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Abstract

Hybrid supercapacitors have recently emerged as next-generation energy storage devices that bridge the gap
between supercapacitors and lithium-ion batteries. However, developing high energy cathodes that maintain long-
term cycle stability and a high rate capability for real applications remains a significantly challenging issue. Herein, we
report a facile synthesis method for a laser-scribed graphene/LiNi;,sMn1,3C0o1,30, (LSG/NMC) composite for high
energy cathode materials for use in hybrid supercapacitors. LSG/NMC composites exhibit not only a high capacitance
of up to 141.5 F/g but also an excellent capacitance retention of 98.1% after 1000 cycles at a high current density of
5.0 A/g. The introduction of an NMC spacer between the LSG layers provides an enlarged interspace that can act as an
efficient channel for additional storage sites and rapid access. In addition, we further confirmed that hybrid
supercapacitors using LSG/NMC cathodes and H,T;,0,5 anodes with an AIPO,/carbon hybrid coating layer (H-HTO)
deliver a remarkable energy density of ~123.5 Wh/kg, power density of ~14074.8 W/kg, and a long-term cycle stability
of 94.6% after 20,000 cycles. This work demonstrates that our proposed material can be considered a strong cathode

candidate for next-generation hybrid supercapacitors.

Introduction

Currently, many researchers are studying high-
performance energy storage devices (ESDs) as alternative
energy sources to replace fossil fuels"”. Among them,
lithium-ion batteries (LIBs) are the most widely used ESDs
so far. Although LIBs have an excellent energy density
(130-200 Wh/kg), they also have a low power density
(below 1kW/kg) and short life expectancy*. In contrast,
supercapacitors, also known as electrical double-layer
capacitors, can facilitate fast charge transport, owing to
their excellent power density (<15kW/kg). The opinion
that the future of electric vehicles (EVs) depend on super-
capacitors rather than LIBs was suggested by Elon Musk in
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2011°. However, supercapacitors have also suffered from a
low energy density (<10 Wh/kg) in practical applications, as
summarized in Table 1°. This is because supercapacitors
consist of symmetrical electrodes made of activated carbon
(AC), which has a low capacity of ~30 mAh/g’.

Recently, hybrid supercapacitors, having the advantages
of both supercapacitors and LIBs, have been studied as
novel ESDs that can deliver a long cycle life, high energy
density, and power density’. Hybrid supercapacitors
comprise a hybrid system that contains a battery-like
transition-metal oxide anode and a capacitor-like AC
cathode®. The charge storage mechanism of hybrid
supercapacitors is a combination of anion adsorption/
desorption (a physical reaction) and Li-ion intercalation/
deintercalation (a chemical reaction). On the other hand,
Li-ion capacitors that comprise prelithiated (i.e., predoped
with Li ions) graphite and AC deliver a high energy density
and have been highlighted as promising candidates for
future ESDs. However, they have an electrochemical
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Comparison of the performance of supercapacitors, hybrid supercapacitors, LICs, and Li-ion batteries.
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of the swelling phenomenon. The third is to increase the
energy density of the supercapacitor-type cathode'®™'%,
Among them, the research to improve the energy density
of hybrid supercapacitors is addressing the most important
issue. The total capacity (Ct) of hybrid supercapacitors
can be derived from the following equation'”

stz (1)

where C, is the anode capacity and C. is the cathode
capacity. In the case of hybrid supercapacitors, both
capacities for the two electrodes are different. Supple-
mentary Table S1 compares the Cr for supercapacitors
and hybrid supercapacitors. For hybrid supercapacitors,
we added two cases that consider the following: (1) an
anode capacity increase and (2) a cathode capacity

Specific capacitance / F g’

Fig. 1 Typical voltage profiles for supercapacitors and hybrid
supercapacitors.

increase. As a result, we can confirm that increasing the
C. value (which is much lower than the C, value) is a very
effective strategy for obtaining an increased Cr for hybrid
supercapacitors.

It is well known that the real capacitance of carbon-
based electrodes that are used as cathodes in hybrid
supercapacitors is mainly affected by the effective surface
area and pore structure. To date, AC has been widely used
as a cathode in commercial devices due to its high surface
area (1000-2000 m?/g), relatively good capacitance
(~120F/g), and cost effectiveness>*°. However, an
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unwanted capacitance loss (~10-20%) occurs; the loss is
due to the ineffective wetting of the electrolyte on the AC
surface via micropore blockage and/or the inability to
successfully form a double layer in the pores®’. Many
studies on graphene production methods have been
reported, because graphene has been applied to energy
storage as an alternative to AC due to its wide specific
surface area (2630 m”/g), excellent capacitance (~550 F/
g), high electrical conductivity (~1 x 10*> S/cm), and good
mechanical strength (42 N/m)**~**. Among the various
manufacturing methods, the laser scribing method can be
regarded as a promising breakthrough, as an effective and
simple strategy for graphene fabrication. The oxygen-
containing group GO is effectively removed via deox-
ygenation and exfoliation simultaneously without a
reducing agent®®. As-prepared LSG can be used as an
electrode immediately without binders and conductive
additives. Importantly, LSG can also prevent uncontrol-
lable graphene aggregation, because there is no additional
electrode-manufacturing process. Therefore, we conclude
that laser scribing is the most effective way to obtain high-
performance graphene with cost-effective and single-step
approach that enables fast production®”*®,

To effectively reduce the stacking and agglomeration of
graphene during the reduction process, the incorporation
of various transition-metal oxides as spacers between the
graphene layers has been studied””'. This method allows
for excellent electrochemical performance due to the
synergistic combination of the spacer and pseudocapaci-
tive behaviors from the transition-metal oxides. Among
various spacer materials, LiNi;;3Mn;,3C0;,30, (NMC) has
emerged as a promising candidate due to its high energy
density (LiCoO,), high thermal stability (LiMn,0O,), and
high reversible capacity (LiNiO,), which are the key factors
that determine the performance of ESDs*. We noted that
high-performance hybrid supercapacitors should have
more than twice the energy density of supercapacitors
without sacrificing the power density and cyclability; this
can be accomplished by the addition of a small amount of
NMC on the LSG surface. However, an excessive amount
of NMC is not helpful for actual applications due to the
degradation of the long-term cyclability and power den-
sity. Consequently, we adopted an LSG/NMC composite
as a promising cathode candidate to improve the Ct of
hybrid supercapacitors and this is the first attempt to apply
LSG/NMC to hybrid supercapacitors.

Among the various anode materials, HyT1,0,5 (HTO)
exhibited a high initial discharge of 229 mAh/g with a
high power density and stable cycle performance. HTO
has an unusual tunnel structure, providing additional
space for the storage of Li ions and resulting in excellent
kinetics''. Moreover, the surface of the HTO was mod-
ified by a hybrid coating layer having excellent ionic and
electronic conductivity, as well as stability. This is because

Page 3 of 15

hybrid coatings composed of two channels not only move
Li ions (AIPO,) and electrons (carbon) efficiently but also
suppress swelling, as shown in Supplementary Fig. S1a*°.

In this study, we report a simple and effective approach to
synthesize LSG/NMC composites as a high-capacitance
cathode for advanced hybrid supercapacitors. Moreover, we
demonstrate the extraordinary electrochemical perfor-
mance of LSG/NMC composite compared with that of AC
and LSG electrodes. The NMC spacer between the LSGs
not only keeps the neighboring LSGs separated and pro-
vides abundant spaces but also acts as a pseudocapacitive
active material, which improves the electrochemical per-
formance. We also use HTO as a high-power anode after
applying a surface modification with AIPO, and carbon
hybrid coating (H-HTO). This novel design accelerates the
movement of Li ions and electrons, and suppresses the side
reaction at the H-HTO/electrolyte interface.

Finally, we studied the electrochemical performance of
hybrid supercapacitors using an LSG/NMC cathode and
an H-HTO anode (LSG/NMC//H-HTO) to evaluate their
practical application. This novel system delivers excellent
performance and outperforms previously reported hybrid
supercapacitors in terms of the energy and power den-
sities. This can be explained by the combination of the
high-capacitance LSG/NMC cathode and fast Li-ion sto-
rage and cyclic stability of the H-HTO anode. These
findings offer a new perspective for high-performance
hybrid supercapacitors.

Experimental section

To prepare NMC, acetate (Ni(Ac),-4H,O, Aldrich,
USA), cobalt acetate (Co(Ac),-4H,0, Aldrich, USA), and
manganese acetate (Mn(Ac),-4H,0O, Aldrich, USA) were
mixed at a molar ratio of Ni: Co:Mn=1:1:1. Afterward,
lithium acetate (LiAc-2H,O, Aldrich, USA) was added to
the mixture at a molar ratio of 2.1:1:1:1 (excess Li
sources were added to compensate for Li volatilization
inhibition during heat treatment). The mixture was heat
treated at 500 °C for 4 h and 850 °C for 8 h. Then, the as-
synthesized NMC powders were mixed with GO in aqu-
eous solution. The mixture was dispersed by ultrasonica-
tion for 180 min and then the homogeneous solution was
dropped directly onto an aluminum foil, which was glued
to a DVD disk for laser treatment. After drying under
ambient conditions for 24 h, the dried film was inserted
into a DVD burner (Hitachi/LG GH40L, 788 nm laser with
a 5mW maximum power) for 5h, to prepare the LSG/
NMC composite. The LSG/NMC composite can be used
directly as a cathode for hybrid supercapacitors without
the addition of a binder and conductive additives, as
shown in Fig. 2. The mass ratio of the LSG to NMC was
95:5. An AC electrode was fabricated by mixing AC
(90 wt%, Samwha Capacitor Co., Ltd) with carbon black
(Super P, 5wt%) and polytetrafluoroethylene (5 wt%).
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Fig. 2 Schematic illustration of the LSG/NMC preparation procedure. The as-synthesized NMC and GO were first suspended in deionized (D)
water. Then, the solution was dropped onto aluminum foil that was glued to the surface of a DVD disk. The NMC/GO-coated DVD disk was then
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To produce H-HTO, Na,Ti3O-, precursor was prepared
by a conventional solid-state reaction using Na,CO3 and
TiO, at a molar ratio of 1:3. This mixture was heated at
800°C for 20h in air. HyTizO; was prepared from the
resultant Na,Ti;O- via a Na'/H" ion exchange reaction
using a 1 M HCl solution for 3 days at 60 °C. The prepared
H,TizO; was washed with deionized water until the pH
was equal to 7 and then dried at 100 °C for 24 h. Finally,
HTO was obtained by heating the H,Ti;O, sample at
300°C for 5h. The as-prepared HTO powder was mixed
with the Super P carbon black used as a carbon source
and polyvinylidene fluoride (PVDF) with a weight ratio of
83:7:10 in distilled water and then ball milled for 3 h.
This solution was added to gelatin (an amphoteric sur-
factant) solution by dissolving gelation in distilled water at
50°C for 2h. AI(NO3)39H,O (0.3g) and (NH,),HPO,
(0.1 g) were added to distilled water to prepare an AIPO,
suspension (comprising AIPO, nanoparticles). Subse-
quently, the HTO powder that was mixed with carbon
were added to the AIPO, suspension and mixed until the
final viscosity of the slurry reached ~100P. The AIPO,
suspension and HTO powder that was mixed with carbon
were mixed at a mass ratio of 5:95. The mixture was
dried at 100 °C for 24 h and finally annealed at 300 °C for

3h. The synthesis process of H-HTO is illustrated in
Supplementary Fig. S1b. For the anode, the H-HTO was
mixed with the conductive carbon black binder (Super P)
and PVDF (at a weight ratio of 83:7:10), and then
N-methyl pyrrolidinone (NMP) solvent was added. The
mixed slurry was cast on aluminum foil to a thickness of
70-150 um via a bar coater and then dried at 100 °C to
evaporate the NMP solvent. After that, the aluminum foil
was pressed to a thickness of 40—90 pum.

For the half-cell test, the electrodes were prepared with
a Li metal counter electrode based on Celgard separators.
The hybrid supercapacitors were fabricated in the form of
an assembled 2016-type coin cell inside an argon-filled
glove box. Afterwards, the jelly roll was dried in a vacuum
oven for 48 h to remove moisture and then impregnated
with a 1.5 M LiPFs solution in 1:1 ethylene carbonate:
dimethyl carbonate as the electrolyte. Finally, the LSG/
NMC cathode, H-HTO anode, and separator were
assembled inside an argon-filled glove box. The structural
properties were analyzed using X-ray diffraction (XRD),
transmission electron microscopy (TEM), scanning TEM
(STEM) with energy-dispersive X-ray spectrometry (EDS),
X-ray photoelectron spectroscopy (XPS), and Raman
spectroscopy. The surface areas of the LSG/NMC and
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LSG samples were measured with a Quantachrome
Autosorb-3b Brunauer—Emmett—Teller (BET) surface
analyzer. The galvanostatic charge—discharge curves, rate
capabilities, and cycle performances were measured using
an Arbin BT 2042 battery test system at various current
densities. The cyclic voltammograms (CVs) were mea-
sured using a potentiostat (IviumStat) and electro-
chemical impedance spectroscopy (EIS) was conducted
using a CHI660D electrochemical workstation in the
frequency range of 10" to 10° Hz.

Results and discussion

The LSG/NMC composite was easily synthesized with
the facile reduction process that was described in the
Experimental Section. The XRD patterns in Fig. 3a show
that the LSG contains LSG (26 = 26.44°) and GO (20 =
10.75°) diffraction peaks, which is different from the XRD
pattern for the GO (26 = 10.75°), which contains only one
diffraction peak (Supplementary Fig. S2a). The presence
of a GO peak in the LSG can be explained by the fact that
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only the upper part of the LSG is reduced and the lower
part is maintained as GO®'. However, the intensity of the
GO peak in the LSG decreases, indicating that additional
GO could be reduced to LSG. Moreover, the GO peak is
no longer observed in the LSG/NMC diffraction pattern.
This is because the GO is completely reduced as a result
of the addition of the NMC spacer. The other additional
diffraction peaks are attributed to crystalline NMC (hex-
agonal a-NaFeO, with the structure space group: R3m)*>.
The XRD patterns of H-HTO are well indexed with those
of HTO with a space group P2/m and there are no other
impurity phases after the surface modification and heat
treatment, as shown in Fig. 3b°. These results are due to a
very low content of AIPO, and carbon that exceeds the
instrument detection limit?,

The formation of LSG/NMC composite was further
confirmed by Raman spectroscopy, which has played an
important role in investigating the structural character-
ization of graphite-based materials. The main peaks in
the Raman spectra for the LSG/NMC, LSG, and GO are
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Fig. 3 Structural characterization of H-HTO, LSG, and LSG/NMC. XRD patterns of (a) LSG/NMC composite and LSG. The diffraction peak (26 =
26.44°) indicates that the GO was reduced to LSG. Other diffraction peaks were attributed to the NMC. b XRD pattern of the H-HTO. ¢ Raman spectra of
the LSG/NMC composite and LSG. There is a D peak at per 1355 cm™', G peak at 1586 cm ™, and 2D peak at 2755 cm ™' for the LSG/NMC composite.
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from the G-band, D-band, and second-order D-band (2D
band), as shown in Fig. 3c and Supplementary Fig. S2b.
All Raman bands had changes in their peak shape, posi-
tion, and intensity, indicating tuning of the structural and
electronic properties**, The LSG/NMC, LSG, and GO
exhibit a couple of Raman-active G bands (in-plane
vibration of sp®-bonded carbon atoms) and D bands (sp®
defects or disorder in carbon). However, the LSG/NMC
and LSG samples have a sharp and single 2D band,
strongly indicating the conversion from GO to gra-
phene®®. Intense Raman bands can be observed at 1345
and 1605 cm ™, corresponding to the well-documented D
and G bands for GO, respectively. The Raman features in
the LSG spectrum also contain D bands at 1355 cm ™' and
G bands at 1586 cm™'. Compared with that for the GO,
the D-band position slightly changed due to larger
structural edge defects and smaller graphene domains.
The width of the D-band for the LSG slightly decreases
but does not change significantly. GO is a carbon lattice
that contains oxygen functional groups, which break
carbon—carbon bonds to form a strong D-band. The
carbon—-oxygen bond of GO is broken and oxygen is
released during laser treatment. C—C recombination is
difficult, as there is a thickness expansion due to the laser
treatment and the LSG transforms into loosely stacked
films*"*®, The narrowing G-band also shifts from 1605 to
1586 cm ' via reduction of the oxygen functional
group®’. Notably, the LSG/NMC composite has Raman
peaks from both weakened LSG and NMC, indicating a
hybrid material composed of LSG and NMC. The Raman
peak located at 585cm ' is attributed to the M-O
symmetrical stretching vibration from the Raman modes
of A, in NMC, which is consistent with a previous
report™®. The intensity ratio of the D and G bands (Ip/Ig)
is well known to assess the disorder of graphene. There is
no significant difference between the D-band and the G-
band intensity after laser scribing. The Ip/lg of LSG/
NMC sample is smaller than that from the LSG sample
due to a reduction in the average size of the sp* domains
of the carbon atoms as a result of the crystallization
process of NMC. This means that the NMC spacer cre-
ated LSG with abundant interstitial spaces, which is
favorable for ion storage and electron kinetics, resulting
in not only numerous active sites but also excellent
electrochemical performance. Contrary to that for the
GO, the LSG/NMC and LSG samples have an intense 2D
band, the most prominent feature for graphene. The
shape and intensity of the 2D band are related to the
number of graphene layers. The high 2D band of LSG
(Ip/Ig ratio of ~0.36, FWHM of 66 cm ™) is observed at
an increased frequency of ~2755cm !, similar to pre-
viously reported values for trilayer graphene®*°. The
LSG/NMC sample exhibits higher ILp/Ig ratio of 0.41
compared with that for the LSG sample (0.38). This
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outcome could be explained by the contribution of the
NMC spacer. From the Raman analysis, we can infer that
successful LSG/NMC and LSG materials were prepared
with the laser scribing method.

Supplementary Fig. S2¢, d shows the N, adsorption—
desorption isotherms of the LSG/NMC and LSG samples.
The BET measurement shows that the LSG/NMC com-
posite has a specific surface area of 687.5m?*/g with a
conductivity of 1758 S/m, which is higher than that for the
LSG that had a specific surface area of 573.6 m*/g with a
conductivity of 1529 S/m. A hysteresis loop in the N,
adsorption/desorption isotherms from the LSG/NMC and
LSG samples is also observed, indicating that both have
porous structures. However, the LSG/NMC composite
possesses a larger surface area for the LSG because of the
NMC spacer between LSG layers. The NMC helps to
disperse the LSG and prevent agglomeration of the LSG.
The surface area and pore size are directly related to the
high capacitance that is achieved for the carbon-based
electrodes; this characteristic is associated with a large
ion-accessible surface area at the interface between the
electrode and electrolyte, ensuring excellent electro-
chemical performance. The pore-size distributions for the
LSG and LSG/NMC samples were obtained by means of
the Barrett—Joyner—Halenda model, as shown in the
insets of Supplementary Fig. S2¢c, d, respectively. The
hierarchical pore distribution can be confirmed in both
electrodes. The LSG/NMC composite shows more
mesopores and macropores than that of the LSG. This can
be explained by the separation of the LSG by the NMC
spacers. This encourages electrical double-layer formation
and improves the ion accessibility. In other words, anions
normally only reach the outer surface and the large pores
of an electrode, whereas the interior and small pores are
difficult to use sufficiently, resulting in poor performance,
especially at a high current density*'~**.

To further investigate the structural properties of the
LSG/NMC composite, TEM and EDS mapping were
carried out. Figure 4 shows the (a) TEM image, (b)
selected area electron diffraction (SAED) pattern of the
LSG, and (c) TEM image of LSG/NMC composite. As
shown in Fig. 4a, the LSG appears to be stacked on
another graphene layer and comprised three overlapping
monolayers, which is consistent with Fig. 3c. It seems that
the corrugated LSG with ripples and folded regions is
exfoliated with an interlayer distance of ~0.36 nm (Sup-
plementary Fig. $S3a)**. A TEM SAED was measured to
characterize the LSG, as shown in Fig. 4b. The intensity
profile across a line (Fig. 4d-f) was taken from the three
different regions. The intensity ratios of the LSG
demonstrate that the intensity ratio (I(1 —210)//(1 —
100)) increases with an increasing number of graphene
layers. The I(1 —210)/1(1 — 100) for the LSG is close to
1.55, corresponding to trilayer graphene (Fig. 4f). Figure 4c
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Fig. 4 Morphological and structural characterization of the LSG and LSG/NMC composite. a TEM images and b SAED pattern of the LSG,
indicating that it comprised three layers. ¢ TEM image of LSG/NMC composite (the inset shows the SAED pattern). Intensity profiles from the SAED
patterns taken along the {1-210}, {1-100}, {1-100}, and {1-210} for the d single layer, e bilayer, and f trilayer LSG samples.

shows the distribution of NMC particles with sizes of
150-200 nm on the surface of the LSG. The composition
of the NMC particles was confirmed to include Ni, Co,
Mn, and O components by EDS in STEM mode (STEM-
EDS), as shown in Supplementary Fig. S3b. The intensity
ratio of the LSG/NMC is 1.32 (inset of Fig. 4c), which thus
indicates that the LSG/NMC composite is a loosely
stacked structure whereby the NMC is anchored onto the
surface of the LSG, as shown in Fig. 3¢*”. The magnified
HRTEM image (Supplementary Fig. S3c) clearly shows a
lattice spacing of ~0.24 nm, which agrees well with the
(003) lattice spacing of NMC™. In addition, the EDS
results (Supplementary Fig. S3d) indicate the presence of
Ni, Mn, and Co with an atomic ratio of ~1:1:1, which is
the same as the designed value. Unlike the LSG, the
morphology of the GO clearly contains typical flake-like
shapes and is transparent, as shown in Supplementary Fig.
S3e. The TEM image shows the disordered nature of the
GO, and only diffraction rings and unresolved diffraction
spots are observed in the SAED pattern (Supplementary
Fig. S3f), clearly indicating that the GO is in an amor-
phous state®’.

The surface state and chemical composition of the LSG/
NMC composite were obtained by high-resolution XPS.
As indicated in Supplementary Fig. S4a, the binding
energies at 855.1 and 872.3 eV are assigned to the Ni 2p3,
and Ni 2p;/, peaks, respectively. For the Co 2p bond, the
high-resolution XPS spectrum could be resolved into Co
2p32 (779.8 V) and Co 2p;,, (795.3€V) peaks (Supple-
mentary Fig. S4b). The Mn 2p peaks at 642.8 and 654.3 eV
can be assigned to the Mn 2p;,, and Mn 2p;,, peaks,
respectively (Supplementary Fig. S4c). We can confirm

that the dominant valences of Ni, Co, and Mn in the NMC
are divalent, trivalent, and tetravalent, respectively. In
addition, the single sharp C 1s peak (Supplementary Fig.
S4d) appearing near 285eV is assigned to C-C in the
LSG/NMC composite. The positions of the binding-
energy peaks are consistent with previous reports of NMC
and LSG™.

The average particle size of the H-HTO is ~0.8 um
(Supplementary Fig. Slc). The coating thickness is
<10 nm (Supplementary Fig. S1d) and we can confirm that
the AIPO, and carbon are uniformly coated on the entire
surface of the HTO electrode through EDS element
mapping of Al (AIPO,) and C (carbon), as shown in
Supplementary Fig. Sle.

Five LSG/NMC composites were prepared that had 1, 3,
5, 7, and 9wt% NMC with respect to the LSG and the
optimized concentration of NMC in LSG was investi-
gated. Supplementary Fig. S5a shows the CV curves of the
LSG/NMC composites with different NMC additions at a
high scan rate of 50 mV/s. The rectangular and symmetric
CV curves demonstrate ideal capacitive behavior. It can
be clearly seen that the area surrounded by the CV curves
for the LSG/NMC composites slightly increases as the
amount of NMC in the composite increases, indicating a
beneficial pseudocapacitive NMC reaction. However, the
area decreased as the NMC content increased when the
NMC content was more than 5wt%. The initial charge
and discharge curves (Supplementary Fig. S5b) are con-
sistent with the results of the CV curves. An appropriate
amount of NMC contributes to the capacity because of
the synergistic effect of the LSG and NMC. The LSG/
NMC composite reaches the maximum capacity value
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(123.7 mAh/g) with the 5 wt% NMC addition and then it
loses its capacity with a further increase in the NMC
concentration. This is because excessive NMC leads to a
high resistance due to a low conductivity***’. These
results indicate that the optimum amount of NMC added
to the LSG is 5wt%, and that excessive NMC has a
negative effect on the electrochemical performance.
Before fabricating the hybrid supercapacitors, half-cell
tests were performed to compare the electrochemical
performance of the individual electrodes (LSG/NMC,
LSG, and AC), as shown in Fig. 5. To demonstrate the
advantages of the electrochemical performance of the
LSG/NMC cathode for hybrid supercapacitors, we per-
formed (a) CV, (b) galvanostatic charge—discharge, and (c)
cycle measurements. The CV curves of LSG/NMC, LSG,
and AC are shown in the potential range from 3.0 to 4.5V
at a scan rate of 50 mV/s. It is obvious that the CV curves
from the LSG/NMC and LSG samples exhibit a nearly
rectangular shape, indicating ideal electrical double-layer
capacitive behavior. The increase in the current after the
NMC loading into the LSG can be explained by the
pseudocapacitive behavior of the NMC®'. The area sur-
rounded by the CV curve of the LSG/NMC composite
significantly increases, which indicates an improved
electrochemical behavior. This can be explained by the
high ion-accessible surface area that originates from the
high specific surface area and large pore size, ultimately

leading to excellent electrochemical performance®. The
CV curve of AC is distorted and has a narrow shape with
an oblique angle, which is a result of the overpotential
increase in the ion transport between the electrolyte and
AC. This can also be explained by the large amount of
micropores in the AC that do not contribute readily to
adsorption/desorption under the same conditions'"**,
Notably, the LSG/NMC composite retains its initial shape
with no obvious distortion, even at a high scan rate of up
to ~300 mV/s, as shown in Supplementary Fig. S6a (inset:
an enlarged CV curve at a scan rate of 50 mV/s). This can
be explained by the low contact resistance that results
from the rapid interlayer charge transfer and unchanged
capacitive behavior®?. To obtain additional information
about the potential of LSG/NMC composites as cathode
materials for hybrid supercapacitors, galvanostatic
charge—discharge measurements (Fig. 5b) were carried
out. As expected, the LSG/NMC composite outperforms
the LSG and AC in terms of its high initial capacity. The
LSG/NMC composite shows a high initial discharge
capacity of 127.3 mAh/g, which is higher than that of the
LSG (98.2mAh/g) and AC (49.5mAh/g) at a current
density of 0.5 A/g, suggesting that NMC plays a key role in
achieving a high capacity. The decreased capacity of the
AC can be explained by the carbon black, which has a
small specific surface area. However, carbon black does
not contribute to the capacity and, thus, the use of carbon
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black degrades the performance as a function of its
weight. Moreover, AC has a relatively high electrical
resistance due to the limited diffusion of anions in the
internal porous network. This is consistent with the
results of the CV curves (Fig. 5a)'°. The main reason for
the poor capacity of the LSG is because ion accessibility is
kinetically hindered in the stacked LSG. This implies that
the highly conductive and unique structure of the LSG/
NMC composite allows large numbers of ions to absorb
onto the LSG surface and enables the pseudocapacitive
behavior of the NMC, which contributes to more charge
storage at the same current density than that for the other
materials considered herein. The LSG tends to aggregate
due to van der Waals interactions with adjacent layers.
However, the NMC spacers between the LSG layers can
play an important role in preventing the restacking of the
LSG, resulting in additional electroactive sites for capa-
citive behavior™,

It can also be inferred that the large number of micro-
pores in AC limits ion adsorption/desorption on the
surface of the electrode at a high current density. More-
over, LSG/NMC and LSG cathodes were prepared on
aluminum foil directly without conductive additives and
polymeric binding agents, which are commonly required
not only to reinforce the adhesion between electrodes and
substrates but also to increase the conductivity of the
electrode. However, they have a negative effect on the
electrochemical performance by increasing the resistivity
and electrode weight (~20-30% of the total electrode
weight)®**>, Thus, conductive additive and binder-free
electrodes generally exhibit improved electrochemical
performance. Importantly, the LSG/NMC composite not
only has a high capacity but also achieves excellent
retention (~98.1%) after 1000 cycles at a current density of
5.0 A/g, as shown in Fig. 5c. Although the poor con-
ductivity of NMC increases the bulk solution resistance
when the electrolyte, separator, and collector are inclu-
ded, a small amount of NMC is mainly inserted between
the LSG layers and can minimize their stacking, thus
facilitating easier ion and electron transfer to the electrode
during the charge—discharge process, and thereby improv-
ing the rate capability and cycle performance™. Therefore,
these results strongly suggest that the LSG/NMC cathode
has a positive impact on the extraordinarily high electro-
chemical performance of hybrid supercapacitors.

Figure 5d shows that the CV curves of H-HTO have
distinct pairs of redox peaks, resulting from the
oxidation—reduction reactions of Ti*" ions in the poten-
tial range of 1.0-3.0V at a scan rate of 1 mV/s. The
potential separation between the anodic peaks (E,) of
~1.68V and cathodic peaks (E;) of ~1.52V originated
from the oxidation—reduction process. There is a small
gap (0.16 V) between the anodic and cathodic peaks,
indicating a fast and reversible Li-ion intercalation into
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Table 2 Polarization values of the H-HTO anode at
various scan rates from 1 to 20 mV/s.

1mV/s 2mV/s 5mV/s 10 mV/s 20mV/s
E, 1.68 231 2.35 2.36 2.37
E. 152 1.90 1.89 1.88 1.87
NE 0.16 041 046 048 0.50

the H-HTO. This can be calculated by the following
equation'*”:

AE =E, — E. (2)

where AE is the difference between the anodic and
cathodic peak potentials (polarizations), E, is the anodic
peak, and E. is the cathodic peak. As shown in
Supplementary Fig. S6b and Table 2, the polarizations
slightly increase, but not significantly, with increasing
scan rate due to diffusion-controlled ohmic contributions
while maintaining their shape, suggesting that H-HTO is
appropriate for highly efficient Li-ion transfer®®. There-
fore, polarization values are closely associated with the
electrochemical performance. Figure 5e shows the initial
charge—discharge profiles for the H-HTO with a plateau
near 1.55V (vs. Li/Li"), which is the reversible redox
potential of H-HTO. The H-HTO exhibited a capacity of
235 mAh/g at a current density of 200 mA/g, indicating
that 8.6 Li ions could be inserted reversibly into the
H-HTO anode for the first time'’; its excellent reversi-
bility of 86.1% retention after 20 cycles is also shown in
Supplementary Fig. S6¢c. The capacity of H-HTO shows a
remarkably long cycling stability (97.5% retention up to
1000 cycles) at a current density of 0.5 A/g, demonstrating
its use as an effective and reliable anode material for
hybrid supercapacitors (Fig. 5f). In addition, the H-HTO
retains a high capacity of 170.8 mAh/g (72% of the initial
capacity), even at a high current density of 5.0 A/g, as
shown in Supplementary Fig. S6d. There are five
advantages of H-HTO anodes for hybrid supercapacitors
as follows: (i) there is a large amount of Li-ion insertion/
extraction for a high capacity, (ii) there is a one-
dimensional tunnel structure that enables fast access of
Li ions (Supplementary Fig. S1f), (iii) there is a small
volume change during the charge—discharge process, (iv)
the novel hybrid coating allows for accelerated Li-ion
diffusion and electron transport, and (v) it suppresses
swelling®. These synergistic effects are expected to result
in the excellent electrochemical performance of hybrid
supercapacitors.

Based on the excellent electrochemical performances of
the individual electrodes, we designed hybrid super-
capacitors based on the LSG/NMC//H-HTO system
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(Fig. 6a) and investigated the electrochemical performance.
Figure 6a shows that the electrochemical performance of
the hybrid supercapacitors are derived from PFs™ ion
adsorption/desorption at the cathode and Li-ion insertion/
extraction at the anode®>®.

Before manufacturing full-cell hybrid supercapacitors,
the thicknesses of the anode and cathode were optimized
by measuring the discharge retention according to the
thickness variation (Supplementary Table S2). At a low
current density of 0.1 A/g, the capacitance is proportional
to the electrode thickness, as there is enough time for the
electrochemical reaction at both electrodes. On the other
hand, the capacitance retention decreases with increasing
electrode thickness at a high current density of 3.0A/g.
This can be explained by the slow diffusion of Li ions from
the anode at high charge/discharge rates®. Namely, the

capacitance retention decreases proportionally as the cur-
rent density increases. Only the upper region of the anode
participates in the electrochemical reaction, whereas the
lower region of the anode that does not participate in the
reaction has a negative effect on the performance. There-
fore, it is necessary to balance the thickness of both
electrodes by removing unnecessary electrodes for high-
performance hybrid supercapacitors. On the other hand,
the capacitance retention of the cathode was increased in
proportion to the electrode thickness. This is due to the
adsorption—desorption of anions, which is a faster energy
storage mechanism than that of lithium intercalation of the
anode. Although the 90 um anode and 300 pum cathode
exhibit a high capacitance at a low current density, capa-
citance retention decreases quickly at high current den-
sities. Considering the capacitance retention at various
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thickness combinations, a 70 pm anode and 300 pm cath-
ode were selected as the optimum thicknesses, because
they provide the highest retention.

Unlike the ideal rectangular shape of supercapacitors,
Fig. 6b shows that the CV curve of (i) hybrid super-
capacitors has two different energy storage mechanisms,
corresponding to the behavior of hybrid supercapacitors
(hybrid behavior of supercapacitors and batteries)®’. To
understand this behavior, the CV curves of the (ii) Li
intercalation redox electrode (H-HTO) and (iii) capacitive
electrode (LSG/NMC) were measured. The H-HTO
exhibits a pair of sharp peaks from the Faradaic reaction
of H-HTO, whereas the LSG/NMC composite shows a
nearly rectangular shape from a non-Faradaic reaction
with an efficient interlayer charge transfer®>. From the CV
curves, it can be inferred that capacitive and redox reac-
tions coexist in hybrid supercapacitors. The oxidation and
reduction peaks in the hybrid supercapacitors are obtained
through reversible electrochemistry of the Ti**/Ti*" redox
couple in the H-HTO anode. Figure 6¢c shows the CV
curves of the hybrid supercapacitors using LSG/NMC,
LSG, and AC electrodes in the stable voltage window of
0-2.8V due to a working voltage of 4.3V for the cathode
and 1.5V for the anode at a scan rate of 0.1 V/s. All CV
curves show the typical form found in hybrid super-
capacitors, indicating that the curve has a pair of broad
anodic peaks and cathodic peaks. Compared with those for
LS@G, the rectangular areas of the CV curves for the LSG/
NMC composite are larger, implying that the introduction
of NMC onto the LSG films not only increases the kinetics
of PFs~ but also expands the number of active sites for
electrochemical reactions. The small polarization between
the anodic and cathodic peaks for the LSG/NMC com-
posite is favorable for realizing both a high energy and
power density (Table 3). The polarization of the LSG/NMC
composite is sufficiently small (0.13V), indicating that
LSG/NMC composite delivers excellent reversibility during
the charge—discharge process. The occurrence of these two
peaks is mainly attributed to the slow Li-ion intercalation
in the H-HTO. The main possible charge—discharge pro-
cess of the hybrid supercapacitors can be expressed by the
following reactions™":

LSG + PF, — LSG" - PF, + e~ [Cathode] (3)

LiNi1/3C01/3Mn1/302 — Lil,XNil/3C01/3Mn1/3OZ + xLi

+xe™ [Cathode]
(4)
H,Ti15095 + xLiT + xe™ — Liy - HyTij2O045 [Anode]
(5)

As is well known, CV curves can be divided into two
parts as follows. (i) The first part is where the cathode
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Table 3 Various parameters of hybrid supercapacitors
based on the LSG/NMC//H-HTO, AC//H-HTO, LSG//H-HTO:
IR drop, R, and polarization values.

AC//H-HTOZ LSG//H-HTO LSG/NMC//H-HTO

IR drop (Q) 026 020 0.11
EIS first cycle 0.047 0.036 0.030
EIS after 1000 cycles 0.06 0.047 0.039
E, 278 277 275
Ec 259 260 262
AE 0.19 0.17 0.13

only plays a role in charging below 1.5 V. It can be seen
that both charge curves are nearly symmetric with respect
to their corresponding discharge counterparts (namely,
the so-called mirror effect), which is evident for their
capacitive behaviors. However, the charge amount for the
cathode is remarkably small. (ii) The second part is where
the cathode and anode simultaneously contribute to
charging beyond 1.5V. However, the H-HTO plays a
major role in charging the hybrid supercapacitors and the
charge amount increases sharply. Supplementary Fig. S7a
shows the CV curves of the hybrid supercapacitors using
LSG/NMC//H-HTO for 100 cycles. After 100 cycles, the
shape of the CV curve is almost identical to that of the
first cycle with small polarization (Table 4), demonstrat-
ing that the rapid and reversible Li-ion kinetics of H-HTO
match the quick PFs~ ion adsorption at the surface of the
LSG/NMC.

To assess the electrochemical performance of hybrid
supercapacitors, the initial charge—discharge curves were
measured at a current density of 0.5A/g, as shown in
Fig. 6d. All charge—discharge curves for the hybrid
supercapacitors exhibit asymmetrical shapes, which is
contrary to the shapes for supercapacitors. The discharge-
specific capacitances of the hybrid supercapacitors can be
calculated by the following equation”:

q Jine
C = = 6
AVxm AVxm ©)

where C is the specific capacitance (F/g), g is the total
charge, AV is the potential range, m is the mass of the
active materials in hybrid supercapacitors, i is the current,
and t is discharge time. The capacitance of the hybrid
supercapacitors that use LSG/NMC, LSG, and AC
cathodes are 141.5, 105.7, and 68.2 F/g, respectively.
Notably, the LSG/NMC composite shows the highest
capacitance herein, as the NMC acts as a spacer, ensuring
that additional LSG regions can participate in electro-
chemical reactions, which is the key to achieving high-
capacitance hybrid supercapacitors. In addition, the
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Table 4 Polarization values of the hybrid supercapacitors
based on the LSG/NMC//H-HTO system for 100 cycles.

1 Cycle 20 Cycles 40 Cycles 70 Cycles 100 Cycles
E, 2.75 2.76 2.77 2.78 2.79
Ec 262 2.55 2.50 249 246
AE 013 0.21 027 0.29 033

capacitance of the LSG/NMC composite is still as high as
77.1 F/g (~55% retention), even at a high current density
of 3.0A/g, as shown in Supplementary Fig. S7b. The
voltage drops (current—resistance (IR) drop) of the hybrid
supercapacitors are due to the internal resistances of the
hybrid supercapacitors, which is one of the most
important factors for rate capability®®. The IR drop was
obtained using the following equation®:

_ Vcharge - Vdischarge

R= — (7)
where Viparge is the voltage of the cell at the end charge,
Vdischarge is the voltage of the cell at the starting discharge,
and I is the absolute value of charge and discharge
current. The hybrid supercapacitors using LSG/NMC//
HTO exhibited the lowest IR drop herein (Table 5) and
exhibited a sufficiently small value (0.11 Q at 0.5A/g),
indicating a very small value compared with that for
previously reported hybrid supercapacitors®*®. This
demonstrates the intrinsic reversibility even though the
current density increased to 3.0 A/g®*.

The durable high rate capability and stable cycling of
hybrid supercapacitors are two key parameters for their
application in hybrid supercapacitors, and both are
observed in Fig. 6e. The hybrid supercapacitors are first
cycled at 0.5 A/g and then continuously cycled at 1.0, 3.0,
and 5.0 A/g (inset of Fig. 6e). The cells were cycled at each
rate for five cycles. When returning back to 3.0 A/g again
after 20 cycles to assess the cycle performance, the
capacity is fully recovered, indicating its excellent rate
capability. In addition, the LSG/NMC composite shows
excellent capacity retention up to 20,000 cycles with no
obvious fading; the retention is as high as ~94.6% after
20,000 cycles at a current density of 3.0 A/g. These
encouraging high-rate and ultra-long-life hybrid super-
capacitors using LSG/NMC//H-HTO electrodes are
supported by EIS measurements, as shown in Supple-
mentary Fig. S7c, d. The EIS shows a small charge-
transfer resistance (R.,) for the hybrid supercapacitors,
which is mainly attributed to the improved penetration of
the Li ions and electrons into the hybrid coating and
tunnel structure (Table 3). This indicates that H-HTO
can provide good conductivity for hybrid supercapacitors.
Most importantly, hybrid coatings are extremely effective

Page 12 of 15

Table 5 IR drop values of hybrid supercapacitors based
on the LSG/NMC//H-HTO system at various current
densities from 0.5 A/g to 3.0 A/g.

0.5A/g 1.0A/g 2.0A/g 3.0A/g

IR drop (Q) 0.1 0.13 0.16 0.19

at inhibiting swelling during cycling, which can lead to an
ultra-long cycle life and effectively prevent important
safety issues®®, Moreover, in terms of the cathode, the
LSG/NMC composite shortens the ion diffusion length to
provide fast ion kinetics and numerous active sites for
charge storage. Consequently, we can conclude that
pathways for smooth electron and ion transport are
important for long-term cycling stability. One of the
major concerns for hybrid supercapacitors during cycle
tests is overheating, which in serious cases can cause
thermal runaway due to the destruction of the solid
electrolyte interface layer on the carbon-based elec-
trode®®. Supplementary Fig. S8a shows the surface tem-
perature of the hybrid supercapacitors over 20,000 cycles.
The surface temperature appears almost constant at
~26.5°C during the cycle test, indicating that the LSG/
NMC//H-HTO hybrid supercapacitors generate less heat.
Thus, this system can meet ESD requirements of high
stability and reliability. The rate capabilities of five LSG/
NMC//H-HTO hybrid supercapacitors were assessed to
determine their reproducibility, as shown in Supplemen-
tary Fig. S8b. There are no significant differences in the
values of all samples. Therefore, it can be concluded that
the improvement in the performance of the LSG/NMC//
H-HTO hybrid supercapacitors is accompanied by good
reproducibility.

Figure 7 shows the Ragone plots of the LSG/NMC//H-
HTO hybrid supercapacitors to compare them with those
of other previously reported hybrid supercapacitors. The
power density (P) and energy density (E) were calculated
as follows®":

P=AVxI/m (8)
E = Px t/3600 9)

AV = (Emax + Emin) /2 (10)

where E, ., and E,;, are the potentials at the beginning of
the discharge and at the end of the discharge (V),
respectively; I is the applied current (A); ¢ is the discharge
time (seconds); and m is the mass of active materials,
including both the anode and cathode (g), in the hybrid
supercapacitor. The hybrid supercapacitors using the
LSG/NMC//H-HTO system deliver the highest energy
density herein, while preserving their excellent power
density. The energy density of the hybrid supercapacitors
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Fig. 7 Energy and power densities of hybrid supercapacitors
based on the LSG/NMC//H-HTO system compared with those
from previously reported hybrid supercapacitors. The LSG/NMC//
H-HTO hybrid supercapacitors delivered significantly enhanced
energy and power densities. The LSG/NMC//H-HTO hybrid
supercapacitors are compared with other hybrid supercapacitors
comprising TiO,-(reduced graphene oxide)/AC, TiO»-(B) nanowire
(TNW)/carbon nanotube (CNT), C-Li4TisO; (LTO)/AC, C-LiTi»(PO,)s
(LTP)/AC, V,05-CNT/AC, Nb,Os-CNT/AC, H,T15045-AC, LiCrTi,/AC, and
urchin-like TiO,/AC systems.

increases from 26.4 to 123.5 Wh/kg as the power density
changes from 14074.8 to 208.2 W/kg, which still exceeds
those of the TiO,-(reduced graphene oxide)/AC®, TiO,-
(B) nanowire/carbon nanotube (CNT)’, C-LiyTisO1,
(LTO)/AC%,  C-LiTiy(PO4)3/AC®,  V,05-CNT/AC®,
Nb,O5-CNT/AC”®, H,T;,0,5-AC> LiCrTiy/AC”", and
urchin-like TiO,/AC”* systems. From these results, we
can confirm that the hybrid supercapacitors comprising
the LSG/NMC//H-HTO system exhibit the highest
energy and power densities to date. The excellent
performance can be ascribed to both the double-layer
capacitive and pseudocapacitive behaviors at the LSG/
NMC cathode and the preferable Li-ion intercalation
kinetics at the H-HTO anode. It is also worth noting that
the composition of the LSG/NMC//H-HTO system meets
the stringent requirements for automotive applications,
including hybrid EVs (HEVs) and plug-in HEVs’>7%,

Conclusion

In summary, we propose a novel hybrid supercapacitor
system based on an LSG/NMC cathode and an H-HTO
anode. We demonstrated that hybrid supercapacitors
have an outstanding energy density of 123.5 Wh/kg and
power density of 14074.8 W/kg, but also an excellent
cyclability of 94.6% after 20,000 cycles, which outperforms
those of other hybrid supercapacitors. The reasons for this
extraordinary electrochemical performance are mainly
due to multiple synergy effects as follows: (i) the
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intrinsically excellent electrochemical performance of
LSG; (ii) the anchoring of NMC spacers between the LSG
layers, causing segregated graphene; (iii) the increase in
the capacitance due to the additional effects of the NMC
pseudocapacitive reaction; (iv) the combination of the
tunnels and rapid pathways (hybrid coating) in the HTO
anode to balance both electrodes; and (v) the suppression
of gas formation via unwanted side reactions. These
findings indicate that a hybrid supercapacitor using the
LSG/NMC//H-HTO system could be a powerful and
effective means for extraordinary performance. Moreover,
the LSG/NMC composite, which does not require a bin-
der and conductive additives, is expected to be advanta-
geous for the miniaturization/weight reduction that are
required for various portable devices and vehicle
applications.
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