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ARTICLE INFO ABSTRACT

Characterized by high power density and long cycle life, electric double layer capacitors have been considered to
be most promising energy storage devices. However, the use of low electrolyte concentration due to the de-
gradation of current collector in high electrolyte concentration involves their limitation for ionic diffusion at
high current densities during cycling, leading to a low electrochemical behavior. Therefore, the sensible design
of the interfacial structure between the current collector and the active material is a supreme technology for
accomplishing desired requirements as the improved performance of current collector. In the present paper, by
applying the graphite nanosheet as an interlayer on the nickel (Ni) current collector, the electrochemical per-
formance is improved with high specific capacitance (236 F g~ ! at the current density of 0.2 A g~ 1), outstanding
high-rate ability (87%), and excellent cycling stability (93% after 10,000 cycles in the high-concentration
electrolyte). Hence, the advantages of this unique approach include the improvement of the contact area be-
tween the current collector and the active material and prevention of the oxidation of the Ni current collector.
This enhanced electrochemical performance suggests that this interface engineering is a powerful strategy for
potential applications in electric double layer capacitors.
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1. Introduction

Owing to the characteristics such as high-power density, long cycle
stability, and wide range of operating temperature [1-4], electro-
chemical capacitors have been extensively studied in recent years to
meet the many emerging applications such as transportation, backup
system, and regenerative braking. Electrochemical capacitors can be
typically categorized into ultracapacitors related to the electrical
double-layer and supercapacitors using the electroactive species dif-
fuses into and out of the interior of the crystal structure of the solid
electrode. In general, the ultracapacitors as electric double layer ca-
pacitors (EDLCs) consist of both electrodes using activated carbon on a
current-collector and the electrolyte. Due to its high surface area, high
electrical conductivity, and excellent chemical stability [5-8], activated
carbon has consistently proved to be a powerful candidate as an active
material. However, almost research effort has focused on activated
carbon related to the high surface area, mesoporous volume fraction,
and electrical conductivity itself, rather than on the current collector
and the electrolyte [9-16].

Hence, to further improve the energy storage performance of EDLCs,
a careful consideration of interface engineering between the current
collector and activated carbon is needed in order to improve electrical
property, chemical stability, and ionic diffusion transport [17-20]. In
addition, in terms of maximizing the effectiveness of interface en-
gineering, the use of high-concentration electrolytes is highly attractive
due to the large number of working ions during the cycling, which leads
to the improved capacitance at high current densities. However, the use
of potassium hydroxide (KOH)-based aqueous electrolytes with a high
ionic conductivity as the typical electrolyte for EDLCs causes the cor-
rosion of the current collector in high-concentration, leading to a poor
cycling stability of EDLCs [3,9,11]. Nevertheless, the interface en-
gineering between the current collector and activated carbon has re-
ceived relatively little attention thus far.

To fill this gap, in the present study, we design a graphite nanosheet
and apply it as an efficient interlayer between the current collector and
activated carbon for EDLCs by a high-concentration electrolyte from the
perspective of the following potential advantages: (1) the graphite na-
nosheet with an excellent chemical stability can act as an effective
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(c) Graphite nanosheet interlayer
on Ni current collector (GSI/NI)

Graphite nanosheet coated Ni foam
(Current collector)

Fig. 1. Schematic illustration for (a) components of electrical double layer capacitors (EDLCs); (b) conventional Ni current collector (NI), and (c) graphite nanosheet

interlayer on the Ni current collector (GSI/NI).

barrier to prevent corrosion of the current collector from the high-
concentration electrolyte; (2) the roughly two dimensional structures of
the graphite nanosheet on the current collector can provide a large
contact area between the current collector and activated carbon,
therefore promoting a favorable electrical contact at high current
densities. The graphite nanosheet was used as an efficient interlayer on
the current collector due to its outstanding electrical, chemical, and
mechanical properties, all of which can permit nano-scale engineering
for interlayers to achieve excellent chemical stability and to enhance
the electrical property.

2. Results and discussion

Fig. 1a shows the components and reaction mechanism of EDLCs.
The electrodes of EDLC consist of the current collector and an active
material in an electrolyte. The separation of charge occurs on polar-
ization at the activated carbon and electrolyte interface. During the
discharging process, the created electrons transfer through the current
collector and the external circuit connecting both electrodes. In pre-
vious research, the conventional Ni foam (NI) was typically used for the
current collector (see Fig. 1b). In this study, we suggest a novel design
of the graphite nanosheet as an interlayer on the Ni foam (GSI/NI) (see
Fig. 1c) by the dip-coating process.

To obtain the high electrical double layer area, the commercial
activated carbon with a high surface area (2400 m? g’l, see Table S1)
was used as an active material coated on the current collector (see Figs.
S1 and S2). Fig. 2 shows the graphite nanosheet for the use in interface
engineering between the current collector and activated carbon. The
scanning electron microscopy (SEM) image of graphite nanosheet
showed the average size of 5 to 7 um (see Fig. 2a). In addition, the dip-
coating process (E-flex, Nano Dip Coater, EF-7100) including automatic
systems was enough for the uniform coverage of the interlayer on the
surface of the Ni collector see Fig. S3. Fig. 2b shows typical tapping-
mode atomic force microscope (AFM) results of the graphite nanosheet
onto a silicon dioxide substrate, implying the layered graphene struc-
tures (see Fig. 2b). The topographic height profile of the graphite na-
nosheet presents the edge of thin graphene layers with a step of
~7.9nm, suggesting the multilayered graphene structure with ca. 23
layers. In addition, the transmission electron microscopy (TEM,
Gwangju Center, Korea Basic Science Institute) was performed to ex-
amine the nanostructural properties of the graphite nanosheet. Fig. 2c-d
shows low- and high-magnification TEM images of the graphite na-
nosheet. The graphite nanosheet showed a clear two-dimensional
structure with lattice fringes with the spacing of 0.34nm, corre-
sponding to the (0 0 2) plane of carbon [21,22].

Fig. 3a-b shows the low- and high-magnification SEM images of NI
with a flat surface. On the other hand, GSI/NI (see Fig. 3c and d) dis-
plays a bumpy surface. In the high-magnification SEM image, the gra-
phite nanosheet is clearly observed, implying a successful encapsulation
of the Ni foam. Fig. 3e shows the X-ray diffraction (XRD) data of NI and
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Fig. 2. (a) The SEM image of graphite nanosheet; (b) the corresponding line
scan across the edge of the graphite nanosheet transferred on a silicon dioxide
substrate [the inset shows the high-resolution AFM image of graphite na-
nosheet]; (c) low-resolution and (d) high-resolution TEM images of graphite
nanosheet.

GSI/NI conducted to investigate the crystal features. All current col-
lectors presented diffraction peaks at 44.5°, 51.8° and 76.4° corre-
sponding to the (11 1), (200), and (2 2 0) planes of Ni. For comparison,
the diffraction peak of GSI/NI was observed at 26.3°, corresponding to
the (11 1) plane. Furthermore, to confirm the uniformity of graphene
layers for GSI/NI, Raman spectroscopy was performed (see Fig. 3f).
Raman spectra of NI exhibited no peaks. On the other hand, GSI/NI
indicated two dominant peaks at around 1576 and 2686 cm™?, corre-
sponding to the G and 2D mode, respectively, which are the typical
aspects of a graphene structure [23-27]. In addition, for GSI/NI, the
intensity ratio of the 2D to G peaks (Iop/IG) was 0.51, revealing the
typical features of a multilayered graphene structure. Based on the
structural and chemical results of GSI/NI, we conclude that the graphite
nanosheet consisting of a multilayered graphene structure was suc-
cessfully developed on the Ni foam. Consequently, it can be expected
that due to its durability against high concentration electrolyte, large
contact area between the current collector and activated carbon, and
strong interfacial adhesion, the graphite nanosheet on current collectors
as an interlayer will considerably enhance the electrochemical perfor-
mance during cycling.

Fig. 4a and b shows AFM results of NI and GSI/NI. The root mean
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Fig. 3. (a) Low-resolution and (b) high-resolution SEM images of NI; (c) low-resolution and (d) high-resolution SEM images of GSI/NI; (e) the XRD patterns and (f)

the Raman spectrum of NI and GSI/NI.

square of roughness for NI and GSI/NI was found to be 76 and 551 nm.
This implies that GSI/NI has the roughest surface compared to the NI. In
addition, it was found that GSI/NI has the higher surface area of
485 um? compared with NI (406 um?). Based on the AFM results, we
further prove that the graphite nanosheet as an interlayer was suc-
cessfully coated by a dip-coating process. Thus, it is suggested that GSI/
NI with the rough surface and high surface area will significantly in-
crease the contact area between the activated carbon and the collector,
leading to improved electrochemical performance [28-30].

The interface between the current collector and activated carbon
would play a significant role in enhancing the electrochemical perfor-
mance of EDLCs. Therefore, to better comprehend the electrochemical
kinetic feature of NI and GSI/NI, the electrochemical impedance spec-
troscopy (EIS) analysis (an influential measurement to inspect the in-
terface behavior) were performed in the frequency range of
10°-10~2Hz. Fig. 5a and b shows the Nyquist plots of NI and GSI/NI in
6 M KOH electrolyte as the conventional solution. The semicircle in the
high-frequency is ascribed to the charge transfer impedance (Rct) be-
tween the electrolyte and electrode, and the inclined line in the low-
frequency corresponds with the ion diffusion in the electrodes (called
the Warburg impedance). It can be seen that the R, of GSI/NI (0.6 Q) is
markedly low as compared to the NI (1.0€2), indicating that the

existence of the graphite nanosheet as an interlayer could enhance the
electrical contact by a large contact area between the current collector
and activated carbon from the rough surface. Furthermore, in the high-
concentration of the 8 M KOH electrolyte (see Fig. 5c and d), in contrast
to the performance in the 6 M KOH electrolyte, NI and GSI/NI showed
the straight sloping line in the low frequency region, suggesting that the
reduced Warburg impedance is related to a favorable ion diffusion
[21,22]. These results suggest that high-concentration electrolyte in
EDLCs is advantageous in terms of improving the electrochemical
performance related to ionic diffusion.

To further examine the interfacial effects of energy storage perfor-
mance of EDLCs, we executed the electrochemical behaviors of a full-
cell system using a commercial activated carbon as a typical active
material for ELDCs. However, the limited electrolyte concentration as
the 6 M KOH solution is still significant drawback resulting from cor-
rosion of the current collector and unnecessary interfacial reactions,
which leads to a rapid capacitance fading. To investigate the energy
storage performance of EDLCs by NI and GSI/NI, respectively, in the
typical 6 M KOH electrolyte with potential range from 0.0 to 1.0V, the
specific capacitance was obtained at the current density range from 0.2
to 20.0A g™ ! (see Fig. 6a). The graphite nanosheet as an interlayer
showed low specific capacitances, implying the little contribution for

Srf. area: 406 um?2

Srf. area: 485 um?

Fig. 4. AFM results of (a) NI and (b) GSI/NIL.
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Fig. 5. Nyquist plots of (a and b) NI and (c and d) GSI/NI in the frequency range of 10°-10~ > Hz.

the energy storage (see Fig. $4). At the current density of 0.2 A g™}, the

specific capacitances of NI and GSI/NI were amounted to 209 and
235F g~ !, respectively. In addition, GSI/NI showed higher specific
capacitances than NI in all range of current density. Taken together,
these results indicate that a large contact area between the current
collector and activated carbon resulting in the graphite nanosheet as
interlayer could considerably enhance the electrochemical performance
by improved electrical contact. Furthermore, in the high-concentration
of the 8 M KOH electrolyte (see Fig. 6b), the specific capacitances were
also obtained. In the low current densities, the specific capacitance of
GSI/NI was 236 Fg~ ! at the current density of 0.2 Ag~"', which is si-
milar to performance in the 6 M KOH electrolyte. Meanwhile, in high
current densities, NI and GSI/NI presented the enhanced high-rate
ability of 78 and 87%, respectively, as compared to the performance of

NI (52%) and GSI/NI (76%) in the 6 KOH electrolyte. The improved
high-rate ability of EDLCs can mainly be attributed to the high-con-
centration electrolyte with the increased number of working ions
during the cycling. In addition, the enhanced performance of GSI/NI
might be ascribed to the well-encapsulated graphite nanosheet, which
contributes to the energy storage performance by a large contact area
between the current collector and activated carbon during the cycling.
In addition, the concentration electrolyte was optimized to the 8 M
KOH electrolyte (see Fig. S5). As shown in Fig. 6¢, GSI/NI exhibited a
rectangular curve, signifying the ideal presence of the electrical double-
layer region on the surface of activated carbon [24,25]. Moreover, the
rectangular curves obviously preserved their original aspects with an
increase of current densities, implying an ideal energy storage. To
further investigate how the graphite nanosheet as interlayer influences

250 250 0.03
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Fig. 6. Calculated specific capacitances of NI and GSI/NI at current densities in the range 0.2-20.0 A g~ ! in the potential range 0.0-1.0 V within (a) the 6 M KOH
electrolyte and (b) the 8 M KOH electrolyte; (c) the CV curves of GSI/NI at the scan rate of 10 mV s~ in the potential range 0.0 to 1.0 V; (d) cycling stability at the

current density of 1 Ag~! over 10,000 cycles in 8 M KOH electrolyte.
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electrochemical features, the long-term cycling test was performed at
the current density of 1Ag~! after 10,000 cycles in the high-con-
centration of 8 M KOH electrolyte (see Fig. 6d). The triangular charging
and discharging curves of GSI/NI exhibited linear slopes with a bilateral
symmetry, suggesting ideal capacitance with high Coulombic efficiency
(see the inset in Fig. 6d). GSI/NI showed excellent capacitance retention
of 93%, whereas NI presented the poor capacitance retention of 67%
with a rapid fading during 4000 cycles, which are much higher per-
formance than those of the previously reported EDLCs (83% after 5000
cycles [31], 84% after 2000 cycles [32], 87% after 10,000 cycles [33],
91% after 10,000 cycles [34], and 92% after 3000 cycles [35]). For the
reasons such as the corrosion of current collector, lead tap, and the
packaging material the concentration of electrolyte has been limited so
far in the 6 M KOH electrolyte [2-4]. Therefore, to overcome this
problem, we suggested a novel design of the graphite nanosheet as an
interlayer between the current collector and activated carbon.

Furthermore, to prove the role of the graphite nanosheet as inter-
layer, the X-ray photoelectron spectroscopy (XPS) measurement was
performed before and after 10,000 cycling tests at the current density of
1Ag™'. Fig. 7a-d shows XPS signals of Ni 2p for NI before the cycling
test, NI after the cycling test, GSI/NI before the cycling test, and GSI/NI
after the cycling test. XPS signals of Ni 2p were observed at 852.2 eV,
855.7 eV, and 862.1 eV, corresponding to metallic nickel, nickel hy-
droxide, and shake up satellites, respectively [36-40]. Before the cy-
cling tests of NI and GSI/NI (see Fig. 7a and c), the nickel hydroxide
could be ascribed to O, and water vapor in the air [36-38]. In Fig. 7b,
after 10,000 cycling tests, the extinction in the metallic Ni phase of NI,
resulting from the oxidation reactions by high concentration electro-
lyte, can be observed. In detail, the metallic nickel phase was decreased
from 37% to almost 0% after cycling test. By contrast, the metallic
nickel phase of GSI/NI was almost maintained after the cycling test
from 37% to 36% (see Fig. 7d). In addition, the durability of graphite
nanosheet as an interlayer for GSI/NI was also preserved after the cy-
cling test (see Figs. S6 and S7). Therefore, XPS results demonstrate that,
in order to efficiently prevent the oxidation of the Ni, leading to the
improved electrochemical performance (see Fig. 7e), the graphite na-
nosheet with its excellent chemical stability is a suitable candidate to be
used as an interlayer between the current collector and activated
carbon in EDLCs.

In sum, as expected, we assume that the remarkably enhanced en-
ergy storage performance of GSI/NI in the high-concentration electro-
lyte may be ascribed to the establishing a novel design of an interlayer
as the graphite nanosheet. The large contact area between the current
collector and activated carbon from the rough surface of the graphite
nanosheet enables improved specific capacitance and outstanding high-
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rate ability. Furthermore, the well-encapsulated graphite nanosheet
prevents the oxidation of the Ni current collector, resulting in excellent
cycling stability.

3. Conclusions

In the present study, we have suggested and designed an innovative
concept of interface engineering between the current collector and
activated carbon in EDLCs: a graphite nanosheet encapsulated on the Ni
foam as the current collector provides synergistic effects to the elec-
trical behavior and electrochemical stability. The excellent energy
storage performance of GSI/NI in high-concentration electrolyte, as
evidenced by a specific capacitance (236 F g~ ! at the current density of
0.2 Ag™ 1), impressive high-rate ability of 87%, and remarkable cycling
stability of 93% after 10,000 cycles were obtained. These improvements
can be explained by the unique effect of a large contact area between
the current collector and activated carbon from the graphite nanosheet
as an interlayer. In addition, the well-encapsulated graphite nanosheet
on the Ni foam facilitates prevention of the oxidation in high-con-
centration electrolyte, leading to an improvement of cycling stability.
Taken together, the results of the present study convincingly demon-
strate that interface engineering by the graphite nanosheet as an in-
terlayer might be a powerful strategy not only for fundamental research
on interfacial mechanisms in energy storage behavior, but also for
realistic applications of ELDCs.
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