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ABSTRACT: Metal—organic frameworks (MOFs) hold great
potential in the development of electrode materials for next-
generation supercapacitors because of their versatile porous
architectures. Here we report our finding in synthesis and
characterization of electrode materials derived from a pillared
MOF, Ni,(ADC),(DABCO) for a high-performance hybrid
supercapacitor, where ADC represents 9,10-anthracene-
dicarboxylate and DABCO corresponds to 1,4-diaza-
bicyclo[2.2.2]octane. The positive electrode is derived from
a single MOF and graphene oxide (GO) composite, consisting
of a highly functionalized nickel hydroxide coupled with
graphene, ADC, and DABCO groups. A hierarchically porous
nitrogen-rich carbon, derived from the same MOF/GO

composite, is used as the negative electrode. The resulting hybrid supercapacitor demonstrates high energy and power
density (59 and 48 Wh kg™ at 0.9 and 15.5 kW kg™, respectively), good rate capability (19% capacity loss from 1 to 20 A g™'),
and exceptional cycling stability (95% capacity retention over 10000 cycles at 20 A g~'). These findings imply that the
combination of pillared MOFs and rGO significantly enhances the electrochemical performance of the resulting electrode
materials. In addition, this study also provides a new material preparation strategy (MOFs-rGO-derived materials) for synthesis
of high-performance electrode materials for other energy storage devices.
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B INTRODUCTION

The development of advanced materials with excellent
electrochemical properties is critical to meet the growing
demand of efficient and clean energy sources. Supercapacitors
serve as the advanced power sources for portable devices and
electric vehicles"” due to their high power density, rapid
charging rate, and long cycling life." > As a traditional
supercapacitor, electrical double-layer capacitors (EDLCs)
(e.g., porous carbon) have the potential to be widely used in
industrial operations and systems. However, the relatively low
energy density of EDLCs restricts their broad applicability.®
Hybrid supercapacitors, assembled from a battery-type
electrode (e.g., transition metal oxide or hydroxide, especially
Ni-based materials)” and a capacitive electrode (e.g., porous
carbon),”” have excellent potential to deliver higher energy
density than EDLCs because of their broader range of
operating voltages and higher capacitance."’

Among various transition-metal-based candidates for
battery-type electrode in supercapacitors, Ni(OH), has
received considerable attention due to its high theoretical
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capacity.'' Extensive works have been done on the
optimization of morphology and porous structure of Ni-
(OH)2,12 resulting in attractive specific capacity. However, its
relatively low cycling stability still limits its widespread use. For
example, a-Ni(OH), is often reported to have poor cycling
performance, due largely to structural collapse and loss of
intercalated crystalline water during the charge—discharge
cycling."”"* Many efforts have been devoted to improving the
structural stability of Ni(OH),. For instance, Jing et al.'*
developed an electrochemical altering voltage approach to
synthesizing mixed-metal Ni—Co hydroxide. With the
incorporation of Co ions, the resulting electrode showed
only 8.8% capacity loss after 10000 cycles at the power density
of 2.25 kW kg™ Additionally, a ternary transition mixed-metal
hydroxide (Ni—Co—Fe) with a homogeneous distribution was
prepared through an idiographic electrochemical method,
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Figure 1. Synthesis procedures for ADC-rGO, ADC-OH/rGO, and ADC-C/rGO.

exhibiting a significantly enhanced cycling stability (4% loss
after 20000 cycles at a current density of 34.7 A g”') in
comparison to the binary Ni—Co hydroxide (19% decrease
after 20000 cycles)."® Similarly, Chen et al. reported that the
cycling stability of Ni—Co hydroxide was greatly enhanced by
its interlayered metaborate groups, which served as pillars to
support the layered structures and thus increase the structural
stability.'® The strategy of foreign species incorporation is an
effective approach for developing advanced electrodes with
excellent cycling stability. However, these as-prepared
hydroxides usually have low surface areas, and the synthesis
procedures are not always energy efficient. It is imperative to
develop a facile approach to the synthesis of highly porous and
stable nickel hydroxides.

Metal—organic frameworks (MOFs) are an important subset
of crystalline, nanoporous materials, consisting of metal-
containing centers and organic linkers. Compared to tradi-
tional porous materials, MOFs exhibit exceptional porosity,
ordered porous structure, and diverse functional groups.
Because of these interesting features, MOFs have been
considered as promising precursors for preparing high-
performance electrodes in supercapacitors.' ¥’ He et al.
reported a facile synthesis of porous Ni—Co hydroxide with
high specific capacitance from a MOF template, which was
developed based on the mixed-metal strategy.””*' However,
the as-prepared hydroxide retained only 73% of its initial
capacitance after 10000 cycles.”” This poor cycling stability is
due mainly to the rapid loss of the low surface areas and the
unstable layered structures during electrochemical cycling.
Using mixed-metal MOF-74 as starting materials, we
successfully synthesized functionalized Ni—Co hydroxide
electrode with enhanced cycling performance (9.9% capacity
loss after S000 cycles at a current density of 20 A g™') by a
simple hydrothermal procedure.”> This improved cycling
stability was ascribed to the synergistic effect of high surface
area (299 m? g™') with hierarchically porous nature and
interlayered functional groups (hydroxyl and carboxyl), which
were inherited from the MOF precursor.

Some previous works have already shown the potential of
MOF-derived materials for developing positive electrodes with
remarkable electrochemical performance.”* However, little has
been reported for preparation of both positive and negative
electrodes from a single MOF precursor. Salunkhe et al.
successfully synthesized both positive and negative electrodes
from ZIF-67 by altering the thermal treatment conditions.”
However, because of the low surface area and poor electronic
conductivity, the observed electrochemical performances of
these positive (Co;0,) and negative (nanoporous carbon)
electrodes were not comparable to other derivatives from
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MOFs." 1t is well-known that the electronic conductivity can
be significantly enhanced when electrode materials are
incorporated with conductive materials such as reduced
graphene oxide (graphene) and carbon fiber paper.'®*%™**
Therefore, a MOF incorporated with conductive additives may
represent a promising precursor for high-performance positive
and negative electrodes.

In this work, we report the synthesis of a composite
composed of a nickel-based pillared MOF (DMOF-ADC)*
and rGO, denoted as ADC-rGO, through a facile solvothermal
reaction. We further synthesize both positive electrode (ADC-
rGO-derived Ni(OH),, denoted as ADC-OH/rGO) and
negative electrode (ADC-rGO-derived carbon, denoted as
ADC-C/rGO) materials from a single ADC-rGO composite by
choosing appropriate treatments (Figure 1). A microrod
morphology with and without inner cavity was observed in
both ADC-OH/rGO and ADC-C/rGO by scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM). The presence of functional species within electrodes
was confirmed by X-ray photoelectron spectroscopy (XPS),
Raman spectroscopy, and Fourier transform infrared spectros-
copy (FTIR) studies. These features were found to foster high
performance and cycling stability in both positive and negative
electrodes. Additionally, the introduction of rGO has also
proven to be beneficial for improving the rate capability (608
and 505 C g™ at current densities of 1 and 10 A g™") of the
positive electrode ADC-OH/rGO in a three-electrode
configuration. Furthermore, a hybrid device was also
assembled by using ADC-OH/rGO as the positive electrode
and ADC-C/rGO as the negative electrode. The assembled
hybrid supercapacitor exhibited superior rate capability (81%
capacitance retention varying from 1 to 20 A g™') and excellent
cycling stability (5% loss after 10000 cycles at a current density
of 20 A g'). This study also provides a new material
preparation strategy for developing high performance energy
storage devices.

B EXPERIMENTAL SECTION

Chemicals. All chemicals were used as received without any
further purification: Ni(NO;),-6H,0, 9,10-anthracenedicarboxylic
acid (H,ADC), NaNO;, KMnO,, KOH, and H,0, from Sigma-
Aldrich, 1,4-diazabicyclo[2.2.2]octane (DABCO) from Acros Organ-
ics, N,N-dimethylformamide (DMF), sulfuric acid (H,SO,), and
hydrochloric acid (HCI) from VWR, and graphite flake 230U from
Asbury.

Synthesis of Graphene Oxide (GO). The GO was prepared by
using a modified Hummers method.*® Typically, graphite flake (1 g,
230U from Asbury) and NaNOj; (1 g) were mixed with concentrated
H,SO, (100 mL) in an ice bath. KMnO, (6 g) was added into the
mixture while keeping the temperature below 20 °C. The mixture was
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first stirred in the ice bath for 2 h and in the water bath at 35 °C for
another 0.5 h. A 46 mL aliquot of water (70 °C) was added into the
mixture. To stop the reaction, 140 mL of water (70 °C) was added in
the mixture and followed by 20 mL of H,0, (30 wt %). The mixture
was filtrated and washed with abundant water to remove the
unreacted species. The obtained GO was dried overnight at 55 °C for
further use.

Synthesis of Positive Electrode Material (ADC-OH/rGO).
First, the ADC-rGO composite was synthesized by a one-pot
solvothermal reaction modified from the literature.”” 80 mg of GO
was exfoliated in 40 mL of DMF for 6 h under bath sonication. 1
mmol of Ni(NO,),6H,0, 1 mmol of H,ADC, and 0.5 mmol of
DABCO were added in the GO—DMEF suspension. After sonication of
the suspension for 30 min, the solution was divided into four 20 mL
glass vials and placed in a preheated oven at 120 °C for 48 h. The
obtained materials were washed repeatedly with DMF and methanol
and dried in air for subsequent treatments. ADC-OH/rGO was
synthesized by soaking ADC-rGO into 2 M KOH solution for 3 h.
The resulting ADC-OH/rGO was washed thoroughly with methanol
and dried in air.

Synthesis of Negative Electrode Material (ADC-C/rGO).
ADC-C/rGO was synthesized by carbonization of ADC-rGO at 600
°C in N, with a heating rate of 1 °C min™" until 500 °C and 2 °C
min~" from 500 to 600 °C. After reaching 600 °C, system was cooled
to room temperature with N, flow. The obtained black powder was
washed with concentrated HCI at 80 °C for 4 h to remove nickel
residues. The powder was collected by filtration, washed with
methanol and deionized water, and dried in air.

Characterization. PXRD patterns of samples were collected on a
Panalytical X’Pert PRO Alpha-1 diffraction system with a Cu Kal (1
= 1.5418 A) radiation at room temperature. SEM images of samples
were recorded by a Zeiss Ultra60 FE-SEM instrument by using an
accelerating voltage of 5 kV. EDS elemental mappings were acquired
on the same instrument but with a different accelerating voltage of 10
kV. TEM, high-resolution TEM (HRTEM), and high-angle annular
dark-field scanning transmission electron microscopy (HAADEF-
STEM) images of samples were taken from a FEI Tecnai F30
system. N, isotherms at 77 K were measured on a Quadrasorb
instrument (Quantachrome Instruments). Samples were activated
overnight under vacuum at 110 °C, using a Quantachrome FloVac
degasser. BET surface areas were determined for the samples by fitting
the BET model to the isotherms from 0.05 to 0.3 relative pressure.
NLDFT and QSDFT were taken to access the pore size distributions
for ADC-OH/rGO and ADC-C/rGO, respectively. XPS measure-
ments were performed on a Thermo K-Alpha XPS instrument
(Thermo Fisher Scientific) with a monochromatic Al Ka X-ray
source. The spectra were acquired with a step size of 0.1 eV, a spot
size of 400 pm, and a dwell time of 40 ms per increment. Survey
spectra were average over three scans, and high-resolution spectra
were averaged over at least 15 scans. FTIR spectra from 3000 to 400
ecm™ of samples mixed with dried potassium bromide (KBr) pellets
were recorded using an infrared microscope (Spectrum One,
PerkinElmer) with a resolution of 4 cm™'. Raman spectra were
acquired on samples using a 785 nm laser on a Raman microscope
system from HORIBA Scientific.

Electrochemical Measurements. The electrochemical measure-
ments were first performed on a Solartron SI 1286 electrochemical
workstation using a three-electrode configuration. For the preparation
of ADC-OH/rGO working electrode, ADC-OH/rGO, Super P, and
PTFE binder were mixed at a weight ratio of 8:1:1 and then were
subsequently rolled with ethanol to form a film with a mass of ~3.5
mg cm™> The film electrode was compressed between two nickel
foams and dried overnight under vacuum at 80 °C. The ADC-C/rGO
working electrode was prepared in the same areal mass loading with
90 wt % ADC-rGO-C and 10 wt % PTFE binder. A Pt mesh was used
as the counter electrode, and a Ag/AgCl (4 M KCl) electrode was
taken as the reference electrode. A 2 M KOH aqueous solution was
used as the electrolyte. The cyclic voltammograms were acquired in a
potential window of 0—0.5 V at different scan rates. The GCD
measurements were performed by varying the potential between 0 and
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0.45 V at different current densities. EIS tests were measured from
0.01 to 100 kHz frequency under open-circuit conditions.
The specific capacity Q (C/g) was calculated via eq 1:

Q=1I1At/m (1)

where I (mA) is the discharge current, At (s) is the discharge time,
and m (mg) is the mass of the active material.
The specific capacitances C (F/g) were calculated via eq 2:

2i, [V dt
AL
Ve

2

K )
where i,, = I/m (A g™') is the current density, I is the current, m is the
mass of the active material, / V dt is the integral current area, V (V) is
the potential, and V; and V; are the initial and final values of V,
respectively. The cyclic stability was accessed by long-term GCD
measurements using a current density of 20 A g~".

The electrochemical experiments of hybrid supercapacitor were
performed on the same Solartron SI 1286 electrochemical workstation
with a two-electrode configuration. The device was fabricated in a
split test cell (MTI Corporation) with ADC-OH/rGO as the positive
electrode, ADC-C/rGO as the negative electrode, MPF30AC-100
(Nippon Kodoshi Corporation, Kochi, Japan) as the separator, and 2
M KOH solution as the electrolyte. The positive and negative film
electrodes were obtained by using the same method as described in
the three-electrode configuration. The charges of positive and
negative electrodes were calculated based on the cyclic voltammo-
grams obtained from three-electrode configuration by using eq 3:

q= fim dv /v 3)

where q is the charge, m is the mass of the active material, and [i dV/
v is the integral area from cyclic voltammograms.

To make the charge balance (q*= gq~), the mass ratio of positive
electrode to negative electrode (R) was determined via eq 4:

"= (/ %)_ (/ %L 4)

The CV curves were collected with a voltage from 0 to 1.5 V at
different scan rates, and the charge—discharge curves were acquired
by varying the voltage between 0 and 1.5 V at different current
densities. The cyclic performance was evaluated by long-term GCD
experiments at a current density of 20 A g™*. In the Ragone plot of the
ADC-OH/rGO//ADC-C/rGO device, the energy density E (Wh
kg™!) and power density P (kW kg™') were calculated according to
egs S and 6:

1%

R=m"

E=1 f V dt/3.6(m, + m_) (s)

_ £
At (6)

where I is the current (mA), V is the voltage (V), t is the discharge
time (s), and m, and m_ are the mass of positive and negative active
materials, respectively.

P

B RESULTS AND DISCUSSION

As illustrated in Figure 1, the ADC-rGO composite was
synthesized according to our previous work” with the addition
of 9 wt % rGO. ADC-rGO was subsequently soaked into 2 M
KOH solution for 3 h to obtain ADC-OH/rGO. On the other
hand, ADC-C/rGO was prepared through thermal and acid
(concentrated HCl) treatments. Powder X-ray diffraction
(PXRD) was used to determine the crystalline phase in
ADC-rGO, ADC-OH/rGO, and ADC-C/rGO. As shown in
Figure S1, ADC-rGO has a similar PXRD pattern to that of
DMOEF-ADC, suggesting that the formation of MOF crystal is
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Figure 2. (a—c) SEM, TEM, and HAADF-STEM images of ADC-OH/rGO. (d—f) SEM, TEM, and HAADF-STEM images of ADC-C/rGO.
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Figure 3. (a, b) N, isotherms (at 77 K) of (a) ADC-OH/rGO and (b) ADC-C/rGO, with the insets showing the corresponding pore size
distributions (closed symbols: adsorption; open symbols: desorption). (c, d) High-resolution N 1s XPS spectra of (c) ADC-OH/rGO and (d)

ADC-C/rGO. (e) Raman and (f) FTIR spectra of ADC-OH.

not prevented upon the incorporation of rGO. In the PXRD
pattern of ADC-OH/rGO (Figure S2), the absence of DMOF-
ADC peaks and the emergence of f-Ni(OH), (JCPDS No. 14-
0117) peaks at 19.3°, 33.1°, 38.5° 39.1°, $9.0°, and 62.7°
illustrate that the transformation from ADC-rGO to ADC-
OH/rGO was completed after soaking into 2 M KOH solution
for 3 h. Two reflections centered at 26.2° and 44.0° can be
seen in the PXRD pattern of ADC-C/rGO (Figure S3), which
can be assigned to the (002) and (101) planes of graphitic
carbon, respectively.”>" This observation confirms that ADC-
rGO was converted into sp>-bonded graphitic carbon upon
thermal treatment.

The morphology of both ADC-OH/rGO and ADC-C/rGO
was examined by using SEM and TEM. Compared to the
morphology of ADC-rGO (Figure S4), a structural trans-
formation from solid microrods into hollow microrods is
observed in ADC-OH/rGO (Figure 2a) upon alkaline
treatment. Under strong alkaline solution (2 M KOH), the
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metal centers (Ni**) can dissociate from the organic ligands
(ADC and DABCO, see Figure 1) and will also associate with
OH™ ions, leading to the breakdown of the metal—ligand
coordination bonds. As the reaction proceeds, the OH™ ions
continue to diffuse into and react with the inner part of ADC-
rGO; meanwhile, newly formed Ni(OH), continuously grows
on the preformed Ni(OH), layers, resulting in the formation of
hollow microrods.

Similar hollow structures were also reported previously when
treating MOFs with NaOH or KOH.*” In line with the SEM
observation, TEM images of ADC-OH/rGO (Figure 2b) also
confirm the coexistence of hollow microrods and graphene
sheets. Additionally, HAADF-STEM was acquired on ADC-
OH/rGO (Figure 2c), confirming its hollow structure and
porous characteristics. On the contrary, ADC-C/rGO retains a
similar morphology to ADC-rGO, which contains abundant
hollow microrods with corrugated graphene sheets. As shown
in Figure 2d, no obvious inner cavity is observed in these
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microrods. A porous carbon rod with few layers of graphene
sheets is clearly seen in the TEM image of ADC-C/rGO
(Figure 2e). The highly porous nature of ADC-C/rGO was
evidenced by the observation of HAADF-STEM (Figure 2f).
No bright dots can be seen in ADC-C/rGO, indicating the
successful removal of Ni from the structure after reflux with
concentrated HCl. HRTEM of ADC-C/rGO in Figure S5
reveals its highly porous carbon nanotube structure and various
pore size features.

The electrochemical performance is strongly correlated to
the surface area, porosity, and pore size distribution of
electrode materials. To explore these properties, N,
physisorption isotherms at 77 K were performed on ADC-
OH/rGO and ADC-C/rGO (Figures 3a and 3b). ADC-OH/
rGO displays a high Brunauer—Emmett—Teller (BET) surface
area of 309 m? g_l, demonstrating the advantage of MOFs-as-
template synthesis over the conventional methods like
electrodeposition or hydrothermal synthesis (typically <100
m? g7').»7 The N, isotherms of ADC-OH/rGO are
classified as type IV with a hysteresis loop starting around P/
Py = 0.4, implying the formation of mesopores. Nonlocal
density functional theory (NLDFT) was used to assess the
pore size distributions of ADC-OH/rGO (inset of Figure 3a).
The emergence of two sharp peaks at 1.2 and 5.3 nm reveals its
hierarchically porous structure with the coexistence of
micropores and mesopores. On the other hand, the BET
surface area of ADC-C/rGO is 472 m” g~', which is higher
than the nanoporous carbon derived from ZIF-67 (350 m*
g™").”® The hierarchically porous nature of ADC-C/rGO (inset
of Figure 3b) was evidenced by the analysis of pore size
distributions using quenched solid state functional theory
(QSDFT) method.

XPS was utilized to elucidate the surface characteristics and
chemical composition of the as-prepared electrodes. C, N, O,
and Ni peaks are all present in the survey spectrum of ADC-
OH/rGO (Figure S6a), whereas only C, N, and O peaks are
present in the survey spectrum of ADC-C/rGO (Figure S6b),
suggesting that nickel residues were removed by acid reflux. In
the Ni 2p spectrum of ADC-OH/rGO (Figure 3c), Ni 2p;,
(856.2 €V) and 2p,,, (873.8 eV) were detected with two
corresponding satellite peaks and a spin—orbit coupling energy
of 17.6 eV, which are in agreement with the reported values of
Ni(OH),.*° In the high-resolution N 1s spectrum of ADC-
OH/rGO (Figure S7), a dominant peak at 400.2 eV can be
assigned to the tertiary N bonded to carbon (N-(C),),”
indicating that some DABCO functional groups are incorpo-
rated into the structure. This is expected as ADC-rGO will
degrade under alkaline treatment, resulting in the release of
DABCO from the MOF framework and the incorporation of
DABCO into the as-synthesized nickel hydroxide. Figure S8a
presents the high-resolution C 1s spectrum for ADC-OH/
rGO. Detailed deconvolution analysis over the observed peaks
shows four components: C—C (284.6 eV), C—O (286.1 eV),
C=0 (287.9 eV), and C(O)O (289.1 eV). The intensity of
the C—O group of the ADC-OH/rGO sample decreased
significantly compared to that of GO, indicating that the GO
was successfully partially reduced. In the case of ADC-C/rGO,
the high-resolution spectrum of C 1s (Figure S8b) can also be
assigned to four types of carbon: C—C (284.6 eV), C-O
(286.1 €V), C=0 (288.1 eV), and C(0)O (289.1 &V).
Moreover, the intensities of C—0O, C=0, and C(O)O peaks
are lower than that of C—C, indicating the GO was reduced by
thermal treatment. Contrary to that of ADC-OH/rGO, the
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high-resolution N 1s spectrum of ADC-C/rGO (Figure 3d)
can be deconvoluted into three species: pyridinic N (398.3
eV), pyrrolic N (400.1 eV), and graphitic N (401.9 eV).”® The
formation of these nitrogen species is possibly attributed to the
pyrolysis reaction of ADC-rGO precursor during thermal
treatment under N,. Elemental mapping was acquired by
energy dispersive spectroscopy (EDS) to reveal the elemental
composition and distribution of ADC-OH/rGO and ADC-C/
rGO. As shown in Figure S9, ADC-OH/rGO consists of C, O,
N, and Ni with the corresponding atomic percentage of 43.7%,
35.5%, 1.9%, and 18.9%, respectively. On the other hand,
ADC-C/rGO (Figure S10) is only composed of C (94.6%), N
(3.0%), and O (2.4%) with the absence of Ni element, which is
compatible with XPS results. All the detected elements are
uniformly distributed throughout ADC-OH/rGO and ADC-
C/rGO. Raman spectra for GO, ADC-OH/rGO, and ADC-
rGO materials are shown in Figure S11. The Ip/I; ratio of
ADC-C/rGO is 1.02, indicating the formation of more defects
after pyrolysis.

By use of MOF as the precursor, various functional species
can be introduced into the MOF-derived electrode materials.
This behavior has been shown to increase the electrochemical
performance of the MOF-derived electrodes,'® particularly the
cycling stability.”>*’ Spectroscopic experiments (FTIR and
Raman spectroscopy) are useful to detect the functional groups
within the structure. However, the functional groups from
graphene sheets, including hydroxyl, carbonyl, and carboxylate
groups detected by XPS, may obscure the structural features of
ADC-OH/rGO. To avoid this interference from graphene, a
similar alkaline treatment was applied on DMOF-ADC to
prepare the MOF-derived nickel hydroxide (hereafter noted as
ADC-OH) for subsequent analysis. In the Raman spectrum
(Figure 3e), the band at 1370 cm™" is attributed to the glass
substrate, which agrees with the blank measurement (Figure
S12). A broad band appearing in the range 300—685 cm™" can
be identified as the overlap of Ni—O stretching vibration,
resulting from the complicated Ni(OH), structure.””” Two
weak bands with much reduced intensity at 895 and 1057 cm™
can be assigned to the v,;(vCC) mode of ted molecules*’ and
the & mode of CO;>" species,”, respectively. These band
features indicate that the prepared MOF derivative ADC-OH
is a highly functionalized version of nickel hydroxide with the
incorporation of DABCO and CO;*~ species. FTIR analysis
(Figure 3f) was conducted to further elucidate the structural
characteristics. Two broad bands observed at 3430 and 635
cm™" correspond to the stretching and bending vibrations of
adsorbed water molecules.*”** The intense peak at 3646 cm ™
can be identified as the vO—H stretching vibrations, which is
the typical characteristic of Ni(OH),.*” The bands at 515 and
465 cm™' are attributed to Ni—OH bending and Ni—O
stretching vibrations, further confirming the formation of
Ni(OH),.** Two small bands centered at 1567 and 1450 cm ™
reflect the C=C;,, stretching vibrations of anthracene,”
implying that ADC-OH contains some ADC functional groups
after the alkaline treatment. This speculation is further
supported by the evidence that two bands were observed at
1382 and 1628 cm™', which are corresponding to the
symmetric and asymmetric stretching vibrations of carboxylate
groups, respectively.*® The band at 1073 cm™ is attributed to
the asymmetric stretching vibration of N—(C)," suggesting
that DABCO ligands are also incorporated into the final
structure. Considering the FTIR and Raman spectra, it is clear
that ADC-OH/rGO is a highly functionalized nickel hydroxide
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Figure 4. CV curves of (a) ADC-OH/rGO and (b) ADC-C/rGO at different scan rates in 2 M KOH. GCD curves of (c) ADC-OH/rGO and (d)
ADC-C/rGO at various current densities. (e) Rate performance of ADC-OH and ADC-OH/rGO. (f) Cycling performance of ADC-OH/rGO and

ADC-C/rGO at 20 A g_l.

with incorporation of functional species, including ADC and
DABCO groups.

The electrochemical properties of ADC-OH/rGO and
ADC-C/rGO were first characterized in three-electrode
configurations with 2 M KOH aqueous solution as the
electrolyte. Figure 4a presents typical cyclic voltammetric
(CV) curves of ADC-OH/rGO measured at various scan rates
(5—50 mV s7") from 0 to 0.5 V (vs Ag/AgCl (KCl)). All the
CV curves display a pair of well-defined redox peaks, which are
attributed to the reversible reaction of O—H bond breaking/
formation in Ni(OH),.”** Two trends can be observed here:
(i) As the scan rate increases, the oxidation peak shifts to the
positive direction, whereas the reduction peak moves to a more
negative position. This is expected because the internal
diffusion resistance of the pseudocapacitive electrode will
increase as the scan rate increases.””*’ (ii) The current
increases accordingly as scan rate increases, indicating the good
rate capability of ADC-OH/rGO. On the other hand, CV
curves of ADC-C/rGO (Figure 4b) were acquired in the
potential window of —1.0 to 0 V (vs Ag/AgCl (KCl)), altering
scan rates from 10 to 100 mV s™. In the case of ADC-C/rGO,
the curves display similar semirectangular shape, which is the
typical behavior of EDLCs. The current of ADC-C/rGO
exhibits a positive correlation with the increase of scan rates,
implying a good rate capability of ADC-C/rGO. Figure 4c
displays the galvanostatic charge—discharge (GCD) curves of
ADC-OH/rGO measured at different current densities. The
shape of the discharge curves of ADC-OH/rGO indicates an
electrochemical redox reaction engaged mechanism which is
consistent with the results of CV measurements. The GCD
curves (Figure 4d) of ADC-C/rGO collected at various current
densities show a triangular fashion, which also corresponds to
the electrochemical behavior of EDLCs. The specific
capacitances of ADC-C/rGO (Figure S13) were calculated
based on the corresponding GCD curves by using eq 2. The
specific capacitances are 330, 308, 294, 281, 277, and 269 F g_l
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at the corresponding current densities of 1, 2, 4, 8, 10, and 20
A g7!, respectively. When the current density is increased from
1 to 20 A g7, the specific capacitance retains nearly 81% of the
capacitance at 1 A g~'. Such excellent rate capability of ADC-
rGO is attributed to the incorporation of doped N species”’
and conductive graphene sheets.'® Unlike carbon materials,
Ni(OH), usually suffers from its limited electronic con-
ductivity, resulting in a relatively poor rate capability.”’
Therefore, it is useful to compare the rate capabilities between
ADC-OH and ADC-OH/rGO and understand the effect of
graphene sheets on the rate property. To achieve this goal, CV
(Figure S14a) and GCD measurements (Figure S14b) were
also performed on ADC-OH. The specific capacities of ADC-
OH/rGO and ADC-OH were calculated from their corre-
sponding GCD curves according to eq 1. The obtained values
are plotted in Figure 4e. At the initial current density of 1 A
g~!, the specific capacity of ADC-OH (501 C g™') is lower
than that of ADC-OH/rGO (608 C g™'). However, ADC-OH
exhibits a poor rate capability with increasing charge—
discharge current density from 1 to 10 A g™'. At higher
charge—discharge current densities of 8 and 10 A g_l, the
specific capacities of ADC-OH retain only 260 and 233 C g7},
corresponding to S2 and 46% of the capacity at 1 A g™/,
respectively. On the contrary, with the addition of graphene
sheets, ADC-OH/rGO exhibits a much better rate capability
than the ADC-OH. At the current densities of 8 and 10 A g_l,
the specific capacities remain at 510 and 505 C g™, which are
84 and 83% of the initial capacity at 1 A g~'. This greatly
enhanced rate performance clearly shows the good electronic
conductivity of ADC-OH/rGO at high current density region,
demonstrating the benefits of incorporating graphene sheets
into the electrode.'®*”** This promotion of electronic
conductivity is further supported by electrochemical impe-
dance spectroscopy (EIS) tests. As shown in Nyquist plots
(Figure S15), ADC-OH/rGO has an equivalent series
resistance of 0.37 €, whereas ADC-OH has a much higher
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Figure S. (a) CV curves of ADC-OH/rGO//ADC-C/rGO hybrid supercapacitor device at various scan rates. (b) GCD curves of hybrid device at
different current densigies. (c) Ragone plot of the ADC-OH/rGO//ADC-C/rGO device compared to those of reported electrodes based on mass
of active materials.'""*'%*>%"=¢! (d) Cycling performance of hybrid device at a current density of 20 A g™,

resistance of 1.02 . Notably, these advanced rate capabilities
of ADC-OH/rGO and ADC-C/rGO are comparable to or
even better than most of the reported works.””>*~> Cycling
stability is another parameter of great importance to evaluate
the electrochemical performance of electrode. The cycling
curves shown in Figure 4f illustrate the change in specific
capacity of ADC-OH/rGO and ADC-C/rGO during the long-
term galvanostatic measurement (10000 cycles) at a high
current density of 20 A g~'. ADC-C/rGO possesses an
excellent cycling stability with a retention of 99% after a
10000-cycle test. On the other hand, ADC-OH/rGO has an
attractive cycling stability, retaining nearly 95% of its original
capacity after 10000 cycles. ADC-OH/rGO delivers much
more stable capacity during the long-term run relative to other
high-performance Ni(OH),—graphene or Ni(OH),—oxide
composites.36’ s

To further investigate the performance of the as-prepared
electrodes under practical conditions, a hybrid supercapacitor
(ADC-OH/rGO//ADC-C/rGO) was assembled by using
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ADC-OH/rGO and ADC-C/rGO, as the positive and negative
electrodes, respectively. To keep the charge balanced, the mass
ratio of negative and positive electrode was set to 2.2 according
to the corresponding CV curves of ADC-C/rGO and ADC-
OH/rGO (eqs 3 and 4). As shown in Figures Sa and Sb, the
fabricated hybrid supercapacitor can be operated in a broad
potential window of 0—1.5 V. Figure 5a presents the CV curves
collected at different scan rates, ranging from 10 to 100 mV s~
(individual CV curves of positive and negative electrodes are
shown in Figure S16a). It is clear that the shape of the
obtained CV curves indicates the convolution of two different
energy storage characteristics, which agrees with the results of
CV studies in the three-electrode system. The shape of the CV
curves is retained in a similar fashion as the scan rate increases,
indicating the good rate capability of the device. Figure Sb
summarizes the corresponding GCD curves of the hybrid
supercapacitor acquired at different current densities from 1 to
20 A g7". An inclined plateau from 1.1 to 0.3 V is observed in
the discharge curves, which are compatible with the CV trends.
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Figure S16b illustrates the relationship between specific
capacities/capacitances of the hybrid supercapacitor and
current densities from 1 to 20 A g~'. An outstanding rate
performance is achieved such that 81% of the capacitance at 1
A g~! is maintained when the current density is increased to 20
A g7". This excellent behavior can be attributed to the good
rate capabilities of ADC-OH/rGO and ADC-C/rGO electro-
des. Figure Sc presents the relationship between the
gravimetric energy density and power density (Ragone plot)
of the ADC-OH/rGO//ADC-C/rGO device. Based on eqs 5
and 6, this device delivers a high energy density of 59 W h kg™
at a power density of 872 W kg™'. Moreover, an energy density
of 48 W h kg™ is preserved, as the power density elevates up to
15.5 kW kg™'. Notably, ADC-OH/rGO//ADC-C/rGO dis-
plays much higher energy and power densities in comparison
to those previously reported devices fabricated by high-
performance electrode materials (Figure Sc), including
MOF-derived materials,””*”** metal hydroxide or oxide
materials,""">*” and metal hydroxide or oxide composites
embedded with graphene or conductive carbon.'®*”®" The
cycling performance of energy storage device at high charge—
discharge rates is always the essential requirement for practical
processes.”> As shown in Figure 5d, a capacitance retention of
95% is maintained in this hybrid supercapacitor when being
tested at a high current density of 20 A g~' over 10000 cycles.
Compared to the reported results, ADC-OH/rGO//ADC-C/
rGO is one of the most stable hybrid/asgfmmetric super-
capacitor devices (Table S1).191623,57,61,63-6

Several features may contribute to the excellent electro-
chemical performance of the ADC-OH/rGO//ADC-C/rGO
device: (i) the highly porous nature and micro-mesoporous
structure inherited from MOF-rGO template not only improve
the contact between electrode and electrolyte during faradaic
reaction but also shorten ionic diffusion pathways for
electrolyte molecules; (ii) the functional groups (ADC and
DABCO species) derived from MOF-rGO precursor might
serve as pillars within the structure, resulting in the excellent
cycling performance. To be more specific, ADC and DABCO
species are anchored within the layered structure of MOF-
derived nickel hydroxides. During the charge—discharge
reaction, the volume expansion or shrinkage of highly
functionalized nickel hydroxide was constrained by these
functional groups. These functional groups prevent the
structural collapse in early cycles. (iii) The doped N species
within ADC-C/rGO can function as electrochemically active
sites and further increase the capacity. (iv) The electronic
conductivities of MOF-derived electrodes are significantly
enhanced by the presence of rGO, offering efficient electron
transport at fast charge—discharge rates.

B CONCLUSION

In summary, we have synthesized a novel MOF-rGO
composite containing a nickel-based pillared MOF (DMOF-
ADC) and reduced graphene oxide using a simple
solvothermal procedure. MOF-rGO was used as the precursor
and subsequently converted to both positive (ADC-OH/rGO)
and negative (ADC-C/rGO) electrodes by different treat-
ments. Supported by the analysis of N, physisorption
measurements and pore size distributions, the MOF-rGO-
derived electrodes, ADC-OH/rGO and ADC-C/rGO, dem-
onstrate remarkably high surface areas and contain hybrid
characteristics of micro- and mesopores. In particular, ADC-
OH/rGO is found to be functionalized with multiple
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functional groups (ADC and DABCO), as confirmed by
XPS, Raman, and FTIR analyses. When tested in a three-
electrode configuration, ADC-OH/rGO and ADC-C/rGO
exhibited high performance and cycling stability. Moreover,
ADC-OH/rGO exhibited 83% capacity retention as the
current density was changed from 1 to 10 A g, demonstrating
the key role of graphene in increasing the conductivity. A
hybrid supercapacitor has been further assembled from a
positive ADC-OH/rGO electrode and a negative ADC-C/rGO
electrode. With the contributions of both graphene sheets and
functional groups, the obtained hybrid supercapacitor exhibits
an excellent rate capability (~19% capacity loss as cycling rate
is changed from 1 to 20 A g™') and an exceptional cycling
stability (95% capacity retention after 10000 cycles). The
present MOF-rGO-derived material preparation strategy is
applicable to the development of high-performance electrode
materials for other advanced energy storage systems.
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