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HIGHLIGHTS

® MOFs were utilized as templates to obtain porous nanostructure.

® Electrochemical activation endowed CC with excellent hydrophilic property.
® Unique hydrolysis and ion exchange/etching method was used in this work.
® The hybrid supercapacitor exhibited excellent flexibility and wearability.

ARTICLE INFO ABSTRACT

Flexible electrodes with favorable architectures are urgently demanded for flexible and wearable supercapacitors
with high performance. Herein, we demonstrate the rational design and preparation of hollow and ultrathin
MOF nickel cobalt sulfides nanosheets arrays on electrochemical activated carbon cloth (Ni-Co-S/ACC) for fabrication
Etching/ion exchange ) of flexible hybrid supercapacitors, where the Ni-Co-S nanosheets are derived from the metal-organic framework
Flexible and wearable supercapacitors via an etching/ion exchange method. The Ni-Co-S/ACC electrode can deliver a very high specific capacitance of
2392 F/g at the current density of 1 A/g and good rate performance (80.3% capacitance retention at 20 A/g).
The enhanced electrochemical properties should be attributed to the hydrophilic property, good conductivity
and enriched redox active sites resulted from the electrochemical activated carbon cloth and the hollow and
ultrathin structure of Ni-Co-S nanosheets. When a flexible hybrid supercapacitor is assembled using Ni-Co-S/ACC
as positive electrode and activated carbon as negative electrode, it shows high energy density of 30.1 Wh/Kg at
power density of 800.2W/Kg as well as predominant cycling stability (82% retention after 10,000 cycles).
Furthermore, the excellent flexibility and wearability of the hybrid supercapacitor could envision promising
applications in high-performance wearable energy storage devices.

Keywords:
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1. Introduction

To meet the growing requirement of energy sources, great efforts
have been devoted to develop high-power energy storage devices and
energy conversion equipments. Supercapacitors (SCs) have attracted
widespread attentions due to their remarkable properties such as quick-
acting charging-discharging time (high power density) and good cy-
cling life [1-3]. Moreover, owning to the increasing demands for

portable and wearable electronic devices such as collapsible screens,
flexible supercapacitors have been extensively explored [4,5]. How-
ever, compared with rechargeable batteries, SCs have shown lower
capacity or energy density due to their charge storage mechanism only
occurs on the surface or near surface of electrode materials. As a result,
much more concern has been focused to improve their energy density.

It is well known that the energy density of SCs is mainly related to
the specific capacitance (C) and operating voltage window (V),
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therefore, many efforts have been devoted to obtain the SCs with high
energy density through exploring the porous, nano-sized capacitive and
pseudocapacitive electrode materials, and/or developing asymmetric
and hybrid SCs for wide operating voltage window [6]. Transition
metal oxides and hydroxides such as Co30, and Ni(OH), exhibit su-
perior capacitance due to their rich redox reaction for charge storage
[7-11]. Nevertheless, these materials usually display poor conductivity
and unpleasant electrochemical stability which severely hinder their
practical applications. Recently, transition metal sulfides, especially
ternary sulfides, have been widely explored as high electrochemical
performance SCs. The substitution of sulfur for oxygen results in the
formation of the more flexible structures own to the lower electro-
negativity of sulfur than oxygen, leading to the less collapse and more
stability of structure. Furthermore, ternary transition metal sulfides
display much lower optical band gaps and much higher conductivity
than binary sulfides, which could result in excellent rate performance
[12]. For example, the electrical conductivity of NiCo,S, is about 100
times higher than that of NiCo,0, and four orders of magnitude higher
than that of nickel or cobalt oxides because of its smaller band gap
[13,14].

In addition to seeking high-performance materials as electrodes,
rational design of the structure of electrode materials can also be an
efficient alternative to enhance the electrochemical kinetics [15].
Metal-organic framework (MOF), a kind of advanced materials with
metal centers and organic blocks, has been considered to be very pro-
mising for gas adsorption, supercapacitor and catalysis due to their
well-ordered structure, large surface area, high porosity and diverse
topology, all of which endow MOF with tunable functionalities for wide
applications [16-18]. Especially, taking advantage of its high specific
surface area and porosities, MOFs have consequently been utilized as
template to prepare porous nanostructure with high surface area for
high-capacitance SCs owning to the fact that they can shorten the dif-
fusion length and offer more active sites.

Herein, we demonstrate, for the first time, the fabrication of MOF
derived ultrathin and porous NiCo,S4 nanosheets arrays with enriched
edge sites on electrochemically-activated flexible carbon cloth (ACC)
and the application as positive electrode for high-performance flexible
ASCs. The electrochemically treated carbon cloth substrate exhibits
excellent flexibility and hydrophilic property. The rational design of
MOF makes it possible to obtain NiCo,S, nanosheets arrays with in-
creased structural robustness. Upon the unique hydrolysis and etching
process in the presence of Ni(NO3), and Na,S, the obtained NiCosS4
arrays exhibit ultrathin and porous nanosheet structures, which provide
high specific surface area and rich active sites to facilitate electrolyte
penetration and shorten the ion diffusion path, therefore are beneficial
for the improvement of electrochemical performance. As a result, the
prepared active electrode materials exhibit a high specific capacitance
of 2392 F/g at 1 A/g and excellent rate capability of 80.3% at 20 A/g.
The assembled hybrid supercapacitor delivers a high energy density of
30.1 Wh/Kg at a power density of 800.2W/Kg and excellent cycling
stability. Great potential of NiC0,S4/ACC electrode for assembling the
flexible wearable supercapacitors can be demonstrated by lighting up
the red LED and charging a watch when it is utilized for fabrication of a
wristband supercapacitor.

2. Experiment section
2.1. Synthesis of electrochemical activated carbon cloth

Firstly, a piece of commercial carbon cloth (1 cm X 2.5cm) was
cleaned with absolute ethanol, acetone and ultrapure water in se-
quence. Electrochemical activation of the above cleaned carbon cloth
was realized by utilizing a three-electrode configuration in a mixed
solution of HNO3 and H,SO, (volume ratio = 1) with a constant voltage
of 3V for 180s. In this system, a platinum plate was used as counter
electrode and saturated calomel electrode (SCE) as reference electrode.
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Then the resulted activated carbon cloth (ACC) was washed with ul-
trapure water and dried in vacuum at 60 °C.

2.2. Synthesis of Ni-Co precursor/ACC

Firstly, 1.3136 g of 2-methylimidazole (C4He¢Ny) was added into
40 mL ultrapure water under magnetic stirring to afford a uniform
dispersion. Then 0.5821 g of Co(NO3),6H,0 was dispersed into 40 mL
ultrapure water by stirring for 3 min. The C4HgN5 aqueous solution was
poured into Co(NO3),'6H,0 dispersion quickly, followed by the addi-
tion of a piece of ACC. After the reaction for 4 h, the prepared sample
was taken out, washed with ultrapure water and dried in vacuum at
60 °C for 12 h. Subsequently, the obtained product was dipped into the
Ni(NO3)56H50 solution (0.01 M, 100 mL) in ethanol for 15 min under
magnetic stirring. Finally, the expected product of Ni-Co precursor/ACC
was taken out, cleaned with absolute ethanol and dried at 60 °C in a
vacuum drying oven.

2.3. Synthesis of NiCo,S4/ACC

In a typical procedure, 0.68 g of Na,S-9H,0 was dissolved in 40 mL
ultrapure water under constant magnetic stirring to obtain a uniformly
dispersed solution. Then the above aqueous solution together with the
Ni-Co precursor/ACC was transferred into a 50 mL Taflon-lined stain-
less steel autoclave. The hydrothermal reaction was conducted at 160 °C
for 8 h. After cooling down naturally to room temperature, the resulting
product (abbreviated as Ni-Co-S/ACC-160) was collected, washed with
ultrapure water and dried at 60 °C overnight. By contrast, NiCo,S4 on
untreated carbon cloth (NiCo,S4/CC) was also synthesized under the
same condition. In order to explore the optimum curing temperature,
the sulfuration of Ni-Co precursor was also performed at 120 °C and
200 °C to afford the products which are abbreviated as Ni-Co-S/ACC-
120 and Ni-Co-S/ACC-200, respectively.

2.4. Preparation of flexible hybrid supercapacitors device

To assemble a flexible hybrid supercapacitor, the as-prepared Ni-Co-
S/ACC was utilized as positive electrode. Activated carbon, acetylene
black and polyvinylidene fluoride (PVDF) were mixed homogeneously
with a mass ratio of 85:10:5 and deposited on the surface of a piece of
ACC (1 x 2.5cm?). The PVA-KOH gel electrolyte was prepared by
mixing 6 M KOH solution and 2.5g PVA in 20 mL ultrapure water at
90 °C under stirring until the solution became clear. The PVA-KOH gel
electrolyte was sandwiched between Ni-Co-S/ACC positive electrode
and negative electrode.

2.5. Material characterizations

Field emission scanning electron microscopy (FE-SEM, FEI
Quanta200F) and transmission electron microscopy (TEM, JEM-1200
EX) were utilized to analyze the morphology and structure of the pre-
pared materials. X-ray diffraction (XRD, D8-Advance, Bruker) was used
to characterize the crystal structure and X-ray photoelectron spectro-
scopy (XPS) was carried out on a Kratos AXIS Ultra DLD spectrometer to
characterize the chemical state and the surface-bound functionalities of
NiCo,S4/ACC.

2.6. Electrochemical measurement

The electrochemical properties of prepared electrode materials were
evaluated by an electrochemical station (CHI 660D) with a standard
three-electrode system in 6 M KOH aqueous solution wherein Pt and
Hg/HgO electrode were used as counter and reference electrode, re-
spectively. The electrochemical properties were investigated via cyclic
voltammetry (CV) with the increasing scan rate from 5 to 50 mV/s,
galvanostatic charge/discharge (GCD) with different current densities
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varying from1 to 20 A/g and electrochemical impedance spectrometry
(EIS) in frequency ranging from 100 kHz to 0.01 Hz.

The specific capacitances were calculated via the following equa-
tion:

IAt

YN

(€)]
where Cy; denotes the specific mass capacitance (F/g), I is discharge
current (A), At indicates the discharge time (s), m refers to the mass of
active materials (g) and AV represents the operated potential window
.

The assembled hybrid supercapacitor was evaluated via a two-
electrode system. The power density (P, W/Kg) and energy density (E,

Wh/Kg) were calculated based on the total mass of active material on
positive and negative electrodes by the following equations:[19,20]
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3. Results and discussion
3.1. Material fabrication and characterizations

The stepwise fabrication process of MOF derived porous NiCo0,S4 on
electrochemical-activated flexible carbon cloth (ACC) is depicted in
Fig. la. The flexible ACC substrate was obtained by activating the
commercial carbon cloth via an electrochemical method (details can be
seen in Experimental section) and then was submerged in the mixture of
2-methylimidazole (C4HgN,) and Co(NO3),6H,0O aqueous solution for
4h to obtain the cobalt based MOF solid nanoarrays covered ACC
(abbreviated as Co-MOF/ACC). In this step, electrochemical activation
introduced a large amount of oxygenous groups, thus endowed carbon
cloth with excellent hydrophilic property, which facilitated the uniform
growth of Co-MOF on the surface of carbon fiber. Ni(NO3), was utilized
subsequently to etch Co-MOF via an ion exchange process for the pre-
paration of ultrathin Ni-Co layered double hydroxide (Ni-Co LDH/
ACC), whose formation mechanism could be speculated as following:
Ni?* + 2H,0 — Ni(OH), + 2H*, where Ni®*" is hydrolyzed to yield Ni
(OH), and H". The H* ions could etch the MOF and make for the
deposition of Ni-Co LDH simultaneously [21]. Finally, Ni-Co LDH/ACC
was converted to NiCo,S4/ACC by hydrothermal sulfuration reaction
with Na,S as the sulfur source. S* in the system could also act as
etching agent, leading to the formation of ultrathin edge site-enriched
NiCo,S4 nanoarrays on ACC (NiCo,S4/ACC) [22].

Ni-Co LDH/ACC NiCo,S,/ACC

200 nm

Fig. 1. (a) Schematic illustration for the synthesis of MOF derived ultrathin NiCo,S, nanoarrays on electrochemical activated carbon cloth. (b) Low and (c, d) high
magnification SEM images of Co-MOF/ACC. (e) Low and (f, g) high magnification SEM images of Ni-Co LDH/ACC. (h) Low and (i, j) high magnification SEM images
of NiCo,S4/ACC-160. (k) SEM and the corresponding elemental mapping images of NiCo,S4/ACC-160.
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It’s well known that most carbon based materials exhibit inherent
hydrophobic properties, which is disadvantageous for the growth of
active materials when they are utilized as substrates. On the other hand,
the hydrophobicity also impedes the penetration of electrolytes and
therefore unavoidably encounters bottlenecks in improving their elec-
trochemical performance for SCs [23]. In this work, the commercial
carbon cloth was firstly activated via electrochemical oxidization in
mixed acid solution (H,SO4,~HNO3) at a constant potential of 3V for
180 s. After that, the oxygen functional groups were introduced on the
surface of carbon fibers will enhance the wettability of substrate,
making the feasible growth of Co-MOF on ACC [24]. The hydrophilic
property was characterized by measuring the dynamic water contact
angle. Fig. Sla shows that ACC has excellent wettability and a droplet
of water can be absorbed immediately within one second. The scanning
electron microscopy (SEM) image and the inset digital image (Fig. S1b)
of Co-MOF/ACC indicate that the Co-MOF nanoarrays have uniformly
grown on the whole fibers of ACC. In contrast, the contact angle of
untreated CC (Fig. S2a) is 134° under the same testing condition, de-
monstrating the significant hydrophobicity. Correspondingly, the
growth of Co-MOF on CC substrate displays severe agglomeration and
unevenness on the surface of CC as evidenced by the SEM image and
corresponding digital photo as shown in Fig. S2b, which should be due
to the hydrophobic property that heavily hinders the access of Co
(NO3), and C4HgN, onto the carbon fibers to form Co-MOF/CC.

SEM images of Co-MOF/ACC shown in Fig. 1b, ¢, demonstrate the
uniform coverage of Co-MOF nanosheets arrays on the surface of ACC.
The enlarged view in Fig. 1d displays the smooth surface of the solid
nanosheets with the thinness of 300 nm. After reactions of the Co-MOF
nanowalls with Ni(NOs), for 15 min, the monolithic nanoarrays have
been maintained as shown in Fig. le, f. As can be seen in Fig. 1g, the
thinness of nanowalls is about 52 nm, which is obviously thinner than
those before reaction with Ni(NO3),, indicating the successful etching
process. The short-time (5min) etching treatment using Ni(NO3),
would result in insufficient etching and semi-hollow nanosheets,
whereas too long-time (25 min) treatment would generate the excessive
etching product with destructive structure as shown in Fig. S3.

The SEM images of Ni-Co-S/ACC-160 are presented in Fig. 1(h-j).
The dense and uniform coverage of Ni-Co-S nanosheets on the surface
of carbon fiber testified that the nanoarray structure could be retained
intact after hydrothermal reaction at 160 °C for 8 h as shown in Fig. 1(h-
i). Furthermore, the nanosheets with crimp edges became thinner(less
than 30nm) and even semitransparent, evidencing the formation of
hollow structure after the etching process in the presence of Ni(NO3),
and Na,S. The ultrathin Ni-Co-S nanosheets with hollow and porous
structure could effectively shorten the pathway of electrolyte ions dif-
fusion and facilitate the insertion/disembedding process during the
charge-discharge cycles [25]. As presented in Fig. 1k the elemental
mapping images of Ni-Co-S/ACC-160 indicate the presence of Ni, Co
and S.

The morphology of stepwise prepared samples was further in-
vestigated by transmission electron microscopy (TEM) analysis and the
corresponding TEM images are displayed in Fig. 2. As revealed by the
TEM images in Fig. 2a and b, the nanosheets of Co-MOF presents a solid
characteristic, which are converted into thinner nanosheets with hollow
structure after reacting with Ni(NOs3), as shown in Fig. 2c. From the
magnified TEM image (Fig. 2d), a mass of wrinkles can be observed,
which is in coincidence with SEM results. After hydrothermal sulfura-
tion treatment, the ultrathin nanosheets with well-maintained structure
have been obtained with numerous nanoparticles distributed uniformly
on the surface as manifested in Fig. 2e and f). High resolution TEM
(HRTEM) image of Ni-Co-S/ACC-160 is presented in Fig. 2g, from
which the crystal lattice of 0.17 nm, 0.24 nm and 0.28 nm are derived,
which match perfectly with the 440, 400 and 311 planes of NiCo,S,
(JCPDF NO. 20-0782) [26]. The inserted selected area electron dif-
fraction (SAED) as shown in Fig. 2g exhibits continuous diffraction
rings, which indicate the presence of different crystal planes with
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polycrystalline feature on the nanosheets.

The crystal structure of obtained samples was further studied via X-
ray diffraction (XRD). From the XRD results shown in Fig. 2h, the
characteristic peaks of amorphous carbon can be clearly observed at
25.6° and 38.5° [27]. The diffraction peaks of the prepared Ni-Co-S/
ACC-160 at 31.5°, 38.2°, 50.7° and 55.1° can be well indexed to (31 1),
(400), (511) and (440) planes of NiCo,S, cubic phase (JCPDF NO.
20-0782) respectively, indicating the successful transformation from
NiCo-LDH (Fig. S4) to NiCo,S,.

The chemical state and composition of prepared Ni-Co-S/ACC-160
were further investigated by XPS. As shown in Fig. 3 the XPS survey
spectrum of Ni-Co-S/ACC-160 (Fig. 3a) demonstrates the presence of
Ni, Co, O, C and S elements without any other impurities. The elements
C and O should come from ACC while Ni, Co and S are ascribed to the
generation of NiCo0,S4. The C 1s spectrum (Fig. 3b) can be fitted into
four peaks corresponding to —COOH (288.5eV), >C=0 (287.2¢€V),
>COH (286.3eV) and C—C (284.8 eV), confirming the successful in-
troduction of functional groups on the surface of carbon fiber after
electrochemical activation. The binding energies of Ols spectrum as
shown in Fig. 3c can be deconvoluted into three different peaks at
533.18 eV, 532.31 eV and 531.63 eV, which are attributed to —COOH,
>COH and >C=0, respectively.

In Fig. 3d, the spectrum of Ni 2p can be fitted well with two spi-
n-orbit doublets and two shakeup satellites (abbreviated as Sat) by a
Gaussian fitting method, evidencing the presence of of Ni2* and Ni®*.
The peaks centered at 853.6 eV and 872.5 eV correspond to Ni%*, while
the peaks located at 856.4 eV and 874.5 eV are assigned to Ni* [28].
Two peaks observed in the spectrum of Co 2p (Fig. 3e) at 781.5eV and
797.7 eV are characteristic of Co®>*. The binding energy values at
779.1 eV and 794.1 eV are typical peaks of Co®*. For the S 2p spectrum
as shown in Fig. 3f, two main peaks at 161.8 eV for 2ps3,, and 162.8 eV
for 2p, > and one shakeup satellite at 169.1 eV are observed, where the
peak at 161.8 eV is representative of metal-sulfur bonds while the peak
at 162.8 eV should be ascribed to sulfur ions at low coordination or-
dinarily related to sulfur vacancies. According to the above discussed
results, the near surface of prepared Ni-Co-S/ACC-160 has a mixed
composition containing Ni®*, Ni**, Co®* and Co®*, which is favorable
for a supercapacitor to achieve high electrochemical performance by
providing rich Faradic reaction sites.

3.2. Electrochemical performance

Electrochemical measurements of NiC0,S;/ACC were implemented
in a three-electrode system with 6 M KOH solution as electrolyte.
Fig. 4a exhibits the cyclic voltammetry (CV) curves of Ni-Co-S/ACC-
120, Ni-Co-S/ACC-160 and Ni-Co-S/ACC-200 at a potential window
between 0 and 0.55 V with the scan rate of 10 mV/s. Obviously, the CV
area of Ni-Co-S/ACC-160 is larger than those of the other two electrode
materials as prepared, demonstrating the optimal electrochemical ca-
pacitance can be obtained by selecting the proper hydrothermal tem-
perature. Furthermore, the pair of oxidation/reduction peaks of Ni-Co-
S/ACC-160 are more sharp and the potential difference (Eo-Er) be-
tween the oxidation potential (Ep) and reduction potential (Eg) is
smaller than those of the other two, indicating the better reaction re-
versibility and faster reaction kinetics process for the electrode material
prepared at 160 °C [29]. The discharge time for Ni-Co-S/ACC-160 is
longer than those for other samples as depicted in the galvanostatic
charge discharge (GCD) curves (Fig. 4b), suggesting the highest capa-
citance.

The electrochemical impedance spectrometry (EIS) measurement
was also performed to analyze the electrochemical behaviors of the
three prepared electrode materials. Fig. 4c shows that the slopes of the
straight lines for Ni-Co-S/ACC-160 and Ni-Co-S/ACC-200 are almost
the same, which are significantly larger than that of Ni-Co-S/ACC-120
in the low-frequency region, revealing the lower diffusion resistance
(Rw) and charge transfer resistance (Rct). Moreover, the equivalent
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Fig. 2. TEM images of Co-MOF/ACC (a, b), Co-Ni LDH (c, d) and Ni-Co-S/ACC-160 (e, ). (g, h) HRTEM and XRD of Ni-Co-S/ACC-160, inset represents the

corresponding SAED patterns.

series resistance (Rs) of Ni-Co-S/ACC-160 is 0.9 O, which is smaller
than those of Ni-Co-S/ACC-120 (1.1 O) and Ni-Co-S/ACC-200 (1.0 0)
respectively. The lowest Rw, Rct and Rs should contribute to the in-
tegrated ultrathin and hollow structure of the nanosheets obtained at
sulfuration temperature of 160 °C, which could facilitate the ion diffu-
sion and fast charge transfer during the redox reaction. Besides, reac-
tion at relatively low hydrothermal temperature of 120 °C led to inferior
crystallinity (Fig. S5) of the Ni-Co-S nanosheets (Fig. S6a-b) while at a
much higher temperature of 200 °C the nanoparticles assembled na-
nosheets of generated product (Fig. S6¢-e) were easy to collapse due to
the excessive fast ion exchange reaction between OH™ and $*7. In a
word, the two products obtained at 120 °C and 200 °C failed to facilitate
the ion diffusion and provide sufficient redox acting sites.

Fig. 4d shows the CV curves of Ni-Co-S/ACC-160 at different scan
rates ranging from 5 to 50 mV/s. It can be observed that the oxidation
peaks shift to positive potentials while the reduction peaks shift to
negative potentials as the scan rates increase. This can be associated
with the increment of internal diffusion resistance, which limits the ion
diffusion to satisfy the electronic neutralization during the fast faradic
reaction [30-32]. The CV curves could still keep a pair of well-defined
redox peaks at a high scan rate of 50 mV/s, manifesting the good rate
property. Moreover, a good linear relationship between the reduction

or oxidation peak current density and square root of scan rate can be
derived as shown in Fig. S7, suggesting the redox reactions of Ni-Co-S/
ACC-160 in KOH electrolyte was mainly dominated by OHdiffusion
rate controlled process [33].

GCD curves of Ni-Co-S/ACC-160 at various current densities from 1
to 20 A/g exhibit excellent symmetry as shown in Fig. 4e, suggesting
the favorable coulombic efficiency and remarkable electrochemical
capacitive performance as a result of the highly reversible Faradic redox
reactions during the charge-discharge process. Based on the GCD
curves in Fig. 4e and Fig. S8, the specific capacitances of Ni-Co-S/ACC-
120, Ni-Co-S/ACC-160 and Ni-Co-S/ACC-200 at current density of 1 A/
g were calculated to be 1774, 2392 and 1424 F/g, respectively. The
relationship between specific capacitance and current density is pre-
sented in Fig. 4f, from which we can see the better rate performance of
Ni-Co-S/ACC-120 and Ni-Co-S/ACC-160 which are 82.5% and 80.3% at
20 A/g, respectively, while the rate performance of Ni-Co-S/ACC-200 is
only 64.6% at the same current density. Cycling performance is a vital
parameter when assessing the electrode materials for the practical ap-
plications of supercapacitors.

The cycling stability of Ni-Co-S-160/ACC was evaluated by GCD
tests at a high current density of 30 A/g and 85.1% of the initial ca-
pacitance was retained after 10,000 cycles as shown in Fig. 4g. It is
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Fig. 3. XPS spectra of Ni-Co-S/ACC-160. The survey spectrum (a) and high-resolution of XPS spectra for C 1s (b), O 1s (c), Ni 2p (d), Co 2p (e) and S 2p (f),

respectively.

worth noting that within 2000 cycles after the start of the test, the
performance decreased slightly due to the surface of electrode not being
wetted sufficiently and the lower utilization factor of electroactive
materials [32,34]. As cycling numbers increased, the wettability and
utilization of the electroactive materials were increased, resulting in the
gradual enhancement of capacitance between 2000 and 4000 cycles
[35]. After 4000 cycles, the performance decay became quite slow and
ended up with a satisfactory capacity retention of 85.1% even after
10,000 cycling test, indicating the long lifespan and excellent dur-
ability. The inset was the corresponding SEM image after cycling test,
from which we can observe the morphology of Ni-Co-S/ACC-160 na-
noarrays was well maintained without obvious aggregation or de-
struction. The structural stability should result in the good electro-
chemical long term stability.

The excellent specific capacitance, rate performance and cycling
stability should be attributed to comprehensive factors as illustrated in
Fig. 4h: Firstly, as binder-free current collector the electrochemical
activated carbon cloth with superb hydrophilic property has two re-
markable roles: the first one is to facilitate the growth of NiCo,S4 na-
nosheets and the second one is to favor the penetration of electrolyte for
charge storage and delivery. Secondly, the porous and hollow structure
of the MOF derived ultrathin NiCo,S, nanosheets provides more active
sites and fast charge transfer path from nanosheets to carbon fiber,
which are beneficial to the high-rate performance. Furthermore,
NiCo,S4 nanosheets on ACC have a mixed composition containing Ni%™,
Ni®*, Co®* and Co®*, which have the high electrochemical perfor-
mance for supercapacitors by providing rich Faradic reactions:[36]

NiCo,S4 + OH™ + H,O < NiSs_4OH + 2C0SxOH + e~
Co0S,4OH + OH™ < CoSx0 + H,0 + e~

CoS,,0 + OH™ & CoSxOH + e~

NiSy_4x + OH™ & NiS;_4OH + e~

Although the Ni-Co-S/ACC-160electrode has delivered a high spe-
cific performance, the relatively narrow operated potential window
(0-0.55 V) will be a bottleneck when it is utilized for the energy device.

Hence, the activated carbon on electrochemical activated carbon cloth
(AC/ACC) was utilized as negative electrode to broaden the operated
potential window and the Ni-Co-S/ACC-160 as the positive electrode
with a polyvinyl alcohol (PVA)-KOH gel electrolyte as illustrated in
Fig. 5a when assembling an all-solid-state asymmetric hybrid super-
capacitor. The electrochemical performance of AC/ACC electrode was
evaluated in a three-electrode system with 6 M KOH solution as elec-
trolyte. The similar rectangular CV curves and symmetric linear char-
ge—discharge curves of negative electrode AC/ACC (Fig. S9) display the
fast ions diffusion/adsorption process controlled double layer capacitor
behavior. AC/ACC delivers a high specific capacitance of 177 F/g at 1
A/g and maintains 94 F/g even at high current density of 20 A/g.
Fig. 5b shows that the working potential ranges of Ni-Co-S-160/ACC
and AC/ACC electrode at 20mV/s are —1 to OV and 0-0.55V, re-
spectively. The mass loading of positive and negative electrodes was
calculated by the following equation according to the charge balance
relationship:

my _ C_AE_
m_  C,AE,

where m (g) is the mass loading of electrodes, C (F/g) represents the
specific capacitance and AE (V) represents the charge-discharge po-
tential window.

Fig. 5c displays CV curves of the as-synthesized ASC at different
operating voltage windows, from which we can see the stable voltage
could be broadened up to 1.6 V at the constant scan rate of 20 mV/s.
The CV curves of ASC were acquired at the scan rates ranging from 5 to
50 mV/s as shown in Fig. 5d, demonstrating the integrated contribution
of electric double-layer capacitance and battery-type capacitance with
the stable operating voltage window of 0-1.6 V. Markedly, the redox
peaks could still be observed from CV curve even at 50 mV/s, which
indicates a good rate capacity and reaction kinetics. The symmetric
GCD curves without obvious IR drop in Fig. 5e could be utilized to
calculate the specific capacitance which ranged from 83.2 to 47.5F/g
when the current density increased from 1 to 10 A/g, manifesting a fine
coulombic efficiency and electrochemical reversibility as displayed in
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Fig. 4. (a) Cyclic voltammetry (CV) curves of Ni-Co-S/ACC-120, Ni-Co-S/ACC-160 and Ni-Co-S/ACC-200 at a scan rate of 10mV/s. (b) Galvanostatic charge
discharge (GCD) curves at 1 A/g and (c) Nyquist plots for all the Ni-Co-S electrodes. (d) CV curves at different scan rates and (e) GCD curves at different current

densities of Ni-Co-S/ACC-160. (f) Specific capacitances calculate from GCD curves

of all the Ni-Co-S electrodes, respectively. (g) Cycling performance of Ni-Co-S/

ACC-160 at current density of 30 A/g. (h) Schematic illustration for the mechanism of charging and discharging processes for Ni-Co-S/ACC-160 electrode.

Fig. S10. Fig. 5f shows the cycling stability of ASC at the current density
of 5 A/g and 82% of capacitance was retained after 10,000 cycles.

As shown in Fig. 6a the Ragone plots exhibit the high energy density
of 30.1 Wh/kg at the power density of 800.2 W/kg, which still main-
tains 16.89 Wh/kg at a high power density of 7800 W/kg. These values
are comparable or superior to those of cobalt-nickel based super-
capacitors previously reported [26,37-43]. To further investigate the
potential of assembled ASC in the application of portable and flexible
wearable devices, a series of characterizations were performed to in-
vestigate its mechanical flexibility and electrochemical durability. As
presented in Fig. 6b, the CV curves obtained after bending the ASC at
60°, 90° and 180° under the scan rate of 15 mV/s are almost overlapped,
revealing the excellent flexibility and stability. As the maximum
working voltage can reach to 1.6V, three assembled hybrid super-
capacitors were connected and utilized to illumine power a LED bulb.
Fig. 6¢ displays a series of digital photos taken at different time, from
which it can be seen that the LED bulb could be lighted up for more
than 90s. Furthermore, we also showed the application of hybrid su-
percapacitors as a wristband to power an electronic watch for more
than 8 min as presented in Fig. 6d, further demonstrating the excellent
flexibility and wearability with stable electrochemical performance.

4. Conclusion

In summary, we have successfully prepared hollow and ultrathin
nickel cobalt sulfides nanosheets arrays on electrochemical activated
carbon cloth (Ni-Co-S/ACC), where the Ni-Co-S nanosheets are derived
from the metal-organic framework via an etching/ion exchange
method. The NiCo0,S4/ACC-160 electrode material demonstrates the
high specific capacitance of 2392 F/g at the current density of 1 A/g
and an outstanding capacitance retention of 80.3% under ultimate
charge/discharge condition (1920 F/g at 20 A/g). A flexible hybrid
supercapacitor is also successfully assembled and exhibits a high energy
density of 30.1 Wh/Kg at the power density of 800.2W/Kg and ex-
cellent electrochemical stability with capacitance ratio achieves 82%
after 10,000 cycles. Impressively, the flexible hybrid supercapacitor can
light up a LED bulb when three of it are connected in series. The flexible
hybrid supercapacitor can also be utilized to fabricate a wristband su-
percapacitor that can charge a watch. Therefore, the assembled
NiCo,S4/ACC device could envision great potential in other portable
and wearable energy storage devices.
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