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Introduction

In situ growth of binder-free CoNig 5-MOF/CC
electrode for high-performance flexible solid-state
supercapacitor applicationy

Weijie Zhang,1*° Zhen Cao, 1 Yuying Li,° Ruiting Li,” Yanmei Zheng,® Ping Su® and
Xinli Guo ([ *°

Metal organic frameworks (MOFs) with binder-free electrodes have shown promise for portable electro-
chemical energy storage applications. However, their low specific capacitance and challenges associated
with the attachment of active materials to the substrate constrain their practical utility. In this research, we
prepared a CoNigs-MOF/CC electrode by in situ growth of CoNigs-MOF on an H,O,-pretreated carbon
cloth (CC) without using any binder. It exhibits a higher specific capacitance of 1337.5 F g~* than that of
CoNig5-MOF (~578 F g™ at a current density of 1 A g™ and an excellent rate ability of 88% specific
capacitance retention at a current density of 10 A g~ after 6000 cycles. The as-assembled flexible asym-
metric solid-state supercapacitor based on the CoNig 5-MOF/CC positive electrode and a nitrogen-doped
graphene (N-Gr) negative electrode exhibits an energy density of 61.46 W h kg™ at a power density of
1244.56 W kg~ and holds a stable capacitance of ~125 F g™t at 1 A g~* when the flexible supercapacitor is
bent, showing great potential for flexible electronics application. The H,O, is indicated to play an impor-
tant role, enhancing the adhesion of CoNigs-MOF on CC and reducing its charge transfer resistance by
functionalizing the carbon fiber during the pretreatment of the CC matrix. The results provide a great way
to prepare a flexible asymmetric solid-state supercapacitor with both high power density and high energy
density for practical application.

conductivity, and low resistance of the electrode active
materials in a flexible supercapacitor cannot be overstated.

Portable and wearable energy storage devices are attracting
more interest with the demand for smartphones, electronic
skin, and other intelligent devices. Flexible energy storage
devices with high-performance electrochemical characteristics
and good mechanical properties are becoming more and more
important."™ Flexible all-solid-state supercapacitors provide
fast charging and discharging processes, excellent power
density and high cycle stability, which are ideal for powering
portable devices. As part of a flexible device, the importance of
a flexible electrode with superior mechanical properties, high
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In the realm of supercapacitors, electrode materials hold
paramount significance, with ongoing efforts directed towards
the development of novel materials such as graphene, MXene,
metal-organic frameworks (MOFs), and others, aimed at
enhancing device performance. MOF materials, which are
among the novel materials, consist of metal clusters and
ligands. Previous research has shown that supercapacitors can
take advantage of this material directly as an electrode
material.*”® Among them, the contact between the electrode
and electrolyte can be facilitated by a porous structure in the
material, thereby creating a double electric layer effect, and
metal ions can undergo certain redox reactions with the elec-
trolyte, resulting in pseudo-capacitance.”® In the previous
works, Ni-MOF,”'® Co-MOF,**'* Fe-MOF,"* and Ni/Co-
MOF,"*"® among others, showed great potential as super-
capacitor electrode materials. Among them, the bimetal Ni/Co-
MOF has a higher capacitance and more promising perform-
ance than the single MOF due to its high electrochemical
activity. We also prepared Co/Ni-MOF powder material and
studied the molar ratio of Co and Ni for their effects on
electrochemical performance.'® The prepared CoNi,s-MOF
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shows a relatively high capacitance of 578 F g%
However, there is still scope for improving its capacity pro-
perties. To improve the performance, using a binder-free elec-
trode is effective, since the electrochemical properties of
powder electrode materials are hindered by the binder
material, which decreases the electron storage capacity and the
transfer of ions. Thus, it is preferable to directly grow the
active material without a binder on the collector substrate to
avoid the binder as well as improve the electrochemical
performance.’”*°

CC (carbon cloth) is considered as an appropriate substrate
for flexible electrodes due to its flexibility and electrical con-
ductivity. Furthermore, because of its wearability, intrinsic
flexibility in mechanics, light weight and ease of integration
with other materials, CC-based flexible devices have great
potential for commercial use in practical applications.
However, bare CC, when used as a MOF-based electrode
matrix, exhibits unsatisfying performance in terms of inferior
conductivity and electrochemical activity. To address the
issues of bare CC, some strategies for improving CC perform-
ance have been presented, such as wet chemical oxidation,
electrochemical oxidation, plasma modification etc.

Xu and co-workers prepared directly grown CoNi-MOF on
CC with the hierarchical layered structure of ultrathin
nanosheets and nanotube arrays, showing a high area capacity
of 1.01 C em™2 at 2 mA cm 2.*° To improve the hydrophilic
and oxygen-containing functional groups on the CC, Ma and
co-workers pretreated the CC with UV-ozone for 15 min, and
then directly grew ZIF-67 on it. As a result, the maximum
specific area capacitance of this hybrid electrode in 2 M KOH
aqueous solution is 1756 mF cm2.*! Liu prepared manganese-
based MOF on the surface of CC using a facile hydrothermal
method. During the electrode preparation process, the com-
mercially available original CC was ultrasonically rinsed for
30 min using 3 M HCl, absolute ethanol, and deionized water
to increase the oxygen functional groups on the surface of the
CC.** To develop a high-performance MOF electrode, Wallace
and co-workers pretreated the commercial CC and activated it
in H,SO,/HNO; mixture at 70 °C for 3 hours, then by electrode-
position process, they successfully prepared the Co-MOF on
pretreated CC, and the electrode showed superior capacitive
performance.”® However, to date, most carbon fibers or CC
need to be treated with nitric acid or other strong corrosive
fluids before their use as an electrode substrate, resulting in
high energy demand and environmental contamination.
Furthermore, natural and synthetic fabrics are typically passive
in terms of electronic transmission, and the binding force
between the load material and the textile is rather modest, as
the physical contact interface is typically facilitated by van der
Waals forces. As a result, the active material may fall off or be
lost during the electrochemical reaction or mechanical defor-
mation. Furthermore, the area capacitance generated by the
electrode faces difficulty meeting the criteria due to the
limited amount of active material in the load. Therefore, it is
preferable to develop highly hydrophilic CC or textile with
plentiful oxygen functional groups, and to enhance the pre-
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Fig. 1 Schematic illustration of the in situ growth process of CoNig s-
MOF on CC.

treatment process to maximize the active material loading and
specific capacitance of flexible electrode materials.>*>*

In this study, aimed at enhancing the performance of MOF
material on a carbon cloth (CC) substrate, we present a
straightforward pretreatment method for bare CC utilizing
hydrogen peroxide, thereby avoiding the use of highly corrosive
acids (Fig. 1). The resultant CoNi, 5-MOF, grown in situ on the
pretreated CC (CoNi, 5-MOF/CC), exhibits outstanding capaci-
tive properties, indicating promising potential for applications
in flexible electronics.

Experimental
In situ growth of CoNi, 5-MOF on CC

The commercial CC was pretreated to modify the oxygen func-
tional groups and surface hydrophilic properties. KOH, H,0,
and a mixture of HNO;, H,SO, and KMnO, were used to pre-
treat the CC, respectively. The chemical processes were as
follows: (1) CC was immersed into 2 M KOH solution and kept
at 80 °C for 6 hours; (2) a few pieces of CC were dropped into
30% H,0, and kept at 50 °C for 6 hours; (3) some pieces of CC
were modified with a mixture of concentrated HNO;, H,SO,
and KMnO, (HNO3/H,S0,/KMnO, mixture). When the reaction
finished, the CC was cleaned with deionized water and ethanol
several times and dried under vacuum in an oven.

According to our previous report,'® the precursor solution
of CoNiys-MOF was prepared. Subsequently, the pretreated
carbon cloth was soaked in a Co(NOj3), and Ni(NOj3), solution,
which included Co and Ni in a 1: 0.5 ratio, then 1,3,5-benzene-
tricarboxylic acid (H3;BTC) was added dropwise to the above
beaker. After stirring for 30 min, the mixture was moved to the
autoclave and reacted at 160 °C for 6 hours. When the reaction
finished and the temperature decreased to ambient tempera-
ture, the CoNi, s-MOF/CC was obtained after several washes
with deionized water and ethanol, and the electrode was
placed in a vacuum oven to dry overnight.

Characterization

In this work, the hydrophobicity of pretreated CC was tested by
an optical contact angle measurement device (LAUDA
Scientific, OSA100) using a droplet (3 pL) of water as an indi-
cator at room temperature. Infrared spectrometry (FT-IR,
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Thermo Fisher Scientific, Nicolet 5700) was used to character-
ize the oxygen group induced by the different chemical modifi-
cations. X-ray diffractometry (XRD, Bruker, D8-Discover, 1 =
1.5418 A) with Cu Ka radiation was conducted to analyze the
structure of the prepared material at the range of 10-80°. The
morphology and chemical composition of the samples were
characterized by scanning electron microscopy (SEM, Thermo
Fisher Scientific, Sirion) and determined by energy dispersive
spectroscopy (EDS), respectively.

Electrochemical test

An electrochemical workstation (CHI 660D) with a three-
electrode system was used to evaluate the electrochemical
performance of the electrode materials. Typically, 2 M KOH
was used as the electrolyte. The counter electrode and refer-
ence electrode were platinum wire and Hg/HgO, respect-
ively. For cyclic voltammetry (CV), the voltage window
ranged from 0 to 0.6 V and the scan rate ranged from 1 to
50 mV s . In order to test the capability of the prepared
electrode materials, the galvanostatic charging/discharging
(GCD) test was applied. The GCD test potential window was
0-0.6 V at current densities ranging from 1 to 30 A g™
The cycle stability was tested using GCD method, with 6000
cycles and a test current density of 10 A g~'. For the
electrochemical impedance spectra (EIS), the open-circuit
voltage was set as the initial voltage, amplitude was 5 mV,
and the frequency range was 0.01 Hz-100 kHz. In three-
electrode test systems, the specific capacitance of the elec-
trode material was measured by the following eqn (1):

_ IxAt

C =< av )
where I, AV, m, At represent the discharge current density,
working electrode voltage window, active material mass and
discharge time, respectively. The electrochemical properties of
the asymmetric supercapacitor device under study were tested
by the two-electrode test system. Quasi-solid PVA/KOH gel was
used as electrolyte and separator, CoNi, 5-MOF/CC as cathode
material, and N-rGO as anode material to assemble the asym-
metric supercapacitor. The CV test had a voltage window of
0-1.7 V and a scan rate of 5-100 mV s~'. The GCD was tested
with a voltage window of 0-1.7 V and a current density of 1-10
A g7, The assembled asymmetric device’s mass energy density
and power density values were calculated from eqn (2) and (3)
below:>°

C x AV?
E=""2" (2)
2
p_ E %3600 )
At

where C, t, and AV are the specific capacitance at various
current densities, the device discharge time and the potential
window of the working device, respectively.
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Results and discussion

The hydrophilicity of the substrate is very important, as it
affects the in situ growth process of the active material.
Hydrophilicity tests were performed to determine the optimal
carbon fabric treatment for electrode material preparation. As
shown in Fig. 2(a), the hydrophilicity test showed that the
untreated carbon fiber has a higher contact angle and stronger
hydrophobicity. The contact angles of the modified carbon
fabrics with KOH decreased, but remained hydrophobic
(Fig. 2b). In contrast, the HNO;3/H,SO,/KMnO, mixture-treated
carbon cloth and the H,O,-treated carbon cloth are more
hydrophilic (Fig. 2c and d), ensuring the active material grew
uniformly on the carbon fabric during the hydrothermal
process. Compared to treatment with HNO;/H,SO,/KMnO,
mixture, the same hydrophilic effect can be achieved with
H,0, pretreatment, which is not only more environmentally
friendly but also a simpler process. Therefore, this experiment
demonstrates that H,O,-pretreated CC can serve as an ideal
in situ growth substrate for active electrode materials. The
specific surface structure and functional groups were analyzed
by the following FT-IR characterization.

The CCs were treated using different methods and exam-
ined by infrared spectroscopy to determine the functional
groups on the surface. As depicted in Fig. 3(a), the infrared
spectrum of the unhydroxylated original CC exhibits no dis-
cernible peaks corresponding to oxygen-related functional
groups. In comparison, the H,0, and HNO3/H,SO,/KMnO,
mixture added typical hydroxyl and other oxygen-containing
functional groups to CC. The result indicates that H,O, and
the HNO3/H,SO,/KMnO, mixture can significantly modify the
surface structure of the carbon fabric. Specifically, the H,0,
and HNO3;/H,SO,/KMnO, mixture-modified CCs exhibit the
absorption peak of ~OH at about 3440 cm™'-3650 cm™ and
the stretching vibration peak of ~-C-H at about 1560 cm™*.2%%’
In addition, for the CC pretreated with H,0,, the characteristic
peak of -C=O0 appeared at approximately 2250 cm™'. The
above oxygen groups are responsible for the hydrophilic pro-
perties. For comparison, we also used KOH as a modification
agent and pretreated the CC for 6 h. As shown in Fig. 3(a), it
is evident that despite the high alkalinity of KOH, the surface

@@ (b)
144.8n 141.3 Q
(c) (d)

Fig. 2 Hydrophilicity test of CC after different pretreatment processes:
(a) original CC; (b) treated with KOH; (c) treated with HNO3/H,SO,4/
KMnO4 mixture; (d) treated with H,O,.
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Fig. 3 (a) FT-IR spectra of carbon cloth under different treatments; (b)
XRD patterns of CoNigs-MOF and CoNig s-MOF/CC.

modification effect is insufficient. Compared to the strong
oxidant HNO;/H,SO,/KMnO,-mixture-pretreated CC, the H,0,-
pretreated CC not only has the same excellent hydrophilicity,
but also newly introduced oxygen-containing groups.
Considering the importance of environmental and operational
safety and performance, we propose that using the alkali is
difficult to oxidize or modify the CC, and compared to the
highly corrosive and oxidizing HNO;/H,SO,/KMnO, mixture,
H,0, can serve as an effective, safe and facile agent for modify-
ing oxygen-containing functional groups on CC.

XRD analysis was carried out to investigate the phase struc-
tures of the CoNiys-MOF powder and CoNi,s-MOF/CC
samples. The results of Fig. 3(b) indicate that the material syn-
thesized on CC exhibits the same phase structure as the pow-
dered material, consistent with the XRD pattern
(CDCC-245714) reported in literature for Co-BTC material.”®
Nevertheless, it is noteworthy that the peaks of CoNi, s-MOF/
CC at positions (0—21) and (—112) appear broader than those
of the powder, implying a reduction in crystal size for the
material grown on the substrate. Moreover, the presence of CC
substrate gives rise to an evident (002) carbon material crystal
face, as evidenced by the corresponding peak. Additionally,
the CoNi, s-MOF material tends to preferentially grow along
the (031) crystal plane when deposited on the carbon fabric.
These findings elucidate the influence of the substrate on the
growth orientation of the material.

The morphologies of CC and CoNi,s-MOF/CC material
were characterized by SEM. Fig. 4(a and b) depicts the mor-
phologies of carbon fabric at different magnifications. The pre-

Fig. 4 SEM images of (a and b) H,O,-pretreated CC substrate and (c
and d) CoNip 5-MOF/CC at different magnifications.
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treated pure CC exhibits a smooth surface and no impurities.
After the hydrothermal process, MOF material successfully
grows onto the surface of CC fiber, facilitated by the existence
of oxygen-containing groups on the surface. Fig. 4(c and d)
demonstrates that the active material is evenly coated around
the carbon fabric, assuming a structure formed by the cross-
linking of nanosheets and nanorods. Further observation of
the higher-magnification TEM image (ESI Fig. S1}) reveals the
nanomaterial nature of the materials with porous structure,
consistent with the results of SEM.

EDS was used to analyse the elements in the CoNi, 5-MOF/
CC samples. As shown in Fig. 5, the material is primarily com-
posed of C, O, Co and Ni, and all elements are distributed
evenly on the surface of the CC fiber substrate. In addition, Ni
and Co elements were distributed in the same area of the
mapping, indicating that the Ni element is well combined
with the ligand and successfully doped into Co-MOF. The table
insert in Fig. 5 shows the semi-quantitative element content of
the prepared material. It indicates that the ratio of Co to Ni
atoms is close to 2:1, which agrees with the predetermined
experimental result. Combined with the XRD results, we suc-
cessfully prepared CoNi, s-MOF/CC electrode material via H,O,
modification of the surface chemical properties of CC.

The electrochemical performance of CoNi,5s-MOF/CC and
CoNiy5-MOF materials was tested using a three-electrode
system. The CoNi, 5-MOF electrode was made from a mixture
of the active material, conductive carbon and binder in the
ratio of 8:1:1 by weight. After sufficient grinding and mixing
with NMP solution, the paste was applied to nickel foam for
testing. In contrast, CoNig 5-MOF in situ grown on the CC can
be tested immediately without the need for any conductive
material or binder. In the three-electrode test, the platinum
wire electrode and Hg/HgO were used as counter electrode and
reference electrode, respectively.

The CV curves of CoNi,s-MOF and CoNi, 5s-MOF/CC are
shown in Fig. 6(a) at a scan rate of 10 mV s~ ". It shows that all
the electrodes have nearly clear redox peaks, indicating certain
pseudo-capacitive characteristics. The CoNi,5-MOF/CC elec-
trode has a larger area at the same scan rate as the powder
material, showing that the electrode has a higher specific
capacity. According to our previous report,'® CoNi,-MOFs with
different Co and Ni atomic ratios were prepared, and among

Atomic
m
ratio
— .00 c0.22

“ 21.26 18.01
[ & |

5.7 119

100.00 100.00

Fig. 5 EDS mapping and the atomic ratio of elements in CoNig 5s-MOF/
CC.
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Fig. 6 Comparison of the electrochemical properties of CoNigs-MOF
and CoNig s-MOF/CC: (a) CV curves at 20 mV s™%; (b) GCD curves at 1 A
g% (c) EIS spectrum. Specific electrochemical properties of CoNig s-
MOF/CC; (d) CV curves at different scan rates; (e) GCD curves at
different current densities; (f) EIS spectrum.

them, CoNi,s-MOF has the most advanced -capacitance
storage. Charge and discharge properties of CoNi, s-MOF/CC
and CoNi, 5-MOF were measured by galvanostatic charge and
discharge test. Fig. 6(b) shows that the different electrode
materials all have specific charging/discharging platforms,
and the voltage locations of the platforms are comparable and
consistent with the CV results, indicating that redox reactions
of reactive substances occur in the same way. During charging
and discharging, the redox reactions of Ni** and Ni** as well
as Co®" and Co®' ions are responsible for the high specific
capacitance and the charge-discharge curve plateau.
According to the GCD curve test results, the specific capaci-
tance of CoNiy5-MOF/CC at 1 A g™ current density is 1337.5 F
g~', while the specific capacitance of CoNi, 5-MOF is 578 F g™
The results reveal that in situ developed CoNi, s-MOF material
on CC has improved electrochemical performance.

The electrode reaction’s kinetic process can be effectively
reflected by EIS. Fig. 6(c) shows the EIS spectrum of the elec-
trode material in the frequency range of 0.01 Hz-100 kHz
under voltage disturbance with amplitude of 5 mV. The elec-
trode resistance and charge transfer resistance are in the high-
frequency region, and the Warburg impedance formed by elec-
trolyte diffusion in the electrode is in the low-frequency area.>®
Due to the addition of a conductive substance, the powder
electrode has a smaller R, (0.54 Q) than the CoNi, 5-MOF/CC.
However, CoNi, 5-MOF/CC has a decreased charge transfer re-
sistance because electrolyte ions may easily diffuse to the reac-
tive site of the electrode material without conductive agents
and binders. Furthermore, the as-prepared CoNi,5s-MOF/CC
electrode material has a lower Warburg impedance, indicating
that the in situ grown material has sufficient contact with the
electrolyte and superior electrochemical performance.

To further investigate the electrochemical performance of
CoNi, 5-MOF/CC, Fig. 6(d) shows the CV curves of CoNiy s-
MOF/CC electrodes at various scan rates. The electrode dis-
plays a strong redox peak at a low scan rate. Ions can be
absorbed to the surface and inside of the material at slow scan
rates, resulting in a typical redox reaction. However, the redox
peak weakens with increasing scan rate because surface
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adsorption is the predominant electrochemical process at high
sweep speed, and there is some electrochemical polarization,
thus the redox peak has a certain divergence.***" GCD tests
were conducted to assess the rate performance of the CoNiy s-
MOF/CC electrode at different current densities. Fig. 6(e)
shows that when current density increases, the electrode exhi-
bits a fast charge/discharge ability and good reversibility. The
discharge time of the electrode is 749 seconds when the
current density is 1 A g~*. The fully charged electrode can be
released in only 13 seconds when the current density is 30 A
g~!, demonstrating remarkable high-power charge-discharge
performance. Fig. 6(f) shows the EIS spectrum of CoNiy s-
MOF/CC and the inserted equivalent resistance fitted by Zview
software. The result shows that the prepared electrodes have
very low charge transfer resistance (0.38 Q), allowing the elec-
trolyte ion to effectively diffuse into the active site.

Electrode rate performance and cycle stability are important
for practical application. Fig. 7(a) shows that the specific
capacitance values of the CoNi, 5-MOF/CC electrode are 1337.5
Fg' 1267.5 Fg ', 12053 F g, 1146.8 F g ', 1040.8 F g/,
961.5 F g', and 872.6 F g~" at the current densities of 1 A g™*,
2Ag " 3Ag,5A¢g,10A¢g,20A¢g " and 30 A g,
respectively. Even with a 30 A g™" current density, the electrode
can still reach 872.6 F g7', indicating good rate performance.
Furthermore, the electrode was tested for cycling performance
over 6000 charge/discharge cycles at 10 A g™, as shown in
Fig. 7(b). The result shows that the material keeps 88% of its
original capacity after cycling tests, showing remarkable cycle
stability. Fig. S2 and S37 verified that the excellent rate per-
formance and cycling stability of the material are attributable
to the chemical binding of the active material with the CC sub-
strate, and the material’s stable nanostructure provides buffer
space for expansion during the charging/discharging process.

We utilized the analysis method given by Dunn®* and
Trassatti®® to investigate the charge storage dynamics of the
CoNi, 5-MOF/CC electrode. The overall capacity stored in the
electrode material can be categorized into the capacitance pro-
duced by diffusion and surface reaction processes using
Dunn’s kinetic method. In detail, the capacitance of the
material at different scanning rates during CV testing is ana-
lyzed by following eqn (4):

i=a? (4)

where i is the peak current (A) of the CV curve, v is the scan
rate (V s™'), and the slope b can be calculated from the log(i)
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(a) Rate performance; (b) cycling performance of CoNigs-MOF/
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vs. log(v). Here, b = 0.5 represents the diffusion control
process, while b = 1 represents the surface capacitance
process. As shown in Fig. 8(a), the anode and cathode values
are b = 0.84458 and b = 0.70279, respectively, showing that the
surface process dominates capacitance. Fig. 8(b) shows the
change in the capacitance’s contribution to charge storage at
different scanning rates. As shown in Fig. 8(b), the electro-
chemical reaction is dominated by ion diffusion and redox
reaction at a low scan rate. The surface reaction becomes more
dominant in the electrochemical reaction, and the capacitance
contribution eventually increases.

The contribution of surface processing capacitance to the
total charge is further investigated at different scan rates, and
Dunn’s method was applied to fit and analyse the CV curves.
The results show that at low scan rates, the capacitance contri-
bution is minimal. At low scan rates, the electrolyte ions have
enough time to penetrate into the electrode material, resulting
in less surface capacitive behaviour. With the scan rate
increase, the redox reaction occurs too late, and the capaci-
tance primarily comes from the surface reaction process, so
the capacitance of the surface process has a certain increase to
the total amount of capacitance, and the surface process
occupies the main process of the entire electrode reaction.

The total charge stored in the electrode can be separated
into three parts using Trassatti’s kinetic research method: (1)
Faraday charge generated by the slow diffusion of ions during
the ion insertion process; (2) Faraday charge generated by
rapid surface charge transfer or pseudo-capacitance; (3)
double layer capacitive charge generated by non-Faraday
process. The first is used for diffused charge storage, while the
last two are utilized for capacitive charge storage. The theore-
tical stored charge in Trasatti’s method is represented by the
following equation:

QW) = Q(c) +av': (5)
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Fig. 8 (a) Kinetic characteristics and reaction mechanism of CoNigs-
MOF/CC electrode; (b) the capacitive contribution of CoNigs-MOF/CC
at different scan rates; (c and d) the capacitive contribution at 1 mV s™*
and 5mVs2
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Q(c
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where Q(v) is the total charge measured, Q(c) represents the
capacitive charge (including the double layer and the pseudo-
capacitance process), Q(t) is the theoretical total stored charge,
a is a constant, and v is the scanning rate. When v approaches
infinity, the diffused charge in eqn (5) can be ignored, and the
Q(c) of the theoretical capacitive charge can be calculated from
the intercept in the graph of Q(v) and 1. When v is close to
zero in eqn (6), the time is sufficiently long to permit ions to
reach all locations in the electrode material, and the theore-
tical faradaic charge can be computed by extending the linear
relationship between ﬁ and 12, The difference between Q(t)
and Q(c) yields the diffused charge storage value Q(d). As
shown in Fig. 9(a and b), Q(¢) of the electrode at low sweep
speed is 1303 C g, while the capacitance stored charge is
570.386 C g .

Taking CoNi, s-MOF/CC as the positive electrode, an asym-
metric flexible supercapacitor was assembled, with N-doped
graphene (N-Gr) as the negative electrode and KOH/PVA as the
gel electrolyte to test the practical application performance of
the no-binder CoNiys-MOF/CC electrode, as shown in
Fig. 10(a). The electrochemical performance was examined by
CV, GCD, and EIS in a two-electrode system. Fig. 10(b) shows
the CV curves of the asymmetric supercapacitor at different
scanning rates. The results show that the capacitor’s voltage
can reach 1.7 V, which is sufficient to power a number of
smart electronic devices. In addition, although the general
shape of the CV curves is nearly rectangular during this poten-
tial window, there are redox peaks at various scanning rates. It
demonstrated that the coexistence of double layer capacitance
and pseudo-capacitance is the operating mechanism of the
supercapacitor. The device’s charge-discharge capability was
tested using GCD method at various current densities. Fig. 10
exhibits that the device obtained the specific capacitance of
160.6 F g7*, 156.2 F g¢™%, 151.2 F g™, 146.6 F ¢"" and 102.5 F
g 'at current densitiesof 1Ag™',2Ag",3Ag ", 5A¢g ", and
10 A g™ respectively. As the current density increases, the
capacitance decreases slightly as the resistance of the capacitor
increases and the internal potential increases, leading to an
increase in IR drop. In comparison with other devices,
however, the assembled device exhibits exceptional rate per-
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Fig. 9 Kinetic characteristics and reaction mechanism of CoNig s-MOF/
CC electrode: (a) fitting theoretical capacity; (b) fitting theoretical
capacitive capacity (Trassatti's method).
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Fig. 10 (a) Schematic illustration of flexible asymmetric capacitor; (b)
CV curves; (c) GCD curves.

formance, indicating that the supercapacitor can be charged
and discharged effectively at high current density.

To assesses its flexibility, the device underwent bending
ranging from 90 to 180 degrees followed by a charge-discharge
test to evaluate its performance under bending conditions.
Fig. 11(a and b) shows photos of the device, flat and bent.
Fig. 11(c and d) compares the GCD curves and EIS impedance
spectra measured under bending conditions. Although the
voltage does not reach 1.7 V because the contact between elec-
trodes is not as excellent as it is under flat conditions, the
device has a high charge-discharge capacity of 125 F g™ *
under bending conditions at 1 A g¢”* current density, which is
a little less than that of the unbent device. The EIS spectrum
indicates that the decreased capacitance may attributed to the
Rs and Warburg impedance of the electrode material increas-
ing after bending.

The electrochemical impedance spectrum of the assembled
asymmetric supercapacitor device was fitted to further analyze
its dynamic characteristics. As depicted in Fig. 12(a), impe-
dance data can be obtained from fitted equivalent circuit
models. Table 1 summarizes the corresponding parameter
values of the circuit components. The solution resistance (Ry),
charge transfer resistance (R.), double layer capacitance (CPE)
and Warburg diffusion resistance comprise the circuit model.

According to the analog equivalent circuit, the device has a
small Ry (3.121Q). W-P is the Warburg diffusion coefficient,
and when it is 0.5, it indicates capacitive diffusion. The value
obtained after fitting is 0.6825, showing a combination of

IR RERE]
z@)

Fig. 11 (a and b) Photos of assembled supercapacitor in flat and bent
state; (c) GCD performance comparison before and after bending; (d)
EIS spectrum.
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Ragone plot.

Table 1 CoNig5-MOF/CC//N-Gr asymmetric supercapacitor EIS fitting
data

Device Ry CPE-P R.¢ Wo-P  Wo-R
CoNi, 5-MOF/CC// 3.121 0.4323 2.375 0.6825 85.78
N-Gr Q Q Q Q

pseudo-capacitance and double layer capacitance, which is
consistent with the asymmetric device structure.

For practical applications, energy density and power density
are critical. According to eqn (2) and (3), the CoNi, 5-MOF/CC//
N-Gr asymmetric supercapacitor has an energy density of 61.46
W h kg™" at the power density of 1244.56 W kg™ '. The device
obtained various energy densities at different power densities,
such as 57.64 W h kg™" at 2444.4 W kg™', 53.1 W h kg™" at
3555.1 W kg™', and 45.83 W h kg™ " at 5625 W kg™, and even
at a high-power density of 9747 W kg™", it still has an energy
density of 24.0667 W h kg™, showing good rate performance
and excellent energy storage characteristics. The Ragone plot
in Fig. 12(b) and Table S1} show that this device has superior
energy and power density when compared to the asymmetric
capacitor devices assembled by other related materials.**™*°
The assembled device with high practical energy density and
power density shows promising application prospects.

Conclusions

In summary, we have developed a binder-free CoNi, s-MOF/CC
electrode with excellent capacitive properties by in situ growth
of CoNij5-MOF on CC pretreated with H,0,. This electrode
exhibits a notably higher specific capacitance of 1337.5 F g™*
compared to CoNi, 5-MOF (~578 F g”') at a current density of
1 A g7', alongside an excellent rate capability of 88% specific
capacitance retention at a current density of 10 A g~ after
6000 cycles. Moreover, the flexible asymmetric solid-state
supercapacitor assembled with CoNi, s-MOF/CC was used as
the positive electrode with nitrogen-doped graphene (N-Gr) as
the negative electrode, achieving an energy density of 61.46 W
h kg™ at a power density of 1244.56 W kg~ '. Remarkably, it
maintains a stable capacitance of ~125 F ¢”" at 1 A g™' even
when subjected to bending, showcasing its significant poten-
tial for application in flexible electronics.

This journal is © The Royal Society of Chemistry 2024
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