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Electrodes for supercapacitors made from metal—-organic frameworks (MOFs) are still hindered by electron
transfer properties. Therefore, an electrode composite material Ni-MOF@PPy was synthesized from a Ni-
based metal-organic framework (Ni-MOF) doped with poly-pyrrole (PPy) using a simple chemical
oxidation method to improve its electron transfer property. After introducing the electrochemically
active substance K4Fe(CN)g into the electrolyte, the composite material had a specific capacitance of
1815.4 F g~* at a current density of 1 A g~ Ni-MOF@PPy and active carbon (AC) as the positive and
negative electrodes have been used, respectively, to assemble asymmetric supercapacitors (ASCs) in the
KOH and K4Fe(CN)s mixed electrolyte. This novel Ni-MOF@PPy//AC ASC energy storage device can

provide 38.5 W h kg™ energy density, 7001 W kg™ power density, and 90.2% capacitance retention after
Recelved 7th August 2022 3000 cycles. Therefore, Ni-MOF@PPy//AC ASC i llent torage device with practical and
Accepted 30th September 2022 cycles. Therefore, Ni @PPy. is an excellent energy storage device with practical an

economic value. The synergistic effect strategy proposed in this work can be easily applied to develop

DOI: 10.1039/d2ra04939% other MOFs with unique crystal structures as well as other redox active additives, providing new avenues
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1. Introduction

Sustainable energy storage equipment supercapacitors (SCs), as
the main energy modes of global energy use, are characterized
by high power density and long cycle life but still have the
disadvantage of low energy density." The key to constructing SCs
with high energy density lies in enhancing their capacitance
and broadening their potential.> Metal-organic skeleton (MOF)
materials are characterized by large pore volume, high specific
surface area, and abundant active metal centers,* which show
excellent capacitive performance when applied to the SC elec-
trode materials but are hindered by electrical conductivity.
Composite materials can be used to increase MOF conduc-
tivity.* Polypyrrole (PPy) is a common conductive polymer with
the advantages of high conductivity, low cost, wide working
potential window, and environmental friendliness.® Com-
pounding MOF materials with PPy can produce synergistic
effects and overcome the electrochemical performance defects
of a single component. Related studies®® have shown that PPy
provides favorable charge transport channels and interlayer
spacing of nanomaterials to facilitate ion diffusion kinetics and
enhance material conductivity. For example, Chen et al®
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and research ideas for exploring novel energy storage devices.

utilized the synergistic effect with abundant active sites and
excellent electron transfer properties between the MOF material
and PPy, and the Co-Ni(Fe)-MOF/PPy composite nanosheet-
modified electrode realized a low detection limit and high
sensitivity to detect glucose. Jiao et al.” demonstrated that the
conductive polymer chains of PPy not only increase the inter-
layer spacing of Zn/Ni-MOF but also provide a favorable charge
transport channel, resulting in the excellent electrochemical
performance of Zn/Ni-MOF@PPy, and a “trade-off effect”
between the ion diffusion kinetics and conductivity was found
under loaded PPy. Ma et al.® utilized a conductive polymer-filled
metal-organic framework (MOF) as the lithium host, in which
polypyrrole (PPy) served as the “chain” to interlink Li “blocks”
stored in the MOF pores, leading to low-barrier and dendrite-
free Li plating/stripping with superb coulombic efficiency.

The potential window is also an important indicator-
affecting energy density, and the potential window of the
water-electrolyte is low. Adding electrochemically active
substances in the electrolyte can not only improve the potential
window but also provide additional pseudocapacitance.” In
many fields, including photoelectric chemistry and medicine,
Fe(CN)q"/Fe(CN)s*>~ have been used for their electrochemical
reversibility.’>'* Due to its rapidly faradaic redox reaction,
Fe(CN)s* /Fe(CN)s>~ redox couple can promote the charge
transport of the electrolyte to improve the electrochemical
performance of the capacitor.”*™* For example, Jain et al™
fabricated the supercapacitor cell using CH;COONa with
a specific capacitance and energy of 92 F g~ " and 7.1 W h kg™,
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respectively, while adding K,Fe(CN)s to CH;COONa, a change in
capacitance (197 F g~ ') and energy (18.2 W h kg™ ') was
observed, which is associated with the faradaic redox reaction
between Fe(CN)s* /Fe(CN)s*~ redox couple. Ye et al.*® reported
that the performance of CoTe//AC ASC could be improved by
introducing the redox additive K,Fe(CN)s into the KOH elec-
trolyte, which exhibited nearly a threefold increase over the ASC
with pristine electrolyte, achieving an ultrahigh specific capac-
itance of 192.1 F g~ " and energy density of 67.0 W h kg™ . An all-
solid-state supercapacitor device composed of redox-active
PVA-K;Fe(CN)s-K,Fe(CN)s gel electrolyte and carbon nano-
tube paper electrodes was assembled by Kundu et al.,** revealed
that three-electrode tests using the aqueous K;Fe(CN)e—
K,Fe(CN)s electrolyte showed a specific capacitance 5 times
larger than that of conventional aqueous H;PO, electrolyte due
to pseudocapacitive contribution of the redox ions. However, up
to now, few studies on the effect of redox additives on the
performance of MOF composite capacitors have been reported.

In this work, the electrode material Ni-MOF@PPy composed
of Ni-MOF and PPy was synthesized by polymerization of pyrrole
(Py) monomer by chemical oxidation method, and the electro-
chemically active substance Fe(CN)g* /Fe(CN)s>~ was intro-
duced into the electrolyte. A novel Ni-MOF®@PPy//AC
asymmetric supercapacitor energy storage device was con-
structed based on the synergistic effect between the Ni-
MOF@PPy composite material and Fe(CN)s" /Fe(CN)s*>~ since
they provided a charge transport channel and faradaic redox
reaction, which showed a high energy density and long cycle
life. This work not only provides a key idea for preparing
MOF®(conductive polymer materials) with high performance
but also provides a further understanding of the synergies
between the components of MOF, conductive polymer, and
redox additive.

2. Materials and methods

2.1 Chemical reagents

Some materials such as Ni(NO3),-6H,0, K Fe(CN)s-3H,0, trie-
thylamine (TEA), N-methyl pyrrolidone (NMP), N,N-dime-
thylformamide (DMF) with 99% purity were purchased from
China National Medicines Co. Ltd. (Beijing, China). Pyrrole (Py),
1,4-benzenedicarboxylic acid (PTA), polyvinylidene fluoride
(PVDF), and Super-P were purchased from Aladdin Chemicals in
Shanghai, China.

2.2 Preparation of Ni-MOF

A typical synthetic procedure for Ni-MOF involved direct mixing
of TEA," as follows: the solution was composed of 2 mL of
ethanol, 2 mL of H,0, and 30 mL of DMF, containing 0.75 mmol
of NiCl,-6H,0 and 0.75 of mmol PTA. After mixing this solu-
tion, 0.8 mL of TEA was added quickly and stirred for 5 min. The
colloidal suspensions were then separately sonicated for 2 h at
room temperature. Ni-MOF material was obtained by centrifu-
gation, ethanol washing, and vacuum drying at 80 °C for 12 h.
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2.3 Preparation of Ni-MOF@PPy

0.1 mL of Py monomer and 0.05 g of Ni-MOF were added
dropwise to 10 mL of a mixed solution of ethanol and water
(volume ratio 1 : 1) and then stirred for 10 min. Then, under an
ice-water bath, 2 mL of 0.16 g mL ™' ammonium persulfate
solution was added dropwise, and the reaction was stirred for
2 h. The obtained product was washed with ethanol after
centrifugation and dried at 60 °C for 12 h. The synthesis process
is shown in Fig. 1. A series of Ni-MOF@PPy composites were
synthesized with different quantities of PPy and abbreviated to
PPy-MOF-X (“X” stands for volume of Py monomer (mL): 0.05,
0.1, 0.15).

2.4 Material characterization

A scanning range of 5-50° was used to determine the crystal
structure using an X-ray diffractometer (XRD, XRD-6000 Shi-
madzu Corporation, Japan). The molecular structure and
functional groups were studied using the Fourier transform
infrared (FTIR, MagnaIR55011, Nicolet) in the frequency range
of 400-4000 cm . The micromorphology and microstructure of
the samples were observed by scanning electron microscopy
(SEM, JSM-7200 F, JEOL Ltd), the instrument was operated at
3.0 kv and EDS was used to analyze the element distribution of
the MOF composites. Raman spectroscopy (Alpha 300R, WI Tec)
at a wavelength of 488 nm was used for the detection of
molecular structure and sample composition. The elemental
composition of the materials was determined by X-ray photo-
electron spectroscopy (XPS, CALAB Xi+, Thermo Fischer). Al Ko
ray (hv = 1486.6 eV) was used as the excitation source, and the
test was carried out under the condition of 12.5 kV working
voltage and 16 mA filament current.

2.5 Preparation of Ni-MOF@PPy electrode and assembly of
supercapacitor

To fabricate the electrode, 1.5 mg of an active substance con-
taining 70 wt% Ni-MOF, 20 wt% black carbons (super P), and
10 wt% PVDF (60 wt%) were pressed onto a nickel foam (1 x 1
cm?). A Ni-MOF@PPy//AC ASC device was assembled with Ni-
MOF®@PPy as the cathode material, AC as the anode material,
and a mixed solution of 2 mol L™' KOH and 0.1 mol L™*
K,Fe(CN), as the electrolyte. The electrochemical station CHI
660 E (Shanghai Chenhua Instrument, Inc., China) was used for
the electrochemical measurement of the nickel-based MOF
material. A device with three electrodes was used to study CV,
GCD, and EIS, using a saturated calomel electrode (SCE) and Pt
plates as references and countering electrodes, respectively. In
addition, the electrochemical performance and practical
application value of the material under the condition of two
electrodes were also studied.

The specific capacitance C (F g~ ') of electrode materials can
be calculated as follows using eqn (1):

I x At

C=xar (1)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The synthesis of Ni-MOF@PPy and its use in assembling Ni-MOF@PPy//AC asymmetric supercapacitor.

where AV (V) is the window of the discharge, At (s) is the
discharge time, m (g) is the mass of the active material, and I (A)
is the current.
To obtain a charge balance, the best quality rate of the
polarity should satisfy eqn (2).
mt  C” x AV~ @)
m- Ctx AV*
Eqn (3) and (4) can be used to calculate the energy density (E,
W h kg™ ") and power density (P, W kg™ ") of the ASC device.

_Cx(AV)

T 2x36 )

p_ J600E )
At

where AV (V) is the potential range and At (s) is the total
discharge time.

3. Results and discussion
3.1 Structure and morphological features

Ni-MOF@PPy composites were prepared by in situ polymeriza-
tion of PPy on Ni-MOF by chemical oxidation polymerization.
During the reaction process, the color of the sample can be
observed to gradually change from light green (Ni-MOF) to
black (Ni-MOF@PPy). According to Fig. 2a, Ni-MOF displays
a diffraction peak similar to Ni-based MOF with C2/m spatial
configuration (CCDC 985792), as reported previously.'®"” Ni-

© 2022 The Author(s). Published by the Royal Society of Chemistry

MOF@PPy showed the same XRD pattern as Ni-MOF, indi-
cating that the structure of Ni-MOF is not destroyed during the
polymerization of Py. Due to the amorphous nature of PPy, no
obvious PPy diffraction peaks were observed in the PPy-MOF
composites. In the magnified XRD image, it can be seen that
the (200) characteristic diffraction peak of Ni-MOF@PPy shifts
to a small angle. According to Bragg's law, the smaller the value
of 20, the larger the layer spacing of the composite. This not
only proves the formation of the composites but also reveals the
incorporation of PPy into the interlayer of Ni-MOF. According to
the XPS full spectrum (Fig. 2c), the composite contained Ni,
C, N, and O elements. As shown in Fig. 2d, the backbone of the
PPy chains is shown by the three peaks at 400.9 eV (-N"),
399.3 eV (-NH-), and 397.6 eV (-N=) in the N 1s XPS spectra,'®
which proved the successful preparation of PPy since PPy is the
sole source of nitrogen. The XPS spectra of Ni 2p (Fig. 2e) show
two fitted peaks of Ni 2p;z, and Ni 2p,/, positioned at about
856.0 eV and 873.6 eV, respectively, along with two significant
satellite peaks (denoted as “Sat.”) at 861.8 eV and 880.2 eV,
which are consistent with the reported peaks of Ni*".'* XPS
spectra of C 1s (Fig. 2f) can be fitted to four peaks positioned at
about 284.4, 286.0, and 288.5 eV, assigned to C=C/C-C, C-N,
and C=0 components, respectively.”® The XPS spectra of O 1s
(Fig. 2g) can be fitted to two peaks positioned at about 531.4 eV
(C=0) and 532.8 eV (C-OH/C-0O-C), respectively.** As shown in
Fig. 2h, Raman peaks at 1356 cm™ ' and 1580 cm ™' exhibit the
structure of PPy, which corresponds to the stretching vibrations
of C-N and C=C bonds.** The FTIR spectra of both Ni-MOF and
Ni-MOF@PPy are similar (Fig. 2i). Ni-MOF@PPy exhibits

RSC Adv, 2022, 12, 29177-29186 | 29179
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Fig. 2 Test and characterization spectrograms associated with Ni-MOF and Ni-MOF@PPy: (a) XRD patterns; (b) full-scale XPS spectrum of Ni-
MOF@PPy, (c—g) fitted high-resolution XPS spectra of N 1s, Ni 1s, C 1s and O 1s of Ni-MOF@PPy; (h) Raman spectrum; (i) FTIR spectra.

stretching vibrational peaks for -COO-, -OH-, and -CH
groups.*?** Furthermore, there is a new characteristic absorp-
tion peak at 1211 cm ™, corresponding to the C-N stretching
vibration in the pyrrole ring, which can prove the formation of
PPy.”* The test results once again proved the existence of PPy in
the composites.

Fig. 3 shows the SEM images of Ni-MOF and Ni-MOF@PPy.
Ni-MOF micro-blocks are sheet-like bulk structures formed by
stacking. The open layered structures can provide storage space
for electrolyte ions, which is beneficial for storing and
migrating electrolyte ions.”® The as-synthesized Ni-MOF@PPy
after PPy incorporation retained the original sheet structure,

Fig.3 SEMimages of (a and c) Ni-MOF and (b and d) Ni-MOF@PPy; (e—h) EDS element distribution images of (e) Ni, (f) N, (g) C, and (h) O for Ni-

MOF@PPy.
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Fig.4 The electrochemical performance test on four samples: (a) CV curves at 5 mV s~%; (b) GCD curves at 1 A g~%; (c) specific capacitance; (d)

Nyquist plots.

but the thickness of the nanosheets increased. The EDS energy-
spectrum results of the composite material show that after the
polymerization reaction, the product contains Ni, N, C, and O
elements, which are very uniformly distributed on the surface of
the micro-block. According to the results of SEM and EDS,
combined with the above analysis of XRD, XPS, Raman, and
FTIR, it can be inferred that PPy is successfully combined with
Ni-MOF to form the Ni-MOF@PPy composite.

3.2 Electrochemical measurements of Ni-MOF@PPy

Ni-MOF@PPy was used as the working electrode in a three-
electrode system in order to study its electrochemical energy
storage behavior. As shown in Fig. 4a, CV curves for all
composites showed redox peaks due to the surface faradaic
redox reaction, corresponding to OH™ reversible intercalation
and deintercalation. This process can be described by eqn (5):*

le(OH)z(CgH404) +OH +e”
= Ni,O(OH)(CsH404) + H,O (5)

From the voltammograms, at the same scan rate, the larger
current response of the composite corresponds to a higher
specific capacitance than that of pure Ni-MOF, which can be
attributed to the faster electron transfer due to the combination

© 2022 The Author(s). Published by the Royal Society of Chemistry

of PPy and Ni-MOF. With an increase in Py addition, the CV
curve area increases at first, then decreases. In Fig. 4b, the GCD
curve for the composite at a current density of 1 A g~ " shows
a typical steady state, indicating the electrode's Faraday redox
reaction behavior. Obviously, the Ni-MOF@PPy-0.10 electrode
has a longer discharge time than other electrodes. As shown in
Fig. 4c, the specific capacitance can be calculated according to
eqn (1). With a current density of 1 A g~*, Ni-MOF@PPy-0.10
(1710.0 F g~ ') has a greater specific capacitance than Ni-
MOF@PPy-0.05 (1625.4 F g~'), Ni-MOF@PPy-0.15 (1500.2 F
g 1), Ni-MOF (1577.5 F g~ ') and PPy (189.5 F g ). According to
the EIS curve (Fig. 4d) fitted by Zview software, R. showed
a downward trend with the increase of PPy, while Z,, showed
a trend of decreasing first and then increasing. The R, (0.31 Q)
and R (0.59 Q) values of the sample Ni-MOF@PPy-0.10 with
0.1 mL PPy are smaller than those of the other three samples.
When the amount of PPy was less than 0.10 mL, the specific
capacitance of the composites increased gradually with the
increase in the amount of PPy. In this case, the Ni-MOF@PPy
composite structure may provide a point-to-plane connected
conductive network and accelerate ion-diffusion Kkinetics,
leading to the increase of electron transfer between the elec-
trolyte and active substance.”®** However, when the addition
amount of PPy is greater than 0.10 mL, the amount of synthe-
sized PPy is too high, thus hindering the transfer process of

RSC Adv, 2022, 12, 29177-29186 | 29181
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(a) Specific capacitances and (b) Nyquist plots of Ni-MOF@PPy-0.10 in two electrolytes; (c) CV curves at a scanning rate of 10 mV s~ in

two electrolytes with foamed nickel as the working electrode; (d) CV curves at different scanning rates in the mixed electrolyte.

electrolyte ions to Ni-MOF.” In this case, ion diffusion resistance
becomes a key factor affecting the electrochemical performance
of composites. Therefore, Ni-MOF@PPy composites have
a “balance effect” between the electron transfer property and
ion transport resistance, that is, the main factor affecting the
electrochemical performance changes from electron transfer to
ion transport resistance with the increasing PPy content.

In order to further improve the electrochemical performance
of the system, 0.1 M K,Fe(CN)s was added to the original elec-
trolyte, and the specific capacitance of the entire electro-
chemical system was increased by 5-10% (Fig. 5a). For example,
in the mixed electrolyte at a current density of 1 A g%, the
specific capacitance of Ni-MOF@PPy reaches 1815.4 F g,
which is 6.1% higher than that of the single electrolyte. The EIS
curves of the Ni-MOF@PPy-0.1 electrode in the two electrolytes
are shown in Fig. 5b. In the mixed electrolyte system, the charge
transfer rate of the interface between electrode and electrolyte is
higher due to lower R (0.22 Q) and R, (0.51 Q), and the dynamic
characteristics are more obvious. Low-frequency impedance
curve slopes in the mixed electrolyte liquid system are steeper,
indicating a faster ion diffusion rate.** In order to explore the
role of K,Fe(CN)s in the mixed electrolyte system, the nickel
foam without any redox active additive was directly used as the
working electrode, which was placed in the single and mixed
electrolytes for CV tests. Fig. 5c shows the CV graphs of nickel
foam in different electrolytes at a scanning rate of 10 mvV s~ *. CV
curves of nickel foam electrodes in mixed electrolytes have

29182 | RSC Adv, 2022, 12, 29177-29186

a much larger area than those in single electrolytes, and almost
resemble a straight line in 2 M KOH, indicating that its
contribution to the capacity of the entire system is almost
negligible. The electrode material has better capacitance and
charge storage ability when it is in a mixed electrolyte system. It
can be seen from Fig. 5d that symmetrical redox peaks can be
clearly observed on CV curves at different scanning rates, which
can be attributed to the occurrence of the following reversible
redox reactions:*

Fe(CN)¢*™ — e~ = Fe(CN)g>~ (6)

With the gradual increase in scanning rate, the oxidation
peak and reduction peak still maintain good symmetry, proving
that the electrochemical reaction process in the mixed electro-
Iyte system is a rapid quasi-reversible redox reaction process.*
The results further indicate that the K,Fe(CN)y electrolyte is
a liquid electrolyte with high electrochemical activity and can
contribute to pseudocapacitance independently. During the
application of an electric field, K,Fe(CN), will move to the
electrode surface and participates in the chemical reaction,
forming a Fe(CN)s" /Fe(CN)s®>~ redox electric pair. In the
charging and discharging process, Fe(CN)s>~ and Fe(CN)¢*~ can
be used as the electron acceptor and electron donor, respec-
tively. In the presence of Fe(CN)e' /Fe(CN)s*~ redox electric
pair, diffusion resistance, and charge transfer resistance are

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The electrochemical performance measurements of Ni-MOF@PPy and Ni-MOF + PPy: (a) GCD curves at 1 A g~%; (b) CV curves at 5 mV

s7% (c) Nyquist plots.

reduced, while the chemical reaction rate improves. Therefore,
the presence of the redox active additive K,Fe(CN)s can not only
provide additional pseudocapacitance for the whole system but
also accelerate the electrochemical reaction process of the
system and improve the electrochemical performance of the
whole system.*®

The electrochemical properties of Ni-MOF@PPy and Ni-MOF
+ PPy (a physical mixture of Ni-MOF and PPy) were compared.
As shown in Fig. 6a, the region area of the CV curve of Ni-
MOF@PPy electrode material is significantly larger than that
of Ni-MOF + PPy, indicating that more electrochemical reac-
tions occur at the Ni-MOF@PPy electrode. In Fig. 6b, the
constant-current charge-discharge curves of the two electrode
materials were compared. According to the discharge time, the
specific capacitances of the two electrode materials were
calculated to be 1815.4 and 1591.7 F g~ ' respectively. As shown
in Fig. 6¢, in the high-frequency range, the intersection between
the curve in the impedance spectrum and the X-axis represents
the equivalent series resistance (R;), which comes from the
inherent internal resistance of the electrode material.** The R,
resistance of Ni-MOF@PPy is obviously less than that of Ni-MOF
+ PPy. For Ni-MOF + PPy electrode materials, the contact type
between Ni-MOF and PPy is “point contact” and PPy can only
touch the outer surface of the blocky Ni-MOF. Comparison
experiments further proved that the synthesized Ni-MOF@PPy
composite is different from Ni-MOF + PPy, and PPy is

speculated to extend into the structure of Ni-MOF, making PPy
and Ni-MOF form a “face contact”.

CV tests at a low scanning rate (0.2-1 mV s~ ') were per-
formed on the material in the voltage range of 0-0.5 V to further
understand reaction kinetics and charge storage mechanisms.
The capacitive contribution can be quantified based on the
equation: log(i) = b log(v) + log(a), wherein, i represent the peak
current (A), v is the scan rate, and a and b are both variable
parameters.® The b value can be obtained from the slopes of
log(i) and log(v) linear curves, reflecting the Ni** storage
mechanism. Generally, b closing to 0.5 is a diffusion-controlled
process, whereas b = 1 represents capacitive-dominant
behavior.>* Diffusion-controlled control is beneficial for
storing more charge, while the capacitive-dominant process is
beneficial for fast charging and discharging.®” According to
Fig. 7a, the b value at oxidation and reduction peak voltages are
close to 1, indicating the pseudocapacitance properties of the
electrode material. Fig. 7b shows the contribution from capac-
itance and diffusion. When the scanning rates were 0.2, 0.4, 0.6,
0.8 and 1 mV s, the capacitive-dominant contribution was
79.3%, 80.1%, 82.9%, 84.2% and 85.4%, respectively.

3.3 Electrochemical performance in the two-electrode
system

In order to evaluate the practical application of Ni-MOF@PPy,
Ni-MOF@PPy//AC ASC was fabricated using Ni-MOF@PPy-0.10

@151 Anodic carrent (b) Contribution from capacitance « Contribution from diffusion
* Cathodic current
—— Linear Fit of Anodic current
2 1.2 {—— Linear Fit of Cathodic current 100% I I I I I
E - — —
-1 S 80% 1 i
e 0.9 4 =
- - /
3 g 60%
=< =
2 %7 £ L 85.4
& -g 40% 80.1 82.9 84.2 f
¥ 2
- 4
0.3 Q 20% /
log(i)=blog(¥) + log(a)
0.0 T T . . 0%
-0.8 -0.6 0.4 -0.2 0.0 0.2 04 0.6 0.8 10

Log (scan rate, mV s'l)

Fig. 7
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(a) log(i) and log(v) plots at specific peak currents; (b) capacitive contribution histogram at different scanning rates.
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composite as the positive electrode, AC as the negative elec-
trode, and 2 M KOH + 0.1 M K,Fe(CN), (mixed electrolyte) as an
electrolyte, respectively. When the current density of the three-
electrode system is 1 A g, the specific capacitances of AC and
Ni-MOF@PPy are 154.3 Fg~ ' and 1815.4 F g, respectively, and
the potential windows of AC are —0.8-0 V and Ni-MOF@PPy 0-
0.4 V, respectively. According to eqn (2), the Ni-MOF@PPy//AC
ASC has an electrode active substance load of 10.5 mg cm™>
when its mass ratio is 1 : 6 between Ni-MOF@PPy and the AC
electrode material, where Ni-MOF@PPy and AC have masses of
1.5 mg cm ™2 and 9.0 mg cm 2, respectively. Ni-MOF@PPy//AC
ASC energy storage mechanism is shown in Fig. 1. Hierarchi-
cally porous nanomaterials can enhance the electrochemically
active surface area, which gives rise to quick electrolyte acces-
sibility and a correspondingly immediate capacitive response in
supercapacitor.’® For example, a unique layered structure of Ni-
MOF can store a large number of electrolyte ions, and the huge
specific surface area improves the effective utilization rate of the
electrode materials. Meanwhile, the introduction of PPy can
increase the conductivity, provide conductive channels for
electron transmission, and improve the cycle life of energy
storage devices with stable structures. The AC electrode mate-
rial used for the negative electrode provides double-layer
capacitance, providing long-term cycling stability. The
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electrochemical active substance K,Fe(CN)s was introduced
into the KOH electrolyte, and the synergistic effect of each
component made Ni-MOF@PPy//AC ASC have a high energy
density and power density at the same time.

Firstly, CV tests were performed on Ni-MOF@PPy//AC ASC at
different potential ranges (0-0.8, 0-1.0, 0-1.2, 0-1.4 V) and
70 mV s~ ' scanning rate (Fig. 8a). When the voltage window was
extended to 1.4 V, the CV curve of the supercapacitor showed
double layer characteristics and Faraday redox behavior, and
there was no obvious polarization phenomenon, indicating that
the voltage window of the system is 1.4 V. CV curves at different
scanning rates are displayed in Fig. 8b. At scanning rates up to
70 mV s, the shape of CV curves almost does not distort,
which proves that the electrochemical reaction process of the
energy storage device is highly reversible with small resis-
tance.* In the GCD test, the ASC device reached a high potential
of 1.4V, as shown in Fig. 8c and d. When the current density is
0.5, 1, 3, 5, and 10 A g™, the specific capacitance of the ASC
device is 141.4, 120.6, 105.6, 91.1 and 79.3 F g™, respectively.

As shown in Fig. 9a, 3000 GCD tests were performed on Ni-
MOF@PPy//AC ASC at a current density of 10 Ag™". According to
the test results, the Ni-MOF@PPy//AC ASC retains 90.2% of its
specific capacitance after 3000 cycles, indicating that it is
a stable energy storage device. Based on the above test data and
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Fig. 8 The electrochemical performance of Ni-MOF@PPy//AC ASC: (a) CV curves at different voltage windows; (b) CV curves under different
scanning rates; (c) GCD curves at different current densities; (d) specific capacitance curve at different current densities.
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Table 1 Performance comparison of energy storage devices

Potential window Energy density ~ Power density

Working electrode  Counter electrode (V) Electrolyte (Wh kg™ (W kg™ Sources
Ni-MOF AC 0.4-1.6 2 M KOH 16.5 2000 40
Ni-MOF AC 0-1.6 2 M KOH 31.5 800 41
Ni/Co-MOF AC 0-1.6 2 M KOH 20.9 800 42
Co3;0,@PPy Co030, 0-1.4 1M KOH 26.3 350 43
PPy/rGO NCs 0-1.6 Polyvinyl alcohol/LiCl 15.8 1640 44
Carbon/LizN AC 2-4 1 M LiPF¢ 74.7 12 900 45
Ni-MOF@PPy AC 0-1.4 2 M KOH + 0.1 M K,Fe(CN)s  38.5 7001 This study

formulas (3) and (4), the Ragone diagram (Fig. 9b) of Ni-
MOF®@PPy//AC ASC was calculated. It can be seen that the
energy density of Ni-MOF@PPy//AC ASC can reach 38.5 W h
kg !, which is better than the results of some literature studies
reported thus far, as shown in Table 1. As a result of these
studies, the developed electrode material Ni-MOF@PPy can be
a great candidate for portable supercapacitors.

4. Conclusions

We successfully prepared Ni-MOF@PPy composites by the
chemical oxidation method. Different composite amounts of
PPy were used to control the balance between ion diffusion
resistance and electron transfer property, and the optimized
composites exhibited excellent capacitance. In addition, after
adding K,Fe(CN), to the traditional electrolyte KOH, the specific
capacitance of the whole system was increased by 6.1%. Based
on the synergistic effect between Ni-MOF@PPy composite
material and Fes(CN)*~/Fe(CN)s>~ since they provided a charge
transport channel and faradaic redox reaction, a novel Ni-
MOF@PPy//AC asymmetric supercapacitor energy storage
device was constructed, which can provide 38.5 W h kg ' energy
density, 7001 W kg™ power density, and 90.2% capacitance
retention after 3000 cycles. Therefore, Ni-MOF@PPy//AC asym-
metric supercapacitor is a novel energy storage device with
practical and economic value. The synergistic effect strategy

© 2022 The Author(s). Published by the Royal Society of Chemistry

proposed in this work can be easily applied to develop other
MOFs with unique crystal structures as well as other redox
active additives, providing new avenues and research ideas for
exploring novel energy storage devices.
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