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Abstract: Realization of high cell energy density at high mass loading is a critical
requirement for practical applications of supercapacitors. To date, the cell energy
density of supercapacitor device is mainly limited by the low utilization efficiency of
electroactive materials on positive electrode at high mass loading and the low
capacitance value of common activated carbon material on negative electrode. In this

study, a super-high energy density asymmetric supercapacitor device with commercial
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mass loading was successfully fabricated by using 3D core-shell structured
NiCo-layered double hydroxide@carbon nanotube (NiCo-LDH@CNT) composite as
positive electrode and activated polyaniline-derived carbon (APDC) as negative
electrode. Due to its unique core-shell structure, the NiCo-LDH@CNT/nickel foam
(NF) electrode with a mass loading of 8.5 mg/cm? delivered a high capacitance of
2046 F gt at 1 A g, and still remained a high capacitance of 1335 F g as current
density increased up to 15 A g*. Coupled with high performance APDC-based
negative electrode with a capacitance of 487 F g* at 1 A g, the asymmetric
NiCo-LDHs@CNT/NF//APDC/NF supercapacitor device delivered a maximum
energy density of 89.7 Wh kg™ with an operational voltage of 1.75 V, and a maximum
power density of 8.7 kW kg™ at an energy density of 41.7 Wh kg™, suggesting its

promising applications in future.

Keywords: Nickel cobalt-layered double hydroxide; Core-shell; Carbon nanotube;

Activated carbon; Polyaniline; Supercapacitor

1. Introduction

Among various power source devices, supercapacitors, offering higher power density
than secondary batteries and higher energy density than conventional capacitors, are
attracting much attention in recent few years.> 2 Cobalt and/or nickel hydroxides are
most studied positive electrode materials due to their highly reversible

charge/discharge abilities, cost-effective and environmental-friendly nature. Recently,
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NiCo-layered double hydroxide (NiCo-LDH) has been reported to be one of
promising supercapacitive materials because it integrates the advantages of both two
components and has superiority over either of single moieties in electrochemical
process.® Inspired by the synergistic effect between nickel and cobalt elements,
considerable efforts have been devoted to improving the electrochemical performance

of NiCo-LDH by constructing different well-defined architectures, such as

7, 9, 10 11, 12

nanosheets, nanoparticles, nanofilms,** nanorods,** nanowire,”> and
microspheres.® The developed NiCo-LDH nanostructures can deliver high specific
capacitance and enhanced cycling stability due to the their high specific surface area,
reasonable mesoporous pore-size distribution and co-contribution of binary redox
states resulted from Ni**/Ni** and Co®*/Co®" couples. Although great improvement
was achieved, the practical application of NiCo-LDH still suffers from the poor rate
capability due to its semiconductor nature.* *® Even more challenging is that, similar
as most metal oxides, the specific capacitance of NiCo-LDH is in contradiction to the
mass loading of active material per area, which dramatically decreases with the
increases of mass loading on current collector. In previous reports, the LDH-based
electrodes demonstrating high specific capacitance of 1500-3000 F g* usually have
the low mass loading value of less than 3 mg/cm?*> "> however, for the electrodes
with mass loading value more than 5 mg/cm?, the specific capacitance is usually
lower than 1000 F g*.'** " To more precisely evaluate the performance of

supercapacitive materials and meet the requirement of their practical applications, it

has been recently suggested that electrode materials should be tested with commercial
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mass loading (8-10 mg/cm?) on current collector.’®?° In this case, how to efficiently
utilize the supercapacitive materials with high mass loading is an on-going challenge.
To address this problem, an efficient method is to grow the active materials on
nano-architectured current collectors and form a typical core-shell nanostructure.®> "
421,22 Among all various options for nano-sized current collectors, carbon naonotube
(CNT) with excellent electronic conductivity, mechanical stability and high corrosion
resistance, is an ideal candidate for deposition of active materials.”**" Therefore,
construction of core-shell structured CNT@NiCo-LDH composite would be a good
choice to resolve the big conflict between the mass loading and electrochemical
performance of NiCo-LDH, and thus realize the high specific capacitance at high
mass loading level.

Beside that of positive electrode, the electrochemical performance of negative
electrode material is another key factor to determine the performance of

supercapacitor device (C.e;;), as defined by the formula Cl == +Ci. Considering

cell Ct

the fact that the capacitance of the metal oxide/hydroxide-based positive electrodes
(C,) is several times higher than that of negative electrodes, the cell capacitance (C..;;)
of supercapacitor is decisively limited by the low capacitance value of negative
electrode materials (C_). To meet the imminence demand for high performance
negative electrode materials, several advanced carbonaceous architectures, such as
activated carbon, CNT, grapehene oxide, porous graphene and heteroatom (N, S, O,
P)-doped carbon materials, are widely designed and prepared.?* Among them,

N-doped activated carbon materials are considered as most promising candidates due
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to their extremely high capacitance resulted from the co-contribution of electrical
double layer and faradic reactions. Moreover, the doping of nitrogen can remarkably
improve the electrical conductivity of carbon hosts due to the higher electronegativity
of nitrogen (3.5) than that of carbon (3.0),%° which would promote the electron and/or
ion transfer and thus boost the electrochemical performance of carbon materials.*
Previously, the doping strategy is realized by exposing carbon materials in
N-containing atmosphere (NH3) under high temperature or modifying the carbon
materials with N-containing polymers, leading to a high cost or low doping
efficiency.®! Recently, direct carbonization of N-enriched precursors is regarded as an
efficient method to produce N-doped carbon materials with high capacitance.® 2% 3 %
By carbonization of commercial lower-vapor polymers (for example, polyaniline,
PANI) followed by activation, it is possible to fabricate highly N-doped carbon
materials with high active specific surface area, boosting the specific capacitance of
negative electrode to be closer to that of the positive electrode.

With these two considerations in mind, in this study, we design and fabricate an
advanced asymmetric supercapacitor (ASC) device by using 3D core-shell structured
NiCo-LDH@CNT composite (NiCo-LDH: 8.5 mg/cm?) as positive electrode and
activated polyaniline derived carbon (APDC) as negative electrode. Owing to the high
electrochemical performances of positive and negative electrodes, the ASC device
exhibits a high cell capacitance of 210.9 F g™* and a maximum energy density of 89.7

Wh kg at a power density of 456.8 W kg™. Furthermore, two such 1 cm? ASC device

connected in series can efficiently power a commercial red LED indicator for 10 min
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and robustly drive a 3V minifan for 4 min after charging by an AA battery for only 10

s, demonstrating its promising commercial applications in future.

2. Experimental details
2.1 Fabrication of NiCo-LDH/CNT/NF positive electrode.

NFs (10 mmx10 mmx1.6 mm, 110 PPI, 420+25 g m? Changsha Lyrun Material
Co., Ltd. China) sequentially cleaned with diluted hydrochloric acid, acetone and
deionized water were used as substrates for CNT growth. The growth of CNT layer
was performed via a thermal chemical vapor deposition (TCVD) process by using NF
itself as catalyst, as described elsewhere.>* Prior to growth of CNTSs, the cleaned NF
substrates were put into the centre of a quartz tube furnace and purged by Ar gas to
remove the residual air. Then the furnace was heated up to 600 °C with a ramp rate of
10 °C/min and annealed for 5 min under H, atmosphere pressure with a flow rate of
50 sccm. After growing CNTs for 20 min with C,H; as carbon source (10 sccm), the
samples were naturally cooled down to room temperature under H, atmosphere and taken
out from furnace for depositing electroactive materials. The deposition of NiCo-LDH was
performed using a commercial CHI660E electrochemical workstation (Chenhua
Instrument Co., China) in a standard three-electrode cell configuration at a cathodic
potential of -0.7 V within a mixed electrolyte solution containing 0.1 M Ni(NO3),, 0.2
M Co(NOs3), and 0.075 M NaNOgs. After elctrodeposition, the samples were rinsed
with copious deionized water for several times followed by drying at 80 <C for 2 h.

2.2 Synthesis of APDC nanorod negative electrode.

6

Page 6 of 26



Page 7 of 26

Journal of Materials Chemistry A

Synthesis of APDC was realized by carbonization of PANI precursor followed by a
KOH activation process. The PANI precursor was synthesized via an oxidative
polymerization route, as described in detail elsewhere.®® After preparation, the
resulting PANI precursor was pyrolyzed at 800 °C for 1 h under Ar atmosphere to
obtain PANI-derived carbon (PDC). The activation process was performed by
impregnating PDC powder with KOH (PDC: KOH = 1:6, wt%) in aqueous solution
and then heated at 80 °C to remove residual water followed by heating at 700 °C for
1h under Ar atmosphere. After being cooling down to room temperature, the resulting
product was neutralized by 5% HCI solution followed by repeatedly washing with
copious deionized water, and finally dried at 60 °C in air for characterization.

2.3 Structural characterization

The as-prepared samples were characterized by an X-ray diffractometer (XRD,
D/max-2400, Digaku, Japan) with radiation from a Cu target (Ko, A=0.1541 nm), a
field-emission electron microscopy (FESEM; JSM-6701, JOEL), a high resolution
transmission electron microscopy (HRTEM; JEM 2010F, JOEL) and an X-ray
photoelectron spectroscopy (XPS, Perkin-Elmer PHI-5702) with 1486.6 eV radiation

as excitation source.

2.4 Electrode preparation and electrochemical measurements
The NiCo-LDH/CNT/NF samples were directly used as positive electrode without
further treatment. The negative electrodes were prepared by adding 5% of

poly(tetrafluoroethylene) into the mixed powder of APDC (80wt%), acetylene black
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(7.5wt%), conducting graphite (7.5wt%) and grinding for several minutes followed by
spreading the resulting slurry on NFs. The electrodes were dried in air for 2h, pressed
at 5 MPa, and further dried at 80 °C for 12 h.

Electrochemical performances of all as-prepared electrodes were firstly evaluated
by electrochemical workstation within a three-electrode cell configuration containing
1 M KOH aqueous solution. The capacitances of all electrodes were calculated based

on equation as follows:
Cs =1 At/(AV * m) 1)

where C, (F g?) is specific capacitance, I (A) is discharge current, At (s) is
discharge time, AV (V) is the window potential during the discharge, and m (g) is
the mass of active materials (NiCo-LDH or APDC) on current collector.
Electrochemical impedance spectroscopy (EIS) measurements were carried out at
0.24 V in an alternating current frequency ranging from 0.01 to 3 < 10* Hz with an

excitation signal of 5 mV.

For cell performance evaluation, an ASC device was assembled by using
as-prepared NiCo-LDH@CNT/NF as positive electrode, APDC as negative electrode,
commercial cellulose paper as separator and 1M KOH solution as electrolyte. To
balance the charges stored on two electrodes (g™ = g~), the mass loading ratio of

electroactive materials on two electrode was obtained by the equation as follow:

my C_XAE_
m_  CyXAE_ @)
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where m, C and AE are mass of active material, capacitance and potential window

¢ 9

of the electrode, respectively; “+” an represent positive and negative electrode,
respectively. The capacitance of the assembled ASC device was calculated from egn

(1) based on the total mass of active materials (NiCo-LDH and APDC) on both two

electrodes. The energy density and power density were calculated from following two

equations:
c-Av?
E= 7.2 )
P =E x 3600/t 4)

where E (Wh kg?) and P (W kg') are energy density and power density,

respectively. The definitions of C, AV and t are the same as those in egn (1).

3. Results and Discussion
3.1 Fabrication and characterization of NiCo-LDH@CNT/NF positive electrode

In present study, CNTs were used as core material to support electroactive
NiCo-LDH and construct core-shell structured composite electrode. After TCVD
process, the color of NF surface changes from intrinsic metallic gloss to dark black.
FESEM image, as shown in Fig. 1a, indicated that a black dense hairy layer was
uniformly distributed on skeleton of 3D cross-linked NF surface. High-magnification
FESEM image (Fig. 1b) and Raman spectrum (Fig. S1) clearly demonstrated that this
dense hairy CNT layer with thickness of ~5 um was virtually composed of randomly
entangled CNTs with diameter ranging from 20-250 nm and length up to ~10 pum,

forming a self-supported 3D porous conductive nanostructure. By weighing the NF
9
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substrate before and after TCVD process, the weight density of CNTs on NF is
calculated to be ~16 mg/cm?. The growth of CNTs on NF is actually an in-situ
self-catalyzed CVD process, which enables the formation of sp®>-C-Ni covalent bond
and leads to a strong interfacial adhesion between CNTs and NF substrate (Fig. S2).
Combined with the high intrinsic electrical conductivity, strong interfacial adhesion
and large specific surface area, the integrated CNT/NF composite substrate can serve
as a reliable binder-free current collector and simultaneously act as a good template to
synthesize 3D hierarchical core-shell structured NiCo-LDH@CNT composite for

supercapacitor applications.

Fig. 1 Low magnification (a) and high magnification (b) FESEM images of CNT

layer on NF substrate.

The deposition of NiCo-LDH was performed within a three-electrode cell
configuration. The ratio of Ni/Co has significant effect on the electrochemical
performance of resulting NiCo-LDHs. According to previous reports, NiCo-LDH
with Ni/Co ratio of 1:2 presented the best supercapacitive performance among all
NiCo-LDHs."® 3¢ Therefore, the complex metal nitrate precursors with Ni/Co ratio
of 1:2 were used as electrolyte for depositing NiCo-LDH in present study. After

10
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electrochemical deposition, the color of the sample surface changed from dark black
to light green color, indicating the successful deposition of metal hydroxides. XRD
patterns, as shown in Fig. S3, indicated the formation of crystallized NiCo-LDH with
mixed phases of a, B-Ni(OH), and o, B-Co(OH),. EDS spectrum (Fig. S4) confirmed
that the Ni/Co ratio in NiCo-LDH was roughly equal to 1:2, which is consistent with
that in precursor solution due to the approximately equal solubility product constant
(Ksp) of Ni(OH), and Co(OH),.** Fig. 2a-c shows FESEM images of the as-prepared
NiCo-LDH@CNT/NF composite electrode. It can be observed that, after
electrodepostion, NiCo-LDH nanoflakes were uniformly deposited on CNT skeleton
and formed a well-defined individual distribution of NiCo-LDH@CNT core-shell
nanostructure (Fig. 2a and b). No aggregation of NiCo-LDH nanoparticles off CNT
support were observed, implying that the nucleation and deposition of NiCo-LDH
only occurred on the exterior surfaces of CNTs. From high magnification FESEM
(Fig. 2c), it was found that the CNT core layer was totally surrounded by
vertically-aligned NiCo-LDH nanoflakes with thickness of ~27 nm, closing to the
maximum depth of ~20 nm for electroactive materials to participate the
pseudocapacitive reactions. The open space between neighboring nanoflakes and
neighboring NiCo-LDH@CNT core-shell nanostructures allows an easy access of
ions to the electrolyte/electrode interface and facilitates the occurrence of faradic
reactions during energy conversion process. In contrast, the NiCo-LDH directly
deposited on NF substrate showed a rather compact distribution of nanoflakes, leading
to a much reduced specific surface area (Fig. S5 and Fig. 3c). HRTEM image as

11
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shown in Fig. 2d demonstrated that NiCo-LDH nanoflakes still tightly anchored on
the sidewall of CNTSs even after ultrasonic treatment during TEM sample preparation,
further confirming the strong interfacial adhesion between CNTs and NiCo-LDH.
Selected area electron diffraction (SAED) pattern taken from nanoflakes on sidewall
of MWCNTs displayed as two well-defined diffraction rings, suggesting the
polycrystalline characteristics of NiCo-LDH, which is in good agreement with the
XRD results in Fig. S3. All above observations confirm the successful preparation of
3D hierarchical NiCo-LDH@CNT core-shell structure on macroporous NF substrate

and pave the way for its electrochemical performance investigation.

Fig. 2 (a) Over-view, (b-c) high magnification FESEM images NiCo-LDH@CNT
electrode and (d) HRTEM image of NiCo-LDH@CNT core-shell structure. Inset in
Fig 2(d) is corresponding SAED pattern taken from NiCo-LDH nanoflakes.

Figure 3a presents the CV curves of the as-prepared NiCo-LDH@CNT/NF

12
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electrode with mass loading of 8.5 mg/cm? at scan rates ranging from 1-10 mV s,
Unlike the rectangular shaped CV curve of EDLC-based electrodes, all CV curves of
NiCo-LDH@CNT/NF electrode at various sweep rates demonstrated typical
pseudocapacitive characteristic with a couple of highly reversible redox peaks within
a potential window of -0.4-0.6 V, which is attributed to the faradic redox reactions
between M-OH and M-O-OH (where the M represents the Ni or Co ions). It should be
noted that the capacitance contribution of CNT/NF substrate to NiCo-LDH@CNT/NF
electrode is extremely low and can be neglected. This can be verified by its linear CV
shape along potential-axis as compared to that of NiCo-LDH@CNT/NF electrode
with large integral area (Fig. S6a-c).

Fig. 3b demonstrates the discharge curves of the NiCo-LDH@CNT/NF within a
potential range of -0.1-0.4 V at various current densities. The corresponding specific
capacitances were calculated based on egn (1) and are plotted in Fig. 3c.
Encouragingly, the NiCo-LDH@CNT/NF electrode with mass loading of 8.5 mg/cm?
can deliver the high capacitances of 2046, 1938, 1923, 1680 and 1335 F g™ at 1, 3, 5,
10 and 15 A g%, respectively, suggesting the excellent capacitive performance at high
mass loading level. In contrast, for NiCo-LDH/NF electrode, although the comparable
specific capacitance values can be achieved at low mass loading level (0.54 mg/cm?),
disappointedly, they dramatically reduced to 762, 489, 376 and 258 F g™ at current
densities of 1, 3, 5 and 10 A g™, respectively, as mass loading increased up to 2.29
mg/cm? (blue curve in Fig. 3c). This implies that the utilization efficiency of

NiCo-LDH on CNT/NF is much higher than that on NF, which can be further verified

13
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by the normalized CV curves (per unit gram) of two electrodes at a sweep rate of 5
mV s (Fig. 3d). All these clearly demonstrate the significant role of CNT/NF
composite current collector in improving the specific capacitance, rate capability of
NiCo-LDH. To bet of our knowledge, the electrochemical performance of
NiCo-LDH/CNT/NF electrode is also competitive with those of LDHs in previous

reports as listed in Table 1.
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Fig. 3 Electrochemical performances of NiCo-LDH@CNT/NF and NiCo-LDH/NF

electrodes: (a) CV curves at various scan rates and (b) discharge curves at various
current densities of NiCo-LDH@CNT/NF electrode, (c) Specific capacitance

comparison of two electrodes at different mass loadings, and (d) Normalized CV

curves (per unit gram) of two electrodes at a scan rate of 5 mV s

Table 1 Comparison of the electrochemical performance of NiCo-LDH@CNT/NF electrode with

14
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those in previous reports.

Electrode structure C(Fgh Rate capability Mass loading Ref.
NiAl-LDH-30G/NF 1255.8 (1A gY) 755.6(6AgY) 5 mg/em? 18
NiCo-LDH/NF 804(3AgY) 500(15Ag")® 2.8 mg/cm? 14
NiCo-LDH/Zn,Sn0+/SS 1805 (0.5A g™ 1275 (100 A g™ 0.25 mg/em? 5
NiAl-LDH/NF 701(10mAcm?)  164(100mAcm?) 20 mg/em? 17
NiCo-LDH/CNT/SS 502 (5mV s1) 276 (100 mV s 0.75 mg/em? 37
NiCo-LDH/NF 2104 (1Agh) ~10 mg/em? 36
CoAl-LDH/GNS/NF 711(1A g 516(10AgY) ~5 mg/cm? 38
NiCo-LDH@CNT/NF 2046 (1Agh) 1335(15Agh 8.5 mg/cm? This work

2 Estimated from the published graph. SS and G represent for stained steel and graphene, respectively.

To explore the nature of performance difference of NiCo-LDH@CNT/NF electrode
and NiCo-LDH/NF electrode, we perform the impedance measurement of two
electrodes. As shown in Fig. 4, both of two EIS spectra revealed a partial semi-circle
in high-/media frequency region relating to faradic charge transfer resistance and a
nearly straight line along imaginary axis at low frequency region relating to mass
diffusion process. For EIS spectrum of NiCo-LDH@CNT/NF electrode, the diameter
of semi-circle is much smaller than that NiCo-LDH/NF electrode, indicating a lower
charge transfer resistance at electrolyte/electrode interface. The slope of the straight
line of NiCo-LDH@CNT/NF electrode at low frequency region is also much stiffer
than that of NiCo-LDH/NF electrode, implying a lower mass diffusion resistance
from electrolyte to electrode. Therefore, the superior electrochemical performance of
NiCo-LDH@CNT/NF electrode can be accounted from by considering the following

respects: 1) the 3D hierarchical CNT/NF composite current collector enables the

15
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deposition of NiCo-LDH nanoflakes with large specific surface area and thus
improves the utilization efficiency of NiCo-LDH; 2) the big open space between
neighboring NiCo-LDH@CNT core-shell structures and neighboring NiCo-LDH
nanoflakes facilitates the access of ions to electrode surface and thus shortens the ion
diffusion path; 3) the typical core-shell structured NiCo-LDH@CNT greatly shortens
the electron transport distance and reduce the charge transfer resistance, leading to a
significant improvement of the rate capability of NiCo-LDH material; 4) the good
interfacial contact between nanoflakes, CNT scaffold and NF substrate greatly lower

the internal resistance of NiCo-LDH@CNT/NF electrode.

—— NiCo-LDH/CNT/NF /
[ —o—NiCo-LDH/NF

OO0 R
3
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2

?

¢

X
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'} 1 1 1 1 1 1 1 1
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Fig. 4 EIS spectra of NiCo-LDH@CNT/NF and NiCo-LDH/NF electrodes.

3.2 Morphology and electrochemical properties of APDC-based negative electrode
Figure 5a-c shows the surface morphology of the as-prepared APDC powder. As
demonstrated, the as-prepared APDC powder was actually composed of nanorods
with diameter of ~100 nm (Fig. 5a and b). Higher magnification HRTEM image
suggest that the nanorod has a typical mesoporous characteristic with graphitic carbon
at edge (Fig. 5¢ and inset). The survey scan XPS spectrum (panel A of Fig. 6)

16
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confirmed the presence of nitrogen in APDC nanorods with content of 2.4wt%. The
emission spectra of N1s (panel B of Fig. 6b) can be fitted into four component peaks
representing pyridinic N (N-6, 398.6 eV), pyrrodic/pyridonic N (N-5 at 400.3 eV),
quaternary N (N-Q at 401.3 eV) and oxidized N (N-X at 402.5 eV) with percentages
of 12.8%, 53.4%, 25.5% and 8.5%, respectively. Previous reports suggest that N-Q
group can greatly improve the electrical conductivity of carbon materials. The N-5
and N-6 groups can effectively take part in pseudocapacitive reaction and thus
enhance the electrochemical performance of carbon materials.***! As shown in Fig.
7a, CV loops at various sweep rates exhibited a quasi-rectangular shaped curves
coupled with a prominent broad faradic redox hump. The former is essentially derived
from the contribution of EDLC formed on carbon/electrolyte interface, while the latter
is mainly resulted from the N-containing groups, especially from N-5 and N-6 groups.
Thanks to the co-contribution of EDLC and faradic reactions, the as-prepared
APDC-based electrode delivered high capacitances of 487, 392, 350, 305, 246 and
187 F g at current densities of 1, 2, 3, 5, 10 and 20 A g* (Fig. 7b and inset),
suggesting the excellent capacitive performance and making it as an ideal negative
electrode material to match with NiCo-LDH-based positive electrode for

supercapacitor applications.

Fig. 5 (a) FESEM and (b-c) HRTEM images of the as-prepared APDC material.
17
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Fig. 7 (a) CV curves at various scan rates and (b) specific capacitance of APDC-based

electrode at various current densities. Inset of Fig.7 (b) is corresponding CDC curves.

3.3 Electrochemical properties of NiCo-LDH/CNT//APDC ASC device

To further evaluate the practical performance of NiCo-LDH@CNT/NF electrode in
full cell configuration, an ASC device with size of 1 <1 cm? was assembled by using
NiCo-LDH@CNT/NF as positive electrode and APDC/NF as negative electrode. To
get g° = ¢, the mass of NiCo-LDH and APDC was set as 8.5 and 17.7 mg,
respectively, based on the capacitance values of two electrodes and their

corresponding potential windows. Fig. 8a shows the CV curves of the assembled ASC
18
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device at a scan rate of 10 mV s within different potential windows. As observed,
within potential window of 0-1.75 V, the assembled ASC device exhibited
quasi-rectangular shaped CV curves coupled with a pair of redox peaks resulted from
faradic reactions occurred on NiCo-LDH@CNT/NF and APDC electrodes. As the
potential window was extended up to 1.8 V, an undesirable oxygen revolution
reaction-induced peak was clearly observed within potential range of 1.75-1.8 V. This
suggests that the ASC device can deliver a maximum working voltage of 1.75 V,
which was therefore chosen as default voltage value for further investigation. Fig. 8b
demonstrates the CV curves of ASC device at scan rate of 5-30 mV s™. It was found
that, even at high scan rate of 30 mV s, the CV curve of ASC device still remained
the quasi-rectangular shape. No serious distortion was observed, suggesting a quick
I-V response and highly reversible energy storage ability. The discharge curves of the
ASC device at various current densities and corresponding cell capacitances are
shown in Fig. 8c and d, respectively. Surprisingly, the ASC device can deliver a high
cell capacitance of 210.9 F g™ at a current density of 0.5 A g, to best of our
knowledge, which is among the highest cell capacitance values reported so far for
ASC devices as listed in Table 2. As the discharge current densities increased up to 1,
2,3,5,8and 10 A g, high cell capacitances of 190, 175, 159, 134, 120 and 98 F g
were achieved, respectively, implying a good rate capability. The high capacitance
value of the asymmetric device is closely related to the high capacitance of positive

and negative electrodes.
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Fig. 8 Electrochemical performance of NiCo-LDH@CNT/NF//APDC/NF ASC
device: (a) CV curves at a scan rate of 10 mV s™ within different potential windows,
(b) CV curves at various sweep rates within potential window of 0-1.75 V, (c)
discharge curve and (d) corresponding cell capacitance at various current densities, (e)

Ragone plot and (f) cycling stability of the ASC deviceat 1 A g™.

Energy density and corresponding power density of the ASC device were calculated
based on eqgns (3-4) and the results are demonstrated as a Ragone plot in Fig. 8e. As
demonstrated, the ASC device delivered a maximum energy density of 89.7 Wh kg™
at a low power density of 456.8 W kg™. This maximum energy density is much higher
than that of traditional AC//AC supercapacitors. The maximum energy density
achieved in this study is also higher than those of previous reported ASC devices as
listed in Table 2. Encouragingly, as power density increased up to 8.7 kW kg™, the
ASC device still can deliver a high energy density of 41.7 Wh kg™ which is still
higher than that of AC//AC supercapacitor and competitive with that of some ASC

devices at low power density (<1 kW kg™). More importantly, the high energy density
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and power density achieved in this study is realized at mass loading of 8.5 mg/cm?,
which well satisfies the prerequisite of high mass loading for commercial applications
of supercapacitors. Of course, the cell energy density in this study is calculated based
only on the total mass of the NiCo-LDH and APDC. If considering the mass of CNTs
and NF on both two electrodes, the packaged cell energy density at power density of
456.8 W kg™ will be reduced from 89.7 to 18.61 Wh kg™. Correspondingly, the
packaged cell energy density at power density of 8.7 W kg™ will be reduced from
41.7 to 8.65 Wh kg™. Since NF current collector has negligible contribution to the
packaged cell capacitance or energy density, conversely, it greatly increases the
weight of the whole packaged cell. Therefore, for higher packaged cell energy density,

lighter current collector would be a good choice in future.

Fig. 8f shows the cycling stability of the ASC device measured at 1 A g*. As
demonstrated, the device remained 78% of its original capacitance after 1200 cycles,
suggesting an acceptable cycling stability. To further demonstrate its practical
application in energy storage and conversion, we assembled two series-connected
ASC devices and used to drive commercial electrical components. As demonstrated in
Fig. 9a-b and videos S1-3 in supporting information, after charging for 10s by an AA
battery, the two series-connected ASC devices can efficiently light a commercial LED
indicator (2.0 V, 20 mA) for 10 min and robustly drive a drive a 3V minifan for 4 min,

demonstrating its great commercial applications in future.

Table 2 Comparison of the electrochemical performance NiCo-LDH@CNT/NF//APDC/NF ASC
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device with those in previous reports.

Copostve Cosesive Ver  Cem Energy density Power density Mpositive + Mpegative
Asymmetric cell Ref.
Fgh (Fgh) v Fgh (Wh kg™) W kg™) (mg/cm?)
Ni(OH)/CNT/AC 3300 120 18 1125 50.6 (95 Wkg™) 18(32.5 Wh kg™) 4.85+20 21
B-Ni(OH}WAC 790.3¢ 1.6 105.8 36.2 (100 Wkg) 0.69 (10.5 Wh kg) 3.8+11.48 ¢ 42
Cos04/NF/AC 1217 13 107.3 34 (225) 1.5 (22 Whkg?h) 3+1325 43
Ni(OH)»/Gra//P-Gra 1735 245 1.6 218.4 77.8 (1747 Wkgh 152 (13.5 Wh kg?) 3+6.8+ 44
NiCo:204/Gra//HFAC 600 525 153 114 48 (230 Wkg?) 1.9(28 Whke-1) 3.5+3.0 43
GNCC/AC 618 171 14 288 195 3.6 (7.57 Whkg™) 10+30 46
GH/MnO2/NF 266.8 157.7 2.0 41.7 232 (1kWkg™ 10(14.9 Whkg™) 1.0+1.2 47
GraMnO2/ACN 310 455 18 1135 511 (1022 Wkgh 16.5 (8.2 Wh kg!) 48
NiCo28: NT/NE/RGO/NF 2398 197 155+ 4.68 % 315 (157TWkgh)  235(16.6 Whkg?) 6+43.5 49
NizS2/CNT/AC 1024 95 1.6 55.8 19.8 (798 Wkg™) 6.4 (154 Wh kg?) 1.51 (total) 50
NiCo-LDH@CNT/APDC 2046 487 175 210.9 89.7 (4568 Wkg')  87(41.7 Whkg™) 8.5+17.69 This work

¢ C g'.* Estimated from published graph or data. *F cm™ mpositiveand Mpssaiv= represent the mass loading on positive and negative electrodes. respectively.

P-Gra and NT represent porous graphene and nanotube, respectively.

Fig. 9 Camera-captured photographs of (a) LED indicator and (b) minifan driven by
two series-connected ASC devices.

4. Conclusions

We have successfully developed 3D core-shell structured NiCo-LDH@CNT/NF
positive electrode and APDC-based negative electrode. Results suggest that the
integrated CNT/NF composite current collector can greatly increase the mass loading
and simultaneously improve the utilization efficiency of electroactive NiCo-LDH.
The resulting 3D core-shell structured NiCo LDH@CNT/NF electrode exhibits

excellent electrochemical performance at commercial mass loading level. Results also
22
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suggest that activation of carbonized polyaniline precursor is a good strategy to
fabricate the N-doped activated carbon for high performance negative electrode.
Combined with the high performances of positive and negative electrodes, the
assembled NiCo-LDH@CNT/NF//APDC/NF ASC device exhibit a maximum energy
density of 89.7 Wh kg™ at a power density of 456.8 W kg™ and maximum power
density of 8.7 kW kg™ at an energy density of 41.7 Wh kg, suggesting its superior
supercapacitor performance and demonstrating its great application in energy storage.
More importantly, we provide an alternative strategy for constructing high
performance ASC device with high cell energy density at commercial mass loading
level. In future, the energy density of the ASC device can be further improved if

non-aqueous electrolyte is employed.
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An asymmetric supercapcitor device with energy density of 89.7 Wh kg-1 at commercial level mass loading
was successfully fabricated.
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