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High-Power Lithium-lon Capacitor using LiMnBO,-
Nanobead Anode and Polyaniline-Nanofiber Cathode with

Excellent Cycle Life

Kaliyappan Karthikeyan,*™ ' Samuthirapandian Amaresh,” Sol-Nip Lee,” Jae-Yeon An, and

Yun-Sung Lee*™

LiMnBO; nanobeads (LMB-NB) with uniform size and distribu-
tion were synthesized using a urea-assisted microwave/solvo-
thermal method. The potential application of LMB-NBs as an
anode for a lithium-ion hybrid capacitor (Li-AHC) was tested
with a polyaniline-nanofiber (PANI-NF) cathode in a nonaqu-
eous LiPFs (1 m)-ethylene carbonate/dimethyl carbonate elec-
trolyte. Cyclic voltammetry (CV) and charge-discharge (C/DC)
studies revealed that the PANI-NF/LMB-NB cell showed an ex-
ceptional capacitance behavior between 0-3V along with
a prolonged cycle life. A discharge capacitance of about
125 Fg~', and energy and power densities of about 42 Whkg™

Introduction

Due to the depletion of oil resources and the emergence of
hybrid electrical vehicles (HEVs), many efforts are being made
to develop new storage devices that are capable of delivering
high energy and power densities." Although secondary batter-
ies and electrochemical double-layer capacitors (EDLC) are con-
sidered as promising storage devices for such applications, the
low power density (PD) of secondary batteries and limited
energy density (ED) of EDLCs hinders their application in HEVs.
Recently, a new class of supercapacitors called asymmetric
hybrid capacitors (AHCs) has been attracting much attention
because of their higher ED and PD values relative to EDLCs.”?
These capacitors can be fabricated using different electrode
materials with different operating voltages. Moreover, two dif-
ferent storage mechanisms (both supercapacitors and ad-
vanced batteries) are involved in AHCs, a fact that also increas-
es the overall cell potential, resulting in higher ED and PD
values of a single cell® The construction of AHCs could be
performed with various combinations including conductive
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and 1500 Wkg ™', respectively, could be obtained at a current
density of 1 Ag™'; those Li-AHC values are higher relative to
cells containing various lithium intercalation materials in nona-
queous electrolytes. In addition, the PANI-NF/LMB-NB cell also
had an outstanding rate performance with a capacitance of
54 Fg~' and a power density of 3250 Wkg ™' at a current densi-
ty of 225 Ag~' and maintained 94% of its initial value after
30000 cycles. This improved capacitive performance with an
excellent electrochemical stability could be the result of the
morphological features and inherent conductive nature of the
electroactive species.

polymer (CP)/metal oxide (MO),” MO/carbon materials,”’ and
CP/carbon materials.”” Among the AHC configurations, MO/
carbon-based AHCs were extensively studied.” Although RuO,
is considered as the best electroactive material for fabricating
AHCs due to its large pseudocapacitance, energy density, and
excellent electrochemical reversibility, its high cost and toxic
nature hindered its practical applications.®’ Most recently,
many one-dimensional metal oxides (ODMs), such as SnO,,
Fe,0;, MnO,, and TiO, among others, have been proposed for
pseudocapacitor applications.”*'? Despite showing almost
the same pseudocapacitance performance as RuO, with less
cost and low toxicity, all these ODMs show low conductivity,
high metal dissolution during electrochemical cycling, and low
redox potential, affecting their high-rate performance, which
made ODMs inappropriate for AHC applications. Moreover, the
ED of AHCs is directly proportional to cell voltage and capaci-
tance according to Equation (1):

E=1/2CV? (1)

where C is capacitance (Fg™") and V is cell voltage (V). Because
ED can be enhanced by increasing the operating voltage and
capacitance of electroactive materials, the low redox potential
of ODM also restricted the construction of high-ED AHCs.”
Hence, further studies have focused on finding novel alterna-
tive materials with higher operating voltage values for AHC
construction. Recently, the assembly of AHCs with a lithium in-
sertion electrode (battery type) as an energy source and an
EDLC component as a power source in either aqueous or non-
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aqueous media was achieved."” Such lithium-ion AHCs (Li-
AHCs) can provide a larger ED than AHCs or EDLCs, and
a higher PD than lithium-ion batteries (LIBs), along with stable
long-term cycling. Although several lithium intercalation mate-
rials have been widely studied for Li-AHCs in aqueous electro-
lytes, water-splitting of aqueous electrolytes occurred at 1.2V,
confining their ED value. Therefore, the fabrication of Li-AHCs
in inorganic electrolytes has been a significant focus."” Ama-
tucci et al. first reported a nonaqueous Li-AHC using an activat-
ed carbon (AC) positive electrode and a Li,TisO,, negative elec-
trode in a LiPF,—ethylene carbonate (EC)/dimethyl carbonate
(DMQ) electrolyte.™' Later, numerous lithium-intercalation-
based electrodes were studied and reported by several re-
searchers.'""*" So far, Mn-based lithium intercalating compo-
nents have been observed as promising energy sources for Li-
AHC applications owing to their natural abundance, low envi-
ronmental impact, and low cost. Unfortunately, Mn-based cath-
ode materials undergo large capacitance fading as a result of
active species dissolution either in pristine or doped form and
also have low conductivity.”” Previously, we reported new
classes of lithium insertion host materials, such as polyanion
framework Li,MSiO, (M=Mn and Fe) and fluoro oxyanion
Li,CoPO,F as potential energy sources for Li-AHCs along with
AC counter electrodes. However, the ED and PD of these mate-
rials were still not adequate to power HEVs.?'®) Therefore, in-
vestigations are still going on to develop appropriate high-per-
formance lithium insertion hosts for Li-AHC applications.
Lithium metal borate (LIMBO;, M=Mn or Fe) is proposed as
a promising cathode material for LIB applications due to its
higher theoretical capacity (<220 mAh) relative to other elec-
trode materials, such as LiMO, (M=Co, Ni, Mn, and Fe) and
LiFePO,.*® Likewise, boron is environmentally benign, light-
weight, and naturally abundant. Besides, triangular (BO,)*~
polyoxanions have a lighter mass relative to other lithium in-
tercalation materials containing transition-metal polyoxanion
compounds with (XO,)"~ groups, such as (SO,)*, (VO,?*,
(PO,?*", (AsO,)?*", (WO,)?*", and (Si0,).2* In addition, (BOs)*"
polyoxanions could deliver high output potentials along with
improved structural stability from the inductive effect of the
B—O bond. Legagneur et al. first reported the successful utiliza-
tion of LIMBO; (M=Mn or Fe) for LIBs with low discharge ca-
pacity and poor lithium intercalation/deintercalation reaction
kinetics.?’ Although LiFeBO, (LFB) is safer than LiMnBO, (LMB),
the higher theoretical capacity and higher output potential (~
4.6V) of LMB relative to LFB (~3.2 V) makes LMB more attrac-
tive as a candidate for LIBs. Nevertheless, due to the low elec-
trical and ionic conductivity of LMB, several valid attempts are
needed to improve electrochemical performance including
conductive carbon coating or foreign cation doping, which
also results in detrimental side reactions from the addition of
nonreactive materials. Various studies on LMB as a cathode
material for LIBs indicated the existence of LMB in two phases,
either hexagonal (h-LMB) or monoclinic (m-LMB).”%3% Ma et al.
studied the anodic performance of h-LMB between 0 and 3V,
showing a stable cyclic life with a discharge capacity of ap-
proximately 354 mAhg™' at a current density of 50 mAg~'.B"
There are still some setbacks, such as low electronic conductiv-
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ity and low rate performance, which need several valid devel-
opments and strategies to improve the electrochemical per-
formance of LMB for next-generation LIBs. Therefore, we now
focus on one interesting factor of LMB that shows excellent ca-
pacity retention at the lower voltage region of 0-3 V because
of its adjustable voltage-platform characteristics.*" To the best
of our knowledge, no other report is available on the utiliza-
tion of LMB as an electroactive material for Li-AHCs. Thus,
herein we present LMB as a high-performance anode material
for Li-AHCs.

Generally, carbonaceous materials are the most common
electrode materials for Li-AHCs. However, their low capaci-
tance, low bulk density, poor charge-storage capability, and
risk of high-surface-area lithium plating at high current densi-
ties restrict them in high-energy-density Li-AHC applications.®”
Consequently, ODM and its derivatives were used for such ap-
plications, which also underwent active species dissolution and
had a low redox potential. Consequently, an alternative coun-
ter electrode with a high working voltage and high capaci-
tance was sought."®' Employing CPs as counter electrodes is
the best way to increase the capacitive behavior of
AHCs.0712331 Moreover, polyaniline (PANI) is the most promis-
ing electrode material for AHCs, owing to its controllable elec-
trical conductivity in its oxidized/protonated form, its environ-
mental stability, low cost, and easy synthesis.*® Furthermore,
PANI also exhibited higher capacitance and redox potential
than AC and several ODMs, improving the overall performance
of the Li-AHC system. Although CPs are well-known for their
poor electrochemical cyclability, various approaches have been
reported for assembling AHCs with CP as an active material
and enhanced cycling performance.®**** In our earlier work,
we studied a hybrid composite containing a PANI-lithium in-
tercalating material as a high-performance cathode for Li-AHCs
with a high ED value and a long cycling performance.®
Herein, we present a novel Li-AHC with a LMB anode and
a PANI cathode in a LiPF4 (1 M)-EC/DMC electrolyte with an im-
proved rate performance and a long cycle life. This approach
will be a promising technique for assembling highly efficient
Li-AHCs for HEVs.

Results and Discussion

Figure 1 presents the XRD pattern of LMB nanobeads (LMB-
NBs) prepared at 650 °C for 7 h under an Ar atmosphere. LMB-
NBs had a monoclinic phase with the C2/c space group, which
is isostructural to LiCdBO; (according to ICDD card no. 83-
2342) and also in good agreement with earlier reports.?*=
LMB-NBs are mainly constructed from planar BO,, tetrahedral
LiO, and MnO; square pyramids. Usually, the planar BO; group
is linked by edge-sharing and Li ions occupy LiO, tetrahedral
sites in the 3D polyanionic [MnBOs],"~ framework.?” The MnO;
square pyramid is formed of chains along with the ¢ axis by
sharing its opposite edges with two adjacent pyramids.” In
addition, the tetrahedral sites of LiO, shared two oxygen and
planar BO; groups, forming a chain through corner-sharing. Be-
cause the Li atom in LMB occupied LiO, tetrahedral sites and
shared a face with an oxygen atom, the electronic conduction
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constructing the porous carbon
network between LMB-NB parti-
cles and also effectively sup-
presses particle growth during
synthesis. This porous carbon
network not only increases the
conductive nature of LMB-NBs,
but also allows more electrolyte
to be stored within LMB-NBs,
thus reducing the distance for
the intercalation/deintercalation
of lithium ions and augmenting
the structural stability against
the inherent mechanical stress
during high-current cycling. Con-
versely, worm-like PANI-NFs were
obtained during chemical poly-
merization with a diameter of

Wavenumber / cm!

Figure 1. a) XRD pattern and b) XPS spectra of LMB-NBs prepared at 650 °C for 7 h under Ar; inset shows high-res-
olution XPS spectra of corresponding elements. c) FTIR spectra of PANI-NFs prepared by the chemical polymeri-

zation method at room temperature.

of LMB was followed by Mn—O—Mn bonding, resulting in poor
electronic conductivity.”**” Moreover, the narrow and intense
XRD peaks demonstrated the good crystalline nature of LMB-
NBs. The lattice parameters calculated from XRD analyses (a=
5192 A, b=8.944 A, and ¢=10.328 A) were close to the values
reported elsewhere. 3% X-ray photoelectron spectroscopy
(XPS) analysis of LMB-NBs was carried out to obtain informa-
tion on surface composition. XPS spectra of LMB-NBs (Fig-
ure 1b) show the presence of Mn, C, B, and O elements within
the sample. The predominant peaks at 642.5 and 654.1 eV in
high-resolution Mn2p spectra can be attributed to Mn2p,,
and Mn2p,, core levels, respectively.*® The high-resolution
C1s XPS spectrum of LMB-NBs showed the C1s peak of the
epoxy group at 286.7 eV and the C1s peak of the C(O)O group
at 289.9 eV, respectively."” The additional peaks at 531.8 and
192.1 eV belong to lattice oxygen (O 1s) and oxidized boron,
respectively, in LMB-NBs.*”

The successful oxidation of aniline monomers to PANI nano-
fibers (PANI-NFs) was confirmed by FTIR spectroscopy (Fig-
ure 1c). FTIR spectra of PANI-NBs had characteristic peaks at
1140, 1585, and 1499 cm™', which is a measure of the delocali-
zation of electrons (electronic conductivity) and the stretching
vibration of quinoid and benzenoid rings, respectively.*® The
strong bonds at approximately 1312 and 1247 cm™' were at-
tributed to Ph—N and C—NH* stretching vibrations, respective-
ly, indicating the presence of emeraldine salts.?**%

The surface morphologies of LMB-NBs and PANI-NFs are
shown in Figure 2. TEM and SEM images (Figure 2a) show that
the LMB-NBs were composed of several small and highly or-
dered polycrystalline particles with an even size of 30-40 nm
and a uniform size distribution. Moreover, each particle was in-
terconnected through a porous carbon network, forming
a web-like morphology. The addition of urea is responsible for

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

50 nm and a length of approxi-
mately 500 nm. PANI-NFs also
had a uniform size and distribu-
tion, exhibiting better capacitive
performance.®*” The Brunauer-
Emmett-Teller (BET) surface area
of LMB-NBs and PANI-NFs was calculated to be about 11 and
63 m?g~", respectively. Furthermore, pore-size distribution
curves of LMB-NBs and PANI-NFs as a function of pore size, cal-
culated from Barrett-Joyner-Halenda (BJH) analyses (see the
Supporting Information, Figure STa and b, respectively), con-
firmed the development of a porous structure of the electrode
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Figure 2. TEM image of a) LMB-NBs and b) PANI-NFs; (c) TGA of LMB-NB
powders at 0-400°C in an air atmosphere. Inset in (a) shows the SEM image
of LMB-NBs.
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materials, which is a desirable feature for effective ion trans-
portation during the charge-discharge (C/DC) process. Hence,
the energy-storage capability of the Li-AHC cell was enhanced.
As seen from thermogravimetric analysis (TGA, Figure 2¢), the
carbon content in LMB-NBs was calculated to be about 1.82%.

Because the applied voltage will split based on the capaci-
tive performance of the individual electrode, when Li-AHC is
constructed with different materials with different storage
mechanisms, the optimization of the mass balance of each
electrode is essential to fabricate high-performance Li-AHCs.
Herein, the mass balance of LMB-NB and PANI-NF electrodes
for fabricating Li-AHCs were optimized by C/DC studies against
the Li counter electrode in LiPFg (1 M)-EC/DMC electrolyte; cor-
responding C/DC curves are presented in Figure 3. The C/DC
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was enhanced.”>*% On the other hand, the inherent conductiv-
ity and morphological features of PANI-NBs aided its stable
electrochemical performance.® This prolonged cycling behav-
ior suggested that both PANI-NF and LMB-NB electrodes were
compatible for Li-AHC applications in standard inorganic elec-
trolytes. During initial charging, both LMB-NB and PANI-NF
electrodes got polarized in the negative and positive direction
and started acting as the anode and cathode in a Li-AHC con-
figuration, respectively. Based on the results obtained from Fig-
ures 3a and b, the optimized cathode/anode mass ratio for
constructing PANI-NF/LMB-NB was about 1.4:1. For compari-
son, the anodic performance of LMB-NBs was investigated be-
tween 0 and 3V at a 0.25C (60 mAg™'; Figure 3¢). The LMB-
NB/Li* cell delivered a DC of approximately 354 and
220 mAhg™' during the first and
second C/DC cycles and main-
tained 98% of the irreversible
capacity value after 50 cycles,
which is comparable with the ca-
pacity obtained by Ma etal.B"
This excellent anodic per-
formance revealed that LMB-NBs
could be utilized as high-per-
formance anode materials for Li-
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Figure 3. C/DC studies of a) LMB-NB/Li* half-cell cycled between 1.25-4.8 V at a current density of 50 mAg ™",
b) PANI-NF/Li* half-cell cycled between 2-4.5 V at a current density of 50 mAg~'; and c) anodic performance of

LMB-NBs at 0-3 V at 0.25C versus the Li counter electrode.

curve of the LMB-NB/Li* half-cell (Figure 3a) showed a typical
lithium intercalation/deintercalation feature between 1.25 and
4.8V, whereas the C/DC curve of the PANI-NF/Li* cell (Fig-
ure 3b) exhibited the charge-storage mechanism based on the
doping and undoping of electrolyte active species (PF¢") in the
range 2-4.5 V. The shape of the C/DC curve is in good agree-
ment with a previous report.*” A discharge capacitance (DC)
of about 93 and 66 mAhg™' was obtained from PANI-NF and
LMB-NB electrodes, respectively at 50 mAg™~' along with an ex-
cellent cyclic life (Figure 3). The better cyclic stability of the
LMB-NB anode in the half-cell could be attributed to the pres-
ence of a porous carbon network between the LMB-NB parti-
cles, which facilitate Li-ion diffusion even at a high-current C/
DC process. Moreover, uniformly distributed LMB-NB particles
also improved the contact between the particle/particle and
the particle/current collector, ensuring the improvement of
electrical conductivity; hence lithium-ion-storage capability

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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The capacitive performance of
the PANI-NF/LMB-NB Li-AHC cell
was analyzed by cyclic voltam-
metry (CV) studies between 0
and 3V at different scan rates
ranging from 1 to 50 mVs™'. The
CV curves of Li-AHCs in Fig-
ure 4a demonstrate that the
PANI-NF/LMB-NB cell displayed
an excellent capacitive behavior
at all scan rates. Moreover, all CV
curves exhibited ideal rectangu-
lar curves, with mirror-like
images with a rapid current re-
sponse on voltage reversal at
each potential. Additionally, the overlapping of CV curves
could be observed at an increasing scan rate, which was attrib-
uted to the involvement of the two different energy-storage
mechanisms in the PANI-NF/LMB-NB cell.” Overall, the storage
mechanism of the PANI-NF/LMB-NB cell was mostly based on
the doping/undoping of the electrolyte active species (PF¢")
from the LiPF4 electrolyte (PAN-NF cathode), and the reversible
phase transformation that occurred during the Li* intercala-
tion reaction (LMB-NB anode).*?*?! The shapes of the CV
traces showed that capacitance behavior depended on scan-
ning rate.?"?*?” Specific capacitances of approximately 100,
75, 67, 57, 54, and 50 Fg~' were achieved at scan rates of 2, 5,
10, 20, 30, and 50 mVs™', respectively. Capacitance linearly de-
creased with an increase in scan rates due to reduced ionic dif-
fusion in the pores at higher scan rates. This occurred because
ions could not access the pores and could only approach the
outer surface of the electrode materials, thus reducing the uti-
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Figure 4. a) CV curves of the PANI-NF/LMB-NB cell in the potential range of
0-3 V at different scan rates; b) C/DC behavior of the PANI-NF/LMB-NB cell
at a current density of 1 Ag™' between 0 and 3 V in LiPF (1 m)-EC/DMC
electrolyte.

lization of electroactive species at high scan rates, thereby de-
creasing the capacitive nature of the Li-AHC cell.!""2"2326]
Figure 4b presents the C/DC curves of the PANI-NF/LMB-NB
cell at a current density of 1 Ag™' in the potential range of 0-
3 V. C/DC curves of the Li-AHC cell showed linear and symmet-
ric features as expected. It was thereby validated that the cell
had outstanding electrochemical reversibility and capacitive
behaviors in LiPF, (1 mM)-EC/DMC electrolyte. Even though an
almost linear potential response is shown, C/DC curves are not
of an ideal triangular shape; this is attributed to the different
energy-storage mechanism involved in charge storage as ob-
served from CV studies.””? It can also be seen from Figure 4b
that charge-discharge times of the Li-AHC cell were almost the
same, suggesting a 100% columbic efficiency. In addition, an
internal resistance (IR) value of 14 Q was calculated from the
C/DC study, indicating low resistance of the PANI-NF/LMB-NB
cell. The electrochemical parameters of the Li-AHC cell at dif-
ferent current densities are presented in the Supporting Infor-
mation (Figure S2) and Table 1. At a current density of 1 Ag™',
a DC of approximately 125 Fg~' was obtained from the PANI-
NF/LMB-NB cell and was maintained at approximately 52 Fg™'
even at a current density of 3.5 Ag~". Notably, the achieved DC
of 125Fg™" at a current density of 1Ag™' is the highest re-
ported for Li-AHCs in organic electrolytes."*>**% This excellent
capacitive character of the PANI-NF/LMB-NB cell could be

Table 1. Electrochemical parameters at different current densities.
Current density DC ED PD
[Ag™] [Fg™ Whkg™'] Wkg']
1.00 125 42 1500
1.50 97 32 2150
1.75 71 22 2600
2.25 54 17 3250
3.50 52 16 5350

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

a result of the presence of the porous carbon network within
LMB-NBs and the thinner and more uniform PANI-NFs. More
electrolytes were thus able to be trapped within its structure,
facilitating the electrode-electrolyte interface and the facile
redox reaction, thus improving the capacitive behavior of the
Li-AHC cell during prolonged cycling.?"?¢?7:3%40 Fyrthermore,
the low IR value and high crystalline nature of LMB-NBs aided
the charge storage of the PANI-NF/LMB-NB cell.

To determine electrochemical stability at a high current rate,
a C/DC study of the PANI-NF/LMB-NB cell was conducted at
2.25 Ag™' for 30000 cycles (Figure 5). All curves were symmet-

3 3 — 1" eycle
s 10000" cycle
Z e 30000" cycle
> ) gnl
go S
= 1
> 0 25 50 75 100
Time /s
0 ¥ T T % T v 1
0 100 200 300 400
Time /V
120 20 %
100 530 0%
o g0 k>
= 13}
e !O:
S 60 g
A 40 W-Q_Q_Q_Q_Q_Q. 2
20 g
0 1 " 1 2 1 L 1 " 1 . [} g
Q

10000 15000 20000 25000 30000
Cycle number

0 5000

Figure 5. a) C/DC curves and b) cyclic life of the PANI-NF/LMB-NB cell at
a current density of 2.25 Ag™' for 30000 cycles. Inset in (a) shows the first,
10000th, and 30000th C/DC curves of the Li-AHC cell cycled between 0-3 V.

rical and the time difference between the first, 10000th, and
30000th curves was small (Figure 5a), revealing the excellent
electrochemical stability of the Li-AHC cell. In addition, a DC of
54 Fg™' was obtained at a current density of 2.25Ag™" be-
tween 0 and 3 V. Although small fading in capacity was ob-
served for the initial 1000 cycles (Figure 5b), DC was almost
constant thereafter, corresponding to 94% of capacitance re-
tention, even after 30000 cycles, along with a coulombic effi-
ciency of >99.5%. To the best of our knowledge, this is the
best cyclic performance reported for Li-AHCs fabricated with
various lithium intercalating materials at high current
rates."*?%-* This enhanced electrochemical capacitive nature
of the PANI-NF/LMB-NB cell might be due to the low IR of the
cell and the morphological features of both the cathode and
the anode. The porous carbon matrix embedded between the
LMB-NB particles, the web-like thinner and uniformly distribut-
ed PANI-NFs allowed the accumulation of more electrolytes
within the structure of LMB-NBs, providing a flexible structure
against inherent mechanical stress during the cycling process
at high current rates. An ED of 42Whkg™' was obtained at
a PD of 1500 Wkg™', and the ED of 16 Whkg™' was maintained
even at a PD of 5350 Wkg™' (Table 1). The ED and PD values
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obtained herein are of particular interest. Table 2 compares ED
and PD values of various hybrid systems with those of the
PANI-NF/LMB-NB cell, demonstrating the better energy-storage
performance of the latter: the PANI-NF/LMB-NB cell outper-

Table 2. Comparison of energy-storage behavior of the PANI-NF/LMB-NB
cell with other Li-AHCs.
System type ED PD Reference
Whkg™'1  [Wkg™]
PANI-NF/LMB-NB 42 1500 this study
AC/PANI 18 1270 [6]
AC/Li,TisO;, 10 1000 [14]
AC/LiMn,0, 38 100 [16,20]
AC/LICITiO, 23 800 [17]
AC/V,05 18 235 [18]
AC/TiO,-B 23 120 [19]
AC/LiCo,5Ni;;sMn, 50, 42 100 [20]
AC/LiCoO, 32 100 [20]
AC/Li,MnSiO, 37 1400 [21]
AC/Li,FeSiO, 33 1400 [22]
AC/Li,CoPO,F 16 1607 [23]
AC/LiCoPO, n 1607 [23]
carbon nanofoam/LiCoPO, 13 371 [24]
AC/LiFe, ;Ni,sMn,;0,-PANI 30 2000 [26]
AC/Li; ,(Mng 3,Nig3,Feq 160, 23 800 [27]
Li,TisO,,/poly(methyl)thiophene 10 30 [34]
AC/AC 3 1600 [16,23,34,36]
MgO-MWCNT/AC 30 220 [41]
(LiMNn,0,+AC)/Li,TisO;, 16 200 [42]
LiMn,0,/MnO,-CNT 42 600 [43]
LiTi,(PO,);/MnO, 43 200 [44]
CNT/TiO,-B 125 300 [45]

formed AC/AC, PANI/AC, and prelithiated graphitic electrode/
AC systems.515.23323436] |t 5 well known that constructing elec-
trode materials with improved conductive nature is the best
way to increase the energy density of any electrochemical stor-
age device.""?*?7 |t was also reported that the appropriate op-
timization of electroactive materials is essential for achieving
enhanced electrochemical performance at high current
rates.[23'26'27]

Electrochemical impedance spectroscopy (EIS) studies were
performed before and after cycles at a current density of
2.25Ag"" to validate the results obtained from C/DC studies.
Nyquist plots of the PANI-NF/LMB-NB cell recorded before and
after 30000 C/DC cycles exhibited a semicircle at a high-fre-
quency region and an inclined line at the low-frequency
region (Figure 6). In the low-frequency region, the straight line
represented the diffusion of lithium ions in the active anode
material, which is also related to the Warburg behavior. On the
other hand, the depressed semicircle at the high-frequency
region is attributed to charge-transfer resistance (R.).*" The
different R values before and after 30000 cycles was small, in-
dicating that the PANI-NF/LMB-NB cell has excellent charge-
storage properties, even at high current rates between 0 and
3V, which agrees well with the results obtained from C/DC
studies.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. Nyquist plots of the PANI-NF/LMB-NB cell recorded before and
after cycles at a current density of 2.25 Ag™' for 30000 cycles between
100 kHz and 100 mHz.

Conclusions

We succeeded in adopting monoclinic m (LMB-NBs) as a low-
cost/toxicity energy source for fabricating a 3V high-per-
formance lithium asymmetric hybrid capacitor (Li-AHC) cell
along with polyaniline nanofibers (PANI-NFs) as a cathode in
a nonaqueous LiPFg (1 M)-EC/DMC electrolyte. The PANI-NF/
LMB-NB cell exhibited outstanding rate performance and excel-
lent electrochemical stability. The Li-AHC cell delivered a dis-
charge capacitance of about 54 Fg™' at a current density of
2.25Ag™"' and maintained approximately 94% of its initial
value after 30000 deep charge-discharge cycles. Furthermore,
the PANI-NF/LMB-NB cell delivered an energy density of
42 Whkg™' at a power density of 1500 Wkg™', which was the
best reported energy-storage performance for Li-AHCs fabricat-
ed with various lithium insertion hosts. This remarkable rate
performance of the hybrid cell is due to its morphological fea-
tures, the improved electrical conductivity of electrode materi-
als, and the low internal resistance of the cell, suggesting LMB-
NBs could be potential candidates for high-rate Li-AHC applica-
tions.

Experimental Section

LMB-NBs were prepared using a microwave-assisted irradiation
method followed by firing at 650 °C for 7 h in an Ar atmosphere. In
typical syntheses, stoichiometric amounts of metal nitrates and
boric acid were dissolved in distilled water (100 mL). Then, an ap-
propriate amount of urea was added to the above solution and
stirred for 90 min. The molar ratio of metal ions to urea was fixed
at 1:10. The resulting solution was heated in a domestic microwave
oven for 20 min, and then cooled to room temperature. Finally, the
resultant product was fired at 650°C for 7 h in an Ar atmosphere
to give LMB-NB powders. PANI-NFs were synthesized using a chemi-
cal polymerization method according to our previous report.””®

Phase analyses of LMB-NBs were performed by XRD measurements
(Rint 1000, Rigaku, Japan) equipped with Cuy, as the radiation
source. The formation of PANI-NFs was confirmed by FTIR spectros-
copy (IRPresitge-21, Japan). BET surface-area analysis was per-
formed using an ASAP 2010 surface analyzer (Micromeritics, USA).
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The morphological behavior of LMB-NB and PANI-NF samples was
examined by field-emission (FE)-TEM analyses (Tecnai-F20, Philips,
the Netherlands) and high-resolution (HR)-SEM (S-4700, Hitachi,
Japan). The amount of carbon content in LMB-NBs was determined
by TGA from ambient temperature to 400°C using a thermal ana-
lyzer system (STA 1640, Stanton Redcroft Inc., UK). XPS analyses
were performed using a Multilab 2000 (UK) instrument with mono-
chromatic AIK, radiation (hv=1486.6 V).

The electrochemical performance of individual LMB-NBs and PANI-
NFs was tested against a lithium counter electrode. Half-cell elec-
trodes were prepared by pressing a slurry of 80 wt% active materi-
al (PANI-NFs or LMB-NBs), 10 wt% Ketjenblack (KB) as conductive
additive, and a 10 wt % Teflonized acetylene black (TAB) binder on
a nickel mesh (200 mm?) and drying at 160°C for 4 h in an oven.
Half-cells were fabricated in an Ar-filled glove box by sandwiching
together a cathode (LMB-NBs or PANI-NFs) and a lithium anode
separated by a separator (Celgard 3401) in LiPF¢ (1 M) in a mixture
of EC and DMC (1:1 v/v, Soulbrain Co., Ltd, Korea) electrolytes. The
same procedure was also used for PANI-NF/LMB-NB construction,
for which LMB-NBs and PANI-NFs were used as the anode and
cathode, respectively, after optimizing the mass ratio of electrode
materials. Electrochemical measurements (CV and EIS) were con-
ducted using an electrochemical analyzer (SP-150, Bio-Logic,
France). C/DC studies of the assembled Li-AHC cell were performed
at different current rates between 0 and 3V using a cycle tester
(WBCS 3000, Won-A-Tech, Korea). Electrochemical parameters of
the Li-AHC cell, such as DC, IR, ED, and PD were calculated from
Equations (2)_(5):[6,17,18,2W,23,26,27]

DC = 4(It/Vm) (2)
IR = Verarge—Vaischarge // (3)
PD=1/V/2m (4)
ED = PD /3600 (5)

where V0. and Viscnarge are the potentials at the end of charging
and at the beginning of discharge after ohmic drop, respectively, /
is the applied current, V is the cell voltage, t is the discharge time,
and m is the total mass of electroactive materials, which includes
the weight of both cathode and anode.
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