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Herein, Ni-MOF sheet incorporated with polypyrrole is fabricated via a simple wet-chemical approach, and
the obtained PPy-MOF composite is investigated as an electrode material for supercapacitors. The
composite is systematically investigated by a series of characterization studies including X-ray diffraction,
scanning electron microscopy, and X-ray photoelectron spectroscopy. Besides that, the electrochemical

capacitive behaviors of the products are examined by electrochemical measurements. Electrochemical
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0.2 is proved to possess the best performance in the investigated recipes. Furthermore, an asymmetric

DOI: 10.1035/c9ral0467d supercapacitor employing PPy-MOF and activated carbon as positive and negative electrodes is also
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Introduction

With rapid population growth and socio-economic develop-
ment, environmental problems caused by the use of non-
renewable resources have become more and more serious.
Research and development of a new highly efficient and envi-
ronmentally friendly renewable resource have become impor-
tant choices for the sustainable development of society,"* which
in turn causes the rapid development of energy storage and
energy conversion systems, such as supercapacitors,® fuel cells,*
and lithium-ion batteries.>® Conventional batteries possess
high energy density and long energy life, but the power density
is normally poor.” Compared with conventional batteries,
supercapacitors, as a new kind of electrochemical energy
storage device, have attracted widespread attention due to their
high power density, fast charge/discharge capability and long
cycle life.®?

The metal-organic framework (MOF) is an organic-inor-
ganic hybrid material with intramolecular pores formed by the
self-assembly of organic ligands and metal ions or clusters by
coordination bonds,' which has attracted great attention in
terms of gas storage,™ catalysis,"** magnetism™ and solar cell*®
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assembled, which exhibits high energy density.

due to high porosity, large specific surface area, and diversity of
structures and functions. By facilitating the charge storage and
diffusion of the electrolyte, MOF can be applied as electrode
material for supercapacitors,'® which can increase pseudoca-
pacitive redox centers owing to the electrochemical active
sites.”” However, the practical application of MOF as electrode
material has been limited owing to its poor conductivity. One
effective way to improve the conductivity of MOF is to bind it
with other materials of high conductivity. For example, Zhou
et al.*® fabricated a series of novel Ni-MOFs@GO composites to
serve as electrode materials, which showed excellent electro-
chemical energy storage performance.

Polypyrrole (PPy) is an ideal electrode material candidate in
the field of supercapacitors due to its unique characteristics
such as high conductivity, good thermal stability, fast charge
and discharge mechanism, low cost and high energy
density.”>" Up to now, PPy has been combined with many
transition metal compounds as electrode materials which have
greatly improved the electrochemical performance.?*** Thus,
combining PPy of high conductivity with MOFs is expected to
significantly facilitate the electron transfer, and this strategy
has been developed in the fabrication of composite combining
MOF with PPy as electrode materials for supercapacitors.*>*
For example, Liu et al** integrated ZIF-67 and PPy through
electrochemical deposition technology, and the resulting
composite was employed as electrode material which exhibited
excellent electrocapacitive performance. To the best of our
knowledge, flowerlike Ni-MOF/PPy composite as electrode
material for supercapacitor has never been reported before.

Herein, Ni-MOF is incorporated with PPy to fabricate a new
flowerlike electrode material PPy-MOF by a simple wet-chemical
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route. The morphology, chemical composition and electro-
chemical capacitive behavior of the as-prepared PPy-MOF are
investigated. The effect of component ratio on the electro-
chemical property is examined. The optimum PPy-MOF is also
assembled into an asymmetric supercapacitor, of which the
electrocapacitive behavior is systematically studied.

Experimental

Materials

All chemicals including Ni(NOs),-6H,0, terephthalic acid
(TPA), N,N-dimethylformamide (DMF), pyrrole (Py), FeCl;-6H,O
and NaOH are of analytical grade and purchased from Sino-
pharm Group (Shanghai, China). High purity water
(18.2 MQ cm) is used throughout the whole experiment.

Synthesis of flower-like Ni-MOF

The flower-like Ni-MOF is synthesized according to the litera-
ture previously reported with slight modification.”® In a typical
synthesis, TPA (0.664 g) and Ni(NO3),-6H,0 (0.384 g) are dis-
solved in DMF (80 mL) with stirring at room temperature, and
4 mL of NaOH aqueous solution (0.4 M) is added into the above
solution slowly. The mixture is transferred into a Teflon-lined
stainless steel autoclave, which is heated at 100 °C for 8 h,
and then cooled to room temperature naturally. The resulting
precipitate is centrifuged and washed several times with DMF
and ethanol, respectively. The obtained precipitate is redis-
persed in ethanol and the dispersion is ultrasonicated for 1 h in
iced water bath, and dried under vacuum at 60 °C for 12 h.

Synthesis of PPy

The preparation of polypyrrole (PPy) is carried out according to
a previous method with slight modification.*® In a typical
experiment, 0.25 mL Py (1 M) aqueous solution is added slowly
into a 2.5 mL FeCl;-6H,0 (0.1 M) aqueous solution under
magnetic stirring and Ar, flow at 8 °C, and 3 mL water is added
to the above solution, obtaining the mixture. After 2 h of stir-
ring, the product is centrifuged, washed with water, ethanol and
acetone several times respectively and dried at 60 °C for 4 h.

Synthesis of PPy-MOF

The synthesis of PPy-MOF is similar to the preparation of PPy.
The difference is introducing certain amount of Ni-MOF
dispersion into the mixture obtained in the above section
during the stirring process. Thus, a series of PPy-MOF
composites with different mass of Ni-MOF are synthesized for
comparison, and are abbreviated as PPy-MOF-x (“x” is the mass
of Ni-MOF, that is, 0.05, 0.1, 0.15, 0.2, or 0.3 g).

Characterizations

The phase purity and crystallinity of the materials are charac-
terized by X-ray diffraction (XRD) on D/max 2550. Fourier
transform infrared (FTIR) analyses of the samples are carried
out on FTIR-8400s spectrometer. The scanning electron
microscopy (SEM) and energy dispersive X-ray spectroscopy
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(EDS) images of the samples are obtained by employing an XL
30ESEM-FEG. X-ray photoelectron spectroscopy (XPS) is carried
out on ESCALAB 250.

Electrochemical measurements in a three-electrode system

The prepared products are used as active electrode material,
which is mixed with acetylene black (15 wt%), polyvinylidene
fluoride (PVDF, 5 wt%), and 1-methyl-2-pyrrolidinone (NMP) to
form a homogenous slurry. The slurry is then coated onto
a nickel foam (1 cm x 1 cm), which is dried at 110 °C for 12 h
under a vacuum circumstance and then pressed under a pres-
sure of 10 MPa. The average mass loading of the active material
is about 5 mg cm > The modified nickel foam is used as
working electrode, of which the electrochemical properties are
investigated on a CHI660E electrochemical workstation (Chen-
hua, Shanghai, China) with a typical three-electrode system in
3 M KOH solution. The platinum wire and Hg-HgO electrode
are served as counter electrode and reference electrode,
respectively. Cyclic voltammetry (CV), galvanostatic charge-
discharge (GCD) and electrochemical impedance spectroscopy
(EIS) tests are performed. The specific capacitance C (F g~ ") of
the PPy-MOF composite is calculated from the galvanostatic
discharge process according to the following equation.’"*

Cs = IA(mA V) 1)

where I (A) represents the current, Af (s) is the discharge time,
AV (V) corresponds to the potential window, and m (g) is the
mass of the active material.

Fabrication of asymmetric supercapacitor

A simple asymmetric supercapacitor (ASC) is assembled using
PPy-MOF-0.2 and activated carbon (AC) modified nickel foam as
positive and negative electrodes, respectively. The modified
nickel foam is fabricated in the similar way as described in the
above section. The mass loading of the active material on the
positive electrode is 5 mg cm 2. In the ASC, 3 M KOH aqueous
solution is used as the electrolyte. The energy density E (W h
kg™ ") and power density P (W kg™') are calculated as follows.*

E=C,AV*12 (2)

P = 3600E/At 3)

Results and discussion

The PPy-MOF composites are successfully synthesized by
introducing Ni-MOF in the process of PPy polymerization. PPy-
MOF-0.2 is selected as the example for morphology and
composition characterization of PPy-MOF. XRD and FTIR are
firstly used to explore the structure and composition of PPy-
MOF. The XRD patterns of Ni-MOF and PPy-MOF are shown
in Fig. 1A. The diffraction peaks of Ni-MOF are consistent with
the literature previously reported,” indicating that Ni-MOF is
prepared successfully. The XRD pattern of PPy-MOF is similar to

This journal is © The Royal Society of Chemistry 2020
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Fig.1 (A) XRD patterns of PPy-MOF-0.2 and Ni-MOF, (B) FTIR spectra
of PPy-MOF-0.2, Ni-MOF, and PPy.

that of Ni-MOF, suggesting that the structure of Ni-MOF is not
destroyed during the polymerization of pyrrole. Besides, for
PPy-MOF composite, no obvious diffraction peaks of PPy are
observed owing to its noncrystalline structure. The FTIR spectra
of PPy, Ni-MOF, and PPy-MOF are shown in Fig. 1B. For Ni-MOF,
the bands at 3596 and 1508 cm ™" are respectively attributed to
the stretching vibrations of -OH and para-aromatic -CH
groups. The characteristic peaks at 3435, 3350 and 3066 cm ™"
indicate that H,O molecules are present within the Ni-based
material.>*® In addition, the strong bands at 1390 and
1582 cm * are attributed to the stretching vibration of -COO™
group.” These results confirm that the synthesized Ni-MOF is
a kind of nickel hydroxyl-terephthalate-based compound. For
PPy, a breathing vibration is observed at 1211 cm ™" and a band
at 1467 cm ™! is associated with the formation of C-N stretching
vibration.* It can be seen that the FTIR spectrum of PPy-MOF is
similar to Ni-MOF. Besides, the diffraction peak at 1211 cm™*
characteristic of PPy can also be observed, showing the
successful combination of Ni-MOF and PPy. EDS analysis is
conducted to determine the elemental composition of the
prepared PPy-MOF-0.2. As shown in Fig. S1,T peaks appeared in
the EDS image confirm the existence of element Ni, C, O and N
in the sample.

The surface morphology of the prepared Ni-MOF is analyzed
by SEM. As shown in Fig. 2A, Ni-MOF displays a uniform flower-

Fig. 2 SEM images of (A and B) Ni-MOF, (C) PPy, and (D) PPy-MOF.

This journal is © The Royal Society of Chemistry 2020

View Article Online

RSC Advances

like structure with a diameter of 10 microns. The high-
magnified SEM image (Fig. 2B) reveals the thin sheet nano-
structure on the prepared Ni-MOF. Fig. 2C is the SEM image of
PPy, in which PPy exhibits an irregular globular structure with
an average size of 0.5 pm. The prepared Ni-MOF is further
combined with PPy, and the morphology of the resultant
composite is displayed in Fig. 2D. It can be seen that after the
introduction of PPy, the surface of thin sheets on Ni-MOF is
covered by PPy. Besides, the general morphology of Ni-MOF
does not change obviously, indicating introducing PPy does
not destroy the structure of Ni-MOF.

XPS test is conducted to explore the chemical bonding state
of PPy-MOF, and the results are shown in Fig. 3. The XPS survey
spectrum (Fig. S21) demonstrates the presence of Ni, C, N, and
O elements in PPy-MOF. In the high-resolution Ni 2p XPS
spectrum (Fig. 3A), the fitting peaks at 857.1 eV and 874.7 eV
correspond to Ni 2p3/, and Ni 2p,,, respectively, while the spin-
energy separation of Ni 2p;/, and Ni 2p,,, is 17.6 eV, which are
characteristic of Ni*" and in accordance with previous reported
literature.***® Two broad peaks at 861.4 eV and 880.1 eV of Ni
2ps;, and Ni 2p,,, can be attributed to two satellites bands
(“Sat.”), implying that Ni element exists in the form of divalent
state, which is also in good agreement with previous report.*”
Fig. 3B is the N 1s XPS spectrum of PPy-MOF composite. It can
be seen that three peaks appeared at 401.3 eV (-N"), 399.8 eV
(-NH-) and 398.2 eV (=N-), demonstrating the successful
fabrication of PPy.** Moreover, XPS spectrum of C 1s region
(Fig. 3C) can be divided into three peaks located at 284.7, 285.6,
and 288.2 eV, which can be assigned to C-C, C=0, and O-C=
O, respectively.®®* In addition, the XPS spectrum of O 1s
(Fig. 3D) is also obtained, which can be fitted into two peaks
corresponding to the oxygen atoms in O=C-0 (531.7 eV) groups
of the terephthalic acid linker and -OH (532.8 eV).*® The above-
mentioned analyses indicate that the PPy-MOF composite are
fabricated successfully.

Since both PPy and Ni-MOF are considered to possess the
electrocapacitive capability, the resulting composite PPy-MOF is

A 2p,, Ni2p B N1s
399.8eV
"

%,

sat. sat.

Intensity (a.u.)
Intensity (a.u.)
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Fig.3 XPS spectra of (A) Ni 2p, (B) N 1s, (C) C 1s, and (D) O 1s regions of
PPy-MOF composite.
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expected to exhibit good electrochemical behavior as electrode
material for supercapacitors. Thus, the capacitive behavior of
PPy-MOF with different composition ratios are firstly investi-
gated in three-electrode system. Different PPy-MOF composites
are modified on Ni foams as working electrode, and 3 M KOH
aqueous solution is used as supporting electrolyte. Fig. S3At
shows the CV curves of PPy-MOF-x modified nickel foams
measured at a scan rate of 2 mV s~ . A pair of redox peaks is
observed to appear on the CV curves of the five investigated
materials, indicating the characteristics of the pseudocapacitive
behavior of the electrode materials caused by the surface fara-
daic redox reactions, which correspond to the reversible inter-
calation and deintercalation of OH™ ions.* The process might
be represented by the following equation: [Niz(OH),(CsH,-
04),(H,0),]-2H,0 + OH™ — e~ «> [NizO(OH)(CsH,0,),(H,0),4]*
2H,0 + H,0.*>*° The curve area of PPy-MOF-x also changes with
varying the mass of Ni-MOF, in which PPy-MOF-0.2 shows the
largest area, indicating the largest specific capacity of PPy-MOF-
0.2 in the five composites. GCD curves of PPy-MOF-x composites
in 3 M KOH aqueous solution at the current density of 0.3 Ag ™"
are shown in Fig. S3B.f It can be seen that PPy-MOF-0.2
composite shows longer discharge time, indicating the better
capacitive performance, which is consistent with CV results.
According to eqn (1), PPy-MOF-0.2 composite possesses the
largest specific capacitance at the current density of 0.3 A g *
among the various PPy-MOF-x composites. Fig. S3Ct shows the
specific capacitance of the five materials at different current
densities. The results indicate that the specific capacitances of
different current densities for PPy-MOF-0.2 are much higher
than PPy-MOF-0.05, PPy-MOF-0.1, PPy-MOF-0.15, and PPy-MOF-
0.3 electrodes under the same conditions, which is in good
agreement with CV and GCD results. EIS is a critical technique
to study the internal resistance of the electrode and the resis-
tance between the electrode and electrolyte. The equivalent
series resistance (ESR) is obtained from the first intersection
with the real axis.**** EIS measurements (Fig. S3Dt) indicate
that PPy-MOF-0.2 composite has a lower ESR, indicating
a higher conductivity. Electrochemical results in three-electrode
system show that PPy-MOF-0.2 possesses the best capacitive
performance among the investigated five PPy-MOF-x compos-
ites. The electrochemical performances of PPy-MOF-0.2
composite is further compared with Ni-MOF and PPy.

Fig. 4A is the CV curves of PPy, Ni-MOF and PPy-MOF-0.2
composite at the same scan rate of 2 mV s~ '. As is known, the
specific capacitance of the material can be correlated to the
average area of the CV curve. Thus, PPy-MOF-0.2 shows the best
capacitive behavior among the investigated three materials.
Besides that, as shown in Fig. 4B, PPy-MOF-0.2 shows longer
duration time than Ni-MOF and PPy in charge-discharge test at
the same current density of 0.3 A g, of which the specific
capacitance of PPy-MOF-0.2 is calculated to be 715.6 F g~
According to eqn (1), the specific capacitances of the three
materials at different current densities are calculated based on
GCD curves, as plotted in Fig. 4C. It can be seen that with the
increase of current density, the specific capacitance slowly
decreases. Furthermore, the specific capacitance of PPy-MOF-
0.2 composite at different current densities is always larger
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Fig. 4 (A) CV curves of PPy-MOF-0.2 (a), Ni-MOF (b) and PPy (c)
modified nickel foams at the scan rate of 2 mV s~*. (B) GCD curves of
PPy-MOF-0.2 (a), Ni-MOF (b) and PPy (c) modified nickel foams at the
current density of 0.3 A g~ (C) Specific capacitances obtained at
different current densities. (D) Nyquist plots of PPy-MOF-0.2, Ni-MOF,
and PPy modified nickel foams. (E) CV curves of PPy-MOF-0.2 at
different scan rates from 2 to 50 mV s~*. (F) GCD curves of PPy-MOF-
0.2 at different current densities from 0.3to 8 A g™,

than that for Ni-MOF and PPy, showing the well-performed
capacitive behavior. In addition, the specific capacitance of
PPy-MOF-0.2 is calculated to be 449.5 F g~ ' at the current
density of 8 A g, retaining 62.8% of the specific capacitance
obtained at 0.3 A g, indicating the good rate capability of PPy-
MOF-0.2 composite. Fig. 4D shows the EIS Nyquist plots of PPy-
MOF-0.2, Ni-MOF and PPy. It can be clearly seen that PPy
displays the lowest ESR among the three investigated materials.
Besides that, the ESR of PPy-MOF-0.2 shows lower ESR than Ni-
MOF, not only proving the triumph combination of PPy and Ni-
MOF, but also confirming that PPy can increase the charge
transfer between the electrolyte and active material.**
Electrochemical results show that PPy-MOF-0.2 exhibits
better capacitive performance than Ni-MOF and PPy. Therefore,
more detailed investigation on PPy-MOF-0.2 is performed.
Fig. 4E displays the CV curves of PPy-MOF-0.2 at different scan
rates ranging from 2 to 50 mV s~'. With the increase of scan
rate, the area and current density of the CV curves also gradually
increase, and a pair of redox peaks appears on all curves, indi-
cating the behavior of pseudocapacitors.” Furthermore, the
positions of oxidation and reduction peaks shift slightly with
increasing the scan rate, which are mainly related to the
increment of the internal diffusion resistance and polarization
of the electrodes.*” Fig. 4F shows the GCD curves of PPy-MOEF-

This journal is © The Royal Society of Chemistry 2020
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0.2 composite at different current densities. It can be seen that
a platform appears between 0.3 V and 0.5 V on all curves,
showing the existence of redox reaction, further indicating the
significant contribution of pseudocapacitance.

To evaluate the practical applications of PPy-MOF, a PPy-
MOF//AC ASC is fabricated by utilizing PPy-MOF-0.2
composite, AC and 3 M KOH as the positive electrode, nega-
tive electrode and electrolyte, respectively. Fig. 5A shows the CV
curves of the assembled ASC at different scan rates from 2 to
50 mV s~ '. A large potential window from 0-1.5 V can be ob-
tained on the fabricated ASC, which is significantly enlarged
comparing with the above-mentioned three-electrode system.
Besides that, when PPy-MOF-0.2 and AC are employed as posi-
tive and negative electrodes to assemble the ASC, the shape of
CV curves (Fig. 5A) shows the characteristics of the double layer
and faradaic redox behaviors, and no obvious change is
observed on the curves with increasing the scan rate from 2 to
50 mV s~ ', indicating a good electrochemical reversibility of the
assembled ASC.*> The ASC is also investigated by GCD test at
different current densities from 0.2 to 8 A g~ (Fig. 5B). Similar
to CV results, the assembled ASC can also achieve a high
potential of 1.5 V in the GCD test, showing the possible appli-
cation in practical supercapacitor device. In addition, no
obvious platform is observed on the GCD curves, and the non-
linearity of the curve also indicates the contribution of the
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Fig. 5 (A) CV curves of the PPy-MOF//AC ASC at different scan rates
from 2 to 50 mV s™. (B) GCD curves of the PPy-MOF//AC ASC at
different current densities from 0.2 to 8 A g~%. (C) Specific capaci-
tances obtained from different charge—discharge current densities. (D)
Nyquist plot of the assembled ASC. (E) Cycling stability of the ASC at
10 A g (F) Ragone plots of the assembled ASC comparing with the
data previously reported.
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combination of electrochemical double-layer capacitance and
faradaic redox capacitance. The specific capacitance of the ASC
can be calculated according to the mass of the active material
and the discharge time (Fig. 5C), which is 398.2 F g~ * at the
current density of 0.2 A g~ ". The electric conductivity of the ASC
is tested by EIS, as shown in Nyquist plot (Fig. 5D). In the high
frequency region, the ESR of the electrode material is small,
indicating a low contact resistance. In the low frequency region,
almost vertical line represents the ion diffusion ability of the
PPy-MOF electrode, showing an ideal capacitive behavior.*>**
The low ESR of the electrode materials and fast ion diffusion at
the interface between the electrode and electrolyte are benefi-
cial to the rate performance of the ASC.** Additionally, the
assembled ASC exhibits an excellent electrochemical cycling
stability with 80% capacitance reservation over 10 000 cycles
(Fig. 5E). Ragone plot reflects the relationship between energy
density and power density of the electrode material. Fig. 5F
shows the Ragone plot of the assembled ASC. It can be seen that
the assembled ASC delivers an energy density of 120.7 W h kg ™"
at a power density of 225.0 W kg ', while the energy density
reaches 40.1 W h kg~ " when the power density is 1500.6 W kg™,
which is much higher than recently reported ASCs, such as
Ni,Co; _,(OH),//AC (21.9 W h kg " at 348.9 W kg 1),** Ni-MOF//
AC (57.29 W h kg™ " at 160 W kg™ "),*® and Ni-MOF/CNT-5//rGO/
C3N4-3 (36.6 W h kg™', 480 W kg™ '),"” and Ni-MOF/PANI//AC
(45.6 W h kg™ at 850.0 W kg ").** The superior performance
of the PPy-MOF composite may be attributed to the following
aspects. First, the addition of PPy facilitates the electron
transfer of Ni-MOF structure. Second, the synergistic effect
between the Ni-MOF and PPy also contribute to the enhance-
ment in the electrocapacitive performance.

Conclusions

In summary, PPy-MOF composite composed of Ni-MOF and PPy
has been successfully prepared by a facile method and exploited
as electrode material for supercapacitor applications, in which
PPy can provide quick electron transfer to Ni-MOF. Comparing
with Ni-MOF and PPy, the PPy-MOF modified nickel foam
shows superior electrochemical performance with a specific
capacitance of 715.6 F g~ at the current density of 0.3 A g~ ™.
Besides that, a PPy-MOF//AC asymmetric supercapacitor is
assembled which exhibits excellent capacitive performance. The
ASC can deliver a high energy density of 40.1 W h kg ' at
a power density of 1500.6 W kg™~ '. Furthermore, the assembled
ASC exhibits remarkable cycling stability. Electrochemical
results demonstrate the great potential of the PPy-MOF
composite as electrode material in energy storage application.
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