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Controlled Growth of Porous o-Fe,O3; Branches on [3-
MnO, Nanorods for Excellent Performance in Lithium-lon

Batteries

Xin Gu, Liang Chen, Zhicheng Ju, Huayun Xu, Jian Yang,* and Yitai Qian

Hierarchical nanocomposites rationally designed in component and struc-
ture, are highly desirable for the development of lithium-ion batteries,
because they can take full advantages of different components and various
structures to achieve superior electrochemical properties. Here, the branched
nanocomposite with f-MnO, nanorods as the back-bone and porous o-Fe,0;
nanorods as the branches are synthesized by a high-temperature annealing
of FEOOH epitaxially grown on the f-MnO, nanorods. Since the 3-MnO,
nanorods grow along the four-fold axis, the as-produced branches of FFOOH
and o-Fe,0; are aligned on their side in a nearly four-fold symmetry. This
synthetic process for the branched nanorods built by 3-MnO,/c-Fe,0; is
characterized. The branched nanorods of 3-MnO,/c-Fe,0; present an excel-
lent lithium-storage performance. They exhibit a reversible specific capacity
of 1028 mAh g at a current density of 1000 mA g~' up to 200 cycles, much
higher than the building blocks alone. Even at 4000 mA g', the revers-

ible capacity of the branched nanorods could be kept at 881 mAh g~'. The
outstanding performances of the branched nanorods are attributed to the
synergistic effect of different components and the hierarchical structure of
the composite. The disclosure of the correlation between the electrochemical

support the sustainable usage of green
and clean energy sources like solar, wind,
tide, and so forth. Since the practical
applications of LIBs highly rely on the per-
formance of electrodes, how to design and
achieve high-efficient, low-cost and safe
electrode materials turns into a great chal-
lenge to both academia and industries.
Compared with the conventional carbon-
based material, transition metal oxides
as negative electrodes offer more choices
to realize the high reversible capacities
by different pathways, such as alloying/
dealloying processes (SnO,), insertion/
extraction mechanisms (TiO,, Li TisOy;)
and conversion reactions (Fe,O3;, Co30y,
MnO,).ll Assembly of different oxides
into a hierarchical nanocomposite would
allow us to make use of their interaction
for the better performances in LIBs. Based
on this concept, a few nanocomposites
built by different oxides have been exam-

properties and the structure/component of the nanocomposites, would
greatly benefit the rational design of the high-performance nanocomposites

for lithium ion batteries, in the future.

1. Introduction

Rechargeable lithium-ion batteries (LIBs) have attracted exten-
sive attention in the past decade, because they have been
regarded as one of important energy-storage technologies to
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ined for LIBs, such as Fe,0;/Sn0O,, Fe,0;/
TiO,, Fe,03/Zn0, TiO,/Sn0O,, and so on.?

Fan and co-workers reported the syn-
thesis of SnO, nanowire-supported o~
Fe,0; nanorods by a chemical vapor
deposition, followed with a hydrothermal
reaction.?d Although this heterogeneous nanostructure exhib-
ited a good control on the growth of building blocks, it did not
show an excellent lithium-storage performance, as expected.
After 30 cycles, the heterogeneous nanostructure only pre-
sented =250 mAh g at a current density of 1000 mA g,
which is almost the same as those from the single compo-
nents. Recently, the same group developed a stepwise hydro-
thermal process to prepare core-shell TiO,@ Fe,0; nanorods on
a carbon cloth. The obtained composite displayed a reversible
capacity of 480 mAh g! at 120 mA g! after 150 cycles, much
higher than those of carbon cloth and TiO, nanorods on the
carbon cloth. Unfortunately, the comparison between the com-
posite and Fe,0; was missed, which is important to confirm the
synergistic effect of all the components.?8l Lou and co-workers
fabricated Fe,0;@ SnO, nanorattles through an inside-out Ost-
wald ripening process occurred to SnO,. Although the nanorat-
tles reduced the irreversible capacity loss of the first cycle, they
only exhibited a capacity of 419 mAh g™! at a rate of 200 mAg™!
after 30 cycles.l?3 Mullins and team reported a co-precipitation
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method for SnO,/TiO, nanocomposite in a size of 10 nm. Such
a composite delivered a specific capacity of =320 mAh g! at a
rate of 0.2 C after 100 cycles.’l The performances of all these
nanocomposites are far away from being satisfactory. One of
the possible reasons is due to the absence of the proper selec-
tion of the chemical component.

Herein, MnO, and Fe,0; are selected to construct the com-
posite, due to their high theoretical capacities (1232 mAh g!
for MnO,, and 1007 mAh g! for Fe,03), high abundance and
low toxicity. Although both of them suffer from severe volume
change and poor electronic conductivity, the cycling stability
and rate capability of MnO, nanostructures are much worse
than those of Fe,0;.1 Thus, Fe,05 is designed to coat the sur-
face of MnO,, to bridge it with the electrolyte. Meanwhile, the
surface coating of Fe,O; on MnO, might restrain the potential
dissolution of Mn species into electrolyte during lithiation/
delithiation. The further control of MnO, as the backbone
and Fe,0; as the branches would leave plenty of room to tol-
erate the volume change during the discharge/charge process,
improving the cycling stability of electrodes.l?>2¢5! To the best of
our knowledge, such a composite built by MnO, and Fe,0; has
not been synthesized and explored before. To synthesize these
o-Fe,03 branch-coated f-MnO, nanorods, FeOOH is firstly
grown on the tetragonal-phase -MnO, nanorods by a hydro-
thermal reaction, generating a large number of the branches
in a nearly four-fold symmetry. Then, these branched -MnO,/
FeOOH nanorods are annealed at a high temperature, resulting
in the B-MnO, nanorods coated with porous o-Fe,0; branches.
The whole process for the branched nanorods is characterized
by X-ray diffraction (XRD) patterns, scanning electron micros-
copy (SEM) images, transmission electron microscopy (TEM)
images, high-resultion TEM (HRTEM) images and selected
area electron diffraction (SAED) patterns. The branched
nanorods of -MnO,/o-Fe,05 exhibit excellent lithium-storage
performances in terms of reversible capacity, cycling stability
and rate capability, which could be assigned to the synergistic
effect of different components and the hierarchical structure
of the nanocomposite. These results indicate the importance
of the elaborate selection of the chemical components and the
rational design of the hierarchical structure, based on the fun-
damental principles of LIBs.

2. Results and Discussion

Figure 1 presents the XRD patterns of the products obtained at
different stages of the synthesis process. The product prepared
by the pyrolysis of MnOOH nanorods, could be identified as
tetraganol-phase f-MnO, (JCPDS Card, No 24-0735), as shown
in Figure 1a. The calculated lattice constants are 4.38 A for a
and 2.88 A for c, very close to the reported values (a = 4.40 A and
c=2.87 A). However, the intensity ratios of (110) and the other
reflections differ a lot from the standard. This result could be
explained by the preferential growth of crystals, which has been
documented in a variety of one-dimensional nanomaterials.[®
The low-temperature hydrolysis of FeCl; in the presence of -
MnO, produces orthorhombic-phase FeOOH (JCPDS Card, No
29-0713), as illustrated in Figure 1b. The broad and weak dif-
fraction peaks of FeOOH indicate its poor crystallinity, which
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Figure 1. XRD patterns of a) f-MnO, nanorods, b) branched nanorods of
B-MnO,/FeOOH, c) branched nanorods of f-MnO,/c-Fe,0s.

could be attributed to the low reaction temperature. High-tem-
perature annealing of this product results in the formation of
rhombohedral-phase o-Fe,03; (JCPDS Card, No 33-0664), as
described in Figure 1c. It should be noted that tetraganol-phase
B-MnO, is preserved throughout the entire process, although
its crystallinitiy is significantly reduced in comparison to that
before the reaction.

Figure 2 shows the field emission SEM (FESEM) images of
the products obtained at different stages of the synthesis process.
The FESEM images of the as-obtained -MnO, are presented in
Figure 2a and 2b, where the nanorods with a smooth surface
dominate the product. These f-MnO, nanorods are 30-120 nm
in diameter and 2-10 um in length. After a hydrothermal reac-
tion for FeOOH, a large number of tiny nanorods are depos-
ited on the surface of the 3-MnO, nanorods (Figure 2c,d).
These tiny nanorods with their average diameter of 30 nm and
length of 140 nm, are basically perpendicular to the side facets
of the f-MnO, nanorods, producing a typical branched nano-
structure. Furthermore, the distribution of the tiny nanorods
around the $-MnO, nanorods presents a nearly four-fold sym-
metry, which is emphasized by a white line in the inset of
Figure 2d. The result could be correlated with the growth of
the B-MnO, nanorods along the four-fold axis, which makes the
four side facets identical for the deposition of FeOOH. The
yield of the branched nanostructures is so high that the -
MnO, nanorods with a smooth surface are not observed in the
product. Figure S1 in the Supporting Information describes the
evolution process from the f-MnO, nanorods to the branched
nanorods of f-MnO,/FeOOH. High-temperature annealing of
these branched nanorods for f-MnO,/o-Fe,03 does not change
the branched morphology (Figure 2e,f). The formation of such
a branched nanostructure implies the increased reactive sites
and interface areas during the discharge/charge processes, both
of which would facilitate this material to achieve a high spe-
cific capacity.?>242¢ It should be pointed out that the branched
nanorods based on -MnO, with a nearly four-fold symmetry
are synthesized for the first time. The synthetic process for the

Adv. Funct. Mater. 2013, 23, 4049-4056



al!
Mekoss

www.MaterialsViews.com

& el Va R & / \
hydrothermal high-temperature
growth annealmg

B-MnO, B-MnO,/a-FeOOH B-MnO,/a-Fe,0;

Figure 2. FESEM images of a,b) B-MnO, nanorods; c,d) branched
nanorods of -MnO,/FeOOH; e,f) branched nanorods of B-MnO,/o~
Fe,03; g) Schematic illustration of the synthetic process of the branched
nanostructures of f-MnO,/o-Fe,Os.

branched nanorods of -MnO,/o-Fe,03 could be summarized
in the Figure 2g. First, the f-MnO, nanorods are prepared by
the pyrolysis of MnOOH nanorods under mild experiment con-
ditions. Then, the as-obtained 3-MnO, nanorods are employed
as a seed to induce the epitaxial growth of FeOOH on their sur-
face, producing the branched nanorods. Finally, the branched
nanorods of Bf-MnO,/FeOOH are annealed at a relatively low
temperature to produce the o-Fe,O; branches on the f-MnO,
nanorods. Since the pyrolysis of FeOOH is a dehydration reac-
tion, it is likely to form a large number of tiny pores in the o-
Fe,0; branches, which has been directly confirmed by TEM
images and BET measurements.

Figure 3 shows the TEM images, HRTEM images and
SAED patterns of the products obtained at different stages of
the synthesis process. A typical TEM image of a single f-MnO,
nanorod is presented in Figure 3a. Correlated with the SAED
pattern on this nanorod, it can be concluded that the single-
crystal nanorod grows along the direction of ¢ axis. This result
well explains the difference of the XRD pattern in our case from
the standard one. Figure 3b shows a TEM image of a single
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branched nanorod of -MnO,/FeOOH. Since TEM images are
the planar projection of three-dimensional structures and the
nanorods are inclined to lay down on the surface of the copper
grids, the four-fold symmetry of FeOOH around the f-MnO,
nanorods is not observed in the TEM image. The enclosed area
at the interface of f-MnO, and FeOOH is magnified to under-
stand the crystallographic connection between them, as high-
lighted by the white square of the TEM image. As illustrated in
Figure 3¢, the interface between FeOOH and -MnO, shows a
typical single-crystal feature, indicating the epitaxial growth of
FeOOH on B-MnO,. The further examination on the HRTEM
image clearly confirms the lattice fringes of (021)g.oon, (02-
Dreoon (001)reoon (101)Mno2, (10-1)mno2, and (001)ymo, beside
the interface. Based on the results, the interface between MnO,
and FeOOH can be identified as (010)p.oon//(100)yn02- This
epitaxial growth is also supported by their crystal structures, as
shown in Figure 3d. The lattice mismatches between (100)ym0,
and (010)geoon are 4.87% along cynoy//Creoon (CMnoz = 2.874
A, CFeOOH = 3.021 A) and 4.51% along bynoz//areoon (Pmnoz =
4.399 A, apeoon = 4.608 A), both of which are small enough to
be tolerated for the epitaxial growth. The similar conclusion has
been also verified by the fast Fourier transformation (FFT) pat-
terns, as shown in the insets of Figure 3c. Figure 3e presents a
typical TEM image of a single branched nanorod of f-MnO,/o-
Fe,0; obtained by the annealing of the branched nanorods of
B-MnO,/FeOOH. As expected, the o-Fe,O; branches display
a porous structure, due to the decomposition of FeOOH. A
similar structure is also observed in the pyrolysis of FeOOH
nanorods for o-Fe,O; nanorods (Supporting Information,
Figure S2). As suggested by Figure 3f, the as-obtained o-Fe,05
branches are polycrystalline. Thus, there is no specific rela-
tionship between o-Fe,O; branches and f-MnO, nanorods in
crystallographics. The molar ratio of Mn:Fe in the branched
nanorods is approximately 1:2.73, as revealed by the EDS spec-
trum (Supporting Information, Figure S3).

The porous structure in the branched nanorods of
B-MnO,/o-Fe,05 is characterized by Brunauer-Emmett-Teller
(BET) measurements, as shown in Figure 4. The nitrogen sorp-
tion isotherm gives an obvious hysteresis loop, indicating the
mesoporous structures in the composite. The specific surface
area and pore volume of the branched nanorods are 32.7 m?
gt and 0.119 cm? g7, respectively. As calculated by the Barrett-
Joyner-Halenda (BJH) method, the average pore size is approxi-
mately 7.6 nm, which is in accordance with that from TEM
images.

The electrochemical properties of the branched nanorods of
B-MnO,/c-Fe, 03 as an anode material for LIBs, are examined
by cyclic voltammograms, using a Li foil as the counter and ref-
erence electrode. As shown in Figure 5a, the two cathodic peaks
at 1.02 and 0.21 V in the first cycle, could be assigned to the
reductions of MnO, to Mn2* and Mn?* to Mn®.*47 The three
peaks at 1.63, 0.99 and 0.70 V correspond to the formation of
o-Li,Fe,03, the phase transition from o-Li,Fe,O; to ¢-Li,Fe, 03,
the complete reduction of c-Li,Fe,03 to Fe’ and the formation
of SEI film respectively.®! These results indicate that the appear-
ance of Fe? in the electrode is ahead of the reduction of Mn?*
to Mn°. Since the o-Fe,0; branches locate at the exterior of the
branched nanorods, the as-produced metallic Fe would directly
contact with the electrolyte and then increase the electron
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Figure 3. a) TEM image and SEAD pattern of a single 3-MnO, nanorod. b) TEM image of the
branched nanorods of f-MnO,/FeOOH. The area in the white square of this TEM image is mag-
nified for c) HRTEM image. The inset of the HRTEM images are the fast Fourier transformation
(FFT) patterns of -MnO, and FeOOH beside the interface. d) Crystal structures of (010)¢e00H
(left) and (100)yn0; (right). €) TEM image of a branched nanorod of f-MnO,/o-Fe,03. The area

in the white square of the TEM image is magnified for f) HRTEM image.

conductivity of the entire composite, facilitating the later for-
mation of Mn’. After the first cycle, the two intense peaks
slightly shift to 0.82 and 0.31'V, due to the structure reconstruc-
tion induced by the formation of Li,O and metals.*”% The
results are in good agreement with those from the S-MnO,
nanorods and the porous o-Fe,0; nanorods (Supporting Infor-
mation, Figure S4). The anodic scanning gives four peaks at
1.28, 1.61, 1.87 and 2.07 V. The two peaks at 1.61 and 1.87 V
come from the oxidation of Fe’ into Fe**, which is very close
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to those observed in the case of the porous
o-Fe,0; nanorods. Compared with the data
from the 3-MnO, nanorods, one of the peaks
moves from 1.23 to 1.28 V for the branched
nanorods and the other shifts from 2.27 to
2.07 V. The former could be assigned to the
shielding effect of Fe at the exterior of the
branched nanorods on the electrochemical
oxidation of Mn® to Mn?". The latter might
be attributed to the effect of Fe,O; on the
electrochemical oxidation of Mn?* into Mn**
because Fe,0; is formed before this oxidation
reaction and then contains Mn species in the
center. This result indicates that metallic Mn
could be oxidized into MnO, under a lower
potential, suggesting a less electrode polari-
zation and a lower energy-loss for discharge-
charge. Meanwhile, the presence of Fe,O; at
the exterior of the composite also effectively
separates the as-obtained f-MnO, from the
electrolyte, avoiding the possible dissolution
of Mn species and other side-effects.

Figure 5b shows the first discharge-charge
profiles for Li/f-MnO, nanorods, Li/o-Fe,0;
nanorods, and Li/branched -MnO,/o-Fe;0,

c l ’)! y nanorods at a current density of 100 mA g
1

DR, D)

in the range of 0.01-3.0 V. The discharge/
charge profiles of the branched f-MnO,/o-
Fe,0; nanorods can be regarded as a com-
bination of those of B-MnO, and o-Fe,0;
nanorods, which is also consistent with that
obtained from CV measurements. The initial
discharge capacities of the f-MnO, nanorods,
the o-Fe,0; nanorods and the branched
B-MnO,/c-Fe,0; nanorods are 1734, 1646
and 1480 mAh g'. All of them are higher
than their theoretical capacities, which could
be attributed to the decomposition of the
electrolyte to form a SEI layer on the surface
of electrode.l'%] Meanwhile, the branched
nanorods show a higher initial coulombic
efficiency about 77.5%, compared with the
B-MnO, nanorods at 72% and the o-Fe,0;
nanorods at 71.7%. The improved coulombic
efficiency for the branched nanorods, might
be attributed to the increased reversibility
of the involved electrochemical reactions,
which is also supported by CV measure-
ments. A similar phenomenon was reported
by Fan and co-workers in branched o-Fe,0;/
SnO, nanostructures.? They claimed that the increased cou-
lombic efficiency of the composite came from the improved
reversibility of the oxidation from Sn° to SnO,. Unfortunately,
no direct evidences from CV profiles or TEM images were pre-
sented to support this point.

Figure 5c shows the cycling performance of Li/-MnO,
nanorods, Li/o-Fe,0; nanorods, and Li/branched nanorods
of B-MnO,/0-Fe,0; in the range of 0.01-3.0 V. The first
five cycles are conducted at a current density of 100 mA g!

D

)1_ 2.874;
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at a rate of 450 mA g after 60 cycles.'!
After hybridized with graphene and con-
ductive polymers together, the MnO,-based
composite displayed a specific capacity up
to 948 mAh g .1'2l But the current density
and the cycle number had to be reduced
to 50 mA g and 15 cycles. The superior
cycling performance is also demonstrated
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Figure 4. a) Nitrogen adsorption-desorption isotherms and b) pore-size-distribution curves of

the branched nanorods of f-MnO,/c-Fe,0;.

to activate the electrode materials. Then, the current den-
sity is increased to 1000 mA g! for the later cycling. As a
result, the branched B-MnO,/o-Fe,O; nanorods deliver a
reversible capacity of 1028 mAh g after 200 cycles, very
close to the theorectical capacity of the branched B-MnO,/
o-Fe,0; nanorods (1071 mAh g! = 1232 mAh g! x
28.6 Wi% (B-MnO,) + 1007 mAh g! x 71.4 wt% (a-Fe,05)).
This data is also much higher than those of f-MnO, nanorods
(283 mAh g7), porous «-Fe,0; nanorods (314 mAh g7),
and the MnO,-based or Fe,Os-based composites, as sum-
marized in Table 1. For instance, the MnO,-coated carbon
nanotube (CNT) arrays only exhibited a reversible capacity of
=500 mAh g at a current density of 50 mA g! after
15 cycles.l*l Using carbon nanohorns to replace CNTs could
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in comparison to the Fe,0s-based nano-
composites. Branched o-Fe,03;/SnO, nano-
structures delivered a specific capacity
of =250 mAh g! at a current density of
1000 mA g after 30 cycles.?d Using SnO,
nanosheets to replace the SnO, nanowires
for the Fe,03-SnO, nanocomposite would
generate a reversible capacity of 325 mAh g at 400 mA g!
after 50 cycles.?®! For core-shell TiO,@Fe,O; nanorods grown
on the carbon textiles, only a reversible capacity of 480 mAh g~!
was maintained at 120 mA g! after 150 cycles.’8! The even
more complicate heterogeneous nanostructures like TiO, nano-
tubes-supported hollow a-Fe,0; only showed a specific capacity
of =380 mAh g2

The outstanding performance of the branched nanorods in
LIBs is also confirmed at different rates. As shown in Figure 5d,
the branched B-MnO,/o-Fe,0; nanorods exhibit the reversible
capacities of 1173, 1060, 971 and 881 mAh g! at the current
densities of 100, 500, 1000, 2000 and 4000 mA g~!, respectively.
As the rate is back to 100 mA g}, the specific capacity of the
branched nanorods returns to 1350 mAh g!, suggesting the
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Figure 5. a) Cyclic voltammograms (CVs) of the branched nanorods of B-MnO,/-Fe,O; at a scanning rate of 0.1 mV s~'. b) First discharge-charge
curves, c) cycling performance and d) rate performance of the electrodes based on the f-MnO, nanorods, the porous Fe,O; nanorods and the branched

nanorods of f-MnO,/o-Fe; 0.
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Table 1. The
nanostructures.

cycling  performances

of some

reported  hybrid

Hybrid Nanomaterials Current density ~ Cycle Capacity ~ Ref.
[mAgT] Number  [mAh g™

Coaxial MnO,/CNT Array 50 15 =500 [4e]

MnO,/Conjugated Polymer/ 50 15 948 [12]

Graphene

TiO, nanotubes-supported hollow 100% 50 =380 [2h]

o-Fe; 04

TiO,@ o-Fe,O; core/shell arrays 120 150 480 [2g]

on carbon textiles

Fe,03/Sn0O, nanocombs 400 50 325 [2b]

Flower-like ZnO/Fe,0; 400 50 776 [2i]

nanostructures

MnQO,/Carbon Nanohorns 450 60 565 [11]

Branched a-Fe,03/Sn0O, 1000 30 =250 [2d]

Branched Fe,03; on MnO, 1000 200 1028 Our

nanorods work

AThe unit of this current density is HA cm™2.

good rate capacity and structure stability of the active material.
The extra capacity might arise from the insertion of lithium
into acetylene black,! and interfacial storage.l'*l The rate per-
formance of the branched nanorods is not only much better
than those of the f-MnO, nanorods and the porous o-Fe,0;
nanorods, but also much higher than most of the related works.
For example, core-shell TiO,@o-Fe,O; branches grown on
carbon textiles only present a reversible capacity of 121 mAh
g! at 960 mA g 1% Flower-like ZnO/Fe,0; nanostructures
exhibited a specific capacity of 580 mAh g™' at 2000 mA g~*.I%l
The high reversible capacity, excellent cycling performance and
superior rate capability in our case could be attributed to hier-
archical structure built by branches and tiny pores, and syner-
gistic effect of the two components. The former would greatly
increase the specific surface areas of the active material and
reduce the intrinsic strain/stress caused by the severe volume
change.[?>24.2¢] This conclusion could be verified by BET meas-
urements. The branched nanorods give a specific surface area
of 32.7 m? g%, larger than 3-MnO, nanorods about 9.7 m? g!
and porous o-Fe,0; nanorods about 23.3 m? g-!. The syner-
gistic effect of the two components in our

case effectively improves the reversibility

of the electrochemical reaction, buffers the 81400
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Figure 6. Nyquist plots of the AC impedance spectra for the electrodes
based on the B-MnO, nanorods, the porous Fe,O; nanorods and
branched nanorods of B-MnO,/o-Fe, 0.

and reduces the electrode polarization. All of them make posi-
tive contributions to the fast and reversible insertion/extraction
of lithium. Thus, the specific capacity of the branched nanorods
could be well preserved after a long-term cycling even under a
high rate.

Electrochemical impedance spectra (EIS), both AC and DC
impedance spectra (current interrupt), are measured to get
more insights for the superior performance of the branched
nanorods.'®! As shown in Figure 6, all the AC impedance
spectra of the electrodes based on o-Fe,O;, f-MnO, and the
branched nanorods of B-MnO,/o-Fe,0; exhibit the typical
Nyquist plots composed by a semicircle at the high-to-medium
frequency region and a slope line at the low frequency region.
This semicircle is attributed to the charge transfer resistance
(Re) between the electrolyte and the electrode. The slope line
might be related with the Warburg impedance (Z,) induced by
lithium diffusion in the electrodes. Based on this fitting model,
the Rgs of the electrodes based on o-Fe,0;, f-MnO, and the
branched nanorods are 70, 174 and 80 €, respectively. The
results indicate that the presence of a-Fe,O; in the branched
nanorods greatly promote the charge transfer at the electrode/
electrolyte interface, and thus benefit the electrochemical per-
formance. The similar conclusion is also concluded from
DC impedance spectra. As shown in Figure 7, the branched
nanorods of B-MnO,/ca-Fe,O; show a DC resistance (Rgy)
smaller than that of the f-MnO, nanorods, particularly at the
beginning of the discharge process or at the end of the charge
process. This result indicates that the presence of the o-Fe,0;

[2¢,2K]
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huge strain/stress during the discharge-
charge processes, and prevents the aggrega-
tion of active materials.?"2™ 19 For example,
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formation of Fe® increases the electron con-
ductivity of the composite and then facilitates
the subsequent reduction of Mn?** to Mn®.
Meanwhile, MnO,, acts as a matrix to restrain
the aggregation of newly-formed Fe’ and
accommodate the volume change induced by
the reduction of Fe,0s. In the charge process,
the preferential oxidation of Fe’ to Fe,O;
lowers the oxidation voltage of Mn?" to Mn*,
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Figure 7. The direct current resistance (Ry) of the B-MnO, nanorods, the porous Fe,Os3
nanorods and the branched nanorods of B-MnO,/a-Fe,O; versus a) depth of discharge or
b) state of charge.

Adv. Funct. Mater. 2013, 23, 4049-4056



s
Mot oS
www.MaterialsViews.com

branches could effectively reduce the DC resistance of the
branched nanorods, facilitating the electron transportation.

3. Conclusions

In summary, branched nanorods composed by f-MnO,
nanorods as a backbone and porous o-Fe,O; nanorods as the
branches, are successfully synthesized by the decomposition
of FeOOH epitaxially grown on the f-MnO, nanorods. In this
hierarchical structure, the well-aligned o-Fe,O; branches are
nearly perpendicular to the side facets of the f-MnO, nanorods,
generating a nearly four-fold symmetry along the axial direction
of the nanorods. This structure feature could be attributed to
the unique crystallographic connection between FeOOH and
B-MnO,, (010)reoon//(100)\vnoz, Which has been identified by
HRTEM images and FFT patterns. TEM images further reveal
the porous feature of the o-Fe,O; branches, which originates
from the decomposition of FeOOH. Electrochemical measure-
ments suggest that the branched nanorods exhibit an excellent
performance in terms of reversible specific capacity, cycling sta-
bility and rate performance. The branched nanorods delivered
a specific capacity of 1027.7 mAh g™! at a current density of
1000 mA g! after 200 cycles, much higher than those from the
single components and the reported nanocomposites. At a rate
of 4000 mA g1, the reversible capacity of the branched nanorods
could be as high as 881 mAh g1. This excellent performance of
the branched nanorods is assigned to the hierarchical structure
built by branches and tiny pores, and synergistic effect of dif-
ferent components. These results indicate the importance of
the selection of proper chemical components and the control
on their construction. The combination of the advantages in
structure and components would effectively improve the perfor-
mance of electrode materials in LIBs. Besides, the hierarchical
structures constructed by multi-components would also present
great application rooms in the fields of supercapacitors, chem-
ical sensors and solar energy conversion.

4. Experimental Section

Sample Synthesis: The synthesis of the branched nanorods of
B-MnO,/a-Fe,0; was started from the f-MnO, nanorods prepared by
annealing MnOOH nanorods at 280 °C for 2 h.['/l The as-prepared S
MnO, nanorods (20 mg) were dispersed into deionized water (10 mL)
by ultrasonication. Then, FeCl; (= 99.5%, 1.5 mmol), NaNO; (= 99.5%,
10 mmol) and hydrochloric acid (36-38%, 20 uL) were added into the
above solution. After stirred for 30 min, the solution was transferred
into a Teflon-lined autoclave with a capacity of 50 mL. The autoclave was
heated to 100 °C for 24 h. The resulting product, the branched nanorods
of B-MnO,/FeOOH, was collected by filtration and then washed
with deionized water and ethanol. Finally, the branched nanorods of
B-MnO,/FeOOH were treated in air at 450 °C for 2 h to produce the
branched nanorods of B-MnO,/c-Fe,O;. In order to demonstrate the
superior performance of the branched nanorods in LIBs, both f-MnO,
nanorods and o-Fe,O; nanorods were prepared for the comparison
in electrochemical measurements. The preparation of the o-Fe,O;
nanorods was achieved by the similar protocol in the absence of the f3-
MnO, nanorods.

Sample Characterization: XRD patterns were achieved on an advanced
X-ray diffractometer (Bruker D8 Adv., Germany), based on Ni-filtered
Cu Ko radiation. FESEM images and TEM images were obtained from
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a field-emission scanning electron microscope (JEOL JSM-6700F) and
a transmission electron microscope (JEOL JEM 1011) respectively.
HRTEM images were recorded with an analytic transmission electron
microscope (JEOL JEM-ARM 200F). The N, adsorption/desorption
isotherms were obtained by a Quadrasorb S| analyzer at a temperature
of 77 K. BET and BJH analyses were conducted to determine the surface
area, pore volume, and pore size distribution.

Electrochemical ~ Measurements:  The  working  electrode  for
electrochemical properties was prepared by 60 wt% active material,
20 wt% conductive carbon black and 20 wt% sodium salt of caboxy
methyl cellulose (CMC). In the presence of trace water, the above
materials were mixed to produce a slurry. Then, the slurry was coated on
a copper foil, and dried under vacuum at 80 °C for 12 h. The resulting
foil was roll-pressed and cut into a disc. The typical loading density of
the active materials was in the range of 1-2 mg cm™. After that, a coin-
type cell of CR 2032 was assembled in an argon-filled glove box with a
lithium foil as the counter electrode, a Celgard 2400 membrane as the
separator and a mixture of ethylene carbonate (EC), diethyl carbonate
(DEC) and dimethyl carbonate (DMC) (1:1:1, volume ratio) as the
electrolyte. The coin-type cell was then used for cyclic voltammetry (CV)
profiles, galvanostatic discharge-charge cycling, as well as direct current
(DC) resistance. CV profiles were obtained in the range of 0.01-3 V
at a scanning rate of 0.1 mV s™' from an electrochemical workstation
(LK2005A, Tianjin, China). Galvanostatic discharge-charge cycling was
performed between 0.01 and 3 V on a lithium battery cycler (LAND
CT-2001A, Wuhan, China) at room temperature. AC EIS was carried out
on an electrochemical workstation (Materials Mates 510, ltalia) in the
frequency range from 0.1 MHz to 0.01 Hz. DC resistance was measured
at a pulse of 18 s at every 5% increase of DOD (depth of discharge) or
SOC (state of charge). Then, the DC resistance (Ry.) could be obtained
by Ry4c = AU/I, where AU is the voltage variation before and after the
interruption.
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