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Abstract In order to optimize the electrode system of
lithium—ion batteries (LIBs) for problems like lithium-ion
diffusion, electron transport, and large volume change
during cycling processes, a novel three-dimensional (3D)
hybrid Fe,O3 nanotube array anode coated by polypyrrole
(Fe,O3@PPy) is synthesized via a sacrificial template-ac-
celerated hydrolysis method followed by a chemical vapor-
phase polymerization process. In the hollow core—shell
nanostructures, the conducting PPy layer could not only
facilitate the electron transport, but also force the core to
expand inward into the hollow space, which allows for free
volume expansion of the Fe,O; without mechanical
breaking. Besides, the static outer surface is contributed to
form a stable solid electrolyte interface film. As a result,
the integration of 3D hybrid nanostructure electrode is
capable of retaining a high capacity of 665 mA h g~ after
150 cycles with a coulombic efficiency of above 97 %,
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revealing better cycling properties compared with bare
Fe,O3; nanotube arrays’ anode. This nanoengineering
strategy is proven to be an ideal candidate for the devel-
opment of high-performance anode for LIBs.

Introduction

Rechargeable lithium—ion batteries (LIBs) have been the
most widely used power source for portable electronic
devices due to their long cycling life, high energy, and
power density [1, 2]. As a key component, electrode ma-
terial dominates the electrochemical properties of LIBs.
Currently, graphite-based anode is utilized in most com-
mercial rechargeable LIBs. However, it could not meet the
increasing needs of power battery application because it
can only deliver a theoretical capacity of about
372 mA h g7l [2, 3]. Recently, it has been found that
transition metal oxides, such as Fe,O5; [4-6], FesO4 [7],
Co304 [8, 9], SnO, [2, 10], and NiO [11] exhibit high
reversible capacities, greatly spurring the rapid develop-
ment of this field. Among these promising anode materials,
Fe,O5 has long been regarded as an appealing host material
for lithium storage due to its high theoretical capacity
(1007 mA h g™ "), nontoxicity, and low processing cost [53,
12]. However, in spite of these excellent characteristics,
Fe,0; suffers from poor conductivity and large volume
change in the electrochemical reaction [13-15], which
would lead to electrode pulverization and loss of contact
with current collector, resulting in a large capacity loss,
low initial coulombic efficiency, and poor rate and cycling
stability.

Numerous measures are devoted to alleviate mechanical
degradation and capacity fading. Among all the methods, an
effective approach is structural modification to buffer


http://orcid.org/0000-0001-7795-4089
http://crossmark.crossref.org/dialog/?doi=10.1007/s10853-015-9096-8&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10853-015-9096-8&amp;domain=pdf

J Mater Sci (2015) 50:5504-5513

5505

volume change during the discharge and charge processes.
In particular, three-dimensional (3D) hollow nanotube ar-
rays’ electrode has attracted considerable attention due to its
large internal void, high surface area, and outstanding per-
meation [16—-18]. The thin shells in hollow nanostructures
could provide a fast and efficient transport for both Li* and
electrons, which contributes to the improved reaction ki-
netics at the electrode surface [19]. Nevertheless, the elec-
trode may degrade during long-term cycling because the
hollow structure without protection would still expand out
toward the electrolyte during lithiation, and shrink during
delithiation [20]. As a consequence, the solid electrolyte
interphase (SEI) film formed during Li* insertion would be
broken and decomposed completely [21, 22], resulting in the
exposure of some fresh active materials to the electrolyte
and repeated regeneration of the SEI film, which would
cause consumption of abundant Li™ and a large irreversible
capacity (i.e., low coulombic efficiency) [23, 24].

In general, one strategy to obtain the stable SEI film is to
create core/shell nanostructures [25, 26]. Liu et al. have
successfully prepared a 3D carbon/hematite (C/a—Fe,Os3)
nanotube arrays’ electrode, exhibiting better capacity re-
tention and rate capability compared with the bare 3D
Fe,Oj3 nanotube arrays. Nevertheless, the designed carbon/
hematite composite anode is easily reduced to Fe** or Fe®
at 600 °C due to its poor thermal stability. Hence, the
carbon precursors must be carefully chosen, and the time of
carbonization should be prolonged to render moderate
electrical conductivity of the components [27]. Recently, a
great number of researches have proposed some elec-
tronically conducting polymers with high conductivity,
chemical stability, and low cost as surface coating layer
and/or active matrix [28-31]. Among them, polypyrrole
(PPy) is regarded as one of the most attractive conducting
polymers [29-31], which could not only lower the charge-
transfer resistance in electrochemical reactions, but also
prevent the direct contact between active materials and
electrolytes. More importantly, the volume expansion of
the electrode could be restricted into the PPy coating layer,
which is helpful to protect the SEI film from rupturing
during delithiation, thus ensuring high coulombic effi-
ciency and long-term stable cycling [20].

Inspired by these needs, we fabricated vertically aligned
Fe,O3 nanotube arrays on stainless steel substrate. Further-
more, a conductive PPy additive layer was coated on Fe,O3
via a chemical vapor-phase polymerization to prepare Fe,O3
@PPy electrode. Due to the protection of PPy coating layer,
the hollow Fe,Os; nanotube could expand into its internal
void space and maintain a static outer surface, which is
beneficial for the development of a stable SEI film and the
maintenance of a long cycle life. As a result, the Fe,O; @PPy
nanotube arrays’ electrode delivered higher reversible ca-
pacities and superior rate performances compared with the

bare Fe,O; electrode. We believe that the facile synthesis
of Fe,O;@PPy nanotube arrays’ electrode could be fa-
vorably considered as a promising candidate for practical
applications among lithium—ion anodes.

Experimental
Materials

All chemicals were analytical grade and used without
further purification. Fe(NO3);-9H,O (>99 %), sodium do-
decyl sulfate (SDS), ammonium persulfate (APS) were
obtained from Kewei Chemical Reagent Co. Ltd. of Tianjin
University (Tianjin, China). Pyyole monomer (98 %
reagent grade) was purchased from Sigma Aldrich PTE.
Ltd, Singapore. The stainless steel foil (60 pm) was pur-
chased from Shanghai Chemical Reagent Co. Ltd., pre-
treated by sonication in absolute ethanol and distilled water
successively and dried in air at 40 °C.

Preparation of 3D Fe,O; @PPy nanotube arrays
on stainless steel substrates

Conventional methods to prepare vertically aligned nan-
otube arrays have been proposed by template-directed
growth with the utilization of ZnO nanorod arrays template
as the growth director [32-34]. Herein, we used them to
grow Fe,O5 nanotubes on a piece of stainless steel foil via
a sacrificial template-accelerated hydrolysis method [35].
In brief, ZnO nanorod arrays [36] were grown on stainless
steel foil and placed into a 40 mL aqueous solution con-
taining 0.1 M Fe(NOj3)3-9H,0. Then the sample was kept
still at room temperature for 12 h. After immersion, it was
taken out, dried in air, and treated at 450 °C in argon for
5 h to obtain Fe,O5 nanotube arrays. The PPy coating was
conducted by chemical vapor-phase polymerization as
follows: the resulting Fe,O5 nanotube arrays were put into
a 0.1 mL solution composed of 3 mM APS as the oxidant
and 0.15 mM SDS as the dopant, ultrasonicated for a
moment and kept still for 30 min at room temperature.
After the solution had been absorbed, the nanotube arrays
were put into a beaker where a vial containing 20 pL
pyrrole monomer was used for generate pyrrole vapor,
without direct contact to the sample. After sealing, the
beaker was left at room temperature for 15 min. Finally,
the product was taken out and washed with deionized
water, and dried at 80 °C overnight.

Materials characterization

The crystal structure of the product was determined by
grazing incidence X-ray diffraction (GIXRD) using an
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automated RIGAKU/DMAX2500 X-ray diffractometer
with monochromatic Cu Ka radiation, the 2 theta Bragg
angles were scanned over a range of 20°-80° at a rate of
5.0° min~'. The size and morphology of the product were
determined by a Hitachi S-4800 field-emission scanning
electron microscope (FE-SEM) at an accelerating voltage
of 5 kV and a high-resolution transmission electron mi-
croscope (HR-TEM, JEM-2100F) operated at 200 kV.
Fourier transform infrared (FT-IR) spectra were recorded
using an FT-IR analyzer (EQUINOXSS). The valence state
of iron was investigated by X-ray photoelectron spec-
troscopy (XPS) (PHI 1600 ESCA system). An Al Ka
monochromatized radiation was employed as the X-ray
source.

Electrochemical analyses

The electrochemical experiment was performed using
coin cells (type CR2032) assembled in an argon-filled dry
glove box by directly using the as-prepared bare Fe,O3
and Fe,O3; @PPy nanotube arrays as the positive electrode.
For comparison purpose, the pure PPy electrode was
fabricated by coating the slurry comprising of 80 wt%
PPy, 10 wt% acetylene black and 10 wt% polyvinylidene
fluoride (PVDF) onto the stainless steel foil. Li metal foil
was utilized as the counter electrode, 1 M LiPF¢ in
ethylene carbonate (EC) and dimethyl carbonate (DMC)
(1:1 by volume) was used as the electrolyte and Celgard
2400 was used as the separator. The galvanostatic charge—
discharge measurement and rate performance were per-
formed over the potential range 0.01-3.00 V (versus Li*/
Li) using a MTI Battery Testing System at room tem-
perature. Electrochemical impedance spectroscopy mea-
surements were performed in an alternating current
frequency range from 1 to 1 MHz. The capacities of bare
Fe,03 and Fe,O; @PPy anode were reported based on the
weight of Fe,0s.

Results and discussion

The crystallographic structures of bare Fe,O5 and Fe,O; @PPy
nanotube arrays were investigated by grazing incidence X-ray
diffraction analysis as shown in Fig. la. For curve (1), the
diffraction peaks labeled with stars come from the stainless
steel foil [37]. The peaks labeled with solid circles located at
24.1°,33.1°,35.6°,40.8°,49.4°,54.0°,57.6°, 62.4°, and 64.0°
can be indexed to the standard hematite a-Fe,O3; (JCPDS
33-0664), which are assigned to the (012), (104), (110), (113),
(024), (116), (018), (214), and (300) lattice planes, respec-
tively. A wide diffraction peak is observed around 21.5°-
28.5° in curve (2), which can be attributed to the amorphous
PPy phase [38]. Fe2p XPS high-resolution spectrum was
conducted to further confirm the valence state of Fe in the as-
prepared nanotube arrays. As observed from Fig. 1b, Fe2p3/2
and Fe2p1/2 appeared at binding energies of about 710.9 and
724.8 eV with a shake-up satellite around 718.8 eV, which
are attributed to hematite phase (o-Fe;O3) [39].

Figure 2a and b show the scanning electron microscopy
(SEM) images of ZnO and Fe,O; nanotube arrays, from
which we can confirm that the array structure of ZnO is
well maintained after the formation of Fe,Os; nanotubes.
The columnar nanotubes have closed tips and are assem-
bled from numerous nanoparticles, with outer diameters
ranging from 150 to 250 nm (Fig. 2b). In order to measure
the length of the nanotubes, the sample was rinsed with
deionized water to present the cross section of array on the
substrates before annealing at 450 °C. As shown in Fig. 2c,
the length of the nanotubes is about 1.18 um. More evi-
dence about the structure of the product was given by
transmission electron microscopy (TEM) analysis. Tubular
structures with wall thickness in the range of 50-60 nm
and inner diameter of 100 nm can be observed in the inset
of Fig. 2b. HRTEM shown in Fig. 2d confirmed that the
Fe,O3 nanotubes are composed of polycrystalline compo-
sition. The distances between the adjacent planes are 0.27,

Fig. 1 a XRD patterns of (a) (b)
(i) bare Fe,O3 nanotube arrays « a-Fe,0, Fe2p1/2 Fe2p3/2
and (if) Fe,O;@PPy nanotube * Substrate W
arrays; b XPS high-resolution
spectrum of Fe2p core level for —_~ * — Satellite,
bare Fe,O3 nanotube arrays 3 3
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s 2
‘@ * ‘?
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Fig. 2 a SEM image of ZnO nanorod arrays; b and ¢ SEM images of bare Fe,O3 nanotube arrays, inset in b showing the TEM image of Fe,O3

nanotube; d HRTEM image of Fe,O3 nanotube

Fes*+3H,0 <—-Fe(OH)3%I-D
1.6H,0#1.5Zn2—1.5Zn0O

Anneal A k2 APS
nneal Py S .
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Fig. 3 Schematic illustration of the formation process of Fe,O; @PPy
nanotube arrays

0.25, and 0.23 nm corresponding to (104), (110), and (113)
planes of a-Fe,O3, respectively [40]. The results are con-
sistent with XRD.

A schematic depiction for the synthesis of the 3D Fe,O5
@PPy nanotube arrays is presented in Fig. 3. The ZnO
template was etched by H* produced from Fe(NOs); hy-
drolysis, which in turn accelerated the hydrolysis and acted
as a crucial step initiating the construction of the 3D nan-
otube arrays’ architecture. In order to improve the electronic
conductivity and the stabilization of SEI film, we designed a
thin layer of conducting PPy via a chemical vapor-phase
polymerization, which was anchored on the surface of Fe,O3
nanotubes uniformly. Figure 4a shows scanning electron
microscopy (SEM) images of the Fe,O;@PPy nanotube ar-
rays. Obviously, after coating PPy onto the Fe,O3 nanotubes,

some big bumps are generated on the surface. PPy is uni-
formly coated on the surface of each Fe,O3 nanotube, and
there are some spaces between each pair of nanotubes. The
outer diameter of Fe,O3@PPy nanotubes is about
200-300 nm. Upon combining with the SEM image of Fe,O3
nanotube arrays (Fig. 1¢), we could deduce that the thickness
of PPy layer is about 20 nm. The TEM image (Fig. 4b)
clearly reveals that the nanotubes are uniformly and con-
tinuously coated with a thin PPy layer. A small part of the
photo, which was denoted by the red rectangle, was chosen
for EDS mapping analysis to further distinguish the com-
positions. As shown in Fig. 4c, C and N have a wider dis-
tribution than Fe and O, which is unambiguously illustrated.
The molecular structures of the Fe,O;@PPy composite were
characterized by FT-IR spectroscopy. The characteristic ab-
sorptions of the Fe,O; @PPy composites are similar to that of
the PPy, as presented in Fig. 5, which demonstrates the ex-
istence of PPy in the composite. It can be clearly seen that the
characteristic peaks of PPy are located at around 1610, 1470,
1398, 1235, 1047, 925, and 800 cm_l, which is in perfect
accordance with the literature. The fundamental vibration
bands of the PPy ring appear at around 1610, 1470, and
1398 cm™' [41]. The peak at 1235 cm ™" is attributed to C-N
stretching vibrations [42], at 1045 cm™! to the =C-H in-
plane vibrations, and at 925 and 800 cm™' to C-H out-of-
plane deformation vibrations of the ring [41].
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Fig. 4 a SEM image of Fe,O; @PPy nanotube arrays; b TEM image of Fe,O3; @PPy nanotubes; ¢ corresponding elemental mappings of Fe, O, C,

and N of the selected area in b

Transmittance (a.u.)

—PPy
— Fe,0,@PPy

1800 1600 1400 1200 1000 800 600
Wave numbers (cm™)

Fig. 5 FT-IR spectra of pure PPy and Fe,O;@PPy nanotube arrays

The electrochemical cycle performance of the Fe,O;
@PPy nanotube arrays’ electrode was evaluated by gal-
vanostatic charge/discharge cycling at a current density of
100 mA g~ from 3.00 to 0.01 V on the basis of the mass
of Fe,03. For comparison, bare Fe,O5; nanotube arrays and
pure PPy electrodes were also investigated under the same
conditions. The galvanostatic discharge—charge curves of
bare Fe,05 and Fe,O;@PPy nanotube arrays are shown in
Fig. 6a and b. The electrochemical behaviors of the two
electrodes are similar, which is in general consistency with
the literature [43, 44]. For the discharge curve in the first
cycle, the voltage initially decreases quickly to

@ Springer

approximately 1.5 V followed by a weak slope, corre-
sponding to the initial lithium insertion into the Fe,O;
[Eg. (1)]. In the next step of lithium intercalation, a wide
slope located at 1.2-0.8 V is observed, where there is a
phase transformation from the hexagonal LiyFe,O3 to the
cubic Li,Fe,O3 [Eq. (2)]. An obvious plateau is observed
at 0.8 V, indicating the complete reduction of iron from
Fe>* to Fe [Eq. (3)].

F6203 + XLi+ +xe — LixF6203 (1)
LiFe, O3 + (2 — X)LIJr + (2 — X)67 — LiyFe, O3 (2)
Li,Fe;03 + 4LiT + 4e™ — 2Fe” + 3Li,0 (3)

Continuation of the discharge reaction up to the lower
cut-off (0.01 V) shows a sloping profile, which can be
ascribed to the formation of SEI films along with the de-
composition of the electrolyte and further lithium storage
via interfacial charging at metal/Li,O interface [44, 45].
The first discharge and charge capacities of Fe,0O;@PPy
nanotube arrays are 1424 and 1088 mA h g~', with a
higher coulombic efficiency of 76 % compared with the
bare Fe,O; electrode (69 %). During the subsequent cy-
cles, the discharge curves only show a slope at 1.0-0.75 V,
and the capacities are reduced, which is caused by the
incomplete conversion reaction and irreversible lithium
loss due to the formation of the SEI film. The specific
capacities from discharge profiles in the 30th and 50th
cycles of the bare Fe,Oj3 electrode have dropped obviously,
which is caused by the structural damages of the electrode
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and the continuous formation of the SEI films during cy-
cling. By contrast, the specific capacity of Fe,O;@PPy
electrode has basically reached a stable value after 30 cy-
cles, and the discharge—charge profiles of the 30th and 50th
cycles remain nearly unchanged, demonstrating the com-
positional and the structural stability of the PPy-coated
electrode.

Figure 6¢c and d show the cycle performance of both
Fe,O3;@PPy and control electrodes. The capacity of the
PPy electrode retains only 18 mA h g~ ! after 10 cycles, in
accordance with the literature [38]. Therefore, the low
capacity of PPy can be ignored in analysis of Fe,O; @PPy
anode. Although the initial capacity of bare Fe,O3 elec-
trode is 1552 mA h g™ ', it declines rapidly in the follow-
ing cycles and maintains only about 390 mA h g~ after
150 cycles. The poor cycle performance is caused by the
unstable SEI film formed during Lit insertion, which is
decomposed easily, catalyzed by the iron metal formed
during the reduction process [21]. On the contrary, the
capacity of Fe,O;@PPy electrode exceeds that of bare
Fe,O5 only after five cycles because of its smaller irre-
versible capacity. Even though the capacity decays
gradually in the first 30 cycles, both charge and discharge
capacities decrease slowly in the subsequent cycles and
remain nearly constant with coulombic efficiency of higher
than 97 %. After 150 cycles, the reversible capacity retains
as high as 665 mA h g~ '. The thin conductive PPy layer

Cycle number

could not only prevent direct contact between Fe,O3 and
electrolyte, but also inhibit the outward expansion of
Fe,03, thus improving the structural integrity of the elec-
trode and facilitating the stability of SEI film formed on the
surfaces, which is beneficial to the enhanced electro-
chemical performances.

Rate performances of the two samples are presented in
Fig. 7. Fe;,0;@PPy nanotube arrays deliver the discharge
capacities of 861, 694, 592, and 455 mA h g_1 at current
densities of 100, 200, 400, and 800 mA g_1 every 10

1400

—— Bare Fe,O, nanotube arrays
$ —e— Fe,0,@PPy nanotube arrays
006& >
N

1200

1000

800 -

600 -

400 ~

Capacity (mAh g™)

200 A

0 T T T T T T
0 10 20 30 40 50 60 70

Cycle number

Fig. 7 Rate performances of bare Fe,O; and Fe,O; @PPy nanotube
arrays’ electode
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cycles, respectively. Even at a high current density of
1600 mA g~ ', the specific capacity still retains a value of
333 mA h g~ and rebounds to 678 mA h g~ when the
current density is reset to 100 mA g~', indicating the ex-
cellent tolerance against the high current density of Fe,O3
@PPy nanotube arrays’ electrode. In comparison, the ca-
pacity of bare Fe,O; nanotube arrays decreases more dra-
matically to 167 mA h g_1 at a current density of
1600 mA g~ ! after 50 cycles.

It has been proposed that the cycle stability and high rate
capability are mainly related to the thickness of SEI film,
interfacial charge-transfer process, and lithium—ion diffu-
sion in a composite. To gain further insight into the elec-
trochemical performance, electrochemical impedance
spectroscopy (EIS) measurements were carried out at room
temperature on the cells after the first and 150 cycles, re-
spectively, at the fully delithiation state. The complex
plane plots for each sample can be divided into high-fre-
quency semicircle and low-frequency sloping line (Fig. 8a,
b). The intercepts at the real impedance (Z') axis in the
high-frequency region are generally considered as electri-
cal conductivities of the electrode, the electrolyte, and the
separator [46], and it remains almost constant after 150
cycles for both electrodes. The diameter of the semicircle
in the high-frequency range is correlated to the resistance
of SEI layer formed on the surface of electrode (Ry) and to
the charge-transfer resistance (R.) between the surface
films and the active material [16]. No obvious difference of
R(st+cr) between the two sample can be seen after one cycle.
However, the Rficry of bare Fe,O; nanotube arrays is
much higher than that of Fe,0O;@PPy after 150 cycles,
which could be attributed to the stable structure of Fe,O3
@PPy nanotube arrays, demonstrating that PPy could
promote charge transfer and improve the electrochemical
performance of anode. Furthermore, in the low-frequency
area, the phase angle for impedance plot of the Fe,O; @PPy
nanotube arrays is much higher than that of the bare Fe,O3
nanotube arrays, indicating a faster Li* diffusion in the

Fe,O;@PPy nanotube’s structure during repeated charge/
discharge processes.

To check the valence state of iron after the coulombic
efficiency becomes roughly constant, the Fe2p3/2 XPS
high-resolution spectra of bare Fe,O; and Fe,O;@PPy
electrodes after the 35th cycling at fully delithiation state
were recorded. For both electrodes, the polymer layers on
the surface were removed by scotch tape method in a glove
box prior to analysis to expose the interior of the electrodes
[47]. As shown in Fig. 9, the peaks at 710.9 and 709.7 eV
are assigned to Fe*" in an oxide matrix (Fe,O5 and/or
Fe;0,); the peak at 708.3 eV is attributed to Fe’" in an
oxide matrix (Fe;O4); and the minor component at
714.3 €V is attributed to a Fe?™ 2p3/2 satellite [39, 48, 49].
As can be observed, although the peak intensity of Fe" is
much larger than that of Fe?" in both electrodes, the pro-
portion of Fe*™—Fe®™ in Fe,0;@PPy electrode (Fig. 9b) is
higher compared to that of the bare Fe,Oj; electrode
(Fig. 9a), indicating a lower content of Fe*". The presence
of Fe?" in the electrode after cycling may be caused by the
incompletely restored of hematite (Fe*") during the deli-
thiation process in the initial several cycles. Li* would be
trapped in the anode material along with the formation of
Fe’", and the capacity would decrease [37]. The lower
content of Fe’" in Fe,03;@PPy electrode is due to the
faster transport of both Li* and electrons during repeated
charge/discharge processes, which is beneficial for the
good reversibility of the electrochemical reactions.

The enhanced structure and surface stabilization are
demonstrated through SEM investigation. Figure 10 shows
the SEM images of bare Fe,O; and Fe,O;@PPy nanotube
arrays after 150 cycles at a current density of 100 mA g~ '.
After the lithiation/delithiation cycles, the surface of Fe,03
@PPy nanotubes becomes rough with a modest increase of
around 50 nm in diameter, but the morphology remains the
same as before (Fig. 10b). On the contrary, the lithiated
bare Fe,O5; nanotubes suffer a dramatic radial expansion
with huge crack and pulverization phenomenon (Fig. 10a),

Fig. 8 The EIS spectra of bare (a) (b)
Fe,0; and Fe,0;@PPy 250{ —= Bare Fe,O, nanotube arrays 250 | —=— Bare Fe,O, nanotube arrays
nanotube arrays’ electrode after o Fe,0,@PPy nanotube arrays —e— Fe,0,@PPy nanotube arrays
a the first and b 150 cycles, 200 200 -
respectively
—~ 150 A —~ 150 4
S) S}
N 100 1 N 100
50 - 50 -
04 0
0 100 200 400 500 0 100 200 300 400 500
Z'(Q) Z'(Q)
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Fig. 9 XPS high-resolution (a) (b)
spectra of Fe2p3/2 core level for
a bare Fe,0; and b Fe,0; @PPy 34
nanotube arrays’ electrode after Fe® Fe2p3/2 Fe Fe2p3/2
35 cycles - -~
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Fig. 10 SEM images of a bare Fe,05 and b Fe,O;@PPy nanotube arrays’ electrodes after 150 cycles

leading to the formation of thick SEI films which would
cause the consumption of more Li™ and a large irreversible
capacity.

Overall, several factors have contributed to the excellent
electrochemical performance of hybrid nanotube arrays’
electrode. First, the well-defined hollow nanotube structure
is capable of providing larger materials/electrolyte inter-
face for faster reaction kinetics. Second, the introduction of
PPy and the direct connection with the current collector can
improve the electronic conductivity and provide an elastic
protection to keep the integrity of the structure. Last but not
the least, the homogenous coating of PPy is beneficial to
form a stable SEI film, which could suppress the detri-
mental surface effects on the electrode, leading to the im-
proved cycling characteristics.

Conclusions

We have designed and assembled a novel nanostructure of
PPy coating on hollow Fe,O5; nanotube arrays for electrode
material. In this well-engineered hybrid architecture, the
preferred structures of each component are thoroughly
conducive to guarantee highways for electron transport and

maintain excellent structural/interfacial stability. By com-
bining such fascinating advantages of ordered 3D Fe,O3
nanotube arrays and conductive PPy layer, the electrode
exhibits superior electrochemical stability and high rate
performance. Besides, the morphology is well preserved
after repeated Li* insertions and extractions. This 3D hy-
brid nanostructure might open new avenues for the design
of other high-performance cathode and anode electrode
materials.
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