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ABSTRACT: Inspired by the cucumber-like structure, by
combining the in situ chemical oxidative polymerization with
facile soaking process, we designed the heterostructured
nanomaterial with PEDOT as the shell and MnO, nano-
particles as the protuberance and synthesized the novel
cucumber-like MnO, nanoparticles enriched vanadium pent-
oxide/poly(3,4-ethylenedioxythiophene) (PEDOT) coaxial
nanowires. This heterostructured nanomaterial exhibits
enhanced electrochemical cycling performance with the
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decreases of capacity fading during 200 cycles from 0.557 to 0.173% over V,05 nanowires at the current density of 100 mA/
g. This method is proven to be an effective technique for improving the electrochemical cycling performance and stability of
nanowire electrodes especially at low rate for application in rechargeable lithium batteries.
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electrochemical property

In the past decades, rechargeable lithium (Li) batteries are
widely considered to be among the most promising
rechargeable batteries for the rapid development of mobile
devices and electric vehicles.' ™

Among the various candidates for cathode active materials in
lithium Dbatteries, vanadium oxides have attracted much
attention due to their layered structure, high capacity (the
theoretical capacity reaches 440 mAh/g when three lithium
ions are intercalated) and low cost.’™ For Li batteries, one-
dimensional nanomaterial electrodes have drawn increasing
attention because of their short Li ion diffusion pathway,
favorably large electrode—electrolyte contact area and good
strain accommodation.'®~"* Although the nanostructured V,04
has been studied as potential cathode material for almost 40
years, the poor electrical conductivity (4 X 107 S/cm) and low
Li* ion diffusion rates still preclude its application.'®
Hierarchical heterostructures such as hollow nanospheres,
porous nanostructures, nanowire-on-nanowire structures, and
so on have been increasingly reported in recent years because
they can offer better electrochemical performance than single-
structured materials.'”"*™"® The cucumber-like structure with
shell and rough surface is effective to protect the core structure
and provides high active surface area. Inspired by the
cucumber-like structure, we designed heterostructured nano-
material by combining in situ chemical oxidative polymerization
with facile soaking process to make use of the advantage of this
cucumber-like structure.

Coating conductive polymers is an effective way to overcome
the low electrical conductivity of V,05 nanowires(NWs)."? !
Poly(3,4-ethylenedioxythiophene) (PEDOT) is one of the
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most attractive conjugated conductive polymers. Nowadays,
due to its high electrical conductivity (550 S/cm) and good
electrochemical stabilityy, PEDOT has drawn much attention
from both fundamental and practical viewpoints. For example,
PEDOT coated Si NWs cause the capacity retention after 100
charge—discharge cycles to increase from 30 to 80% over bare
Si NWs;*> the NWs-V,0,/PEDOT composite film cathodes
have high capacities, excellent rate capabilities, and cycling
stabilities at various current rates.”

Layer-by-layer (LBL) assembly is an attractive bottom-up
approach to construct complex architecture and nanomateri-
als.”* The advantages of the LBL assembly technique also
include simplicity, universality, and controllable thickness at the
nanoscale level, compared with the other available assembly
approaches.”® Nowadays the LBL assembly has been widely
used to fabricate core—shell nanoparticles®® and coaxial
nanowires.”’

It was reported to form MnO, nanoparticles (NPs) on
polymers by soaking in the potassium permanganate
(KMnO,).>**" The nucleation of MnO, NPs over polymer
chains can enhance conductivity and stability of the nano-
composite material by interlinking the polymer chains and
providing high active surface area.’® For example, MnO,
nanoparticles-enriched PEDOT nanowires show very high
specific capacitance (410 F/g) as the supercapacitor electrode
materials, and high Li* storage capacity (300 mAh/g) as
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Figure 1. FTIR spectra of V,0;/PEDOT&MnO, NWs for different soaking time (a), XRD patterns of V,05 NWs, V,05/PEDOT NWs, and V,0,/
PEDOT&MnO, NWs (b), XPS spectra for V,0;/PEDOT&MnO, NWs of Mn (c), and S (d).

cathode materials for Li ion battery, which boosts the energy
storage capacity of PEDOT NWs 4 times;”” PANI-intercalated
manganese oxide shows high power performance as a kind of
cathode material of lithium batteries.>® The advantages of this
synthetic method are controllable thickness and no additional
steps needed to prepare MnO, NPs before synthesizing the
heterostructured material.””

Herein, we report an LBL assembly method by combining
the in situ chemical oxidative polymerization with facile soaking
process to prepare cucumber-like MnO, NPs enriched V,0,/
PEDOT (V,0,/PEDOT&MnO,) NWs. This heterostructured
nanomaterial exhibits enhanced electrochemical cycling per-
formance with the decreases of capacity fading during 200
charge/discharge cycles from 0.557 to 0.173% over V,05 NWs
at the current density of 100 mA/g. This method is shown to
be an effective technique for improving the electrochemical
cycling performance and stability of nanowire electrodes
especially at low rate for applications in rechargeable Li
batteries.

The cucumber-like V,0,/PEDOT&MnO, NWs were
synthesized as follows. (1) Preparation of V,05 NWs: the
ultralong V;0,-H,O NWs were prepared by hydrothermal
reaction following a previously reported procedure by Mai et
al.** Then the V;0,-H,0 NWs were annealed under 500 °C for
S h to obtain a yellow powder sample. (2) Preparation of
V,05/PEDOT NWs: the PEDOT layer was prepared by in situ
chemical oxidative polymerization. First, 0.1 g of as-prepared
V,05 NWs were dispersed in 40 mL of acetonitrile by agitation
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and ultrasonic treatment and then transferred into a flask.
Moreover, a certain number of EDOT monomers (mass ratio
of V,0,/EDOT is 1:0.3) were added and stirred with
reflocculated V,05 NWs for 1 h to ensure complete mixing.
Additionally, a given amount of oxidizing agent (2 times of
EDOT monomers in molar ratio) FeCly was dispersed in 20
mL of acetonitrile, then added dropwise and kept under
refluxing condition at 86 °C for 12 h. Then the products were
washed repeatedly with ethanol and deionized water, and the
dark green powder was dried at 60 °C for 12 h. (3) Preparation
of V,0,/PEDOT&MnO, NWs: MnO, NPs were loaded into
the V,0;/PEDOT NWs by soaking the as-prepared V,0;/
PEDOT NWs in 10 mM KMnO, solution. The mass of MnO,
NPs was controlled by treating time. The treating time was
chosen at §, 15, and 30 min.

An X-ray diffraction (XRD) measurement was performed to
investigate the crystallographic information using a D8 Advance
X-ray diffractometer with nonmonochromated Cu Ka X-ray
source. Fourier transformed infrared (FTIR) transmittance
spectra were recorded using the 60-SXB IR spectrometer. X-ray
photoelectron spectroscopy (XPS) analysis was done on VG
Multilab 2000. Field emission scanning electron microscopy
(FESEM) images were collected with a Hitachi S-4800 at an
acceleration voltage of 10 kV. Transmission electron micros-
copy (TEM), high-resolution transmission electronmicroscopy
(HRTEM) images, and energy dispersive X-ray spectra (EDS)
were recorded by using a JEM-2100F STEM/EDS microscope.
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Figure 2. Schematic illustration of the synthesis of V,0,/PEDOT&MnO, NWs (a), FESEM images of V,05 NWs (b), V,0,/PEDOT NWs (c),
V,05/PEDOT&MnO, NWs (the inset is the EDS spectra) (d). TEM images of V,0;/PEDOT NWs (e), V,05/PEDOT&MnO, NWs (f). FESEM
image (g) and EDS mapping of V (h), Mn (i), and S (j) from V,05/PEDOT&MnO, NWs.

The electrochemical properties were tested with 2025 coin
cells assembled in a glovebox filled with pure argon gas that use
lithium pellet as the anode, 1 M solution of LiPF in ethylene
carbon (EC)/dimethyl carbonate (DMC) as the electrolyte,
70% V,0;/PEDOT&MnO, nanowires active material, 20%
acetylene black and 10% poly(tetrafluoroethylene) (PTFE) as
the cathode electrodes. Galvanostatic charge/discharge meas-
urement was performed in the potential range from 4.0 to 2.0 V
versus Li/Li* with a multichannel battery testing system
(LAND CT2001A). Cyclic voltammetry (CV) and ac-
impedance spectra were tested with an electrochemical
workstation (CHI 760D).

FTIR spectra of the V,0;/PEDOT&MnO, NWs with
different soaking time (0, S, 15, and 30 min) (Figure 1a)
show the three vibration peaks of V,0; around 1020, 835, and
525 em™!. Vibrations around 1540, 1470, and 1340 cm™! are
assigned to the stretching modes of C=C and C—C in the
thiophene ring; the peaks at 1200, 1140, and 1085 cm™! are
attributed to C—O—C bond stretching mode, and the peaks at
980, 835, and 690 cm™' are attributed to the vibration
transmittance of C—S bond in the thiophene ring. The 0 min
curve (without soaking process) shows obvious peaks of
PEDOT, illustrating the formation of PEDOT. Interestingly, a
new peak around 1620 cm™' appears and becomes stronger
with the increase of the soaking time, and meanwhile the peaks
corresponding to PEDOT become weaker. The peak at 1620
cm™! is attributed to O—H stretching vibrations on a Mn
atom,* which indicates possible oxidation of the PEDOT by
KMnO, as eq 1 shows. In order to keep the electroactivity of
PEDOT, the concentration of KMnO, and the soaking time
should be controlled so that only a proper portion of the
PEDOT can be oxidized. The soaking time of 15 min is
considered as the optimal time parameter, because this product
contains obvious vibration bonds of both PEDOT and Mn
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atoms, so the following tests were based on the product by
using 15 min soaking time.

o o o ©O o 9
KMnO,4 + E/ \S —-: 2/‘ \g } & m + MnO; (1)
S n S n /,S\\ n
o) 00

To determine the phase structure of the products, XRD
measurements were conducted (Figure 1b). The V,05 NWs
can be indexed to a pure orthorhombic structure phase (JCPDS
No. 01-086-2248). No peaks from other phases have been
detected, indicating that the products are of high purity. The
characteristic peaks of V,0;/PEDOT NWs have a consistent
position with pure V,0;, whereas the peak intensity decreases.
The consistent peak position without shift shows that the
formation of PEDOT on V,0; NWs surface does not
dramatically destroy the structure of V,0s, and the intensity
decrease can be explained by the formation of a PEDOT layer
on the nanowire surface. XRD pattern of V,05/PEDOT&M-
nO, NWs only shows the pure orthorhombic V,05 phase too,
revealing that the MnO, NPs is amorphous. Compared with
the V,0;/PEDOT NWs curve, the intensity of (001) peak of
V,0;/PEDOT&MnO, NWs increased, which indicates that the
preferred orientation of nanowires becomes relatively more
obvious after the MnO, NPs were loaded.

The XPS spectra of V,0;/PEDOT&MnO, NWs (Figure
lc,d) show the peaks of Mn2p;, and Mn2p,,, (Figure lc)
centered at 641.5 and 653.5 eV, respectively, with a spin energy
separation of 12 eV are in good agreement with reported data
of Mn2p;,, and Mn2p,, in MnO, 3% Figure 1d shows that
the peak of S,, corresponds to PEDOT layer. A slight peak at
168 eV in XPS analysis alludes to the possible oxidation of
thiophene sulfur into the sulfone S=0 group,®® which suggests
possible oxidation of the thiophene sulfur into sulfoxide by
KMnO, as eq 1 shows.
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Figure 3. Electrochemical properties of V,05 NWs, V,0,/PEDOT NWs, and V,0,/PEDOT&MnO, NWs. (a) CV curves at a sweep rate of 0.1
mV/s in the potential range from 4.0 to 2.0 V vs Li/Li". (b) The initial charge—discharge curves at the current density of S0 mA/g. (c) The rate
performance at various current densities from S0 to S00 mA/g. (d,e) The cycling performance at the current densities of S0 and 100 mA/g,
respectively. (f) Discharge capacities of V,0;/PEDOT&MnO, NWs with different soaking time at the current density of 200 mA/g.

The mechanism of MnO, formation is proposed as follows:
we obtained the product with Mn/S molar ratio of 1.18 (from
EDS analysis of Figure 2d inset), so 3.54 mol electrons should
be provided to KMnO, to form 1.18 mol MnO,. However, 1
mol PEDOT can only provide 0.3 mol delocalized electrons
during the oxidation process,”” thus the breakage of
unsaturated bonds on PEDOT is unavoidable (eq 1),
confirmed by the spectroscopic evidence from FTIR and XPS
for the MnO, formation on the surface of PEDOT layer. The
propgge;sl mechanism coincides with the previously reported
ones.””’

The cucumber-like structure of V,O,/PEDOT&MnO, NWs
by LBL assembly is shown in Figure 2. Figure 2a is the
schematic illustration of the formation of a heterostructured
nanowire. It is understandable that the core is V,O; NWs, the
layer is PEDOT prepared by in situ chemical oxidative
polymerization, and the surface is loaded with MnO, NPs
formed via the redox exchange of permanganate ions with the
functional group on PEDOT by facile soaking. From the above
results, the formation of heterostructured nanowires has been
proved. This schematic illustration is in accordance with the
FESEM and TEM images (Figure 2b,c,d).

The diameter of V,05 NWs (Figure 2b) is around 150 nm,
and the surface of the nanowires is very smooth. After PEDOT
coated (Figure 2c), the diameter does not increase obviously.
From the TEM image of V,05/PEDOT NWs (Figure 2e), the
thickness of PEDOT layer is about 3—4 nm. Compared with
V,05/PEDOT NWs (Figure 2c), V,05/PEDOT&MnO, NWs
(Figure 2d) have rougher surfaces. Among the different soaking
time (S, 15, and 30 min), the 15 min sample has the roughest
surface (Supporting Information Figure S1), which provides the
highest active surface area. The EDS spectrum of V,0O/
PEDOT&MnO, NWs (inset Figure 2d) reveals that molar ratio
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of Mn to S is approximately 1.18:1, which suggests that a
suitable number of MnO, NPs have been loaded into PEDOT
layer. In the TEM image of the V,0;/PEDOT&MnO, NWs
(Figure 2f), some dark NPs are vaguely visible. The diameter of
these NPs is around 5 nm and finely dispersed on the PEDOT
layer. XRD studies show that the MnO, NPs are amorphous,
but the TEM image shows that the NPs have weak crystalline,
which may have formed due to bombardment caused by the
TEM electron beams.”

Energy dispersive X-ray spectrometry (EDS) mapping
analysis (Figure 2h—j) of V,0,/PEDOT&MnO, NWs (Figure
2g) unambiguously confirms the cucumber-like structure and
the existence of Mn element. The mapping result is consistent
with the EDS spectrum shown in the inset of Figure 2d.

The CV tests of V,05 NWs, V,0/PEDOT NWs, and V,0;/
PEDOT&MnO, NWs for intercalation/deintercalation (Figure
3a) were carried out at a sweep rate of 0.1 mV/s in the voltage
range of 4.0 to 2.0 V versus Li/Li*. As clearly shown in V,0O4
NWs curves, during a cathodic scan three distinctive peaks are
shown at 3.3, 3.1, and 2.1 V versus Li/Li*, which indicates a
multistep lithium ion intercalation, and the corresponding
phase is transformed from a-V,Oj to &-LiysV,05 (3.3 V), 6-
LiV,0; (3.1 V), and y-Li,V,05 (2.1 V), consecutively’”

V,0 + 0.5Li* + 0.5e” = Lij V,04 2)
Liy VO + 0.SLi™ + 0.5¢” = LiV;,Oq (3)
LiV,0, + Li" + e~ = Li,\,0; (4)

The oxidation/reduction peaks of the three samples are
around the same potential. The existence of MnO, (the
oxidation/reduction peaks of MnO, are at 3.0/3.25 V) leads to
a little bit shift of the peak of V,0;/PEDOT&MnO, at 3.3 V.
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Nano Letters

The charge/discharge curves of V,05 NWs, V,0,/PEDOT
NW, and V,0,/PEDOT&MnO, NW cathodes at the current
density of 50 mA/g are shown in Figure 3b. The initial
discharge capacity of V,05 NWs, V,0;/PEDOT NWs, and
V,05/PEDOT&MnO, NWs are 265, 178, and 185 mAh/g,
respectively. Three discharge plateaus located around 3.3, 3.1,
and 2.2 V can be well indentified as the transformation from a-
V,0j5 to &-LiysV,0; (3.3 V), 6-LiV,05 (3.1 V), and y-Li,V,0,
(2.2 V), respectively.

To study the rate during the charge/discharge process, the
specific discharge capacities at different discharge/charge rates
ranging from S0 to SO0 mA/g were tested (Figure 3c). The
V,05/PEDOT&MnO, NW cathode delivered the discharge
capacities of 196, 164, 118, 91, 67, and 48 mAh/g at the current
densities of 50, 100, 200, 300, 400, and 500 mA/g, respectively.
After this rate measurement, the battery of V,0;/PEDOT&M-
nO, NW cathode is able to provide the capacity of 176 mAh/g
at 50 mA/g again, corresponding to the capacity retention of
90%. Compared with 64% of V,0; NWs and 81% of V,0s/
PEDOT NWs, V,0;/PEDOT&MnO, NWs show better rate
stability.

At the current density of 50 mA/g (Figure 3d), the initial
discharge capacities of V,05 NWs, V,05/PEDOT NWs, and
V,0s/PEDOT&MnO, NWs are 253, 175, and 179 mAh/g,
respectively. The discharge capacities decrease to 140, 116, and
166 mAh/g after 40 cycles, corresponding to the capacity
fading per cycle of 1.462, 1.029, and 0.190%, respectively. It is
obvious that the V,0,/PEDOT&MnO, NWs exhibit the best
cycling performance. The performance under the current
density of 100 mA/g (Figure 3e) also displays as the similar
phenomenon as that under the current density of 50 mA/g (the
capacity fading per cycle of V,0;/PEDOT&MnO, NWs after
200 charge/discharge cycles decreases from 0.557 to 0.173%
over V,0; NWs). After PEDOT coated, the initial specific
capacity decreases about 70 mAh/g, owing to the introduction
of low-capacity PEDOT component. At the same time, the
capacity fading per cycle decreases because the PEDOT layer
on the surface of V,0, NWs overcomes the low electrical
conductivity of V,O5 and also plays a role in protecting shell
that prevents the collapse of V,0; during the charge/discharge
process. MnO, NPs enrichment increases the capacity retention
of V,0s/PEDOT NWs owing to the large specific surface area
and high theoretical capacity of MnO,. MnO, NPs can adsorb
cations (Li*) on the electrode surface from electrolyte:
(MnO,)guface + Lit + € © (MnOOLi)pe and provide
certain intercalation or deintercalation of Li*.**~*

The cycling performance comparison of three V,0;/
PEDOT&MnO, NWs samples with different soaking time at
the current density of 200 mA/g (Figure 3f) clearly shows that
the sample with soaking for 15 min exhibits the highest
capacity. The less the soaking time is, the less reaction time of
V,05/PEDOT NWs has. The O—H stretching vibrations on a
Mn atom at 1620 cm ™" cannot be obviously observed from the
S min curve in the FTIR spectra (Figure 1a), which illustrates
that the PEDOT conjugated rings have not been broken and
oxidized by KMnO,. However, when the soaking time extends
to 30 min, the capacity is lower than that of 15 min sample. The
reason is that almost all of the unsaturated bonds on the
PEDOT conjugated rings are broken and oxidized by KMnO,,
which destroys the conjugation of PEDOT, and further leads to
the decrease of conductivity and electroactivity. This can be
confirmed by FTIR spectra (Figure 1a) of 30 min sample.
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In order to understand the enhanced electrochemical
behavior, resistance components were analyzed by electro-
chemical impedance spectroscopic (EIS) studies. The Nyquist
plots of V,05 NWs, V,0,/PEDOT NWs, and V,0;/
PEDOT&MnO, NW electrodes (Figure 4) indicate that all

300
b V7OS
R R Z,
250 VA A — * V,OJ/PEDOT
| | » V,0,/PEDOT
2004 COE &MnO,
—— Fit
£
= 150
(=}
-
N 100
50 -
0- v T T T v T T T T
0 50 100 150 200 250 300 350 400
Z'lohm

Figure 4. The ac-impedance spectra of V,05 NWs, V,0,/PEDOT
NWs, and V,0,/PEDOT&MnO, NWs.

of the electrodes show a semicircle at high-medium frequency
and an inclined line at low frequency, which corresponds to
charge transfer and diffusion respectively. A simple equivalent
circuit model (inset of Figure 4) is built to analyze the
impedance spectra of the three samples. In this circuit, Rg
represents the Ohmic resistance of the electrode system,
including the electrolyte and the cell components. R
represents the charge transfer resistance. CPE and Z, are the
double layer capacitance and the Warburg impedance,
respectively. The transfer resistance of V,05 NWs, V,0;/
PEDOT NWs, and V,0,/PEDOT&MnQO, NW electrodes are
309, 158 and 74 Q, respectively. These suggest that the V,0;/
PEDOT&MnO, NWs have the lowest activation energy for the
Li* diffusion. The low R for the V,0,/PEDOT&MnO, NWs
cor}gngs the fast faradic reaction and high ionic conductiv-
ity 1=

In our case, the reasons why V,0,/PEDOT&MnO, NW
cathode displays enhanced electrochemical behavior can be
explained as follows: (1) the PEDOT provides high electrical
conductivity (550 Q7' cm™) and good electrochemical
stability; (2) the nucleation of MnO, NPs over PEDOT chains
enhances the conductivity and stability of the nanocomposite
material by interlinking the polymer chains and providing high
active surface area; (3) amorphous MnO, on the surface
enables the redox reaction reversible and the ion diffusion path
shorter, and the PEDOT layer serves as a fast path for electron
transport and increases the electrochemical utilization of
amorphous MnQO,.

In summary, we successfully designed and synthesized the
novel cucumber-like MnO, nanoparticles-enriched V,O;/
PEDOT coaxial nanowires by layer-by-layer assembly. On the
basis of the spectroscopic evidence from FTIR and XPS, the
formation of MnO, NPs is most likely triggered by the redox
exchange of KMnO, with the sulfur sites on the PEDOT
structures. The electrochemical performance investigation
shows that the cucumber-like V,0,/PEDOT&Mn0O, NWs
exhibit enhanced electrochemical cycling properties as cathode

dx.doi.org/10.1021/n1304434v | Nano Lett. 2013, 13, 740—745
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materials compared to that of V,O3 NWs due to more stable
structure, higher active surface area, and shorter ion diffusion
path. This method is proven to be an effective technique for
improving the electrochemical cycling performance and
stability of nanowire electrodes especially at low rate for
applications in rechargeable lithium batteries.
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