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ABSTRACT: The nanostructure design of porous carbon-
based electrode materials is key to improving the electro-
chemical performance of supercapacitors. In this study,
hierarchically porous carbon nanosheets (HP-CNSs) were
fabricated using waste coffee grounds by in situ carbonization
and activation processes using KOH. Despite the simple
synthesis process, the HP-CNSs had a high aspect ratio
nanostructure (~20 nm thickness to several micrometers in
lateral size), a high specific surface area of 1945.7 m? g_l,
numerous heteroatoms, and good electrical transport proper-
ties, as well as hierarchically porous characteristics (0.5—10 nm
in size). HP-CNS-based supercapacitors showed a specific
energy of 35.4 Wh kg™' at 11250 W kg™ and of 23 Wh kg™
for a 3 s charge/discharge current rate corresponding to a
specific power of 30000 W kg™'. Additionally, the HP-CNS
supercapacitors demonstrated good cyclic performance over
5000 cycles.
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B INTRODUCTION

Supercapacitors, also known as electrochemical capacitors, have
attracted considerable attention for use in emerging applica-
tions such as electric vehicles, portable power tools, and
uninterruptible power supplies due to their superior electro-
chemical performance, including high power capability, good
reversibility, and long cycle life.' However, in contrast to
batteries, supercapacitors have a low energy density (~5 Wh
kg™'), which has limited their use in many applications.”
Additionally, currently available commercial supercapacitors do
not have sufficient power to meet emerging needs.

The energy density of a supercapacitor is dependent on cell
potential (V) and capacitance (C) according to E = 1/2CV?;
thus, a high capacitance and large operating cell voltage are
required to increase the energy density of supercapacitors. The
capacitance originates from pure electrostatic charge accumu-
lation at the electrode/electrolyte interface. An increase in the
electrode surface area that is accessible to electrolyte ions leads
to greater capacitance.” Charge storage is also dependent on the
surface properties and porosity of the electrodes (e.g, pore
size). Ultramicropores (>1 nm) can contribute greater charge
storage through electrolyte desolvation;* moreover, electrode
wettability can further increase the number of active sites. In
addition, the operating cell voltage can be increased using ionic
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liquid-based electrolytes, which has been demonstrated with
carbon-based electrode materials.” The maximum power
density (P) is given by P, = V;*/4R, where R is the equivalent
series resistance. The power characteristics of supercapacitors
are limited mainly by the ion delivery rate; hence, large pores
that can act as an electrolyte reservoir, as well as ion pathways,
are important considerations.®

High-performance supercapacitors require sophisticated
electrode design that uses well-defined, tailored, carbon-based
electrode materials with a hierarchical porous structure.
Nanostructured carbon materials may satisfy this requirement
due to their nanometer-sized effects (e.g, nanoionics’ and
nanoelectronics®) and the unusual properties originating from
their confined dimensions.””"* The large surface-to-volume
ratio leads to high energy and power characteristics through a
large amount of surface charge storage and rapid mass transfer.
Thus, various hierarchically porous nanostructured carbon
materials (HP-NCMs) reportedly exhibit better performance
suitable for supercapacitors.">~>' High electrochemical per-
formance has been achieved using HP-NCMs as electrodes for
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Figure 1. (a) Schematic diagram of the process for fabricating hierarchically porous carbon nanosheets (HP-CNSs). (b) A field-emission scanning
electron microscopy (FE-SEM) image of HP-CNSs deposited on a porous alumina template. (c) An atomic force microscopy (AFM) image of HP-
CNSs deposited on a Si wafer. (d, e) Field-emission transmission electron microscopy (FE-TEM) images of HP-CNSs deposited on a carbon grid at

different magnifications.

supercapacitors; however, emerging applications require more
power and energy, and the HP-NCM fabrication process is
complicated and expensive.

Approximately 8 million metric tons of coffee, an important
agricultural commodity, are produced globally each year;**
most of this is discarded as waste coffee grounds (WCGs) by
beverage manufacturers. WCGs are composed of primarily
cellulose-based materials along with other components
containing many heteroatoms (e.g., nitrogen, oxygen, and
sulfur) that are considered to be good precursors for porous
carbon material fabrication.”>~%” However, research in this area
has been limited to activation processes, with little focus on
nanostructure or hierarchical pore structure fabrication.

In this study, hierarchically porous carbon-based nanosheets
(HP-CNSs) were fabricated from exfoliated WCGs using a
KOH mixture through a simple, one-step heat treatment. The
porous structure of the product could be easily controlled by
adjusting the heat-treatment temperature (HTT) and the WCG
to KOH ratio. The HP-CNSs exhibited unique material
characteristics, and HP-CNS-based supercapacitors demonstra-
ted superior electrochemical performance with high specific

energy, high power, and cyclic stability.
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B RESULTS AND DISCUSSION

Figure 1(a) shows a schematic diagram of the simple synthesis
process used to generate HP-CNSs. Two-dimensional (2D)-
type morphologies were observed in the supernatant of WCGs
that were ultrasound-treated in N,N-dimethylformamide
[Figure SI in the Supporting Information (SI)]. The exfoliated
WCGs exhibited an aliphatic carbon structure that was
functionalized by various heteroatoms [Figure S2 in the SI]
The heat treatment of exfoliated WCGs with KOH at 1200 °C
transformed the sp® carbon structure of the WCGs into
aromatic carbon structures containing numerous heteroatoms
(e.g, 14.1, 4.1 and 0.9 atom % of oxygen, nitrogen, and sulfur,
respectively, from X-ray photoelectron spectroscopy (XPS)
analysis) [Figures S3 and S4 and Table S1 in the SIJ.
Additionally, amorphous and porous carbon structures were
created via KOH activation and carbonization. A previous study
showed that the activation of carbon by KOH involves two
main mechanisms.*® The first mechanism consists of the
consumption of carbon by oxygen, which produces carbon
monoxide and carbon dioxide that are catalyzed by alkali metals
at temperatures below 700 °C.*’ Aromatization occurred at
increasing HTTs in the WCG/KOH mixtures; thus, the basic
structural unit (BSU) of the graphitic structure could develop
gradually at temperatures below 700 °C.*° The BSU produced
is relatively stable for the activation process. Therefore, more
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Figure 2. (a) X-ray diffraction (XRD) patterns, (b) Raman spectra, (c) temperature-dependent current—voltage (I-V) characteristics, and (d) the

conductivity curve of HP-CNSs.

reactive carbon atoms can be continuously removed as carbon
monoxide and carbon dioxide during the carbonization process.
Above 700 °C, a second activation mechanism occurs
concurrently with metallic potassium formation. The product,
metallic potassium, penetrates the graphite layers and expands
the lattice by rapidly removing intercalated potassium.
Increasing the activation temperature to 1200 °C can strongly
induce the second activation process. Therefore, stronger
expansion of the graphite lattice and removal of defective
carbon structures can occur in the preparation of HP-CNSs.
The HP-CNSs on an alumina template have an irregular
shape and various sizes; however, their morphologies are 2D-
like sheet structures with a thickness of ~20 nm and a lateral
size of several micrometers [Figure 1(b and c)]. Field-emission
transmission electron microscopy (FE-TEM) images revealed a
high aspect ratio nanostructure for the HP-CNSs [Figure 1(d
and e)]. High-resolution FE-TEM images showed an
amorphous carbon structure of the HP-CNSs. The crystal
structure of HP-CNSs was examined by X-ray diffraction
(XRD) and Raman spectroscopy [Figure 2(a and b),
respectively]. XRD revealed two broad peaks at 22.3 and
42.9° 20, which were assigned to the degree of stacking order of
the layered carbon structure (002) and ordered hexagonal
carbon structure (100), respectively. These broad peaks
indicated that the carbon crystallite BSU grew slightly [Figure
2(a)]. The Raman spectrum exhibited D and G band peaks at
~1348 and ~1605 cm ™, respectively. The D band was assigned
to disorder originating from sp® carbons, whereas the G band
was associated with a hexagonal carbon structure. The ratio of
the D peak intensity to the G peak intensity was Ip/Ig = 1,
indicating that the domain size (L,) of the hexagonal carbon
structure corresponded to several nanometers. Nevertheless,
the electrical transport properties observed for the HP-CNSs
were superior to those of reduced graphene oxide [Figure 2(c

3686

and d)].*"** For the temperature-dependent electrical trans-
port properties of HP-CNSs, current—voltage (I—V) measure-
ments showed highly symmetric, linear behavior throughout
the different temperature regions. The conductivity (o(T))
decreased with temperature [Figure 2(c)], indicating non-
metallic behavior. At room temperature, the HP-CNS
conductivity was 60 S cm™" [Figure 2(d)], which was at least
10-fold higher than that of reduced graphene oxide.*"** This
high conductivity was attributed to doping effects of nitrogen
and sulfur. Doping with nitrogen and/or sulfur modifies the
conduction band, leading to a larger electron donor state. >
The porous properties of HP-CNSs were investigated by
nitrogen adsorption and desorption experiments. The nitrogen
adsorption and desorption isotherm curves [Figure 3(a)] are
indicative of hybrid International Union of Pure and Applied
Chemistry (IUPAC) Type-I and -IV shapes, suggesting the
existence of domains with microporous and mesoporous
structures. The IUPAC classification 2 (H2)-type hysteresis
in the desorption curve suggests that mesoporous structures in
HP-CNSs were not well-defined. In contrast, the isothermal
curves of samples in which the WCG/KOH mixtures were
heat-treated at 800 °C showed IUPAC Type-I microporous
structures. The microporous carbon nanosheets (MP-CNSs)
have a concentration of absorbed nitrogen at relative pressures
<0.1 that is higher than that of HP-CNSs, suggesting that they
have a higher micropore content. Figure 3(b) shows the
micropore size distributions for the samples. MP-CNSs-0.5 (0.5
KOH to WCG content) had the largest micropores in the
samples; subnanometer-sized pores (~0.54 nm) were dominant
in the pore structure. The micropore content decreased with
increasing KOH to WCG content ratios. In contrast, the
micropore sizes increased with increasing KOH content. HP-
CNSs revealed an increase in micropore size (~0.59 nm)
despite the use of a 0.5 KOH to WCG content to fabricate the
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Figure 3. (a) Nitrogen adsorption and desorption curves of HP- and
MP-CNSs with specific surface areas of 2036.2, 2110.6, and 1903.6 m*
g' corresponding to MP-CNS-0.5, -1, and -2, respectively. (b)
Micropore and (c) mesopore size distributions of HP-CNS and MP-
CNS-0.5, -1, and -2.

HP-CNSs. This tendency was evident in the mesopore size
distributions [Figure 3(c)]. The HP-CNSs showed the largest
mesopore size distributions in the samples, which covered a
range up to ~10 nm. In addition, the micropore and mesopore
volumes gradually increased with an increase in activation
agents, and HP-CNSs had the highest micropore and mesopore
volumes in the samples. The specific surface area of the HP-
CNSs was 1945.7 m? g_l, which was similar to the values for
MP-CNSs (2036.2, 2110.6, and 1903.6 m* g~' for MP-CNS-
0.5, -1, and -2, respectively). More information about the
textural properties of the samples is described in Table S2 in
the SI.

3687

The electrochemical performance of the HP-CNS-based
supercapacitors was analyzed using the organic electrolyte 1-
butyl-3-methylimidazolium tetrafluoroborate acetonitrile
(BMIM BF,/AN) over the potential range of 0—3.0 V. The
cyclic voltammograms of the HP-CNS-based supercapacitors,
as shown in Figure 4(a), exhibited typical capacitive behavior
with rectangular-shaped voltammetry characteristics over a wide
range of voltage scan rates. The steep slopes of the current
change at the switching potential indicated small mass-transfer
resistance. The hierarchical pore structure of the HP-CNSs
provides a well-defined ion pathway and electrolyte reservoir,
allowing for rapid ionic motion. These ideal capacitive
behaviors were maintained at a scan rate of 50 mV s\
Additionally, the galvanostatic charge/discharge curves of the
HP-CNS-based supercapacitors exhibited linear charge/dis-
charge profiles with low dynamic voltage (IR) drops and almost
100% Coulombic efficiency over a large voltage range [Figure
4(b)]. In contrast, the cyclic voltammograms of the MP-CNS-
based supercapacitors revealed a distortion in the capacitive
behavior with increasing scan rate. The galvanostatic charge/
discharge curves exhibited a relatively large IR drop with
increasing current density [Figure SS in the SI]. Nevertheless,
the electrochemical performances of the MP-CNS-based
supercapacitors were superior to that of commercial activated
carbon-based supercapacitors, which has a similar specific
surface area (~1925 m?® g™') and microporous structure but
poor heteroatoms [Figure S6 in the SI]. These results suggest
that doped nitrogen and/or sulfur heteroatoms on the carbon
structure can improve the electrochemical performances. Figure
4(c) shows Nyquist plots of the HP-CNS-based super-
capacitors over the frequency range from 100 kHz down to
0.1 Hz. This plot features a vertical line in the low-frequency
region, indicative of ideal capacitive behavior. From the
magnified data in the relatively high frequency region, a
transition between the RC semicircle and the migration of the
electrolyte was observed at a frequency of ~115 Hz. The ~115
to ~2.1 Hz section of the plot displayed Warburg resistance,
which is the result of frequency-dependent ion diffusion in the
electrolyte to electrode interface. The Warburg resistance
section was very short, indicating that the electrolyte ions had
efficient access to the electrode surface as shown in the inset of
Figure 4(c). In contrast, the Warburg resistance regions of the
MP-CNS-based supercapacitors were increased more based on
decreasing pore size, clarifying the importance of hierarchical
pore structure for ion diffusion [Figure S7 in the SI]. The rate
capabilities of all of the samples were characterized at current
densities ranging from 0.5 to 20 A g~' [Figure 4(d)]. The HP-
CNS-based supercapacitors showed 121 F g™' at a current
density of 0.5 A g™', which is lower than the 129 F g™ of MP-
CNS-0.5-based supercapacitors. In contrast, with increasing
current density, good capacitance retention was observed in the
HP-CNS-based supercapacitors. At a high current density of 20
A g7, the HP-CNS-based supercapacitors maintained a
capacitance of 55.3 F g~', which was ~5- and 2-fold higher
than those of the MP-CNS-0.5- and MP-CNS-1-based
supercapacitors, respectively. Figure 4(e) shows Ragone plots
of these samples and their energy and power characteristics.
The HP-CNSs showed a specific energy of 35.4 Wh kg™ at
11250 W kg™' and 23 Wh kg™' at a 3 s charge/discharge
current rate, corresponding to a specific power of 30000 W
kg™ These high power characteristics originated from the high
aspect ratio nanostructure (20 nm thickness to several
micrometers in lateral size) and a hierarchical pore structure,
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Figure 4. Electrochemical performance over a potential range of 0—3 V in 1-butyl-3-methylimidazolium tetrafluoroborate/acetonitrile (BMIM BF,/
AN) electrolytes. (a) Cyclic voltammograms of HP-CNS-based supercapacitors at scan rates of 10, 20, and 50 mV s™". (b) Galvanostatic charge/
discharge curves of HP-CNS-based supercapacitors at current densities of 0.75, 1, and 1.5 A g™". (c¢) Nyquist plot of HP-CNS-based supercapacitors
over the frequency range from 100 kHz to 0.1 Hz. (d) Specific capacitance of supercapacitors based on HP-CNS and MP-CNS-0.5, -1, and -2
measured at various current densities. (e) Ragone plots of supercapacitors based on HP-CNS and MP-CNS-0.5, -1, and -2. (f) Capacitance retention
of the HP-CNS-based supercapacitors during S000 charge/discharge cycles at a current density of 1 A g™".

as shown in Figure S8 in the SI. Additionally, good electrical
properties and wettability contributed to efficient electron/ion
transfer and the expansion of active sites, respectively.
Therefore, both high energy and high power were demon-
strated by the well-defined HP-CNSs fabricated using a simple
synthesis process. The HP-CNS-based supercapacitors showed
good capacitance retention (90.5%) over S000 charge/
discharge cycles [Figure 4(f)].

B CONCLUSION

In summary, HP-CNSs were fabricated from an exfoliated
WCG/KOH mixture by in situ carbonization and activation
under a HTT of 1200 °C. The HP-CNSs exhibited a 2D
nanosheet morphology that was 20 nm thick and several
micrometers in lateral size as well as an amorphous carbon
structure containing numerous heteroatoms. The HP-CNSs
also had good electrical conductivity (60 S cm™), a high
specific surface area (1945.7 m*> ¢'), and a hierarchical pore
structure. The HP-CNS-based supercapacitors exhibited a
specific capacitance of 121 F g™' at a current density of 0.5 A
g~ . A specific capacitance of 55.3 F g™' was maintained at a 40-
fold higher current rate. As a result, a specific energy of 35.4
Wh kg™! at 11250 W kg™ was achieved with HP-CNS-based
supercapacitors, which also demonstrated good cyclic perform-
ance over 5000 cycles.

B EXPERIMENTAL SECTION

HP-CNS Fabrication. The WCGs, obtained from commercial
beverage manufacturers, were treated ultrasonically using a horn-type
sonicator in N,N-dimethylformamide (99.8%, Sigma-Aldrich, USA).
The supernatant was vacuum-filtered, and the solvent was exchanged
using tert-butanol. The exfoliated WCGs were frozen at —196 °C and
then freeze-dried at —4S °C and 4.5 Pa for 72 h. The exfoliated WCGs
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(S g) were mixed with 2.5 g of KOH (95%, Samchun Pure Chemical
Co., Ltd,, Korea) in a mortar and then heated to 1200 °C for 2 h at a
heating rate of 10 °C min™". The resulting products (HP-CNSs) were
washed using distilled water and ethanol (99.9%, OCI Co., USA) and
then dried in a vacuum oven at 30 °C. A similar method was used to
make MP-CNSs except for the heating temperature. The exfoliated
WCGs (S g) were mixed with 2.5, S, and 10 g of KOH in a mortar and
then heated to 800 °C under the same conditions used to prepare the
HP-CNSs; the resulting products, MP-CNS-0.5, -1, and -2, were
washed with distilled water and ethanol and then dried in a vacuum
oven at 30 °C.

Characterization. The morphology of the HP-CNSs was
examined by field-emission scanning electron microscopy (FE-SEM,
S-4300, Hitachi, Japan) and field-emission transmission electron
microscopy (FE-TEM, JEM2100F, JEOL, Japan). Raman spectra were
recorded using a continuous-wave linearly polarized laser (514.5 nm
wavelength, 2.41 eV, 16 mW power). The laser beam was focused by a
100X objective lens, resulting in a spot ~1 ym in diameter. The
acquisition time and number of circulations to collect each spectrum
were 10 s and 3, respectively. X-ray diffraction (XRD, Rigaku DMAX
2500) was carried out using Cu Ka radiation (4 = 0.154 nm) at 40 kV
and 100 mA. The chemical composition of the samples was examined
by X-ray photoelectron spectroscopy (XPS, PHI 5700 ESCA, USA)
with monochromatic Al Ka radiation (hv = 1486.6 eV), Fourier
transformed infrared spectrometer (VERTEX 80v, Bruker Optics,
Germany), and elemental analysis with an EA1112 analyzer (CE
Instrument, Italy). The porous properties of the samples were
analyzed using nitrogen adsorption and desorption isotherms that
were obtained using the surface area and a porosimetry analyzer
(ASAP 2020, Micromeritics, USA) at —196 °C. The BET surface areas
(Spgr) were calculated according to the Brunauer—Emmett—Teller
(BET) theory. The micropore surface area (S,,.) was obtained using t-
plot theory, whereas the mesopore surface area (S,,.,,) was calculated
according to the Barrett—Johner—Halendar theory. To measure the
electrical transport properties, an HP-CNS was deposited onto a 300
nm thick SiO,/highly p-doped Si wafer. The electrode was fabricated
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by conventional electron beam lithography (30 keV acceleration
voltage). Ti/Au (5:50 nm) was deposited using an electron gun
evaporation system in high vacuum (<1 X 107 Pa) and lift-off
procedures. The temperature-dependent I—V characteristics were
determined using the conventional two-probe method with a Janis
cryogenic system and semiconductor characterization system (4200-
SCS, Keithley). The electrical measurements were taken after vacuum
degassing for 12 h (<5 x 107* Pa).

Electrochemical Characterization. Electrochemical measure-
ments were taken using a two-electrode system consisting of two
symmetric HP-CNS-based electrodes. The HP-CNSs were first mixed
individually into a paste containing 5 wt % polyvinylidene fluoride
(Sigma-Aldrich, USA). The electrodes (1 cm diameter, 100 pm
thickness) were formed from the thick slurry and pressed onto an
aluminum current collector. A 1:1 weight ratio mixture of 1-butyl-3-
methylimidazolium tetrafluoroborate (BMIM BF,) and acetonitrile
(AN) was used as the electrolyte. The electrodes and a porous
polypropylene separator (Whatman GF/F, USA) were sandwiched
together in a stainless steel cell to form a two-electrode cell device. All
cell preparation steps were conducted in an Ar filled glovebox; the
oxygen and water levels were maintained below 1 ppm.

The electrochemical performance of the symmetric supercapacitors
was characterized by cyclic voltammetry, galvanostatic charge/
discharge measurements, and electrical impedance spectroscopy
(EIS) (PGSTAT302N, Metrohm Autolab, The Netherlands) measure-
ments. The specific capacitance of the symmetric supercapacitors was
determined from the galvanostatic measurements using the equation

41

cons

T mdv/de (1)

where I, is the (constant) current, m is the total mass of both carbon
electrodes, and dV/dt was calculated from the slope of the discharge
curve over the range from V = V,,, (the voltage at the beginning of
discharge) to V = 1/2V,,.. The specific power density and energy
density of the supercapacitors were calculated using eqs 2—4.

P=AVI/m ()
E = Pt/3600 (3)
AV = (Emax + Emin)/2 (4)

In eqs 2—4, E,,,, and E,;, are the potentials (V) at the beginning and
end of the discharge, respectively, I is the charge/discharge current
(A), tis the discharge time (s), and m is the total mass (kg) of the
active materials, including both electrodes, in the symmetric
supercapacitors. A current density ranging from 1 to 20 A g~ was
applied to all of the cells while the potential between the two
electrodes was swept between the cutoff values of 0 and 3.0 V. For the
cycling test, a current density of 1 A ¢! was applied.
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Additional information about the HP-CNS and MP-CNS
samples and commercial activated carbons. This material is
available free of charge via the Internet at http://pubs.acs.org.
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