO electrodes (area is the same as the
gel supercapacitor), and a separator between the two electro-
des was added to prevent a short circuit. Tape was used to
package and avoid the leakage of the electrolyte.

Material Characterizations and Electrochemical Measurements. The
morphologies of both NCAs and ErGO were visualized by scan-
ning electron microscopy (SEM, Hitachi S-4800, Japan) and
high-resolution transmission electron microscopy (FEIG2 spirit,
Japan). The structures of the samples were studied by X-ray
diffraction (XRD, RINT2000 V/PC, Bruker DS, Germany), Fourier
transformation infrared spectroscopy (FTIR, Nicolet iS10, US),
and Raman spectroscopy (LabRAM HR800, HORIBA Jobin Yvon,
Japan). X-ray photoelectron spectroscopy (XPS) measurement
(ESCALAB 250Xi, Thermo Fisher Scientific, US) was performed to
analyze the surface species and chemical states of the samples.
The mechanical properties were tested by an electromechanical
universal testing machine (MTS, CMT6104). For the mechanical
tests, Ti substrates were orthogonally stencil-printed with EVA
glue and uniformly coated with PVA-Na,SO, gel electrolyte,
respectively, and then hot-laminated together as TGS and GS
testing vehicles (dimensions: 1 cm x 2 cm). For the tearing test,
the samples were tested at speeds of 500 mm/min (tearing) and
300 mm/min (tensile), respectively.

Cyclic voltammetry, galvanostatic charging/discharging,
and electrochemical impedance spectroscopy of the as-prepared
samples were investigated on an electrochemical station
(VMP3, Bio-Logic, France) by a three-electrode configuration
in a Na,SO, (0.5 M) aqueous electrolyte. Platinum and saturated
calomel electrodes were used as counter and reference electro-
des, respectively. The applied potential window of CV and GCD
was in the range from —0.8 to 0 V. The EIS was conducted in the
frequency range between 100 kHz and 0.01 Hz with an ampli-
tude of 5 mV at an open-circuit potential. The specific capaci-
tance and area capacitance were calculated from the CV curves
according to the equations below. The mass of the loaded ErGO
was calculated based on a large piece of NCAs (14 cm?)
electrodeposited for 30 min, and the mass of loaded ErGO
was 0.14 mg.
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/i(V)dV
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where C; and C,, are the specific capacitance based on area and
mass of ErGO, respectively. S is the area of the electrode, m is the
mass of a single ErGO electrode, v is the scan rate, AU is the
potential window in the CV curves, i(V) is the voltammetric
current, Resg is equivalent series resistance, Vqrop is estimated
from the voltage drop at the beginning of the discharge, and i is
the constant current density.

For a symmetric TGS, the applied potential window of CV
and GCD was in the range from 0 to 0.8 V. The total capacitance
(Gs,,, and Cy_ ), energy (E), and power density (P) of the
supercapacitor were calculated by the equations below:

Cso = 777¢ ()

At
AUVtotaI

C Viotal

_ Cru (AU
" 2x 3600

P = ; @
where /is the applied current, At is the discharge time, AU is the
operating voltage window, Vi is the total volume of the TGS,
including the ErGO electrode, gel electrolyte, and EVA coffer-
dams, and S is the specific area of supercapacitor.

To investigate the mobility of ions in the electrolyte, the
diffusion coefficient (D) is qualitatively calculated by the equa-
tion below:

RT2

= a2 8)
2n4F*A“Cyio

where D is the diffusion coefficient, A is the electrode area, Cy, is

the bulk concentrations of ions, and o is the Warburg coef-

ficient.
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