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Owing to the increase in need for high-performance energy storage devices, activated carbon has attracted
considerable attention as an electrode material for electrical double-layer capacitors (EDLCs). However, the
conventional manufacturing process of activated carbon is seriously limited by the depletion of raw material
sources. Biomass-based activated carbon, which is currently considered as a breakthrough, exhibits performance
limitations such as low specific capacitance and poor high-rate performance. In this study, we propose the use of
fluorine-doped mesoporous carbon (F-MAC), which is derived from Ecklonia cava using fluorine impregnation
and KOH activation, to address the above challenges. F-MAC exhibits high specific capacitance (184 F/g),
excellent high-rate performance (155 F/g at a current density of 20 A/g), and superior cycle stability (82.8%
capacitance retention after 2,000 cycles). These performance improvements are attributed to the increased
surface area, high mesopore volume fraction, fluorine-doping effect, and high concentration of oxygen functional

groups.

1. Introduction

The emergence of global energy issues has necessitated the devel-
opment of high-performance energy storage devices based on electro-
chemical reactions, which have advantages such as high energy
efficiency and low environmental pollution. In particular, electro-
chemical capacitors (ECs) have attracted considerable attention due to
their excellent cycling stability, fast charge/discharge rate, high power
density, and low maintenance cost [1-3]. Electrical double-layer
capacitor (EDLC), which is a type of ECs, uses a non-faradaic charge
adsorption/desorption process at the interface of the electrolyte and
electrode material. EDLCs generally use activated carbon as the elec-
trode material because of their large specific surface area. Activated
carbon is generally obtained from depletable sources such as coals,
cokes, and pitches [4,5]. Therefore, to prevent the depletion of these
source materials, biomass-based activated carbon is currently being
considered as a substitute. Activated carbon derived from biomass has
distinctive merits such as abundance of raw material, low cost, eco-
friendliness, and a simple manufacturing process [6,7]. Owing to these
advantages, various raw materials such as corn grain, coconut, jujube,
and garlic skin are being used to develop the electrode of high-
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performance EDLCs [8-11]. Recently, raw materials extracted from
submarine plants such as seaweed, Undaria pinnatifida, and Ecklonia
cava (EC) have attracted considerable attention due to their abundance
and inherent rich oxygen content [12]. Despite these advantages,
biomass-based activated carbon has inferior high-rate performance. This
is due to the limitations of the long ionic diffusion pathway, which result
in a low mesopore volume fraction.

To overcome this critical drawback, we propose the use of fluorine-
doped mesoporous activated carbon (F-MAC) with a high mesopore
volume fraction, derived from EC. This mesoporous carbon structure is
developed by simultaneous fluorine impregnation with the potassium
hydroxide (KOH) activation process. Fluorine impregnation of stabilized
EC not only accelerates KOH activation with carbon fluoride generation/
decomposition, but also develops a fluorine-doped carbon structure.

2. Experimental details

F-MAC was successfully derived from EC by consecutively perform-
ing impregnation and activation. The EC, which was purchased from
Jungbu Co. (Korea), was stabilized at 400 °C for 3 h after cleaning with
nitric acid (HNOs, JUNSEI) to remove the impurities. The stabilized EC
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was impregnated with 5 M ammonium fluoride (NH4F, Aldrich) solution
for 12 h and dried in an oven at 80 °C. Subsequently, the dried sample
was mixed with KOH (SAMCHUN) at a 1:4 (Wsample/Wkon) weight ratio
and carbonized at 800 °C for KOH activation. The resultant samples
were washed with hydrochloric acid (HCl, SAMCHUN) and deionized
water to remove the activation reaction residue. For comparison, we
also prepared carbon derived from EC without KOH activation and
fluorine impregnation, with only KOH activation, and with only fluorine
impregnation (hereinafter referred to as pristine carbon (PC), activated
carbon (AC), and fluorine-doped pristine carbon (F-PC), respectively).

The surface morphology of the sample was observed using field-
emission scanning electron microscopy (FESEM, Hitachi S-4800), and
the chemical bonding states were investigated through X-ray photo-
electron spectroscopy (XPS, ESCALAB 250). To study the porous struc-
ture, Brunauer, Emmett, and Teller (BET) and Barrett, Joyner, and
Halenda (BJH) analyses were conducted with Ny adsorption. The Elec-
trochemical performances were evaluated by a two-electrode symmetric
system with 6 M KOH electrolyte and nickel foam using a potentiostat/
galvanostat (Ecochemie Autolab, PGST302N).

3. Results and discussion

Fig. 1a,b show the image of dried EC and successfully carbonized F-
MAC. Fig. 1c-f show the FESEM images of PC, AC, F-PC, and F-MAC,
respectively. In the case of PC, a relatively smooth surface without any
pores can be observed (see Fig. 1c). In contrast, the other samples
(Fig. 1d-f) exhibited porous structures having different pore sizes and
pore distributions. It is well known that the pore structure of AC results
from the KOH activation process carbonization (see Egs. (1)-(3))
[13,14]:

2KOH — K,0 + H,0 (@]
K»O0 +C - CO+2K )]
H,0 +C = CO + H, 3)

The porous structure of the AC obtained from KOH activation is
shown in Fig. 1d. This method is currently used for the fabrication of
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carbon electrodes in EDLCs. In addition, we performed the fluorine
impregnation process with stabilized EC as a different approach to
create the mesopore structure of carbon. This process is based on the
following equation, which causes the generation and decomposition of
carbon fluoride during carbonization (see Eq. (4)) [15,16]:

(CF), — amorphous carbon + CyFg¢ + CF4 + other perfluorocarbons 4)

F-PC exhibited a mesoporous structure of carbon with F-doping, as
shown in Fig. le. Interestingly, F-MAC (Fig. 1f) exhibited an optimized
mesoporous structure, which implies that the introduction of fluorine
impregnation and KOH activation had a synergistic effect, resulting in
the development of the improved mesoporous structure. This result in-
dicates that the generation and decomposition of carbon fluoride
effectively boosted the KOH activation process thereby securing a re-
action site on the carbon surface.

Fig. 2 presents the XPS data of all the samples that were used to
investigate the chemical binding states. All the binding energy levels
were arranged using the binding energy of C 1 s (284.5 eV) as a refer-
ence. Fig. 2a illustrates the C 1 s XPS core-level spectra, which shows
that all the samples possessed the binding energies of C-C groups (at
284.5 eV), C-O groups (at 286.1 eV), C=0 groups (at 287.1 eV), and
O—C=0 groups (at 288.6 eV). Furthermore, the C-O and C=0 groups
corresponded to the hydroxyl groups (—OH), and the O—C=0 groups
corresponded to the carboxyl groups (—COOH) [17], which is pertinent
to the surface functional groups. Among all the samples, F-MAC showed
the largest intensity area of oxygen-related functional groups due to the
large specific surface area. In addition, the C-F groups of F-PC and F-
MAC were detected at ~ 291.2 eV because of fluorine impregnation
[18]. In the enlarged XPS data shown in Fig. 2b, it can be seen that the C-
F groups of F-MAC were increased due to the synergistic effect of fluo-
rine impregnation and KOH activation compared with that of F-PC. In
the F 1 s XPS core-level spectra (Fig. 2¢), F-C groups were detected at ~
689 eV, thus exhibiting the same tendency as that of the C 1 s core-level
spectra [19]. As shown in the summarized binding ratio for the C 1 s
core-level spectra (Fig. 2d), F-MAC had the lowest ratio of C—C groups
(51.3%) and the highest ratio of oxygen-related functional groups
(including C—0, C=0, and O—C=—O0 groups) (44.4%) and F-C groups

Fig. 1. Images of (a) dried EC, (b) carbonized F-MAC and FESEM images of (c) PC, (d) AC, (e) F-PC, and (f) F-MAC samples.
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Fig. 2. XPS core-level spectra of (a) C 1s, (b) enlarged C 1s, and (c) F 1s and (d) chemical bonding ratio obtained from PC, AC, F-PC, and F-MAC.

(4.3%). This result indicates that the concurrent application of fluorine
impregnation and KOH activation can effectively break the C-C bonding,
develop a mesoporous structure with a large number of oxygen func-
tional groups, and facilitate the fluorine doping process. This unique
strategy improved the mesopore structure by providing a large number
of surface oxygen functional groups, and the fluorine doping contributed
to the improved energy storage performance by providing enhanced
electrolyte wettability and electrical conductivity [20,21].

Fig. 3 shows the BET and BJH data obtained using Ny adsorption/
desorption isotherms to characterize the pore structures of all samples.
Generally, pores can be categorized into three types according to the
pore size: micropores (<2 nm), mesopores (2-50 nm), and macropores
(>50 nm) [22,23]. In Fig. 3a, the PC curve indicates typical bulk
behavior without pores and small specific surface area of 563 m?/g. The
AC curve indicates type I behavior, corresponding to the presence of
micropores, and a large surface area of 2287 m?/g. However, the curves
of F-PC and F-MAC show type IV behavior (at P/Py > 0.4), corre-
sponding to the mesoporous structure. In particular, F-MAC exhibited
the optimized specific surface area of 2,710 m?/g due to the largest
micropore volume of 1.387 cm®/g compared with the other samples
(1.159 cm3/g for AC and 1.018 cm3/g for F-PC), which leads to the
enhanced specific capacitance with enlarged active area [24]. In
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addition, F-MAC exhibited a high mesopore volume fraction of 39% (see
Fig. 3b) compared to AC and F-PC; this enhanced the high-rate perfor-
mance by shortening the ionic diffusion pathway [25].

To investigate the electrochemical features, cyclic voltammetry (CV)
measurements were carried out at a scan rate of 10 mV/s (Fig. 4a). All
the samples showed a rectangular CV curve, signifying the existence of a
typical electrical double-layer area. F-MAC had the largest CV curve due
to the increased specific capacitance, which implies an improvement in
the electrochemical active area. Fig. 4b shows the summarized specific
capacitance values of all samples, illustrating the energy storage per-
formance at a current density of 0.2-20 A/g. PC, AC, F-PC, and F-MAC
exhibited specific capacitances of 61, 163, 95, and 184F/g, respectively,
at a low current density of 0.2 A/g and 29, 122, 66, and 155F/g,
respectively, at a high current density of 20 A/g. This excellent capac-
itance value of F-MAC is due to the increased specific surface area and
high oxygen functional group concentration. Furthermore, F-MAC
showed excellent capacitance retention (85.1%) due to the increased
mesopore volume fraction and enhanced electrical conductivity result-
ing from F-doping [26,27]. Fig. 4c shows the energy density and power
density of the PC, AC, F-PC, and F-MAC with a Ragone plot calculated
using specific capacitance values. The PC, AC, and F-PC showed the
energy density of 7.6-4.4 W h/kg, 20.5-16.8 W h/kg, and 11.9-8.7 Wh/
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Fig. 3. (a) BET N, adsorption and desorption isotherms and (b) BJH pore size distribution of PC, AC, F-PC, and F-MAC.
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Fig. 4. (a) CV curves examined from 0 V to 1 V at the scan rate of 10 mV/s, (b) specific capacitance values at a current density of 0.2-20 A/g, (c) Ragone plots related
to energy and power densities, (d) cycle stability up to 2000 cycles at a current density of 1 A/g, (e) Nyquist plots at the open circuit potential obtained from PC, AC,

F-PC, and F-MAC, and (f) schematic illustration of the lattice structure of F-MAC.

kg at a power density range of 360-9000 W/kg, respectively. And as
expected, F-MAC showed the highest energy density of 22.8-19.8 W h/
kg at the same power density of 360-9000 W/kg. To evaluate the cycle
stability, consecutive charging/discharging tests were conducted for up
to 2000 cycles at a current density of 1 A/g (Fig. 4d). F-MAC exhibited
superior cycle stability with a capacitance retention of 82.8% after 2000
cycles. This result is attributed to the optimized mesoporous structure
and increased oxygen functional groups. First, the optimized meso-
porous structure can improve the cycling stability with short ion diffu-
sion distance. This decreased ion diffusion distance effectively enhances
the ion transfer efficiency during charge/discharge cycles, which en-
ables stable long-term stability [28]. Second, the increased oxygen-
functional groups of carbon surface provide the enhanced inner wetta-
bility and electronegativity of active material, which can make ion
easier to enter into the deeper pores of active material, leading to an
increased surface pore utilization rate [29]. The enhanced pore utili-
zation rate can facilitate the effect of mesopore regarding the cycle
stability. Further, in the Nyquist plots shown in Fig. 4e, F-MAC has the
largest inclined line slope (at a low-frequency area) and the smallest
semicircle (at a high-frequency area), which implies a superior ionic
diffusion rate and high electrical conductivity, respectively [30]. Fig. 4f
shows the schematic illustration of lattice structure of F-MAC, possessing
the oxygen functional groups and C-F groups.

Thus, the superior electrochemical performance of F-MAC can be
attributed to the following factors: First, the increased specific surface
area resulted in a high specific capacitance at a low current density.
Second, the optimized mesoporous structure and F-doping into carbon
provided favorable ionic transfer pathways and enhanced the electrical
conductivity, resulting in an increased high-rate performance. Third, a
high concentration of oxygen functional groups contributed to improved
cycle stability due to the increased electrolyte wettability.

4. Conclusion

In this study, F-MAC was synthesized via the synergistic effect of
fluorine impregnation and KOH activation process. F-MAC reported the
high specific surface area of 2710 m?/g and increased mesopore volume
fraction of 39% via a carbon fluoride generation/decomposition process
during carbonization. F-MAC exhibited excellent electrochemical per-
formance with a high specific capacitance of 184 F/g, high-rate per-
formance of 155 F/g at a current density of 20 A/g, and capacitance
retention of 82.8% after 2000 cycles. This can be attributed to the
following factors: (1) the high specific surface area resulting from the
fluorine impregnation and KOH activation provided high specific
capacitance at a low current density; (2) the enhanced mesoporous
structure and F-doping into the carbon led to superior high-rate
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performance with high cycling stability; and (3) the high concentration
of oxygen functional groups provided improved cycle stability. There-
fore, F-MAC can be considered as a good candidate for high-performance
EDLCs.
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