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HIGHLIGHTS

o Ultramicroporous carbonaceous materials (UCMs) were fabricated by a simple method.
e Alkali cations in ultramicropores delivered high capacitances even in high current rates.
e UCM-based symmetric supercapacitors showed notable electrochemical performances.
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To achieve better supercapacitor performance, efforts have focused on increasing the specific surface area
of electrode materials to obtain higher energy and power density. The control of pores in these materials
is one of the most effective ways to increase the surface area. However, when the size of pores decreases
to a sub-nanometer regime, it becomes difficult to apply the conventional parallel-plate capacitor model
because the charge separation distance (d-value) of the electrical double layer has a similar length scale.
In this study, ultramicroporous carbonaceous materials (UCMs) containing sub-nanometer-scale pores
are fabricated using a simple in situ carbonization/activation of cellulose-based compounds containing
potassium. The results show that alkali cations act as charge carriers in the ultramicropores (<0.7 nm),
and these materials can deliver high capacitances of ~300 Fg ! at 0.5 A g ! and 130 F g, even at a high
current rate of 65 A g~ in an aqueous medium. In addition, the UCM-based symmetric supercapacitors
are stable over 10,000 cycles and have a high energy and power densities of 8.4 Wh kg~! and
15,000 W kg™, respectively. This study provides a better understanding of the effects of ultramicropores
in alkali cation storage.
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1. Introduction

Electrical double layer (EDL) capacitors, known as super-
capacitors, have attracted much attention for energy storage appli-
cations because they can store large amounts of energy and deliver
high power. The capability of EDL capacitors to supply high power
stems from their rapid charge storage, which is reliant on the
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physical adsorption/desorption of a charge carrier without solid-
state-diffusion [1—4]. The high energy is also attributed to the
large interfacial areas of the electrode materials and the atomic-scale
charge separation distances. The capacitance (Cpy) in EDL capacitors
originates from a Stern-type compact double layer capacitance (Cy)
in series with a diffuse layer capacitance (Cp) [2,3]. The Cpr can be
expressed by the following equation: - = A+ L. Furthermore, the
capacitance of EDL capacitors is conventionally assumed to be
similar to that of a parallel-plate capacitor, i.e., C = %, where ¢, is
the electrolyte dielectric constant, ¢ is the vacuum permittivity, A is
the specific surface area of the electrode accessible to the electrolyte
ions, and d is the effective thickness of the EDL (i.e., the Debye length)
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[5—7]. However, recent studies have revealed that the parallel-plate
capacitor model is insufficient to describe the electrochemical
properties of nanoporous carbon-based EDL capacitors [8]. Huang
et al. have reported the use of an electric double-cylinder capacitor
(EDCC) model and an electric wire-in-cylinder capacitor (EWCC)
model to describe mesoporous and microporous carbon electrodes,
respectively [9,10]. These models provide good fits to experimental
results, as reported by Simon and Gogotsi; in their work, an anom-
alous increase in the capacitance for pore sizes smaller than 1 nm
and a slight increase in capacitance for pore sizes above 2 nm were
observed in organic solvent based systems [ 11 |. These results suggest
that, in charge storage devices based on EDLs, pore size effects are
critical to achieve high capacitance.

Numerous carbon-based electrode materials (CEMs) have been
reported as electrodes for supercapacitors. The specific capaci-
tances of these CEMs in aqueous electrolytes are highly variable,
from 50 to ~286 F g~! [12—21]. Wang et al. reported that a 3D few-
layer graphene/multi-walled carbon nanotube hybrid nano-
structures with a Brunauer-Emmett-Teller (BET) specific surface
area of 743 m? g~ ! showed a high specific capacitance of 286 F g~
in KOH aqueous electrolyte [19]. This capacitance value is superior
to that (223 F g~ 1) of hierarchical porous carbon, which have a BET
surface area of 2749 m? g~1 [20]. In addition, Liu et al. reported that
flat-shaped graphene sheet-based supercapacitors can reach ca-
pacitances of 100—150 F g~ ! in KOH electrolyte, while curved
graphene-based supercapacitors showed ~250 F g~! [21]. These
reports suggest that the BET surface area and electroactive surface
area can differ from each other. Therefore, design of effective
porosity, with pores adapted to the appropriate electrolyte is
crucial for the achievement of a high electroactive surface area and
effective thickness of the EDL.

In water, alkali cations have relatively small hydrated ion sizes
compared to organic cations such as tetraethylammonium (TEA).
Conventionally, the electrolyte for EDLs has a high salt concentra-
tion of 6 M; in these concentrated solutions, alkali cations can be
solvated by only 5—6 water molecules [22—24]. Therefore, at high
salt concentrations, cations have a relatively small radius compared
to fully hydrated cations, which have a radius of ~0.334 nm [25,26].
Therefore, the presence of ultramicropores smaller than 0.7 nm
increases the capacitance for hydrated alkali cation storage, ac-
cording to the EWCC model [11]. However, although previous re-
ports have been made [27], the relationship between
ultramicropores and capacitance/kinetics is not well understood for
alkali cation storage. Thus, further studies on the relationship be-
tween the sub-nanometer scale pores and capacitance are required
to improve the performance of supercapacitors.

In this study, we fabricated ultramicroporous carbon-based
materials (UCMs) containing a large number of sub-nanometer
pores by a controlled, in situ carbonization/activation process of
cellulose-induced materials with potassium. Using UCMs as a
platform, we investigated the interplay between half-nanometer-
scale pores and the capacitance/kinetics of carbonaceous elec-
trode materials. We found that the ultramicropores can store a
remarkably high charge of ~300 F g1, and a specific capacitance of
130 F g~! was achieved even at an extremely high current rate of
65 A g~ ! by using alkali cations as charge carriers in aqueous media.
This study provides a better understanding of the effects of ultra-
micropores in alkali cation storage and provides a description of a
simple method of synthesizing UCMs.

2. Experimental
2.1. Preparation of aqueous dispersions of cellulose nanocrystals

Cotton cellulose powder (10 g, 20 pm, Sigma Aldrich) was

hydrolyzed using 64 wt% aqueous H,SO4 solution (200 mL) (95%,
OCI Company Ltd.). The mixture was stirred at 45 °C for 1 h, and
then diluted with distilled water (200 ml). In order to remove the
acid, the product was centrifuged at 25 °C for 15 min at a constant
speed of 3000 rpm (Jouan, ISO9001, 1995/3777a). The hydrolyzed
cellulose was separated from the suspension by centrifugation,
and the acidic solution was discarded. The obtained cellulose
nanocrystals (CNCs) were dialyzed against distilled water for
several days using cellulose membrane dialysis tubing (M, 11,124,
Sigma Aldrich) until a neutral pH was obtained. Finally, the con-
centration of the aqueous dispersions of CNCs was adjusted to
1 wt%.

2.2. Preparation of UCM samples

KOH (0.5,1, and 2 g) was added to an aqueous dispersion of CNCs
(100 g). After stirring for 1 h, the CNC/KOH aqueous dispersions
were frozen using dry ice (1 h). The samples were then immediately
transferred to a lyophilizer (ALPHA 1—2 LD plus Fisher Bioblock
Scientific, France) and freeze-dried at —50 °C and 0.0045 mbar for
72 h. The resulting yellow powders were thermally treated in a tube
furnace by heating to 800 °C at a rate of 2 °C min~! under flowing
Ar at 200 mL min~ The resulting UCM samples were washed with
distilled water and ethanol several times and transferred to a vac-
uum oven for storage at 30 °C.

2.3. Electrochemical characterization

Electrochemical measurements were performed using a three-
electrode system with Ag/AgCl and Pt as reference and counter
electrodes, respectively, and a two-electrode system composed of
symmetric active materials in a beaker cell. For electrode prepa-
ration, 5 wt% polytetrafluoroethylene (PTFE, Sigma-Aldrich, 60 wt%
dispersion in H0) was added to the UCM samples as a binder.
Typically, the UCM samples and PTFE were mixed into a paste using
a mortar and pestle, rolled into uniformly thick sheets (thicknesses
ranged from 40 to 50 um), and punched into 1 cm diameter elec-
trodes. The electrodes had weights of between 3 and 4 mg after
drying overnight at 100 °C. Aqueous solutions of 0.5, 2, and 6 M
KOH and 0.5 M K3S04 were used as electrolytes to investigate the
potassium ion storage behavior. In addition, 0.5, 2, and 6 M NaOH
and 0.5 M Na;SO4 aqueous solutions were used as electrolytes to
investigate sodium ion storage behavior, and 2 M LiOH and 0.5 M
Li»SO4 aqueous solutions were used as electrolytes to study lithium
ion storage behavior. Electrochemical data were obtained using
cyclic voltammetry, chronopotentiometry, and electrical imped-
ance spectroscopy (EIS) (PGSTAT302N, Autolab). Capacitance, en-
ergy density, and power density were all characterized by
galvanostatic measurements. The specific capacitance of the sym-
metric supercapacitors was determined from the galvanostatic
measurements using the equation

~ Aleons
€= nav/de’ M

where I.ons 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 = V5« (the voltage at the
beginning of discharge) to V = %Vmax. The specific power density
and energy density of the supercapacitors were also calculated as
follows:

P= AV xI/m, 2)
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E =P xt/3600 , and (3)

V = (Emax + Emin)/2- (4)

In Equations (2)—(4), Emax and Epj, are the potentials at the
beginning and the end of discharge (in V), respectively, I is the
charge/discharge current (in A), t is the discharge time (in s), and m
is the total mass (in kg) of the active materials, including both
electrodes, in the symmetric supercapacitors.

2.4. Characterization

The morphologies of the prepared samples were examined us-
ing field-emission transmission electron microscopy (FE-TEM,
JEM2100F, JEOL, Tokyo, Japan). The chemical compositions of the
samples were evaluated using X-ray photoelectron spectroscopy
(XPS, PHI 5700 ESCA, Chanhassen, MN, USA) with monochromatic
Al Ko radiation (hv = 1486.6 eV). X-ray diffraction (XRD, Rigaku
DMAX 2500) analysis was performed using Cu-Ko radiation (with a
wavelength A = 0.154 nm) at 40 kV and 100 mA. Fourier transform
infrared spectroscopy (FT-IR) was performed using a VERTEX 80v
(Bruker Optics, Germany). Raman spectra were recorded using a
continuous wave, linearly polarized laser with a wavelength of
514 nm, a 50-pm pinhole, and a 600-groove/mm grating. To ensure
nondestructive measurements, a low laser power of <300 uyW was
used to irradiate the samples. In addition, the BET specific surface
area and differential pore volumes were determined from nitrogen
adsorption/desorption isotherms (ASAP 2020, Micromeritics, Nor-
cross, GA, USA) at —196 °C. The BET surface areas were calculated
according to BET theory, and the micropore surface areas were
obtained using t-plot theory. Ultramicropore size distributions by
DFT method were investigated by CO, adsorption at 273 K using a
volumetric sorption analyzer (ASAP 2020, Micromeritics, USA). CO,
adsorption isotherms were measured in the pressure range
0.019-794 mmHg. Prior to the adsorption measurements the
samples were degassed for 18 h at 393 K under vacuum. Small angle
X-ray scattering (SAXS) experiments were conducted using custom

64 wt% H,SO,
5°c 1h

BN

built equipment (with help of Forvis Technologies, Santa Barbara)
composed of a Xenocs GeniX3D CuKa Ultra Low Divergence X-ray
source (1.54 A/8 keV), with a divergence of 1.3 mrad. The 2D scat-
tering data were recorded on a Pilatus 300 K 20 Hz hybrid pixel
Detector (Dectris). A sample-to-detector distance was chosen to
cover an overall range of momentum transfer wave vectors
0.01 A"' < q <1 A7, and the equipment was calibrated using a
silver behenate powder standard. The average acquisition time for
each sample was 1 h and the measured data were corrected for
background scattering. The 2D datasets were converted into 1D
scattering curves (intensity versus wave vector q) using a Fit2d
software. The scattering curves were analyzed based on a unified fit
model using the IRENA tool (v. 2.58). The unified fit model describes
a complex structure in terms of structural levels, where each level is
composed of a Guinier part and a tail described by a power law.

3. Results and discussion
3.1. Synthesis of UCMs

Activated carbon materials are conventionally fabricated from
polymer precursors by carbonization, followed by activation. When
sufficient heat is applied to the polymer in an inert atmosphere,
pyrolysis of the polymer precursors begins, breaking down the C—C
bonds of the polymer backbone. The chain is then transformed into
a conjugated hexagonal carbon structure [28]. Previous researchers
have suggested that activation of the polymeric carbon with KOH
occurs via two main mechanisms [29]. The first step is the con-
sumption of carbon by oxygen, which is catalyzed by alkali metals
below 700 °C, producing carbon monoxide and carbon dioxide. The
second activation mechanism occurs above 700 °C and is accom-
panied by the formation of metallic potassium. This metallic po-
tassium penetrates into the graphitic layers formed by pyrolysis
and results in numerous topological defects and the expansion of
the graphitic lattice by the rapid removal of the intercalated po-
tassium. Ultramicropores are likely to form due to the expansion of
the lattice during this second activation step. In our modified
activation process, KOH is introduced to CNCs to maximize the
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Fig. 1. Photographs of a) cotton cellulose powder and b) aqueous dispersions of CNCs. c) Birefringence image of aqueous dispersions of CNCs. d) FE-TEM image of CNCs, and e)
optical image of cellulose-based carbon precursors containing potassium (yellow cryogel, C12H14010Kg). f) Schematic process for preparing the yellow cryogel. g) Shear viscosity
versus shear rate curve of aqueous dispersions of CNCs (blue rectangles) and aqueous dispersions of CNCs with KOH (pink circles). (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. a) FE-TEM image of UCM-1 with different magnifications. b) XRD data and ¢) Raman spectra of UCM samples. d) Nitrogen adsorption and desorption isotherm curves of UCM
samples. Pore size distributions of UCM samples characterized by e) nitrogen and f) carbon dioxide adsorption/desorption methods.

second step caused by the presence of potassium (Fig. 1a—e). The
CNCs serve as Lewis acids in basic media; thus, the addition of KOH
induces ion exchange between H* and K™ in the CNCs, ensuring an
atomic level of dispersion of potassium (Fig. 1f). In this process, the
CNCs are dissolved by the KOH, as confirmed by an increase in the
solution viscosity (Fig. 1g). The reaction can be expressed as
C12H20019 + 6KOH — C13H14019Kg + 6H0, which corresponds to a
1:1 weight ratio of CNCs:KOH (Fig. 1f). Subsequent water removal
by freeze-drying results in the formation of a yellow cryogel
(mainly C12H14010Kg) (Fig. 1e). The cryogel was then thermally
treated at 800 °C for in situ carbonization/activation, resulting in
UCM-1 as a targeted product material (here, “1” in UCM-1 refers to
the weight ratio of KOH to CNCs, and this method of sample
designation is also used for other samples; e.g., UCM-2).

3.2. Material properties of UCMs

The morphology of UCM-1 was observed using FE-TEM (Fig. 2a).
High-resolution FE-TEM shows a highly amorphous carbon struc-
ture with a rough surface. Harris and co-workers have proposed
that micropores in sucrose-induced chars are caused by fullerene-
like curved and twisted elements [30]. Other researchers have
pointed out that fullerene-like elements are analogous to the so-

Table 1
Textural properties of UCM samples characterized by nitrogen adsorption and
desorption tests.

Sample name Surface area (m? g~ ') Pore volume
(cm’*g™")
Total t-plot Total t-Plot
UCM-0.5 996.1 971.8 0.49 0.44
UCM-1 1267.2 1252.1 0.60 0.57
UCM-2 1199.9 1178.7 0.59 0.54

called random schwarzite structure, which has a negative curva-
ture induced by topological carbon defects [31—33]. Thus, micro-
pores mainly form as closed pores by random aggregation of the
concave and convex surfaces. In this case, the empty spaces left
between the fullerene-like fragments may have a random shape
rather than the slit-like shapes observed previously [29].
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Fig. 3. Small angle X-ray scattering (SAXS) profile for UCM-1. The unified fit model by
Beaucage was used to fit (red solid line) the experimental scattering data (hollow
circles). The complex structure of UCM-1 was hierarchically divided into three sub-
structural levels where each level is composed of a Guinier and structurally limited
power law. Information regarding the particle size (radius of gyration, Rg) and sample
morphology can be obtained from Guinier fits and Porod exponents (P), respectively.
(For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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Simultaneously, chemical activation using KOH promotes the
C-C, 284.5eV C1s development of slit-like pores due to the expansion of graphitic
NPy BOEE A lattice. As a result, the numerous closed pores can open, which

induces a dramatic increase in the surface area. The differences in
contrast in the high-resolution FE-TEM image shown in Fig. 2a can
originate from the numerous topological defects, nanopores, and
random orientations of the fullerene-like fragments present in

C=0, 288.6eV

Intensity (a.u.)

282 284 286 288 290 UCM-1.
C=0. 531.3eV The amorphous carbon structure was characterized by XRD and
ity e - Raman spectra (Fig. 2b and c). Broad graphitic (002) and (100)

peaks are present in the XRD data of UCM-1, indicating that the
hexagonal graphene layers are not well-stacked (Fig. 2b). Other
samples with different cellulose to KOH weight ratios also show
similar carbon structures with poorly developed graphitic struc-
528 530 532 534 536 tures (Fig. 2b). In contrast, the Raman spectrum of UCM-1 clearly

Binding Energy (eV) shows the main D and G bands (Fig. 2¢). The D band represents the
intrinsic phonon mode with Ajg symmetry of the infinite aromatic

Fig. 4. XPS a) C 1s and b) O 1s spectra of UCM-1.
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ring that is activated by the structural disorder, and the G band
reflects the hexagon structure related to the Epg vibration mode of
the sp?-hybridised C atoms. The Ip/I; intensity ratio of UCM-1 is
about 0.8, which is similar to those of UCs-0.5 and UCM-2 (Fig. 2c¢),
indicating that the ordered hexagonal structure is several nano-
meters in size. These suggest that the amorphous carbon structure
of UCM-1 is composed of numerous nanometer-sized crystallites
with random orientations. The results also correspond to the car-
bon structure of typical activated carbon, which contains a certain
two-dimensional order but no three-dimensional graphitic
ordering [34].

The pore structure of our samples was characterized using ni-
trogen adsorption and desorption isotherm analysis. The isotherm
curve reveals that the UCM samples have an IUPAC type-I micro-
porous structure (Fig. 2d), and most of the pore sizes are less than
0.7 nm (Fig. 2e). The BET specific surface areas of UCM-0.5, —1,
and —2 are 9961 m? g !, 12672 m? g ', and 1199.9 m? g,
respectively. Approximately 98% of the overall surface area consists
of the t-plot micropore area. Single point adsorption total pore
volumes are 0.49, 0.60, and 0.59 cm® g~! in UCM-0.5, —1, and —2,
respectively, and the corresponding micropore volumes are 90%
(044 cm® g 1), 95% (0.57 cm® g 1), and 92% (0.54 cm® g 1),
respectively. These high micropore volume ratios (mainly
composed of ultramicropore volume) indicate that there are only a
few meso- and macropores, and the chemical activation by atom-
ically dispersed potassium successfully contributed to the devel-
opment of ultramicropores. The ultramicropores (<0.7 nm) are
further characterized by CO, adsorption and desorption isotherm
analysis. As shown in Fig. 2f, the differential pore volumes (DPVs)
and the distribution of these pore volumes are similar in all the
UCM samples. DPVs between approximately 4 and 7 A are domi-
nant. In contrast, the total quantities of DPVs in UCM-1 and UCM-2
are larger than those in UCM-0.5. The textural properties of the
UCM samples are provided in Table 1.

As shown in Fig. 3, the microstructure of UCM-1 was further
investigated by the SAXS data which depicts a log-log plot of
scattering intensity as a function of g for UCM-1. Multiple expo-
nential and linear decay regions are shown in the SAXS scattering
curve, indicative of the multi-size-scale structure. The scattering
behavior of UCM-1, originating from the multiple length scales, can
be analyzed using the unified fit model proposed by Beaucage [35].
The unified model considers scattering from the complex structure
as the summation of scattering from structural levels. Each struc-
tural level is described by an exponential regime (Guinier) and an
associated linear power-law regime (Porod) in a log-log form. The
model is especially suited for describing multi-scale scattering
because it can distinguish Guinier regimes buried between two
power-law regimes [36]. Three structural levels were derived from
the unified model fit. The power law scattering behavior at low g
(0.01 < g < 0.07 A~1), with a slope of —3.6, indicates that the pri-
mary particles (hexagonal carbon layers) are aggregated into clus-
ters with rough surfaces. For 0.07 < q < 0.5 A~, the scattering from
primary particles is presented with the Guinier regime yielding a
radius of gyration (Rg = 23.7 A) and the Porod regime, yielding a
slope of —1.4. The information regarding a substructural dimen-
sionality of scatterers can be obtained from the Porod exponent.
The suggested overall particle shape from the Porod exponent is
considered to be intermediate between 2D leaflet-like and 1D rod-
like. The smallest structural level at high ¢ regime
(0.5 < q < 1.0 A=) shows the power-law scattering with an expo-
nent of 2.1 and Guinier scattering that corresponds to an average
pore size Rg = 2.96 A. Assuming that the pores have a 2D leaflet-like
shape inferred from the exponent 2.1, the value of Ry = 2.96 A
translates into a mean thickness of D = 5.92 A according to
[D = 2Rg] [37]. The effective pore size obtained by SAXS

measurements is in agreement with the results from BET and CO»
adsorption/desorption experiments.

The surface properties of UCM-1 were investigated by XPS
(Fig. 4). Several peaks (i.e., C—0 and C=0 bonds centered at 285.5
and 288.6 eV, respectively) were observed along with that of the
main C—C bond centered at 284.5 eV in the XPS C 1s spectrum
(Fig. 4a). Also, two distinct peaks centered at 531.3 and 533.0 eV
were found in the XPS O 1s spectrum, indicating that UCM-1 con-
tains oxygen functional groups on the surface (Fig. 4b). The
observed C/O ratio is 10.1 for UCM-1, which is similar to those of
UCM-0.5 and UCM-2, 10.8 and 10.2, respectively. FT-IR spectra of
the UCM samples also reveal that they exhibit comparable surface
properties (Figure S1).

3.3. Electrochemical properties of UCMs

The electrochemical properties of UCM-1 were investigated in
various aqueous electrolytes using a half-cell configuration with
Ag/AgCl and Pt as reference and counter electrodes, respectively.
The equilibrium potential (open circuit voltage, OCV) was found to
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be —0.12 V vs. Ag/AgCl, and UCM-1 was tested at two different
operating potentials, —0.2—0.8 V and 0.0 to —1.0 V vs. Ag/Ag(l, in
which the charge carriers were sulfate anions and alkali cations,
respectively. The cyclovoltammogram of UCM-1 in a 0.5 M K,SO4
aqueous electrolyte had a rectangular shape at a scan rate of
5mV s~ in a potential range of —0.2 to 0.8 V vs. Ag/AgCl (Fig. 5a).
This result indicates ideal capacitive behavior and physical
adsorption and desorption of the solvated anions (hydrated SOz ).
The steep slopes of the current changes at the switching potentials
indicate a small anion storage mass-transfer resistance. However,
the rectangular shapes gradually change to oval shapes at higher
scan rates, indicating an increase in the mass-transfer resistance. In
contrast, cyclovoltammograms of UCM-1 in a 6 M KOH aqueous
electrolyte measured over a potential range varying from 0 to -1V
vs. Ag/AgCl show a continuous increase in the capacitance over a
broad potential range, from —0.2 V to —1 V (Fig. 5b). The capaci-
tance was found to be as high as 312 F g~!; that is, 2—3 times
greater charge was stored at the same current density when po-
tassium ions were used as charge carriers. Moreover, at relatively
high scan rates, the cyclovoltammograms for potassium ion storage
maintained their initial shapes with little distortion, indicating
superior rate performance.

Galvanostatic charge/discharge profiles of UCM-1 show results
consistent with those observed in the cyclovoltammograms (Fig. 5c
and d). Galvanostatic charge/discharge profiles in a 0.5 M K;SO4
aqueous electrolyte exhibited linear charge/discharge behavior,
indicating ideal capacitive character. Profiles in a 6 M KOH aqueous
electrolyte were similar, with a slight alteration of the slope but
with remarkably higher capacitance. Part of the extra capacitance
can be attributed to pseudocapacitive cation storage on the oxygen
functional groups. Specific capacitances and IR drop values of UCM-
1 under various current densities are shown in Fig. 5e. In 6 M KOH
aqueous electrolyte, the specific capacitance was 300 F g~! at a
current density of 0.5 A g~, which is about 2—3 times higher than
the value of 122 F g~ observed in 0.5 M K5S04 aqueous electrolyte.

Ultramicropores Q Alkali cation

Carbon layer

® Oxygen functional group

This large capacitance gap between K* and SOz storages may be
caused by the additional pseudocapacitive charge storage and pore
size effects. As shown in Fig. 5e, at current densities below 3 A g™,
the specific capacitances increased by 60 F g~!, which could origi-
nate from the pseudocapacitive effects in oxygen atoms [38—40]. In
addition, the hydrated sulfate anion and potassium cation radii are
7.33 A and 3.34 A, respectively; thus, the hydrated sulfate anion is
likely to be too large to be stored in the ultramicropores. The ionic
radius of a bare sulfate anion is 2.90 A (5.80 A in diameter) based on
the Pauling model, suggesting that only a small portion of the
ultramicropores can be used to store sulfate anions after des-
olvation. Therefore, the capacitance gap of approximately 130 F g~
(except ~60 F g~! by pseudocapacitance) could be due to differ-
ences between the pore size and the hydrated ion size. From a
quantitative standpoint, more potassium ions can be stored in the
ultramicropores than sulfate anions because of their smaller size.
Additionally, the relatively small d-value of potassium ions leads to
an increase in capacitance, because capacitance and d-value have
an inverse relationship according to the following equation,
C= %. Thus, the ultramicropores are highly effective for capaci-
tive charge storage of alkali cations.

To confirm the relationship between electrolyte concentration
and specific capacitance, the same electrochemical tests were
performed in 0.5 M and 2 M KOH aqueous electrolytes (Fig. 5e). The
specific capacitance in a 2 M KOH aqueous electrolyte is ~300 F g~
at a current density of 0.5 A g~!, which is similar to that observed in
6 M KOH aqueous electrolyte. In a 0.5 M KOH aqueous electrolyte,
the specific capacitance is ~267 F g~ ! at the same current density,
indicating that the change in the solvated ion size slightly affects
the specific capacitance at different salt concentrations. In addition,
the relatively low ionic conductivity of the 0.5 M KOH electrolyte
may contribute to the slightly lower performance at higher current
densities due to high concentration polarization. It is notable that
UCM-1 shows a high capacitance (130 F g~ 1) at a current density of
65 A g~' in 6 M KOH electrolyte. This result means that the

Ultramicropore

Hydrated alkali cation

~0.334 nm ‘

Carbon layer

Fig. 7. Schematic model for hydrated alkali cation storage in UCM samples. The hydrated alkali cations in ultramicropores interact with all the carbon walls on every side, and they

have a very small d-value that has a maximum at ~0.334 nm.
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ultramicropores do not impede the fast potassium ion storage
behavior. Nyquist results for UCM-1 in the various solvent systems
support this claim, as shown in Fig. 5f. The equivalent series
resistance (ESR) of UCM-1 in 6 M KOH aqueous electrolyte is ~1 Q,
smaller than those of the others. Also, the ionic resistance is larger
in 0.5 M K,SO4 than in 0.5 M KOH aqueous electrolyte. This result
suggests that potassium ion storage in ultramicropores provides
excellent kinetic performance.

This was confirmed in similar experiments using sodium ions as
charge carriers, where cyclovoltammograms of UCM-1 in 0.5 M
NayS04 and 6 M NaOH aqueous electrolytes show results consistent
with those in 0.5 M K;SO4 and 6 M KOH aqueous electrolytes, as
shown in Fig. 6a and b. However, rate performance of UCM-1 in
NaOH aqueous electrolytes is superior to that in KOH electrolytes
(Fig. 6¢). Although specific capacitances of UCM-1 in NaOH elec-
trolytes are approximately 60 F g~! lower than those in aqueous
KOH electrolytes, a specific capacitance of 137 F g~ ! is achieved at a
current density of 65 A g ! in a 6 M NaOH electrolyte. High
capacitance and superior rate performance were also observed
when using Li ions as a charge carrier (Figure S2), indicating that
the high and rapid alkali cation storage in aqueous electrolyte is not
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related to the specific alkali cation used. Also, the electrochemical
performance of UCM-1 are superior to those of previously reported
materials [12—21].

In addition, UCM-0.5 and UCM-2 show high capacitance and
outstanding rate performances. As shown in Fig. 2f, the DPV dis-
tributions of UCM-0.5, UCM-1, and UCM-2 are similar; however, the
BET specific surface areas of UCM-1 is higher than those of UCM-0.5
and UCM-2. These results indicate that the UCM samples have
similar pore structures but different the number of pores differs.
Therefore, the UCM samples showed some differences in their
specific capacitances but had similar rate capabilities [Fig. 5(e) and
S31.

3.4. Charge storage behavior in UCMs

Fig. 7 shows a schematic model of the alkali cation storage
behavior in UCM-1. Alkali cations hydrated by several water mol-
ecules can be stored in ultramicropores created from the randomly
aggregated nanometer-scale hexagonal carbon fragments. In this
case, the charged hydrated cations in the ultramicropores interact
with the carbon walls on all sides, indicating that the conventional
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Fig. 8. Electrochemical performance results of symmetric UCM-1-based supercapacitors. a) Cyclovoltammograms at various scan rates, b) galvanostatic charge/discharge profiles at
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parallel-plate capacitor model is not well fitted for charge storage in
ultramicropores. The specific capacitance increases proportionally
with a reduction in d-value (below 0.334 nm of potassium ions),
and the charge adsorption/desorption kinetics are mostly surface-
controlled. In this respect, by using hydrated alkali cations as
charge carriers in an aqueous electrolyte system, ultramicropores
can contribute to the specific capacitance of carbon-based elec-
trodes without loss of rate performance. In addition, the pseudo-
capacitive behavior of oxygen functional groups in the carbon edge
sites further increase the specific capacitance.

3.5. Electrochemical performance in full cells

Full cell tests of UCM-1 were performed in 6 M NaOH and 6 M
KOH aqueous electrolytes using a symmetric configuration. The
supercapacitors in 6 M NaOH aqueous electrolyte yielded rectan-
gular cyclovoltammograms (Fig. 8a) and linear galvanostatic
charge/discharge profiles (Fig. 8b) at different scan rates and cur-
rent densities, respectively. The high-power characteristics were
further investigated by means of Nyquist plots in the frequency
range of 100 kHz to 0.1 Hz, as shown in Fig. 8c. The vertical line in
the low-frequency region represents the ideal capacitive behavior
of the UCM-1-based supercapacitors in 6 M NaOH aqueous elec-
trolyte. The magnified data in the inset of Fig. 8c shows that the
transition region associated with the migration of the electrolyte
between the RC semicircle and the vertical line is small, indicating
that Warburg resistance is minimal. This corresponds to an ESR of
1.8 Q, which is similar to that of the other carbonaceous-material-
based supercapacitors [41,42]. The same tests of UCM-1-based
supercapacitors in a 6 M KOH aqueous electrolyte showed similar
results, as shown in Fig. 8d and e. However, the overall performance
is slightly worse than that in a 6 M NaOH aqueous electrolyte.
Specific capacitances of the UCM-1-based supercapacitors are
calculated to be 242.4 Fg~! and 226.5 Fg~! in 6 M NaOH and 6 M
KOH aqueous electrolytes, respectively, at a current density of
0.5A g ! and they are 153.2 Fg~ ' and 114 Fg~! at a current rate of
30 A g~! (Fig. 8g). These capacitance values are much higher than
other carbon-based and different type of electrolyte-based super-
capacitors [Figures S4-6]. Ragone plots show that the UCM-1-based
supercapacitors have high energy and power characteristics,
reaching 8.4 Wh kg~! and 15,000 W kg™, respectively (Fig. 8h).
These values are higher than those of other carbon-based super-
capacitors in 6 M KOH aqueous electrolytes [29,30]. The UCM-1-
based supercapacitors exhibit stable cycles over 10,000 charge/
discharge cycles at a current density of 2 A g~! (Fig. 8i). Further-
more, capacitance retention values of 90.1% and 86.1% were ach-
ieved after 10,000 cycles.

4. Conclusion

We fabricated the UCM samples by means of an in situ
carbonization/activation process using cellulose-based compounds
with atomically dispersed potassium. The UCM samples had an
amorphous carbon structure composed of several nanometer-scale
hexagonal carbon fragments, in which well-developed ultra-
micropores of approximately 4 and 7 A were observed. The specific
surface areas of UCM-0.5, -1 and -2 were 9961 m? g/,
12672 m? g7, and 1199.9 m? g~!, respectively, and they had
micropore volume ratios of >90%. The UCM samples showed
outstanding capacitances of ~300 F g~! and excellent rate perfor-
mance (130 F g~ ! at 65 A g~') when alkali cations were used as
charge carriers in an aqueous electrolyte. UCM-1-based symmetric
supercapacitors delivered a high energy of 8.4 Wh kg~! and a high
power of 15,000 W kg~! with stable cycling performance in
aqueous electrolytes. These results provide a new insight into the

role of sub-nanometer pores in the electrode and a feasible strategy
for their utilization in supercapacitor electrodes.
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