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Thin amorphous manganese oxide layers with a thickness of 3-5nm are electrodeposited on a carbon
nanotube (CNT) film substrate that has a three-dimensional nanoporous structure (denoted as MnO, /[CNT
electrode). For the purpose of comparison, manganese oxide films are also electrodeposited on a flat
Pt-coated Si wafer substrate (denoted as MnO; film electrode). The pseudocapacitive properties of the
MnO, film and MnO,/CNT electrodes are examined in both aqueous electrolyte (1.0 M KCI) and non-
aqueous organic electrolyte (1.0 M LiClO4 in propylene carbonate). While both types of electrode show
pseudocapacitive behaviour in the aqueous electrolyte, only the MnO,/CNT electrode does so in the
organic electrolyte, due to its high oxide/electrolyte interfacial area and improved electron conduction
through the CNT substrate. Compared with the MnO, film electrode, the MnO,/CNT electrode shows
a much higher specific capacitance and better high-rate capability, regardless of the electrolyte used.
Use of the organic electrolyte results in a ~6 times higher specific energy compared with that obtained
with the aqueous electrolyte, while maintaining a similar specific power. The construction of a three-
dimensional nanoporous network structure consisting of a thin oxide layer on a CNT film substrate at the
nm scale and the use of an organic electrolyte are promising approaches to improving the specific energy
of supercapacitors.
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1. Introduction

Manganese oxides in various forms have been widely studied
as electrode materials for electrochemical energy storage systems,
such as cathode materials in MnO,/Zn alkaline cells [1], intercala-
tion hosts for lithium batteries [2-7] and, more recently, electrode
materials in supercapacitors [8,9]. Compared with other transi-
tion metal oxides for supercapacitors such as RuO,-xH,0 [10], NiOy
[11,12],Co0x [13] and V, 05 [ 14,15], manganese oxides have received
considerable attention due to their low cost and environmental
friendly characteristics. Various methods have been reported for
the preparation of manganese oxide materials to serve as elec-
trodes for supercapacitors, such as the sol-gel technique [9,16],
solution-based chemical routes [17], electrochemical deposition
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[18-20], hydrothermal method [21], electrostatic spray deposition
(ESD) [22] and sonochemistry [23]. Recently, considerable effort
has also been made to synthesize composite materials composed of
manganese oxides and carbonaceous materials such as carbon nan-
otubes (CNTs) [24-27], carbon nanoform [28], exfoliated graphite
[29] and ordered mesoporous carbon [30,31]. Most of these studies
have focused on the synthesis methods with the goal of achieving
enhanced electrochemical performance, e.g., a high specific capac-
itance, long-term cycling behaviour, and fast charging/discharging
rate.

Energy density is one of the critical properties of supercapacitors
that needs to be improved for applications such as hybrid electric
vehicles (HEVs) and fuel cell vehicles (FCVs). The energy stored in
a supercapacitor can be written as

energy density = %CV2 (1)

where C and V are the capacitance and operating voltage of the
supercapacitor, respectively. Based on Eq. (1), two strategies can be
considered to enhance the energy density of a supercapacitor. One is
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increasing the specific capacitance of the electrode material and the
otherisincreasing the operating voltage. Since the energy density of
a supercapacitor is proportional to the square of the operating volt-
age, the latter strategy is a more effective way to improve the energy
density. Unfortunately, most studies on manganese oxide-based
electrodes for supercapacitor applications reported in the literature
have focused on the use of neutral aqueous electrolytes such as LiCl,
NaCl, KCl and Na,SO4, which limited the operating voltage range
[8,9,16-23,25-31]. Supercapacitors using manganese oxide-based
electrodes and aqueous electrolytes may suffer from a low specific
energy (Whkg~1), because of their restricted potential window of
approximately 1V.On the other hand, the use of organic electrolytes
would provide stable potential windows of over 4.0V vs. Li/Li*.
Therefore, the development of manganese oxide-based electrodes
using organic electrolytes is quite important in enhancing the
energy and power density of the corresponding supercapacitors.

There have been extensive studies regarding the use of man-
ganese dioxide (MnO,) materials with various structural forms
(e.g., B, v, @, & and amorphous-MnO;) as electrode materials
for rechargeable Li-ion batteries with organic electrolytes [2-7].
Recently, nanocomposite materials composed of manganese oxides
and carbon materials (i.e., acetylene black and Ketjen black) were
employed as the cathode materials for rechargeable Li-ion batteries
[32-34]. Although the charge-discharge curves of these manganese
oxide-based materials showed large discrepancies in terms of their
features, the Li insertion/desertion behaviour of most manganese
oxide-based materials can be characterized by typical S-shaped
charge-discharge curves with various voltage plateaux depending
on their structural forms or synthetic routes. In order for manganese
oxide materials to exhibit pseudocapacitive behaviour in organic
as well as aqueous electrolytes, continuous two-dimensional redox
reactions over wide potential ranges with fast reaction kinetics are
required [35]. Recently, Okubo et al. [36] reported the existence of
a nanosize effect on high-rate Li-ion intercalation in LiCoO, cath-
ode [36]. They demonstrated that the capacitive behaviour became
stronger as the crystallite size decreased on the nanometer scale
(i.e., 17-6 nm). High electronic conductivity of the manganese oxide
electrode is also crucial for its application to pseudocapacitors.
Thus, the preparation of a very thin layer of manganese oxides on
an electronically conductive carbonaceous substrate with a high
specific surface areais a promising approach to promoting the pseu-
docapacitance of manganese oxides in both organic and aqueous
electrolytes.

The aim of this study is to improve the pseudocapacitive prop-
erties of manganese oxide in aqueous 1.0 M KCl and non-aqueous
organic 1.0M LiClO4 in propylene carbonate (PC) electrolytes by
preparing a thin film of manganese oxide on carbon nanotube
film substrates with three-dimensional nanostructures. Among
the various carbonaceous materials, CNTs are attractive substrate
materials due to their chemical stability, good conductivity, and
large surface area. CNTs have uniform diameters of several tens of
nanometers, and unique properties such as entanglement with a
nanoporous character. When CNTs are fabricated in the form of a
thin film with a three-dimensional nanoporous structure, the CNT
film is expected to provide an ideal substrate in terms of its elec-
tronic conductivity, specific surface area, and interconnected pore
structure on the nanometer scale [15]. In this study, thin films of
manganese oxides coated on three-dimensional nanoporous CNT
film substrates are prepared by electrodeposition. The pseudo-
capacitive properties of the manganese oxides on the CNT film
substrates are measured in 1.0 M KCl aqueous electrolyte in compar-
ison with those in 1.0 M LiClO4/PC organic electrolyte. Manganese
oxide films are also electrodeposited on flat Pt-coated Si wafer
substrates as reference samples for pseudocapacitive property
comparison with the manganese oxides on CNT film substrates in
both aqueous and organic electrolytes.

2. Experimental

2.1. Synthesis of manganese oxides electrodeposited on
three-dimensional CNT film and flat Pt substrates

A CNT film substrate with a three-dimensional network struc-
ture was prepared on a Pt-coated Si wafer (Pt/Si wafer) by the
electrostatic spray deposition technique. The detailed procedure
used for the preparation of the CNT film substrate is described else-
where [37]. The multiwalled CNTs (MWNTs), which were used in
the preparation of the CNT film substrate, were supplied by ILJIN
Nanotech Co., Ltd. The nominal area, thickness and mass of the
CNT film were 1c¢m x 1cm, 7.0+ 0.3 wm and 0.51 +0.02 mgcm—2,
respectively. In this study, the CNT film substrate contained no
binders or conducting agents, thereby removing any uncertainties
that might have arisen from their influences on the electrochem-
istry. The potential pulse electrodeposition technique was used to
obtain a uniform oxide coating of MnO, on the three-dimensional
nanoporous CNT film substrate through the entire film thickness.
After the initial application of 1.0V vs. saturated calomel electrode
(SCE) in 0.2M MnS0Q4-5H;0 solution for 10s, a potential pulse
with an amplitude of 1.0V vs. SCE and pulse-on time and pulse-
off time of 0.3 and 2.1s, respectively, was applied for 50 cycles
using a multichannel potentiostat/galvanostat (VMP2, Princeton
Applied Research, USA). The electrode was dried at 80°C for 5h
after deposition. For comparison, manganese oxide on a Pt/Si wafer
substrate was also prepared by potentiostatic electrodeposition at
1.0V vs. SCE in the same 0.2 M MnSO4-5H,0 deposition solution.
Our previous X-ray absorption and Raman spectroscopy studies on
the manganese oxides electrodeposited on carbon paper substrates
in the same MnSO4-5H,0 deposition solution showed that the
deposited manganese oxide had a chemical formula of MnO,-xH,0
with an amorphous structure [38]. Therefore, the electrodeposited
manganese oxides on the CNT film and flat Pt/Si wafer substrates
are hereafter denoted as the MnO,/CNT and MnO,, film electrodes,
respectively. The amount of deposited manganese oxide was mea-
sured by weighing the difference between the CNT film or Pt/Si
wafer substrates and the manganese oxide deposited-substrates
after drying with a microbalance (Sartorius Ultra-Microbalance
SC2). The readability and permissable tolerance of SC2 are 0.0001
and +0.0007 mg, respectively. The amount of electrodeposited
manganese oxides on the CNT film and Pt/Si wafer substrates was
controlled to be ~0.10 mg.

2.2. Characterization

The morphologies of the MnO, film and MnO,/CNT elec-
trodes were observed by scanning electron microscopy (SEM,
FEI-Company SIRION™), The nanostructure of the MnO,/CNT
electrode was examined using transmission electron microscopy
(TEM, JEM-3000, JEOL). The characterization of the crystal struc-
ture of manganese oxide was based on XRD measurements (Rigaku
DMAX-2500 diffractometer). No crystalline X-ray diffraction peaks
were observed, except for the characteristic graphitic (002)
peak of the MWNTs at 20=26°, indicating the X-ray amorphous
structure of the manganese oxides electrodeposited on the CNT
film substrates. The manganese oxides electrodeposited on the
Pt/Si wafer substrates also showed a similar amorphous structure.
Electrochemical measurements in an aqueous electrolyte (1.0 M
KCI) were conducted in a three-electrode beaker-type cell in which
the manganese oxide electrodes were used as the working elec-
trodes, a platinum plate was the counter electrode, and a saturated
calomel electrode was the reference electrode. For electrochemical
measurements in a non-aqueous electrolyte consisting of 1.0M
LiClIO4 in propylene carbonate (LiClO4/PC), a three-electrode
beaker-type cell was also used with different cell configurations.
Lithium foils were used as the counter and reference electrodes.
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All electrochemical measurements using the LiClO4/PC electrolyte
were carried out in an argon-filled glove box.

3. Results and discussion
3.1. Microstructures of MnO,/CNT and MnO; film electrodes

Fig. 1 shows the microstructures of the bare CNT film sub-
strate and manganese oxide coated on the CNT film substrate (i.e.,
MnO,/CNT electrode). In Fig. 1(a), it is observed that the bare CNT
film substrate is composed of nanotubes with diameters rang-
ing from 15 to 40 nm entangled to form a uniform web with a
three-dimensional nanoporous network structure. Compared with
the bare CNT film substrate, the microstructure of the MnO,/CNT
electrode shown in Fig. 1(b) reveals that the diameter of the MnO,-
coated nanotubes is slightly increased, resulting in a decrease in
the pore size. The diameter of the MnO,-coated nanotubes ranges
from 25 to 50 nm. This increase in the nanotube diameter in the
MnO,/CNT electrodes suggests that the coating of the manganese
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oxide on the individual CNTs occurred via electrochemical depo-
sition. On the other hand, the cross-sectional SEM image of the
MnO,/CNT electrode (Fig. 1(c)) shows that the pore openings in
the CNT film substrate are not blocked by MnO, deposits, thus
allowing it to maintain its three-dimensional nanoporous network
structure. The TEM image of the MnO, /CNT film electrode depicted
in Fig. 1(d) indicates that manganese oxide layers with thickness
of approximately 3-5nm are coated on the outer surface of the
individual multiwalled carbon nanotubes. This result reveals that
the manganese oxides nucleate heterogeneously via electrochemi-
cal deposition and are uniformly deposited on the individual CNTs
at the nanometer scale. The three-dimensional nanoporous net-
work structure of the MnO,/CNT electrode is expected to provide
an oxidelelectrolyte interface with a large area, enhanced elec-
tronic conductivity and facile ion transport in the electrode, thereby
improving the specific capacitance and high-rate capability of the
manganese oxide.

The SEM images of the electrodeposited manganese oxide film
on the flat Pt/Si wafer substrate (i.e., MnO, film electrode) are
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Fig. 1. SEM images of (a) bare CNT substrate; (b and ¢) MnO,/CNT electrode; (d) TEM image of MnO,/CNT electrode.
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Fig. 2. SEM images of MnO, film electrode showing (a) top and (b) cross-sectional
views.

shown inFig. 2(a)and (b), where the surface and cross-section of the
MnO, film electrode are depicted, respectively. It can be seen that
the manganese oxide electrodeposited on the Pt-coated Si wafer
substrate is composed of short nanorods with a mean diameter
of ca. 10nm, as shown in Fig. 2(a). A similar microstructure was
reported for manganese oxide film electrodes prepared by potentio-
static electrodeposition [18]. From the cross-sectional SEM image
in Fig. 2(b), it can be seen that the nanorods are entangled with
each other to form relatively compact layers with a thicknesses of
~0.64 pm.

3.2. Electrochemical properties of MnO5/CNT and MnO, film
electrodes in 1.0 M KCl aqueous electrolyte

Cyclic voltammetry was performed to investigate the electro-
chemical properties of the MnO, film and MnO,/CNT electrodes
in the aqueous electrolyte. Fig. 3(a) and (b) shows the cyclic
voltammograms (CVs) of the MnO, film and MnO, /CNT electrodes,
respectively, which were measured at various scan rates ranging
from 10 to 100 mV s~ ! in the 1.0 M KCl aqueous electrolyte. The elec-
trode potential was scanned between —0.1 and 0.9V vs. SCE (i.e., a
voltage window of 1.0V). Although both electrodes exhibit capaci-
tive behaviour with featureless current responses in their CVs, the
MnO, /CNT electrode shows the characteristic CV of an ideal capac-
itor compared with that of the MnO, film electrode. It is believed
that the capacitive current responses of the MnO,/CNT electrode
in the CV curves are due to the redox reaction of the coated man-
ganese oxide, since the whole CNT surface seems to be coated with
manganese oxide, as confirmed by the SEM and TEM images in
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Fig. 3. CVs for (a) MnO, film and (b) MnO,/CNT electrodes measured at scan rates
from 10 to 100mVs~! in 1.0 M KCl aqueous electrolyte. Potential window: —0.1 to
0.9V vs. SCE.

Fig. 1(b) and (d), respectively. Because the amounts of manganese
oxide on both the Pt/Si wafer and CNT substrates are nearly the
same, viz. ~0.10mg cm~2, the higher current response in the CVs
of the MnO, /CNT electrode implies that its specific capacitance is
higher than that of the MnO, film electrode. In addition, extremely
sharp current reversals at both ends of the potential limits are
observed in the CV of the MnO,/CNT electrode, even at a scan rate
of 100 mV s~1. On the other hand, the CV of the MnO, film electrode
became slightly distorted and displays delayed current reversals at
both ends of the potential limits with increasing scan rate. There-
fore, it is clearly seen that the MnO,/CNT electrode has far better
electrochemical reversibility than the MnO, film electrode.

The specific capacitances were calculated from CVs at scan rates
ranging from 10 to 100mVs~! to compare the rate capability of
the MnO, film and MnO,/CNT electrodes in aqueous solution. The
specific capacitance values were determined by the following equa-
tion:

Ga + |qc|

P~ 2mAv (2)
where Cp, qq, qc, m, and AV are the specific capacitance, the anodic
and cathodic voltammetric charges on the positive and negative-
going scans, the mass of the oxide deposit, and the potential range
of the CV, respectively. Fig. 4(a) shows the specific capacitance
with respect to the scan rate for the MnO, film and MnO,/CNT
electrodes in 1.0 M KCl electrolyte. The specific capacitances of the
MnO, film and MnO,/CNT electrodes based on the mass of oxide at
10mVs~! are 127 and 471 Fg~1, respectively. It has been reported
that the pseudocapacitance of manganese oxide in aqueous neu-
tral electrolytes could be attributed to the following redox reaction
[17,38-40]:

MnO; +8C* +de” <+ MnOOC; (3)
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Fig. 4. (a) Specific and (b) normalized capacitances of MnO, film and MnO,/CNT
electrodes with respect to scan rates in 1.0 M KCl aqueous electrolyte.

where C* corresponds H* or alkali metal cations such as Na* and K*.
On the basis of Faraday’s law, the theoretical specific capacitance of
the stoichiometric reduction of Mn(IV)O, to Mn(III)OOC is approx-
imately 1100 Fg~! with a voltage window of 1.0V [24,38,41]. The
active mass utilizations for the manganese oxides in the MnO, film
and MnO,/CNT electrodes at 10mVs~! in 1.0M KCl are approxi-
mately 12 and 43%, respectively. This means that 12 and 43% of the
manganese sites in the MnO, film and MnO,/CNT electrodes could
participate in the electrochemical reaction, respectively, within the
potential range of —0.1 to +0.9V vs. SCE in the 1.0M KCl aque-
ous electrolyte. The MnO,/CNT electrode shows ~4 times higher
electrochemical utilization of the MnO, active material than the
MnO, film electrode. It should be noted that the specific capacitance
of the MnO,/CNT electrodes remains unchanged, even when the
scan rate is increased from 10 to 100mVs~!, whereas a moderate
decrease in the capacitance of the MnO, film electrode is observed.
To obtain a clear comparison of the rate capabilities of the two
electrodes, the normalized capacitances obtained by dividing the
specific capacitances of the electrodes at each scan rate by the spe-
cific capacitance measured at 10mV s~! are also plotted in Fig. 4(b).
The decreases in the specific capacitance of the MnO, film and
MnO, /CNT electrodes from 10 to 100mV s~! is 29 and 2%, respec-
tively, indicating the excellent rate capability of the MnO,/CNT
electrode. It is believed that the three-dimensional nanoporous
structure of the MnO,/CNT electrode can provide a much larger
interfacial area between the oxide and electrolyte, improved elec-
tron conduction through the CNT web, and facile ionic transfer
within the nanopores. Therefore, the improved specific capacitance
and excellent rate capability of the MnO,/CNT electrode compared
with those of the MnO, film electrode are attributed to its three-

dimensional nanoporous structure, which is obtained by coating
manganese oxide with a thickness of 3-5nm on the CNT film sub-
strate. This result reveals that constructing an oxide electrode with a
three-dimensional nanoporous structure offers a promising way to
improve the specific capacitance and high-rate capability of aque-
ous electrolyte-based pseudocapacitors.

3.3. Electrochemical properties of MnO5/CNT and MnO film
electrodes in 1.0 M LiClO4/PC organic electrolyte

In order to examine the electrochemical properties of the MnO,
film and MnO,/CNT electrodes in an organic electrolyte, CVs at
scan rates ranging from 10 to 100 mVs~! were carried out in 1.0 M
LiClO4/PC. Fig. 5(a) and (b) shows the measured CVs of the MnO,
film and MnO,/CNT electrodes, respectively, within the potential
window of 1.5-4.0V vs. Li/Li* (i.e., a voltage window of 2.5V).
The insets in Fig. 5(a) and (b) are the CVs of the MnO, film and
MnO, /CNT electrodes, respectively, measured at 10mV s~!, show-
ing their detailed shape at a slow scan rate. Interestingly, the CVs
for the MnO, film and MnO, /CNT electrodes in the 1.0 M LiClO4/PC
electrolyte exhibit substantially different features from those mea-
sured in the 1.0 M KCl electrolyte, as shown in Fig. 3(a)and (b). While
the CVs of the MnO, /CNT electrode clearly show featureless current
responses representing pseudocapacitive behaviour, the CVs of the
MnO, film electrode do not show typical capacitive characteristics.
The CV of the MnO, film electrode at 10mV s~ ! (inset of Fig. 5(a)) is
close to that of a battery electrode, even though it shows somewhat
distorted capacitive current responses in the negative- and positive-
going scans. A distinct current peak at 3.1V followed by very small
and broad current hump at around 3.5V in the positive-going scan
and two corresponding small and broad current peaks at around
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Fig. 5. CVs for (a) MnO; film and (b) MnO,/CNT electrodes measured at scan rates
ranging from 10 to 100 mV's~! in 1.0 M LiClO4/PC organic electrolyte. Potential win-
dow: 1.5-4.0V vs. Li/Li*. Insets: CVs at 10mVs~!. Arrows in insets indicate redox
peaks.
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2.6 and 2.0V in the negative-going scan are seen in the CV of the
MnO, film electrode at 10 mVs~!. On the other hand, the CV of the
MnO, /CNT electrode at 10mVs~! (inset of Fig. 5(b)) exhibits two
small and broad anodic current peaks at around 2.2 and 2.9V and
two corresponding cathodic peaks at around 2.6 and 2.0V super-
imposed by large capacitive currents. It should be noted that the
current responses of the MnO, /CNT electrode in 1.0 M LiClO4/PC are
attributable to the redox reaction of the coated manganese oxide,
because Li intercalation into bare CNTs has been reported to occur
at potentials lower than 1.5V vs. Li/Li* in LiC104/PC [42,43].

It has been reported that the redox reaction of manganese
dioxide materials in lithium-containing organic electrolytes can be
described by the following Li* intercalation/de-intercalation reac-
tion [2,5,6]:

MH02 +8Li+ +de” Li(gMH02 (4)

where § is the number of moles of Li ions and electrons partici-
pating in the reaction. The appearance of the two redox peaks in
the CVs for both the MnO, film and MnO,/CNT electrodes sug-
gests that the Li* intercalation/de-intercalation reaction occurs via
a two-step process. The very weak and broad features of the redox
peaks for the MnO,, film and MnO, /CNT electrodes in Fig. 5(a) and
(b), respectively, are attributed to the highly disordered structure
of the electrodeposited amorphous manganese oxide in the MnO,
film and MnO,/CNT electrodes [2,4]. The differences in the redox
peak potentials of the MnO, film are 1.1 and 0.9V, whereas those of
the MnO,/CNT electrodes are 0.2 and 0.3V for the first and second
redox peaks, respectively. The MnO,/CNT electrode shows much
smaller differences in peak potential than the MnO,, film electrode,
which indicates more facile and reversible Li* intercalation/de-
intercalation in the former case. When the scan rate is increased
from 10 to 100mVs~!, the CVs of the MnO,/CNT electrode main-
tain their capacitive characteristics which demonstrates the good
high-rate capability of the MnO,/CNT electrode even in the organic
electrolyte.

For V,05 materials, Rolison and Dunn [44] reported that the ori-
gin of the capacitive behaviour of very thin layers of V,05 might
be associated with the high surface area of the aerogel materi-
als [44]. Recently, Okubo et al. [36] reported the existence of a
nanosize effect on the discharge characteristics of LiCoO, cath-
ode material for Li-ion batteries and showed that the capacitive
behaviour became stronger as the crystallite size decreased on the
nanometer scale (i.e., 17-6 nm). The discharge curve for the inter-
calation of Li* in bulk LiCoO, crystals (i.e., constant voltage upon
discharge) became capacitive (i.e., linear decline of voltage upon
discharge) when the number of surface layers was increased by
decreasing the crystallite size. Therefore, the difference in electro-
chemical activity between the MnO, film and MnO, /CNT electrodes
in the 1.0 M LiClO4/PC electrolyte may be due to the significantly
increased oxide/electrolyte interfacial area in the MnO,/CNT elec-
trode.

The specific capacitances of the MnO,/CNT electrode in 1.0M
LiCl04/PC at scan rates from 10 to 100 mV s~ were calculated using
Eq. (2) to examine the rate capability of the electrode. Even though
the MnO, film electrode does not show capacitive behaviour in
1.0 M LiClOg4/PC, the specific capacitances were calculated for com-
parison purposes. The specific capacitances of the MnO, film and
MnO, /CNT electrodes in 1.0 M LiClO4/PC on the basis of the mass of
oxide at 10mVs~! are 72 and 576 Fg~!, respectively, see Fig. 6(a).
When 1mol of Li ions and electrons participate in the reaction,
the Mn** in MnO, is reduced to Mn3*, and the theoretical spe-
cific capacitance of MnO, calculated on the basis of reaction (4)
corresponds to 440Fg~1 with a voltage window of 2.5V. Consid-
ering the theoretical specific capacitance, 1.3 mol of Li* participate
in the redox reaction of the MnO,/CNT electrode at 10mVs~! in
1.0 M LiClO4/PC. It has been reported [3,4] that the intercalation
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Fig. 6. (a) Specific and (b) normalized capacitances of MnO; film and MnO,/CNT
electrodes with respect to scan rates in 1.0 M LiClO4/PC organic electrolyte.

capacity of amorphous manganese oxide-based cathode materials
in lithium ion batteries involve the Mn3*/Mn?* couple in addition
to the Mn**/Mn3* couple and exhibit an insertion/extraction of
more than 1.0 mol of Li*. Hibino et al. [33] reported that the change
in the valence state of manganese from Mn** to Mn3* and from
Mn3* to Mn%* was responsible for the two regions above and below
~2.0V vs. Li/Li* in the discharge curve of composite materials of
sodium manganese oxide and acetylene black in LiClO4 dissolved
in ethylene carbonate:dimethoxyethane (1:1) [33]. Therefore, the
participation of 1.3 mol of Li* in the redox reaction of the MnO, /CNT
electrode may be explained by a change in the valence state of man-
ganese from Mn** to Mn3* as well as that from Mn3* to Mn2*. On
the other hand, only 0.16 mol of Li* participate in the redox reaction
in the case of the MnO,, film electrode. Because an electrochemical
reaction would be initiated from the surface layer of the manganese
oxides in contact with the electrolyte, and Li* diffusion within man-
ganese oxide is involved, a large proportion of the oxide inside the
MnO, film electrode may act as a dead volume and not participate
in the electrochemical reaction, resulting in the low electrochem-
ical utilization of the MnO, film electrode. Furthermore, the low
electrical conductivity could result in the low electrochemical uti-
lization of the MnO, film electrode, since there are no conducting
additives within it. The detailed redox reaction mechanism of the
MnO, film and MnO,/CNT electrodes in an organic electrolyte is
currently under investigation using X-ray absorption spectroscopy.

Fig. 6(b) shows the normalized capacitances of the MnO, film
and MnO,/CNT electrodes with respect to scan rate in the range
from 10 to 100mV s~!. The decreases in the specific capacitance of
the MnO,, film and MnO,/CNT electrodes as the potential scan rate
is increased from 10 to 100 mV s~ is 60 and 31%, respectively. This
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demonstrates the far better high-rate capability of the MnO,/CNT
electrode. It is believed that the high specific capacitance and good
rate capability of the MnO,/CNT electrode in LiClO4/PC are due to
the construction of a three-dimensional nanoporous structure con-
sisting of the thin manganese oxide layer on the CNT film substrate
at the nm scale. This results in shortening of the Li* diffusion dis-
tance, improved electron conduction through the CNT web, and
facile Li* ion transfer to the reaction sites.

3.4. Comparison of pseudocapacitance of MnO,/CNT electrode in
aqueous and organic electrolytes

We considered that it would be interesting to compare the spe-
cific capacitance and rate capability of the MnO,/CNT electrode in
the 1.0 M KCl and 1.0 M LiClO4/PC electrolytes. The specific charge
(i.e., specific capacitance multiplied by voltage) of the MnO,/CNT
electrode in the 1.0M KCl and 1.0M LiClO4/PC electrolytes at
10mVs~! is 471 and 1440 Cg~!, respectively. Considering the the-
oretical capacity of 1100Cg~! for MnO,, it can be concluded that
1.3 mol of Li* participated in the redox reaction in 1.0 M LiClO4/PC,
whereas only 0.43 mol of H* or K* could participate in the redox
reaction in 1.0 M KCl. These findings reveal that the redox reaction
of the MnO, /CNT electrode in 1.0 M KCl should be confined to the
outer part of the manganese oxide layers at a maximum depth of
~2 nm, while the redox reaction in 1.0 M LiClO4/PC involves Li* dif-
fusion into the whole 3-5nm thick manganese oxide layers. This
hypothesis is also supported by the better high-rate capability of
the MnO,/CNT electrode in 1.0 M KCl than in 1.0 M LiClO4/PC, with
adecrease in the capacitance of 2% being observed in 1.0 M KCl com-
pared with 31% in 1.0 M LiClO4/PC when the scan rate is increased
from 10 to 100 mV s~!. Because the MnO, /CNT electrode shows typ-
ical capacitive behaviour with a high specific capacitance in both
the aqueous and organic electrolytes, it has the potential to be used
as an electrode in both aqueous electrolyte-based supercapacitors,
where the power is more critical than the energy, and in organic
electrolyte-based supercapacitors, where the energy is more crit-
ical than the power. Compared with the MnO, film electrode, the
MnO, /CNT electrode shows a much higher specific capacitance and
better high-rate capability, regardless of the electrolyte used. This
emphasizes that an oxide|electrolyte interface with a large inter-
facial area, facile electrolyte transportation and a good electronic
conduction path through the entire electrode are essential to ensure
the improved specific capacitance and high-rate capability of super-
capacitor electrodes.

Fig. 7 gives the discharge curves of the MnO,/CNT electrode in
the 1.0 M KCl and 1.0 M LiClO4/PC electrolytes measured at three
discharge currents of 5, 10 and 20Ag~! based on the mass of the
manganese oxide. The MnO, /CNT electrode in 1.0 M LiClO4/PC was
discharged from 4.0 to 1.5V vs. Li/Li*, while the MnO,/CNT elec-
trode in 1.0 M KCl was discharged from +0.9 to —0.1V vs. SCE. The
discharge curves of the MnO, /CNT electrodes in 1.0 M LiClO4/PC and
1.0 M KCl clearly show a linear decline of potential at the given oper-
ating voltages of 2.5 and 1.0 V, respectively, which is characteristic of
capacitive behaviour. The MnO, /CNT electrode has better high-rate
capability in the 1.0 M KCl than in the 1.0 M LiClO4/PC electrolyte.
The discharge specific capacitance of the MnO,/CNT electrode in
the 1.0 M KCl electrolyte at discharge currents of 5, 10 and 20Ag!
is 463, 448, and 423 Fg~1, while the corresponding values in the
1.0 M LiClO4/PC electrolyte are 491, 455 and 402 Fg~1, respectively.

Fig. 8 shows the cycling stability of the MnO,/CNT electrode
measured by constant-current charging/discharging at 10A g~ for
100 cycles in the 1.0 M KCl aqueous and 1.0 M LiClO4/PC organic
electrolytes. The MnO,/CNT electrode cycled in 1.0 M KCI has much
better cycling stability than that cycled in 1.0 M LiClO4/PC, show-
ing ~9% decrease in the initial capacitance after 100 cycles. On
the other hand, there is a ~34% decrease in the initial capacitance
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Fig. 9. Ragone plots for capacitors composed of two identical MnO, /CNT electrodes
using 1.0 M KCI aqueous and 1.0 M LiClO4/PC organic electrolytes. Weight of man-
ganese oxide active materials is considered for calculation of specific energy and
power.

for the MnO,/CNT electrode in 1.0 M LiClO4/PC after 100 cycles.
Lattice distortion due to the Jahn-Teller effect occurs when the
average oxidation state of the manganese ions is below 3.5, because
manganese ions in the trivalent and high spin state are associated
with Jahn-Teller distortion [2]. Based on the specific capacitance
and electrochemical utilization of the MnO,/CNT electrode mea-
sured in 1.0 M KCl and 1.0 M LiClO4/PC, discharge of the MnO, /CNT
electrode to 1.5V vs. Li/Li* in 1.0 M LiClO4/PC could result in reduc-
tion of the average oxidation state of the manganese ions below
3.0, whereas only 0.43 mol of Mn** are reduced to Mn3* in 1.0 M
KCI. Therefore, structural distortion of the manganese oxide in the
MnO,/CNT electrode upon discharge in 1.0 M LiClO4/PC could cause
it to exhibit relatively poor cycleability compared with that in
1.0 M KCl. Nonetheless, further studies are needed to understand
the origin of the capacitance fading and improve the cycleability
of the MnO,/CNT electrode in the 1.0 M LiClO4/PC organic elec-
trolyte. Attempts such as the optimization of the heat treatment
and structure stabilization by the doping of non-electrochemically
active elements are possible ways to enhance the cycleability of the
MnO,/CNT electrode in organic electrolytes.

3.5. Ragone plot of MnO,/CNT electrode in aqueous and organic
electrolytes

For a symmetric electrochemical capacitor composed of two
identical MnO,/CNT electrodes, the specific capacitance would be
one-fourth of that of a single electrode in a half-cell. Taking into
account the specific capacitance of the capacitor during discharge
and the operating voltage of 1.0 and 2.5V for the MnO,/CNT elec-
trode in the 1.0 M KCl and 1.0 M LiClO4/PC electrolytes, respectively,
the specific energy and power of the symmetric electrochemical
capacitor are plotted in Fig. 9. It should be noted that these Ragone
plots are only intended to serve as a comparison of the specific
energy and power for symmetric electrochemical capacitors using
aqueous and organic electrolytes on the basis of MnO,/CNT elec-
trodes, because the calculation does not include the packaging
and all the cell components. For a specific power of 0.6 kWkg™!,
the specific energy of the capacitor using the 1.0M KCl elec-
trolyte is calculated to be 16.1 Wh kg~1. When the specific power is
increased to 2.5 kW kg1, a slight decrease in the specific energy to
~14.8 Whkg~1is observed for the capacitor with the 1.0 M KCl elec-
trolyte. On the other hand, compared with the capacitor using the

1.0 M KCl electrolyte, the specific energy of the capacitor using the
1.0 M LiClO4/PC electrolyte showed a significantly improved specific
energy of 106.5Whkg~! with a specific power of 1.6kWkg~!. The
specific energy of the capacitor with 1.0 M LiClO4/PC decreases to
87.3Whkg~! when the specific power is increased to 6.3 kWkg~1.
Since the MnO, /CNT electrode shows a similar specific capacitance
of ~450Fg~1 in both 1.0M KCl aqueous solution and LiClO4/PC
organic solution, the approximately six times enhancement of the
specific energy for the capacitor using the organic electrolyte is
due mainly to the increase in the potential window from 1.0 to
2.5V. The significant improvement in the specific energy in the
1.0M LiClO4/PC electrolyte with a comparable power to that in
the 1.0 M KCl electrolyte indicates that the construction of a three-
dimensional nanoporous network structure consisting of a thin
oxide layer on a CNT film substrate at the nm scale and the use
of an Li-containing organic electrolyte could be an effective way to
improve the specific energy of supercapacitors.

4. Conclusions

Thin amorphous manganese oxide layers with a thickness
of 3-5nm have been electrochemically deposited on a carbon
nanotube film substrate having a three-dimensional nanoporous
structure. From a comparative study of MnO, film and MnO,/CNT
electrodes in 1.0 M KCl aqueous and 1.0 M LiClO4/PC organic elec-
trolytes, only the MnO,/CNT electrode shows pseudocapacitive
behaviour in the organic electrolyte, while both electrodes dis-
play pseudocapacitive behaviour in the aqueous electrolyte. The
difference in the electrochemical behaviour of the MnO, film and
MnO,/CNT electrodes in the organic electrolyte is associated with
the significantly increased surface area and improved electron con-
duction path of the manganese oxide in the MnO,/CNT electrode.
Compared with the MnO, film electrode, the MnO,/CNT electrode
has a much higher specific capacitance and rate capability in both
the aqueous and organic electrolytes. This is due to the construction
of a three-dimensional nanoporous structure that consists of a thin
manganese oxide layer on the CNT film substrate at the nm scale.
This result emphasizes that an oxide|electrolyte interface with a
large interfacial area, facile electrolyte transportation and good
electronic conduction path through the entire electrode are essen-
tial to improve the specific capacitance and high-rate capability of
supercapacitor electrodes.

For a symmetric electrochemical capacitor composed of two
identical MnO, /CNT electrodes, the device using the organic elec-
trolyte is expected to show ~6 times higher specific energy (based
on manganese oxide) than that using the aqueous electrolyte with
little loss of specific power, due to the increase in the potential win-
dow from 1.0 to 2.5V. This result reveals that the construction of
a three-dimensional nanoporous network structure consisting of a
thin oxide layer on a CNT film substrate at the nm scale and the use
of a Li-containing organic electrolyte are prospective approaches to
improving the specific energy of supercapacitors.
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