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ABSTRACT Nanoporous carbon and nanoporous cobalt oxide “Two-for-one” ]

(Co30,) materials have been selectively prepared from a single 22 g

metal—organic framework (MOF) (zeolitic imidazolate framework, < np » ?”

ZIF-67) by optimizing the annealing conditions. The resulting H

ZIF-derived carbon possesses highly graphitic walls and a high . 00us carbon . ]F/ Nanoporous Co,0, ) - -+
-6 Specific power (W kg")

specific surface area of 350 m*- g, while the resulting ZIF-derived
nanoporous C0;0, possesses a high specific surface area of 148 m?-g~" with much less carbon content (1.7 at%). When nanoporous carbon and
nanoporous Co;0, were tested as electrode materials for supercapacitor application, they showed high capacitance values (272 and 504 F-g ',
respectively, at a scan rate of 5 mV-s~"). To further demonstrate the advantages of our ZIF-derived nanoporous materials, symmetric (SSCs) and
asymmetric supercapacitors (ASCs) were also fabricated using nanoporous carbon and nanoporous Co0, electrodes. Improved capacitance performance
was successfully realized for the ASC (Co;04//carbon), better than those of the SSCs based on nanoporous carbon and nanoporous Co;0, materials (i.e.,
carbon//carbon and C050,//C050,). The developed ASC with an optimal mass loading can be operated within a wide potential window of 0.0—1.6 V/, which
leads to a high specific energy of 36 W-h-kg~". More interestingly, this ASC also exhibits excellent rate capability (with the highest specific power of
8000 W-kg " at a specific energy of 15 W-h-kg ") combined with long-term stability up to 2000 cycles.
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he rapid increase in world population
Tand hike in the economic expansion

around the world have led to increas-
ing use of energy-based appliances, which
eventually results in high energy consump-
tion." 3 As a consequence, great research
efforts have been made toward the devel-
opment of energy conversion and storage.
At present, batteries and electrochemical
capacitors (ECs) play important roles as
leading electrical energy storage (EES) de-
vices. Although lithium-ion batteries for
consumer electronics have made substan-
tial advances,* ECs also possess some very
attractive properties, such as higher power
density than batteries (~10000 W-kg™"),
short charging time (on the order of tens of
seconds), and long cycle life over repeated
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charge—discharge (>100 000 cycles), which
makes them promising candidates for var-
ious applications such as for frequency reg-
ulation in smart grids, hybrid electric vehicles,
etc>® Nevertheless, energy density is a
crucial factor for ECs (carbon-based EC”®
is ~10 W-h-kg ™', and EC based on asym-
metric configuration®'®is ~30 W-h-kg ™),
which limits their comprehensive use.
Based on their charge storage mechanism,
ECs can be mainly divided into two categories.
The first is based on the charge-transfer Far-
adaic reaction (pseudocapacitance),'’'? and
the second is electrical double-layer capaci-
tance (EDLC),"*'* which is a non-Faradaic pro-
cess. Comparatively, the pseudocapacitance
mechanism, which is based on transition metal
oxides, has advantages such as typically
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Scheme 1. Schematic illustration of the preparation process of nanoporous carbon and nanoporous Co30, from a ZIF-67
polyhedron as the single precursor by optimized thermal treatment. The actual SEM images and high-resolution TEM images
of the respective materials are as shown below their illustrations. The scale bars shown in the SEM images are 500 nm in
length. More detailed TEM analysis suggests that, after the thermal treatment and HF washing, nanopores are formed on the
nanoporous carbon surface (as shown by dotted lines) due to the removal of cobalt nanoparticles, whereas in the case of
Co30,, the optimized heating conditions result in conversion of the ZIF-67 polyhedron into an oxide polyhedron with

granular particles on the polyhedron surface.

high capacitance (up to 1000 F-g~"),">'® which leads

to better energy density than in EDLC-type capacitors.
So far, many reports have appeared in the literature on
the development of different metal oxides for super-
capacitor applications.” 2" Although various methods
for morphological and structural control of metal
oxides have been demonstrated in recent research
efforts, a simple synthesis strategy for the develop-
ment of porous three-dimensional (3D) metal oxides is
still a challenge. Porous metal oxides with controlled
porosity often exhibit physical properties that are
different from those of bulk materials.?*?® Thus, the
control of porosity, morphology, and surface area will
lead to the development of a new era of material
synthesis that will be useful for next-generation energy
storage.

Among the many metal oxides, cobalt oxide materi-
als can be considered as superior materials for super-
capacitor applications, due to fact that they have high
theoretical capacitance values (~3600F-g '), low cost,
environmental friendliness, high electrochemical sta-
bility, etc.**?> Numerous methods have been reported
for the synthesis of Co304 with controlled microstruc-
ture in one-dimensional®® =% and two-dimensional®* 32
form. More importantly, some of these reported meth-
ods are well-optimized chemical routes that require
control of two or more parameters during the prepara-
tion, which adds uncertainty about morphological
control and reproducibility on a large scale.

To date, many reports are available in the literature
on the development of asymmetric supercapacitors
(ASCs),>'° which are based on the development of a
positive electrode only (basically, metal oxides).” " In
most cases, activated carbon (AC) or stacked graphene
has been used as the negative electrode. Nevertheless,
a key problem is that the asymmetric performance not
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only is limited to the positive electrode but also
requires a contribution from the negative electrode.
Thus, a challenging problem for high-performance
ASCs is the development of both positive and negative
materials by a simple synthesis method with controlled
porosity and shapes that can be easily tuned.

An important frontier in material synthesis is the
development of two kinds of materials from a single
precursor. This idea of “two-for-one” has been recog-
nized in other solid materials; however, the ability to
tune their compositions without changing their origi-
nal shapes has not been achieved yet. Metal—organic
frameworks (MOFs) are materials with high surface
area and high porosity that have been mostly used
for gas adsorption®® and catalysis®* applications but
still remain unexplored in the area of EES devices such
as supercapacitors. MOFs can be easily and selectively
converted into their respective metal oxides, metal
sulfides, or carbons by changing the thermal condi-
tions.3>~* Such MOF-derived nanoporous metal
oxides and carbons have high surface area and inter-
connected pores,***” which are useful for improved
performance in several applications.*®*° Thus, the MOF
represents a new approach for the development of
smart materials, requiring the development of two
materials from one precursor.

In the present study, we have selected the ZIF-67
single precursor for preparation of nanoporous carbon
and nanoporous cobalt oxides (Co30,). Then, we de-
monstrate the development of an ASC based on
MOF-derived nanoporous carbon and Cos0, electro-
des. By coupling the advantages of a positive elec-
trode, consisting of pseudocapacitive Cos0,4 with high
surface area, and a negative electrode, consisting of
EDLC carbon, this novel ASC gives a high energy
density value of 36 W-h-kg~'. The energy density
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Figure 1. (a,b) SEM images, (c,d) high-angle annular dark-field scanning transmission electron microscope (HAADF-STEM)
images, (e,f) bright-field TEM images, and (g,h) wide-angle XRD patterns of (a,c,e,g) nanoporous carbon and (b,d,fh)
nanoporous Cos0,. Insets of (e,f) show SAED patterns of (e) nanoporous carbon and (f) nanoporous Co30,.

obtained from this asymmetric supercapacitor
(Co304//carbon) is much higher than those for symmet-
ric supercapacitor (SSC) configurations (i.e., carbon//
carbon and C050,4//C030,).

RESULTS AND DISCUSSION

Material Characterization. Details of the synthetic
method for the nanoporous carbon and Cos0, are
illustrated in Scheme 1. ZIF-67 crystals were prepared
by a simple reaction of 2-methylimidazole with cobalt
ions. The details are given in the Experimental Methods
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section. The obtained ZIF-67 crystals were character-
ized by wide-angle X-ray diffraction (XRD), and the
pattern shows a typical ZIF-67 crystal (Figure S1 in the
Supporting Information). The carbonization of ZIF-67
at 800 °C gives nanoporous carbon, although it con-
tains some Co nanoparticles, which can be removed by
acid treatment. For the preparation of nanoporous
Co30,, in order to retain the original polyhedral shape,
we have preheated the ZIF-67 crystals in nitrogen. Such
a preheating treatment can realize good retention of
the original shape by the Cos0, polyhedra.
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Figure 2. XPS survey spectra for (a) nanoporous carbon and (d) nanoporous Co30,4. XPS spectra for (b) C 1s, (c) N 1s, (e) Co 2p,

and (f) O 1s.

The surface morphology of the nanoporous carbon
and Cos0,4 was characterized by using scanning elec-
tron microscopy (SEM) and transmission electron mi-
croscopy (TEM). From the low-magnification SEM
images (Figure 1a,b), it can be clearly observed that
the polyhedral shape of the ZIF-67 precursor is well
retained by the nanoporous carbon and Co30,. For the
nanoporous Co3z0,, Coz0,4 nanocrystals with an aver-
age size of 15—20 nm can be clearly observed on the
surfaces of the polyhedra (Figure 1d,f). Similar types
of granular structures are observed for different
MOF-derived metal oxides.>>*' The selected area elec-
tron diffraction (SAED) patterns (inset of Figure 1f)
clearly show the formation of rings, which can be
indexed to the (111), (220), (311), (400), and (422)
planes of Co30,4 (JCPDs card 42-1467). As can be seen
in Scheme 1, the interplanar spacing of the crystalline
grains was calculated to be 0.28 nm, corresponding to
the (220) plane orientation. On the other hand, the
nanoporous carbon shows a rough surface due to the
formation of nanopores (Figure 1¢,e). The high-resolution
TEM image clearly shows the presence of several pores
(as indicated by dotted lines in Scheme 1), which are
formed after the removal of Co nanoparticles by HF
washing.>® The SAED pattern (inset of Figure 1e) shows
partially graphitized walls. The powder XRD pattern of
nanoporous carbon shows the presence of two broad
peaks from the (002) and (101) planes (Figure 19),
suggesting the formation of graphitic carbon (sp*-
bonded carbon).*® In the case of nanoporous Co;0,
(Figure 1h), all the diffraction patterns can be assigned
to cubic phase Co30,4 (JCPDs card number 42-1467).

The chemical compositions of the nanoporous
carbon and Co30,4 were analyzed by energy-dispersive
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X-ray spectroscopy. Both materials were examined for
selected elements, namely, carbon, cobalt, oxygen,
and nitrogen, as summarized in Figure S2. Nanoporous
carbon contains negligible cobalt content, while nano-
porous Co30, contains negligible carbon content.
The porosity of the samples was characterized by
nitrogen adsorption—desorption isotherms (Figure S3a,c).
The Brunauer—Emmett—Teller (BET) specific surface
area obtained for nanoporous carbon was 350 m?-g ™',
whereas the pore size distribution obtained from the
Barrett—Joyner—Halenda method revealed two nar-
row distributions centered at 3 and 5— 15 nm (Figure S3b).
The pore size distribution clearly reveals that the nitrogen
adsorption by the micropores is much higher than that of
mesopores. In the case of nanoporous Cos0,, a high BET
specific surface area (148 m?-g ') was obtained, which is
much higher than that for the previously reported Co30,4
nanostructures. 25273932152 Direct comparisons of the
surface area of our Co30, polyhedral nanostructures with
previously reported CosO, nanostructures, produced by
various synthetic routes, are summarized in Table S1. To
the best of our knowledge, our value is the highest surface
area among all the previous reports based on Cos0,4
nanostructures, which clearly highlights the advantage
of our method. The pore size distribution indicates that
the majority of pores are in the mesoporous region
(Figure S3d). The high specific surface area provides more
reaction sites for electrochemical interactions/reactions,
which are beneficial for supercapacitor applications.
More detailed analysis was carried out using X-ray
photoelectron spectroscopy (XPS) (Figure 2). The
C 1s spectrum for nanoporous carbon presented in
Figure 2b can be deconvoluted into five major peaks.>®
The peak at 284.6 eV corresponds to the C—C bonds of
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TABLE 1. Compositional Ratios of Cobalt, Oxygen, Carbon,
and Nitrogen in Nanoporous Carbon and Co30, Samples®

materials Co (at%) 0 (at%) C (at%) N (at%)
nanoporous carbon 14 2.7 90.8 5.1
nanoporous 030, 36.9 574 17 4

“The ratios are calculated by XPS analysis.

sp>-carbon. The peak at 285.1 eV is assigned to the
sp?-carbon containing nitrogen atoms (C=N bond).
The carbon atoms bonded to hydroxyl groups (—OH)
and carbonyl groups (—C=O0) are represented by
peaks at 285.9 and 287.3 eV, respectively. A small
peak at 290.7 eV can be assigned to m—xa* electronic
transitions.>® The nitrogen (N 1s) spectra (Figure 2c)
can be mainly deconvoluted into two peaks with bind-
ing energies at 398.8 eV (pyridinic-N) and 400.8 eV
(graphitic-N).>* For nanoporous Co;0,, the XPS peak
for Co 2p shows two major peaks with binding energies
of 779.86 and 795.1 eV, corresponding to Co 2ps,, and
Co 2p1 2, which are characteristic peaks for the Coz0,
phase (Figure 2e). The two small peaks at 786 and
803.92 eV are typical Co®" shakeup satellite peaks of
C030,4.°> The energy difference between the Co 2ps/,
and Co 2p,; peaks is approximately 15 eV. The decon-
voluted XPS spectra (Figure 2f) for O 1s display two
types of contributions for oxygen species. One is the
oxygen species corresponding to the spinel Co30,
phase (529.96 eV),>> and the other one indicates the
presence of —OH species on the surfaces of nano-
structured Cos0,4 grains (531.1 eV).3° The detailed
compositions of cobalt, oxygen, carbon, and nitrogen
in the nanoporous carbon and Cos0, materials are
summarized in Table 1.

Electrochemical Characterization of Nanoporous Carbon and
€030, The obtained nanoporous carbon and Cos0,
were tested as electrodes for supercapacitor applica-
tions. First, to evaluate the operating potential window
and the charge on individual nanoporous carbon
and Co30, electrodes, the electrodes were subjected
to cyclic voltammetry (CV) using the standard three-
electrode system in an aqueous KOH electrolyte (6 M).
The CV studies for the nanoporous carbon electrodes
(Figure 3a) were carried out in the potential window
of —0.1 to —1.1 V (vs Ag/AgCl), while the CVs for the
nanoporous Cos0, electrodes (Figure 3b) were mea-
sured in the potential window of —0.1 to 0.4 V (vs Ag/
AgCl). Various scan rates from 5 to 200 mV-s~' were
applied. In the case of nanoporous carbon, a semirec-
tangular CV shape with a wide potential window of 1V
was observed. The specific capacitance values were
272,211,194, 186, 181, 176, 169, and 163 F-g_1 at the
different scan rates of 5, 20, 40, 60, 80, 100, 150, and
200 mV-s~ ', respectively (Figure 3c). In the case of
nanoporous Coz0y, a pair of redox peaks was observed
due to the following reversible reaction of Co30,4 with
OH™ anions.”®
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Figure 3. CV curves of (a) nanoporous carbon and (b)
nanoporous Co3;0,; at various scan rates from 5 to
200 mV-s~". (c) Scan rate dependence of specific capaci-
tance for nanoporous carbon and nanoporous Co30,
electrodes.

Co0304 +OH™ 4+ H,0<>3CoO0H + e~ (1)

CoOOH + OH <>Co0; +H,0 +e™ (2)

All the CV curves are mirror symmetric with good
reversibility, indicating pseudocapacitive behavior of
the Cos0, electrode material. The specific capacitance
values calculated from the CV curves (Figure 3c) were
504, 417, 371, 343, 320, 302, 268, and 241 F-gf1 at
the different scan rates of 5, 20, 40, 60, 80, 100, 150, and
200 mV-s', respectively. Thus, the 3D polyhedral
porous structure provides very stable and symmetrical-
shaped CVs, indicating improved capacitance perfor-
mance compared with the previous reports available in
the literature (Table S2).

ASC Study Based on Nanoporous Carbon and C030,. The
capacitive performance of symmetric supercapacitors
and asymmetric supercapacitors based on nano-
porous carbon and Cos0, were evaluated using CV
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scan rates from 5 to 200 mV-s . (c) Galvanostatic discharge curves of Co30,//carbon ASC cell at various current densities
from 2 to 10 A-g ™. (d) Dependence of specific capacitance on the applied current density.

and galvanostatic charge—discharge (CD) methods. As
can be seen from Figure 4a, the positive electrode of
the ASC is Co30, with a granular morphology that
provides easy access to a large number of ions to
penetrate deep inside the porous material, which gives
proper utilization of effective mass. On the other side,
nanoporous carbon plays an effective role by providing
fast charge transfer through its compatible pore struc-
ture. Thus, this specially designed ASC will link the
advantages of these two materials to provide high
specific energy and specific power. The performance of
the ASC was evaluated using CV studies in different
potential windows, as shown in Figure S4a. The CV
curves are very rectangular and symmetric in shape,
even though the potential window is extended up to
1.6 V, indicating ideal capacitive properties with good
reversibility. After 1.6 V, however, there is a humpin the
current, indicating that some irreversible chemical
reactions occur above that potential. The rectangular
CV shape is retained very well, even at the high scan
rate of 200 mV-s~', suggesting that the ASC cell
possesses high power capability (Figure 4b). Thus, this
ASC can be operated within a wide potential window
with a maximum working potential of 1.6 V. The
detailed analysis of the SSCs in terms of the optimized
potential window, galvanostatic charge—discharge
curves, and capacitance variation with scan rate is
presented in Figures S5 and S6.

SALUNKHE ET AL.

The galvanostatic charge—discharge measurements
were carried out at various current densities (Figure 4c).
The specific capacitance value calculated at a current
density of 2 A-g™' was 101 F-g~', which only de-
creased to 43 F-g ', even at the high current density of
10A-g~". Theinitial voltage loss (i.e., IR drop) observed
from the discharge curves is small, even at high current
density, indicating a fast /—V response and low internal
resistance of the supercapacitor.” The specific capaci-
tance as a function of applied current density is plotted
in Figure 4d. The specific capacitance values calculated
at various current densities are 101, 72, 62, 58, 45, and
43 F-g ! at different current densities of 2, 3, 4, 5, 7,
and 10 A-g™', respectively.

Furthermore, a Ragone plot (specific power vs spe-
cific energy), which is a performance indicator for energy
storage devices, was used to evaluate the performance
of our ASC. Here, we fabricated two types of SSC cells
(carbon//carbon and Co50,4//Co3z0,4) and one ASC cell
(Co304//carbon) for comparison purposes (Figure 5a). It
was found that the SSC based on carbon//carbon ex-
hibits maximal specific energy of 7.1 W-h-kg™' and
specific power of 800 W-kg ', while the other SSC based
on Co30,4//Co30, exhibits maximal specific energy
of 7.9 W-h-kg™' and specific power of 450 W-kg™".
On the other hand, the ASC realizes both high
specific energy of 36 W-h-kg™' and high specific
power of 1600 W-kg ™" atthe current density of 2A-g ™.
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The specific energy and specific power change with the
applied current density are summarized in Table S3. The
values of specific energy obtained for the ASC are
almost four times higher than those for the SSCs. Thus,
the values obtained for specific energy and specific
power for the ASC show improved performance.

It is obvious that the presence of a nanoporous
and pseudocapacitive material such as Cos04 helps in
attaining higher current sweeps, whereas the nanopo-
rous graphitic carbon is mainly responsible for provid-
ing a stable and wide potential window, which makes a
major contribution to the high performance of the ASC.
A comparison of the specific energy and specific power

EXPERIMENTAL METHODS

Materials. We used cobalt(ll) chloride, anhydrous (Nacalai
Tesque, purity 97%), and 2-methylimidazole (Sigma-Aldrich,
purity 99%). Polyvinylpyrrolidone (PVP), hydrochloric acid solu-
tion, and methanol were obtained from Nacalai Tesque Reagent
Co. All the chemicals were used without any further treatment.

Synthesis of ZIF-67 Polyhedra and Their Conversion into Nanoporous
Carbon and C0;0,. Synthesis of ZIF-67 is described in our previous
report.So In brief, in one beaker, CoCl, (520 mg) and PVP
(600 mg) were dissolved in methanol (40 mL) to form a solution.
2-Methylimidazole (2.63 g) was dissolved in methanol (40 mL) to
form another clear solution. Then, both solutions were mixed
together and stirred for 1 h. This solution was then aged at room
temperature, and after 24 h, almost all of the precipitate (purple
in color) had settled at the bottom. Then, these powders
were washed with methanol and dried for further treatment.
A schematic illustration of the synthesis of nanoporous carbon

SALUNKHE ET AL.

obtained from our ASC with those in previous reports is
shown in Figure 5b. Even though when we compare
our ASC performance with different metal oxides/
hydroxides, our ASC shows comparable performance
to the previous reports for specific energy without
much sacrifice of specific power (Table S4). Life-cycle
test was carried out using CD studies at a current
density of 5 A-g~' up to 2000 cycles (Figure S4b).
The arbitrary chosen repeated CD cycles are shown
in the inset of Figure S4b. Interestingly, these elec-
trodes show a very promising performance up to
2000 cycles, with a slight decrease in capacitance of
11%. Thus, our results obtained in the present study
have demonstrated a novel and efficient way to
improve the specific energy, specific power, and rate
capability of ASCs using MOF-derived nanoporous
materials.

CONCLUSIONS

We have demonstrated a unique approach to an ASC
application, in which both the electrode materials are
derived from ZIF-67 as the single precursor source. The
optimized conversion process for the preparation of
nanoporous carbon and Cosz0,4 helps to retain the
original polyhedral morphology of the original ZIF-67
crystals. This three-dimensional nanoporous structure
provides a highly accessible surface area for electro-
chemical applications. Symmetric and asymmetric
supercapacitors were fabricated by using nanoporous
carbon and Co30, electrodes. The ASC (Cos0,4//carbon)
exhibited a high specific energy of 36 W-h-kg~' and a
high specific power of 8000 W-kg ™", which were much
higher than those for the SSC configurations (carbon//
carbon (~7W-h-kg "), C0304//Co304 (~8 W-h-kg™")).
Our strategy is very simple, easy to tune, and very
suitable for large-scale production. We expect that the
convenient method demonstrated by this work could
be extended to the development of other metal oxides
and carbons with nanoporous structures that are applic-
able in various research fields.

and Co30, is shown in Scheme 1. Nanoporous carbon was
synthesized by direct carbonization of ZIF-67 at 800 °C in
nitrogen atmosphere. The temperature of the oven was in-
creased gradually at a heating rate of 5°/min. After the target
temperature was reached, these powders were annealed for
5 h and then cooled at room temperature. For the synthesis
of Co304, we tried various heating conditions, such as 350 °C,
400 °C, etc. (Figure S7). We found, however, that the optimized
heating conditions for obtaining a uniform 3D polyhedral
structure of Co30, are heating in nitrogen atmosphere at
500 °C for 30 min, which prevents collapse of the porous
structure. In other cases, however, a very bulky structure was
observed. These powders were cooled at room temperature. In
addition, the nitrogen supply was turned off, and both ends of
the furnace were kept open to heat the sample in air atmo-
sphere at 350 °C for 2 h, resulting in the conversion of these
powders to cobalt oxide.
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Material Characterization. The morphology of the polyhedral
structure was characterized by field emission scanning electron
microscopy (Hitachi SU8000) and high-resolution transmission
electron microscopy (TECNAI 3010, operated at 200 kV). The
crystalline structure of the samples was characterized using
powder X-ray diffraction (Rigaku Rint 2500, Cu Ko, 1 = 1.5406 A).
X-ray photoelectron spectroscopy was conducted at room
temperature by using a JPS-9010TR (JEOL) instrument with a
Mg Ka X-ray source. Nitrogen adsorption—desorption isotherm
data were obtained using a BELSORP-mini (BEL, Japan) at 77 K.

Electrochemical Measurements. The electrochemical measure-
ments were performed at room temperature using two- and
three-electrode assemblies. The working electrodes were pre-
pared by dispersing the active electrode material (80%) with
poly(vinylidene difluoride) (20%) in N-methyl 2-pyrrolidinone
solvent. The resultant slurry was then coated on graphite
substrates and dried at 60 °C for 12 h. For the ASC test, the
charge (Q) on both the electrodes is balanced by the equation
Q=Cx V x m,where Cis specific capacitance, Vis the operating
potential window, and m is mass of the active electrode
material. For the SSC and ASC cells, the total mass loading on
both the electrodes was 2 mg-cm~2. A two-electrode cell
consisting of a positive electrode and a negative electrode with
a distance of 0.5 cm was used to test the electrochemical
properties of the ASC cell in an aqueous KOH electrolyte. The
cyclic voltammograms and galvanostatic charge—discharge
curves were collected using an electrochemical worksta-
tion (CHI 660E, CH Instruments, USA). The specific capacitance
(F-g™"), specific energy (W-h-kg™'), and specific power
(W-kg™") were measured per our previous report.”
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