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Layered H,TigO,3-Nanowires: A New Promising
Pseudocapacitive Material in Non-Aqueous Electrolyte

Yonggang Wang,* Zhensheng Hong, Mingdeng Wei,* and Yongyao Xia*

Layered H,TigO,3-nanowires are prepared using a facile hydrothermal method
and their Li-storage behavior is investigated in non-aqueous electrolyte. The
achieved results demonstrate the pseudocapacitive characteristic of Li-storage
in the layered H,TigO;3-nanowires, which is because of the typical nanosize
and expanded interlayer space. The as-prepared H,TigO;3-nanowires have a
high capacitance of 828 F g~! within the potential window from 2.0 to 1.0 V
(vs. Li/Li*). An asymmetric supercapacitor with high energy density is devel-
oped successfully using H,TigO3-nanowires as a negative electrode and
ordered mesoporous carbon (CMK-3) as a positive electrode in organic elec-
trolyte. The asymmetric supercapacitor can be cycled reversibly in the voltage
range of 1to 3.5 V and exhibits maximum energy density of 90 Wh kg~', which
is calculated based on the mass of electrode active materials. This achieved
energy density is much higher than previous reports. Additionally, H,TiO3//
CMK-3 asymmetric supercapacitor displays the highest average power density
of 11 000 W kg™'. These results indicate that the H,TigO;3//CMK-3 asym-
metric supercapacitor should be a promising device for fast energy storage.

1. Introduction

Supercapacitors, also known as electrochemical capacitors
(ECs), are currently attracting intensive attention because they
can provide energy density higher by orders of magnitude
than dielectric capacitor, and greater power density and longer
cycling ability than conventional rechargeable batteries.[2]
Examples of envisioned large-scale application of supercapac-
itors are load-leveling in solar, wind, and other energy from
regeneration braking in electronic vehicles (EVs).l"3l Capaci-
tance of supercapacitors mainly arises from surface reaction of
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electrode materials, including the surface
charge separation at electrode/electro-
lyte interface (i.e., electrochemical double
layered capacitive behavior) and surface
faradic redox reactions (i.e., pseudoca-
pacitve behavior).3] Carbon materials
with high surface area generally display
electrochemical double layered capaci-
tive behavior. Transition metal oxides or
conductive polymers exhibit typical pseu-
docapacitve behavior. It also has been
demonstrated that the pesudocapacitance
of transition metal oxides or conductive
polymers is much higher than the elec-
trochemical double layered capacitance of
carbon materials.}-3]

Although the power density of super-
capacitors is much higher than that of
conventional rechargeable batteries, their
energy density is still lower than that of
conventional rechargeable batteries. Now-
adays, much research on supercapacitors
is aimed at increasing energy density as well as lowering fab-
rication costs while using environmentally friendly materials.
Some transition metal oxides, such as amorphous RuO, and
IrO,, 1 exhibit prominent properties as pseudocapacitive
electrode materials. The highest value for specific capacitance
reported for amorphous hydrated RuO, is 1580 g} How-
ever, despite the remarkable performance of this material, its
high cost excludes it from wide application. On the other hand,
some low-cost transition metal oxides and conductive poly-
mers also exhibit electrochemical capacitance behavior to some
extent,!'2-2%] whereas their capacitance is much lower than that
of RuO,. The key reason is that amorphous RuO, can storage
charge not only on the out surface but also within the expanded
interlayer space.! Accordingly, it should be the best choice for
building high performance supercapacitor to develop low cost
pseudocapacitive materials, which can storage charge both on
the out surface and in the interlayer gap of crystalline struc-
ture. Certainly, this should be a great challenge because the
redox reaction in the interlayer gap of crystalline structure of
electrode materials is always coupled with ions diffusion within
the crystalline structure. In other words, the charge storage in
the interlayer gap of crystalline structure of electrode materials
is always controlled by diffusion process. However, the typical
character of pseudocapacitive behavior is not limited by the
ions diffusion process. Accordingly, in order to realize the pseu-
docapacitive behavior in the interlayer gap of crystalline struc-
ture, electrode materials with both typical expanded interlayer
space and nanosize should be designed and prepared. This is
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Figure 1. Titanate nanowires: a) XRD pattern, b) SEM image, and c,d) TEM and HRTEM images.

because expanded crystalline structure and nanosize can effec-
tively facilitate ions diffusion and shorten diffusion length.

Besides enhancing capacitance of electrode materials, it also
should be a promising approach for improving the energy den-
sity of supercapacitor to increase the operating voltage. It is
well known that the max operating voltage of supercapacitor is
limited by the stable potential window of electrolyte solution.
For instance, supercapacitors using aqueous electrolyte can
not achieve the max operating voltage that is higher than 2 V,
owing to the narrow stable potential window of water. On the
contrary, these supercapacitors using non-aqueous electrolyte
can easily realize the max operating voltage of 3.0 V. However,
up to date, pseudocapacitive behavior of electrode materials in
non-aqueous electrolyte solution is rarely reported. Especially,
almost all of transitional metal oxides, e.g., RuOy, IrO,, MnO,,
CoO,, NiO,, etc., display their pseudocapacitive behavior in
aqueous electrolyte with various pH values.'>23] Thereby, it is
also very necessary to develop electrode materials with typical
pseudocapacitive behavior in non-aqueous electrolyte.

In present work, we successfully prepared layered H,TizO13-
nanowires through a facile hydrothermal method followed with
an acid treatment, and investigated their charge storage charac-
teristic in non-aqueous electrolyte including Li-ions by various
electrochemical measurements. Typical nanosize combining
with the expanded interlayer result in the pseudocapacitive char-
acteristic of Li-storage within the layered titanate nanowires in
non-aqueous electrolyte. The as-prepared H,TigO;3-nanowires
exhibit a high capacitance of 828 F g™' within the potential
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window from 2.0 to 1.0 V (vs. Li/Li*), and is a promising nega-
tive electrode for supercapacitor. Finally, an asymmetric super-
capacitor which is based on a negative electrode of H,TizO13
nanowires and a positive electrode of ordered mesoporous
carbon (CMK-3) was fabricated. The achieved energy density of
the asymmetric supercapacitor is as high as 90 Wh kg

2. Results and Discussion
2.1. Character of H,TigO43-Nanowires

The character of the as-prepared titanate nanowires is given
in Figure 1. It can be revealed from the XRD pattern that the
as-prepared material can be indexed to the structure of lay-
ered titanate of H,TigOy; (Figure 1a).*l Figure 1b-d depicts
the SEM image and TEM image of the as-prepared H,TigO,;-
nanowires. As shown in Figure 1b, many H,TizO3-nanowires
agglomerate together to form a network structure. The typ-
ical size of H,TigOq3-nanowires is 5-7 nm in diameter and
50-150 nm in length (Figure 1c). Figure 1d shows the high
solution TEM (HSTEM) image of H,TigO;-nanowires, further
confirming the nanowires shape with a typical diameter size of
5 nm. HRTEM image also reveals that the interlayer spacing of
layered titanate is ca. 0.77 nm, corresponding to the distance
between (200) planes. The unique nanostructure and typical
nanosize of the prepared H,TigO; can effectively shorten the
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Figure 2. CV curves at various sweep rates (a) and the relationship between peak current (i,) and sweep rate

of titanate nanowires (b).

ion diffusion length on charge/discharge process. Furthermore,
the expanded interlayer space (ca. 0.77 nm) could facilitate
the Li-intercalation/deintercalation process. These will be con-
firmed by electrochemical investigations. The specific surface
area of the as-prepared H,TizO 3-nanowires is 330m? g-!. This
large surface area can much enhance electrode/electrolyte inter-
face, and thus increase the surface redox reaction which is not
controlled by the diffusion process.

Cyclic voltammetry (CV) experiments carried out at various
sweep rates were used to examine the redox processes occur-
ring in the as-prepared H,TizO;3-nanowires. As shown in
Figure 2a, a couple of redox peaks are observed between 2.0 V
and 1.0 V vs. Li/Li*. These peaks correspond to the intercala-
tion and deintercalation of Li-ion and can be represented by the
following equation:

H,TigOy3 + xLi* + xe~ <> Li,H,TigO; (1)

The voltammetric response of electrode active material at
various sweep rates can be summarized according to:1>>-’]

i =av’ 2)
in which the measure current (i) at a specific potential obeys
a power law relationship with the potential sweep rate (v). It is
well known that the cation intercalation of battery behavior is a
diffusion controlled process, and thus the current flow at any
given potential is expected to vary with the square root of the

sweep rate (b = 0.5) according to:

i = nFAC*DY*vY2 (anF/RT)* 7'y (bt) 3)

where C* is the surface concentration of the electrode mate-
rial, o is the transfer coefficient, D is the chemical diffusion
coefficient, n the number of electrons involved in the elec-
trode reaction, A is the surface area of the electrode material,
F is the Faraday constant, R is the molar gas constant, T is the
temperature, and the function y(bt) represents the normalized
current.?’ According to Equation (3), the current (i) of battery
behavior at any given potential should be the function of both
potential sweep rate (v) and sweep time (t). At a specific sweep
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where Cy represents the capaci-

tance and A is the surface

area of active materials.l”!
Pseudocapacitive behavior of
active material arises from

the surface faradic redox reactions, and is not controlled by
diffusion process. Because the surface faradic redox reac-
tions only occur in a specific voltage region, pseudocapaci-
tive behavior also displays obvious redox peaks on CV test.
Accordingly, the peak current (i;) for pseudocapacitive
behavior should vary linearly with the sweep rate (b =1 or i, =
C4Av). Figure 2b gives the voltammetric response of the as-pre-
pared H,TigO,3-nanowiresatvarious sweeprates. [tcan bedetected
from Figure 2b the peak current (i) increases linearly with the
increase of sweep rate. The linear relationship of i, vs. v (b = 1)
clearly demonstrates the pseudocapacitive characteristic of
lithium storage in the as-prepared H,TizO;3-nanowires.

In order to further confirm the pseudocapacitive character-
istic of lithium storage, electrochemical impedance spectro-
scopic (EIS) analysis of the as-prepared H,TizO,; at a selected
discharge depth was conducted. Prior to EIS measurement,
H,TisO,3 nanowires electrode was discharged to 1.5 V vs. Li/
Li* and hold at this potential for 3 h to reach equilibrium (see
Figure 3a). Then, EIS measurement was performed at this
potential (1.5 V vs. Li/Li*) in the frequency range 10°-0.01 Hz
with AC signal amplitude of 5 mV. The obtained Nyquist plot
(27 vs. Z') is given in Figure 3b. The Nyquist plot typically
consists of a high frequency semicircle and a low frequency
spike. Typically, the high frequency semicircle is associated
with these resistances: the internal resistance of electrode,
interface resistance and charge transfer resistance. In the low
frequency region, typical linear shape of Nyquist plot can be
observed where the slope gradually changes from 45° to 90°
with decrease of ac frequency, indicating that the Li-intercala-
tion in the as-prepared H,TigO;3-nanowires is not controlled
by the diffusion process.l'?”] In other words, this result clearly
demonstrates that the as-prepared H,TizO3-nanowires are able
to accommodate Li* through pseudocapacitive processes. After
EIS measure the H,TizO;3; nanowires electrode was further dis-
charged to 1.0 V.

In addition to these electrochemical investigations, XRD
measurement should be a direct method to confirm pseu-
docapacitive behavior. For pseudocapacitive behavior, the
charge storage mainly takes place on (or near) the surface of

wileyonlinelibrary.com

5187

“
G
F
F
>
v
m
~




-
™
s
[
-l
wd
=
™

5188 wileyonlinelibrary.com

Makies

[ (a) ]

»
=

N
wn
1

1
=]
T

EIS mesurement 4

"

-
wn
T

| The potential was |
holed at 1.5 for 3h

Potential (V, vs. Li/Li+)

-
=]
T

0 1x10* 2x10°
Discharge-time (second)

www.MaterlalsVIews.com

350

oy

-Z" (Ohm)

100 150 200 250 300 350 400

Z' (Ohm)

0
0 50

Figure 3. a) Discharge curve and b) Nyquist plot obtained from EIS measurement of titanate nanowires.

active materials, which would not lead the obvious crystalline
parameters change of active materials. Thereby, we employed
XRD technology to characterize the Li-intercalated H,TigO,;-
nanowires. After full Li-intercalation (or discharged to 1.0 V
with a current density of 30 mA g™, see Figure 4a), the H,TizO;;
electrode was disassembled in the argon-filled glove box, and
then the Li-intercalated H,TizO;3 electrode was transferred for
assembly in an ex situ XRD cell in which thin Al film was used
as a window (detailed information for this experiment is given
in Supporting Information Figure S1). Figure 4b gives the XRD
pattern of Li-intercalated H,TizO;3 electrode. The XRD pattern
obtained at the same measurement condition of fresh H,TizO1;
electrode (without Li-intercalation) is also given in Figure 4b for
comparison. It can be observed from Figure 4b that the XRD
pattern of Li-intercalated H,TizO13 electrode is almost as same
as that of fresh H,TigO4; electrode. It also should be noted that
the additional diffraction peaks at around 18° arises from the
binder (PTFE) of H,TizO;; electrode. A H,TicO;3 composite
electrode includes binder (polytetrafluoroethylene, PTFE),
active material (H;TigO13-nanowires) and carbon additive (acet-
ylene black). This result from Figure 4b clearly demonstrates
that the Li-intercalation does not result in obvious crystalline
parameters change of H,TigOq3, indicating the pseudocapaci-
tive characteristic of Li-storage.

Figure 5a gives the charge/discharge curves of the as-
prepared H,TicO;3-nanowires within the potential window
from 3.5 V to 1.0 V (vs. Li/Li") at different current densities.
As shown in Figure 5a, the as-prepared H,TigOq3;-nanowires
exhibit slope charge/discharge curve within the potential region
of 2.0 V to 1.0 V, which is consistent with the CV tests. The
specific capacitance of the prepared H,TigO;3-nanowires can be
calculated according to Equation (5):

_ Ixt 5
T mx AV ©)
in which C is the specific capacitance (F g7!), I is charge-
discharge current, AVis 1 V (As shown in Figure 5a, H,TigO1;-
nanowires exhibit their capacity in the region of 2.0 V to 1.0 V),
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Figure 4. a) The discharge curve of H,TigO;3-nanowired based electrode
and b) the XRD patterns of Li-intercalated H,TigOy3 electrode and fresh
H,TigO43 electrode.

and m is the mass of active material within the electrode. The cal-
culated results from Equation (5) are summarized in Figure 5b.
As shown in Figure 5b, the as-prepared H,TigO;3-nanowires
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Figure 5. a) Charge/discharge curve (V vs. time) of titanate nanowires and b) calculated capacitance (F/g) at different current densities.

exhibit a capacitance of 828 F g™! at a charge/discharge current
density of 0.1 A g!. When the current density is increased to
2 A g}, the as-prepared H,TigO;3-nanowires display a capaci-
tance of 684 F g~1. Even at much higher rate (10 A g!), the pre-
pared material still keeps a capacitance of 504 F g~%. This clearly
indicates that as-prepared H,TizO,3-nanowires are of perfect
rate performance.

The results given in Figure 2, 3, 4 and 5 demonstrate that
the as-prepared H,TigO;3-nanowires are able to accommodate
Li* through pseudocapacitive processes. The pseudocapacitive
behavior of the H,TizO 3-nanowires arises from their unique
structure. Firstly, the interlayer space (ca. 0.77 nm) of the as-
prepared H,TigO;3-nanowires is wider than the interlayer space
(or tunnel size) of conventional Li-intercalation compounds,
which ensures the fast mobility of Li-ions. Secondly, typical
size of H,TisOq3-nanowires is only 5-7 nm, which effectively
shortens the diffusion length. Finally, the large surface area
(330 m?g™!) arising from the nanosize and nanostructure
much enhances the surface redox reaction and reduces the
practical current density (A cm™2). It should be noted that up
to present, the electrode material with pseudocapacitive per-
formance in organic (or non-aqueous) electrolyte solution is
still rarely reported. Table 1 summarizes the previous reports

Adv. Funct. Mater. 2012, 22, 5185-5193
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about the pseudocapacitive performance of transition metal
oxides or conductive polymers. As shown in Table 1, all of
these transition metal oxides or conductive polymers display
their pseudocapacitive behavior in aqueous electrolyte solu-
tion with limited stable potential window. Compared with these
previous metal oxides or conductive polymers, the advantages
of the as-prepared H,TizO3-nanowires include i) the capaci-
tance of the as-prepared H,TizO3-nanowires is as high as 828
F gL; ii) H,TigO;; is low cost in comparison with these expen-
sive transition metal oxides (e.g., RuOy or IrO,); and iii) the as-
prepared H,TigO3should be a promising negative electrode mate-
rial for supercapacitor because its operating potential window
(2.0 to 1.0 V vs. Li/Li* or -1.0 to —2.0 V vs. NHE) is much lower
than that of conventional transition metal oxides and conduc-
tive polymers.

2.2. Asymmetric Supercapacitor Based H,TigO3-Nanowires
and CMK-3

As mentioned above, the as-prepared H,TigO;3 nanowires
should be a promising negative electrode material for
supercapacitor. In order to further investigate this advantage,

wileyonlinelibrary.com

“
G
F
F
>
v
m
~

5189



-
™
s
[
-l
wd
=
™

www.afm-journal.de

Mok

www.MaterialsViews.com

5190 wileyonlinelibrary.com

Table 1. Electrolyte solutions and operating potential windows of different pseudocapacitive materials.

Materials Electrolyte Solutions Operating Potential Windows Ref.
RuO, H,SO, aqueous solution 0-1.0V (vs. NHE)? [4-10]
MnO, Na,SO, or K,SO, aqueous solution 0-1.0V (vs. NHE) [12-15]
V,05 KCl aqueous solution 0-1.0V (vs. NHE) [16]
VN,O, KOH aqueous solution 0--1.0V (vs. NHE) 7]
NiO, KOH aqueous solution 0-0.6 V (vs. NHE) [18,19]
Co304 KOH aqueous solution 0-0.6 V (vs. NHE) [20,27]
Co(OH), KOH aqueous solution 0-0.6 V (vs. NHE) [22]
Polyaniline H,SO, aqueous solution 0-1V (vs. NHE) [23]
H,TigOq3 1 M LiPFg in EC/EDC 2.0-1.0V (vs. Li/Li") Present work
Nanowires -1.0--2.0V (vs. NHE)

ANHE is Normal Hydrogen Electrode.

H,Ti O,, Nanowires

Figure 6. Schematic illustration of the fabricated asymmetric superca-
pacitor based on a positive electrode of CMK-3 and a negative electrode
of H,TigOq3 nanowires in organic electrolyte solution (1 M LiPFg in EC/
DEC).

we developed an asymmetric supercapacitor which is based
on a negative electrode of H,TisO3 nanowires and a positive
electrode of ordered mesoporous carbon (CMK-3) in an organic
electrolyte including Li-ions (see Figure 6). On charge process,
anions from electrolyte are absorbed in porous structure of
CMK-3 (positive electrode). At the same time, Li-ions from elec-
trolyte are intercalated into the H,TigO 3-nanowires (negative
electrode). Discharge reverses the charge process.

Figure 7 shows the charge/discharge curves of the individual
composite electrode (H,TigO;3-electrode and CMK-electrode)
vs. Li/Li* reference electrode, along with the voltage profile
of the H,TizO,3//CMK-3 asymmetric supercapacitor at a cur-
rent density of 0.2 A g1. As shown in Figure 7, the operating
potential window of the negative electrode of H,TigOy3 is in the
potential region from 2.0 to 1.0 V (vs. Li/Li*). The positive elec-
trode of CMK-3 is charged/discharged in the potential region
from 3.0 to 4.5 V (vs. Li/Li*), coupled with the absorption/de-
sorption of anions. It can also be observed from Figure 7 that
the H,TigO;3/CMK-3 asymmetric supercapacitor displays a
slope voltage profile from 1.0 to 3.5 V, which is resulted from

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the potential difference between the positive electrode of
CMK-3 and the negative electrode of H,TizO;3. Figure 8 shows
the charge/discharge curves of the H,TizO;3//CMK-3 asym-
metry supercapacitor at different current densities. As shown
in Figure 8, the H,TigO;3//CMK-3 asymmetric supercapac-
itor can finish charge or discharge within 30 s at the current
density of 3A g1, indicating perfect power performance. The
achieved high power of the fabricated asymmetric supercapac-
itor is owing to that both the negative electrode of H,TigO,;-
nanowires and the positive electrode of CMK-3 have perfect
rate ability (i.e., the performance of fast charge-discharge). The
rate performance of the as-prepared H,TizO3-nanowires has

H,Ti 0, //CMK-3

6F 43
—

o 2
S| 5k 42 o
= CMK-3 electrode %’3
q 3 < :

> (=]
g 4r 1 >
< [ =
= 3t ) 40 O
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S 2} .

[=]
[~ W
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Figure 7. Charge/discharge curves of the individual composite electrode

(H;TigOy3 and CMK-3) vs. Li/Li* reference electrode, along with the
voltage profile of the H,TigO;3//CMK-3 asymmetric supercapacitor.
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Figure 8. Charge/discharge curves of the H,TigO;3//CMK-3 asymmetry
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been demonstrated by Figure 5. Furthermore, it also has been
reported that ordered mesoporous carbons with a narrow distri-
bution in the mesopore range and a uniform pore connection
have much better electrochemical capacitive performance than
conventional carbon materials, due to the mesopore channels
and interconnections provide a more favorable path for penetra-
tion and transportation of ions.?831 In present manuscript, the
electrochemical capacitive performance of the ordered meso-
porous carbon is given in supporting information (see Sup-
porting Information, Figure S2—4).

The Ragone plot (energy density vs. power density) of the
H,TigOq3//CMK-3 asymmetric supercapacitor is given in
Figure 9. The energy density values of the as-prepared super-
capacitors were calculated by numerically integrating the dis-
charge curves:

)
1
E=fIth=§C(V1+Vz)(Vl—Vz) (6)
ty

where C is the capacitance (F g™!) of supcapacitor and V; and V,
are the end-of-charge voltage and the end-of-discharge voltage,
respectively.

The average power density values of as-prepared supercapac-
itors were calculated according to Equation (6) and (7):

p==
t (7)
where t is the discharge time (s).
As shown in Figure 9, the achieved energy density and
the max power density of the H,TizO3//CMK-3 asymmetric
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Figure9. Ragone plots (energy density vs. power density) ofthe H,TigOq3//
CMK-3 asymmetric supercapacitor and CMK-3//CMK-3 symmetric super-
capacitor. The energy density (Wh kg™') and power density (W kg™") are
only calculated based on the mass of electrode active materials.

supercapacitor are 90 Wh kg™! and 11 000 W kg!, respectively.
The Ragone plot of symmetric supercapacitor based CMK-3
(CMK-3//CMK-3) is also shown in Figure 9 for comparison.
As shown in Figure 9, both energy density and power den-
sity of H,TigO;3//CMK-3 asymmetric supercapacitor is much
higher than that of CMK-3//CMK-3 symmetric supercapacitor.
The reason is that H,TizO;3//CMK-3 asymmetric supercapac-
itor can effectively utilize of the different potential windows
between the two kinds of electrodes to increase the maximum
operation cell voltage, resulting in an enhanced energy density
(see Supporting Information Figure S5). Furthermore, the as-
prepared H,TigO;3 nanowires are of high capacitance. From
Figure 10, it can be detected that the capacitance retention of
the H,TigO3//CMK-3 asymmetric supercapacitor continuously
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Figure 10. Cycling performance of the H,TigO;3//CMK-3 asymmetric
supercapacitor tested with a current density of 1.5 A g7,
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Table 2. Energy density and working voltage of various asymmetric supercapacitors.

Materials Voltage Energy density Ref.
Positive electrode Negative electrode [Whkg™]
Ni(OH), Activated Carbon (AC) 05-1.5V 40 132]
LiMn,0, AC 0.8-1.8V 35 33]
AC LiTisOn, 15-28V 53 34]
MnO, ACN 0-1.8V 51.1 [35]
MnO, CNTs 0-1.5V 12.5 36!
CNTs TiO,-B 0-2.8V 12.5 [38]
AC V,05 0-2.8V 40 [39]
CMK-3 H,TigO13 1.0-35V 90 Present Work

reduces from initial cycle to 200th cycle, whereas the capaci-
tance retention almost keeps at a constant value (80%) in the
following cycling process, indicating good cycling ability.

It should also be noted that various asymmetric superca-
pacitors, such as activated carbon (AC)//Ni(OH), system,??
AC//LiMn,0, system,’3 AC//Li,TisO;, system,3* AC(or
CNTs)//amorphous MnO, system,3>7] Carbon nanotubes
(CNTs)//TiO, system,B38 AC/V,05,3% etc., have been reported
recently. Table 2 compares the performance of the H,TiO13//
CMK-3 asymmetric supercapacitor with previous reports
about asymmetric supercapacitors. It can be found from
Table 2 that the energy density of H,TigO;3//CMK-3 asym-
metric supercapacitor is higher than previous reports. It
should be noted that all of these energy density values
(Wh kg™!), given Table 2, are calculated based on the mass of
electrode active materials.

3. Conclusions

In summary, the pseudocapacitive behavior of H,TigOs-
nanowires was investigated in non-aqueous electrolyte
including Li-ions. The achieved results demonstrated that the
as-prepared H,TigO;3-nanowires are of both high capacitance
and low operating potential, and thus should be a promising
negative electrode material for asymmetric supercapacitor.
Thereby, the asymmetric supercapacitor based on as-prepared
H,TigO;3-nanowires and CMK-3 can display simultaneously
both high power and energy density, which is quite important
for fast energy storage.

4. Experimental Section

Synthesis: Typically, 1 g of TiO, (anatase) was dispersed in a 50 mL
of 15 M aqueous KOH solution. After stirring for 10 min, the resulting
suspension was transferred into a Teflon-lined stainless steel autoclave
with a capacity of 75 mL. The autoclave was kept at 170 °C for 72 h and
then cooled to room temperature. The resulting precipitate was washed
with 0.1 M HNO; solution until pH value of 1-2 was reached. The final
product was then collected by centrifugation and dried at 70 °C for 12 h
in air. Ordered mesoporous carbon CMK-3 (pore-size: 3 to 5 nm, BEM:
1431 m? g7, produced by XF Nano, INC) was used as received.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Characterization: The scanning electron microscopy (SEM) was
conducted on a JSM-6390 microscope of JEOL. Transmission electron
microscopy (TEM) experiments were conducted on a JEOL 2011
microscope (Japan) operated at 200 kV. Powder X-ray diffraction (XRD)
data for the prepared titanate nanowires was collected with a Bruker D4
Endeavor X-ray diffractometer using CuKa radiation. Argon sorption was
conducted to assess porosity and surface area data of titanate nanowires
using Quadrasorb SI Automated Surface Area and Pore Size Analyzer.

Electrochemical Measurements: Composite electrodes were used for
electrochemical measurements. For H,TigOq3 composite electrode,
a mixture containing 85 wt% of active material H,TigO;3, 10 wt% of
acetylene black, and 5 wt% of polytetrafluoroethylene (PTFE) was well
mixed and then pressed onto a nickel mesh which served as a current
collector. The preparation of CMK-3 composite electrode was as same
as that of H,TigO;3 composite electrode, whereas aluminium mesh was
used as current collector. In these electrochemical measurements of
composite electrodes, Li metal foil was used as the counter and reference
electrode, and 1 M LiPFg dissolved in 1:1 v/v mixture of ethylene
carbonate/diethyl carbonate (EC/DEC) was employed as the electrolyte.
Cyclic voltammetry (CV) and charge-discharge tests were performed with
a Solartron Instrument Model 1287 controlled by a computer. In these
electrochemical measurements of supercapacitor, H,TigOy3 composite
and CMK-3 composite electrode were used as negative electrode and
positive electrode, respectively, using organic electrolyte (1 M LiPFg
EC/DCE). In this asymmetric supercapacitor, the mass ratio of positive
electrode/negative electrode was 4:1. In CV testing, the electrode surface
was only about 0.25 cm?, and the mass loading of active material is
1 mg cm™2. The purpose of the CV test was to investigate the kinetic
mechanism of H,TigO43 nanowires. In order to reduce the negative affect
from internal impedance (including the resistance from electrolyte and
the resistance from wire and connecting point), it was better to reduce
absolute current value of electrode. Thereby, small size thin film electrode
was employed to study the kinetic mechanism of electrode material. In
the charge/discharge test for the electrode of H,T¢O43 nanowires, the
electrode surface was 1 cm?, and the mass loading of active materials
was 4 mg cm™2. In the electrochemical performance investigation of
CMK-3//H,TigOy3 asymmetric supercapacitor, the mass loading of
positive electrode (CMK-3) and negative electrode (H,TigO3) were
8 mg cm~2 and 2 mg cm™2, respectively. Surfaces of positive electrode
and negative electrode were all 1 cm?. All of the energy density (Wh kg™")
and power density (W kg™') values were only calculated based on the
mass of electrode active materials (CMK-3 and H,TigOy3).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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