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ABSTRACT: Transition metal oxides have attracted much
interest for their high energy density in lithium batteries.
However, the fast capacity fading and the low power density
still limit their practical implementation. In order to overcome
these challenges, one-dimensional yolk—shell nanorods have
been successfully constructed using manganese oxide as an
example through a facile two-step sol—gel coating method.
Dopamine and tetraethoxysilane are used as precursors to
obtain uniform polymer coating and silica layer followed by
converting into carbon shell and hollow space, respectively. As
anode material for lithium batteries, the manganese oxide/
carbon yolk—shell nanorod electrode has a reversible capacity
of 660 mAh/g for initial cycle at 100 mA/g and exhibits
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excellent cyclability with a capacity of 634 mAh/g after 900 cycles at a current density of 500 mA/g. An enhanced capacity is
observed during the long-term cycling process, which may be attributed to the structural integrity, the stability of solid electrolyte
interphase layer, and the electrochemical actuation of the yolk—shell nanorod structure. The results demonstrate that the
manganese oxide is well utilized with the one-dimensional yolk—shell structure, which represents an efficient way to realize

excellent performance for practical applications.
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Recently, lithium batteries have been widely developed to
meet the demands of a variety of energy applications, such
as grid storage, hybrid electric vehicles, and portable electronic
devices because of their high energy density and long
lifespan.' ™ As is known to all, electrode materials play an
important role in battery performance. Commercially used
graphite anode materials deliver a specific capacity of 372 mAh/
g.6’7 To meet the enormous demands of energy consumptions,
a material with higher capacity is required.*”'* Compared with
conventional graphite materials, transition metal oxide materials
based on conversion reaction mechanism such as cobalt oxides,
copper oxides, iron oxides, etc, have shown high reversible
capacity.'>™ ' Among them, Mn;O, has attracted the most
attention for its natural abundance, no toxicity, cost
effectiveness, and high theoretical capacity, making it a
promising anode material for high performance lithium
batteries.'~'* However, poor rate performance and rapid
capacity decays during cycling still exist for Mn;O,. These
drawbacks may be ascribed to the following: (1) extremely low
electrical conductivity (~107—107% S/cm)*® and (2) signifi-
cant volume change during the lithium insertion/extraction
process in manganese oxide, which leads to the degradation of
the mechanical integrity and the instability of the solid
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electrolyte interphase (SEI).*® In spite of the disappointing
results, great efforts have been made to optimize the
performance of manganese oxide electrode by carbon coating,
morphology control, and selective growth method. 2™
Presently, yolk—shell nanostructure, a new class of
architecture, has attracted great attention in various applica-
tions, especially in the field of lithium batteries.”® The yolk—
shell structure in combination with carbon shell can provide a
new strategy to solve some drawbacks existing in anode
materials, such as the large volume change, low conductivity,
and poor cycling performance. Recently, some efforts have been
made to explore this kind of structure. Cui and co-workers™
have designed a Si/void/C nanoparticle electrode by using SiO,
as the sacrificial template, it delivers a capacity as high as 2000
mAh/g after 50 cycles, which is several times larger than that of
Si/C nanoparticle electrode. Moreover, the yolk—shell structure
is also suitable for transition metal oxides. Lou and co-
workers®® have successfully developed a general route for the
synthesis of ternary ZnMn,O, ball-in-ball hollow structure,
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Figure 1. (a) Schematic illustration of formation processes of the manganese oxide/carbon yolk—shell nanorods. (b) XRD patterns of manganese
oxide/carbon yolk—shell nanorods (red line), bare manganese oxide nanorods (blue line), and the standard sample hausmannite Mn;0, card (black
line). (c) TGA (red line), DSC (blue line), and DTG (purple line) curves of the manganese oxide/carbon yolk—shell nanorods under air
atmosphere at a rate of 10 °C/min. (d) Raman spectrum for synthesized manganese oxide/carbon yolk—shell nanorods. (e,f) XPS spectra of
manganese oxide/carbon yolk—shell nanorods: (e) high resolution of Cy, and (f) high resolution of Oy

which shows significantly enhanced electrochemical perform-
ance when used as anode material for lithium batteries. Despite
the great successes, previous works mainly focused on zero
dimensional yolk—shell nanoparticles.’’ >* Recently, novel
one-dimensional nanostructure has shown great potential in
energy storage, nanoelectronics fields, etc.3* Therefore, one-
dimensional yolk—shell structure with more active reaction sites
and shorter diffusion paths will be of great benefit for lithium
batteries. Nevertheless, this unique structure has seldom been
reported,*' ~* partly the reason being that it is difficult to make
two uniform coating layers around the structure, especially for
transition metal oxide.

In this Letter, taking manganese oxides as an example, we
designed and synthesized novel yolk—shell nanorods using sol—
gel method with both high specific capacity and long cycle
capability for lithium batteries. The synthesis procedure is
mainly composed of four steps as illustrated in Figure 1a.** In
this structure, the core is manganese oxide nanorod consisting
of small particles, while the shell is carbon, which allows lithium
ion to pass through, and the void space between manganese
oxide and carbon can buffer the volume change during the
lithium ion insertion/extraction process.

The yolk—shell nanorod structure possesses several unique
properties as anode material: (1) the one-dimensional yolk—
shell nanorod materials have more active reaction sites caused
by higher Brunauer—Emmett—Teller (BET) surface area of
30.9 m?/g, shorter diffusion paths for both lithium ions and
electrons providing faster redox reactions;** (2) the internal
stress induced by large volume changes during the lithium
insertion/extraction process can be buffered through the
available void spaces around, and thus pulverization and
collapse can be prevented and a stable structure is obtained;
(3) since the relationship between the stability of SEI and the
electrochemical performance of lithium batteries has been
reported,* the SEI formed around the carbon shell at the first
cycle can keep stable because the expanded manganese oxide
core may not disturb the carbon shell;***" (4) good
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conductivity can be realized for the composite material because
the carbon shell is a good electronic conductor. All of these
facts make manganese oxide/carbon yolk—shell a promising
anode material for practical applications.

The crystal structure of the as-prepared sample was
characterized by X-ray diffraction (XRD). All the diffraction
peaks of the precursor sample can be well assigned to high
purity f-MnO, with tetragonal structure (JCPDS Card No. 81-
2261, space group P42/mnm) (Figure S1, Supporting
Information). As shown in Figure 1b, the manganese oxide/
carbon yolk—shell nanorods are mainly composed of
hausmannite Mn;O, with tetragonal structure (JCPDS Card
No. 89-4837, space group I41/amd, a = b = 5.76 A c=946 A,
a = f =y =90°). The presence of MnO is indicated by the
broad peaks at 34.9° and 40.6°. This phase reveals that the
MnO,/SiO,/poly dopamine (poly-DPA) nanorods underwent
a phase transition in the N, atmosphere during the carbon-
ization procedure. The broad peak located at 25.0° can be
assigned to silica and the small amount of silica may come from
the silica template. For comparison, bare manganese oxide
nanorods prepared by similar method without the additions of
tetraethoxysilane (TEOS) and DPA have shown similar peaks
with manganese oxide/carbon yolk—shell nanorods (Figure
1b). Then thermogravimetric analysis (TG) was carried out to
determine the carbon content of the materials (Figure 1c). A
mass loss of about 8.63% is observed below 200 °C on the TG
curve, and an endothermic processes around 127 °C in the
DSC curve may correspond to the loss of free water, physically
adsorbed water, and the reaction of residual Na,SiO5-nH,O. An
intensive exothermic peak at 327.2 °C result from the burning
of carbon shell, which led to a mass loss of about 21.3%.

In order to further figure out the poly-DPA decomposed
product, the Raman spectrum is given in Figure 1d. The two
peaks located at 1324 and 1602 cm™" can be assigned to the D
band and G band of carbon, respectively. The intensity ratio of
G band and D band (I5/Ip) is measured to be 1.052 indicating
that the shell is amorphous carbon. Moreover, in the high
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Figure 2. (a) FESEM image of manganese oxide/silica/polydopamine nanorods. (b,c) FESEM image (b) and TEM image (c) of manganese oxide/
carbon yolk—shell nanorods. (d) TEM image of a single manganese oxide/carbon yolk—shell nanorod; the inset shows the HRTEM image of the
nanorod with a scale bar of S nm. (e) EDS elemental mapping of Mn, O, and C, respectively. (f) FESEM image and corresponding EDS line
scanning profiles of Mn (red line), C (blue line), and O (purple line) recorded along the white line.
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Figure 3. (a) CV curves of yolk—shell nanorods at a scan rate of 0.1 mV/s in the potential range from 3.0 to 0.01 V vs Li/Li*. (b) Charge—discharge
curves of yolk—shell nanorods at 100 mA/g for different cycles. (c) Cycling performance of yolk—shell nanorods at 100 mA/g. (d) Cycling
performance of yolk—shell nanorods and bare nanorods at 200 mA/g. (e) Rate performance of yolk—shell nanorods. (f) AC Impedance plots for
yolk—shell nanorods and bare nanorods before and after rate performance.

resolution spectrum of C,, (Figure le), the sample mainly
contains graphite carbon (284.3 eV) and hydrocarbon (285.3
eV). A broad peak observed at 288.7 eV can be attributed to the
C=0 bond, which is consistent with that in the high resolution
spectrum of O, (Figure 1f). These results, combined with
comparison data (Figure S2, Supporting Information),
demonstrate that the poly-DPA converts to amorphous carbon
during the calcining procedure.

To investigate the functions of TEOS and DPA in
controllable synthesis and provide the detailed information
on the manganese oxide/carbon yolk—shell nanorods, field
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emission scanning electron microscopy (FESEM) and trans-
mission electron microscopy (TEM) images are provided. The
uniform MnO, nanorods with an average diameter of about 90
nm and a length of about 2.5 ym were prepared by a simple
hydrothermal method (Figure S3a, Supporting Information).
MnO,/SiO, nanorods obtained by the sol—gel process show a
smooth surface, and the thickness of the silica shell is about 15
nm as shown in the magnified FESEM image (Figure S3b,
Supporting Information). Then a DPA self-polymerization
process leads to the formation of MnO,/SiO,/poly-DPA
nanorods (Figure 2a) with a diameter of about 180 nm,

dx.doi.org/10.1021/nl504427d | Nano Lett. 2015, 15, 738—744
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Figure 4. (a,b) Three-dimensional view of (a) the bare manganese oxide nanorod and (b) the manganese oxide/carbon yolk—shell nanorod during
lithiation and delithiation processes. The conductive carbon can block the electrolyte and prevent the SEI formation inside the nanorod while
allowing the lithium ions to transport throughout the carbon. (c—f) TEM images of manganese oxide/carbon yolk—shell nanorod before (c) and
after (d—f) electrochemical cycling for S00 cycles. (d) The SEI layer formed around the carbon shell with a thickness of several nanometers. (e) The
yolk—shell nanorods can maintain integrity even after cycling. (f) The distribution of manganese oxide inside the nanorod. (g) Longlife cycling
performance of manganese oxide/carbon yolk—shell nanorod electrode at 500 mA/g.

revealing the presence of about 40 nm thick poly-DPA layer. It
is noted that the uniform, smooth, and coherent coating of
poly-DPA may be attributed to the fact that DPA can attach to
many kinds of surfaces leading to a strong interaction with the
substrates.*®

Moreover, a rough surface was observed for manganese
oxide/silica/carbon nanorods after the carbonization process at
500 °C under the N, atmosphere (Figure S3c, Supporting
Information). The elemental distribution of the material was
further characterized by energy dispersive spectroscopic (EDS)
mapping (Figure S4, Supporting Information). After an etching
process conducted in NaOH solution to remove the silica layer,
the manganese oxide/carbon yolk—shell nanorods were
prepared (Figure 2b). It is clear that the manganese oxide
nanorods fracture into nanoparticles during the sintering
process, and there is no significant change in size during the
procedure. Detailed information on the structure is observed in
TEM images (Figure 2c,d). It provides the evidence that the
nanorods possess a yolk—shell structure and the contrast
between the hollow and solid parts is obviously observed. From
the high magnification TEM image, we can see that, the
thickness of the carbon shell is about 32 nm, while the average
thickness of the core is about 36 nm. Moreover, the high
resolution transmission electron microscopy (HRTEM) image
(Figure 2d, inset) displays a lattice fringe with d-spacing of 0.49
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nm, corresponding to the (101) plane of tetragonal crystal
shown in XRD pattern. The amorphous carbon layer can also
be observed in the image. Furthermore, EDS elemental
mapping and line scanning (Figure 2ef) clearly confirm the
presence and distribution of Mn, O, and C elements and
further demonstrate the yolk—shell nanostructure with a
manganese oxide core and carbon shell. Particularly, the thick
carbon coating can make the structure robust and stable,*’
which may be beneficial to the cycling performance when used
as anode material for lithium batteries. Then bare manganese
oxide nanorods were prepared for comparison (Figure S3d,
Supporting Information).

Electrochemical performances were characterized for the
manganese oxide/carbon yolk—shell nanorod electrode.*” It is
noted that the capacity is calculated based on the total mass of
the materials containing carbon shell and manganese oxide core
and the capacity of the carbon shell is very low as shown in
Figure S5, Supporting Information. Cyclic voltammetry was
tested for 3 cycles at a sweep rate of 0.1 mV/s in the potential
range from 3.0 to 0.01 V vs Li/Li" at room temperature. As
depicted in Figure 3a, in the first cathodic polarization process,
a broad peak centered at about 1.15 V and an intense peak at
low potential are attributed to the reduction of manganese
oxide to metallic manganese and the formation of Li,O,***°
another cathodic peak located at about 0.75 V corresponds to

dx.doi.org/10.1021/nl504427d | Nano Lett. 2015, 15, 738—744
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the decomposition of electrolyte and formation of SEI layer on
the surface of electrode materials.”' The peak located at about
1.3 V in the first anodic sweep corresponds to the oxidation of
manganese. For the next scans, the main cathodic peak shifts to
about 0.25 V, indicating an irreversible phase change.
Moreover, the curve of the third scan is similar to that of the
second one, implying a highly reversible property. The similar
profiles of the bare manganese nanorods demonstrate that
similar reactions occur during the charge/discharge process
(Figure S7a, Supporting Information). Noteworthy, the
presence of MnO phase may not seriously affect the
electrochemical property as a whole (Figure S6, Supporting
Information). The Mn;O, phase conducts the electrochemical
conversion reaction: Mn;0, + 8Li* + 8¢~ — 3Mn + 4Li,O,
with a theoretical capacity of 936 mAh/g based on the equation
C = nN,(e/M). Similarly, the MnO phase delivers the
electrochemical conversion reaction MnO + 2Li* + 2¢~ —
Mn + Lj,O, with a theoretical capacity of 755 mAh/g. The
difference between the two manganese oxide phases is the
number of transferred electrons, which just leads to a small
decrease on the theoretical capacity and has no effect on the
electrochemical mechanism.

The voltage profiles of different cycles for yolk—shell
nanorod electrode at a current density of 100 mA/g are
shown in Figure 3b. The potential plateau in range of 0.2—0.55
V corresponds to the lithiation process while that in 1.2—1.5V
to the delithiation. In the second, 10th, 20th, and S0th cycles,
the discharge capacities are 660, 483, 440, and 448 mAh/g,
respectively, much higher than that of bare manganese oxide
electrode (Figure S7b, Supporting Information). Moreover, the
potential plateau at around 0.4 V keeps stable even after 50
cycles, indicating superior and stable cycling performance. In
addition, the electrode delivers a capacity of 649 mAh/g even
after 150 cycles, and the Coulombic efficiency of the electrode
is maintained around 98% in the subsequent cycles (Figure 3c).

The cycling performance of the manganese oxide/carbon
yolk—shell nanorod electrode and pure manganese oxide
nanorod electrode at current density of 200 mA/g are shown
in Figure 3d. A much better cycling stability can be observed for
the yolk—shell nanorod electrode. After 20 cycles, it delivers a
discharge capacity of 381 mAh/g, whereas that of bare
manganese oxide is just 62 mAh/g. Even after 200 cycles, the
yolk—shell nanorod electrode can still reach 509 mAh/g in
capacity with slight increase. However, a discharge capacity of
only 61 mAh/g can be obtained for bare manganese oxide
electrode in the same condition. In addition, after the first
several cycles, the Coulombic efficiency can remain at around
98.3%, indicating good reversibility of the manganese oxide/
carbon yolk—shell nanorods. Also, we provide the average
capacity based on three batteries for the cycling performance
(Figure S8, Supporting Information). Furthermore, in rate
performance tests, the electrode is tested at different charge and
discharge rates ranging from 100 to 2000 mA/g (Figure 3e); it
exhibited the capacities of 487, 382, 263, 179, 91, and 474
mAh/g, respectively. Remarkably, the capacity is retained at
474 mAh/g when the current density returns to 100 mA/g,
manifesting excellent rate performance compared to that of
bare manganese oxide nanorods (109 mAh/g).

An excellent cycling performance is an important factor for
promising anode materials. In this case, the manganese oxide/
carbon yolk—shell nanorod electrode is cycled at various
current densities to investigate the long-life performance. The
electrode exhibits a capacity of 932 mAh/g at 200 mA/g after
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400 cycles and 837 mAh/g at 300 mA/g after 600 cycles
(Figure S9, Supporting Information). Even at a high current
density of 500 mA/g, the discharge capacity of the manganese
oxide/carbon yolk—shell nanorod electrode is 289 mAh/g after
100 cycles. Afterward the capacity increases gradually until
around 600 cycles and then keeps stable for the subsequent
cycles and finally reaches 634 mAh/g after 900 cycles. The
retentive capacity is measured to be 72.5% relative to the initial
one (Figure 4g). Compared with previously reported
manganese oxide/carbonous hybrid materials (Table SI,
Supporting Information), the manganese oxide/carbon yolk—
shell nanorod electrode shows enhanced reversible capacity
after long-term cycles. Notably, the increased capacity of
manganese oxide/carbon yolk—shell nanorods is also widely
observed for many transition metal oxides. This phenomenon
may be attributed to the growth of an electrochemically gel-like
polymer layer, which can enhance lithium ion storage.'*' For
another reason, as can be seen from Figure S10, Supporting
Information, the proportion of the total active materials on the
internal surface of the carbon shell increases and the size of the
manganese oxide particles reduces, which can be ascribed to the
electrochemically driven reconstruction of the manganese
oxide.”” The phenomenon may enhance the electrochemical
activity and result in an improved capacity.

The above results have shown that the present yolk—shell
nanorod electrode exhibits excellent electrochemical properties.
Just as illustrated in Figure 4b, the void space around the
manganese oxide allows it to expand without deforming the
overall morphology during lithiation/delithiation process, so
the SEI layer formed outside the nanorod is not ruptured
during cycling and keeps thin (Figure 4c,d)."” However, as
shown in Figure 4a, the bare nanorod suffers a repeated
breaking and formation of SEI layer during cycling leading to
thick SEI layers (Figure S1lab, Supporting Information). In
addition, the electrochemical impedance spectra (EIS) are also
provided to certify the enhanced capacity of yolk—shell
nanorods. In the equivalent circuit, R represents the resistance
of the electrolyte, R, represents the charge transfer resistance,
and R; represents the resistance of the SEI film. CPE and Z,, are
the double layer capacitance and the Warburg impedance,
respectively. All the curves exhibit a semicircle in the high
frequency region followed by a straight line in the low
frequency region (Figure 3f). The yolk—shell nanorod
electrode shows an initial resistance of 465 € and cycled
resistance of 89 Q. The decrease of charge transfer resistance
indicates the activation and improved kinetics of the reaction.
Moreover, the values of R at the first, 200th, and 500th cycles
also show similar tendency (Figure S12, Supporting Informa-
tion). However, for bare manganese oxide nanorod electrode,
the R. increases. These opposite behaviors can further
demonstrate that the electrochemical actuation that occurred
during the charge/discharge cycles can help enhance the
conversion reaction and improve the electrochemical activity
for manganese oxide/carbon yolk—shell nanorods,*> and this is
evidenced by the strong adhesion of manganese core and
carbon shell after cycles (Figure 4f). Furthermore, the void
space between manganese oxide core and carbon shell can
buffer the volume change and keep the integrity of the structure
(Figures 4e and Sllc,d, Supporting Information). Thus, high
capacity and long life are realized for the manganese oxide/
carbon yolk—shell nanorod electrode as anode.

In summary, the yolk—shell nanorods with manganese oxide
core and carbon shell have been constructed using a facile sol—
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gel method. The one-dimensional manganese oxide/carbon
yolk—shell nanorods with carbon around can buffer the volume
change, improve the electronic conductivity, enhance the
stability of the electrode, and prevent the SEI layer from
breaking during cycles even at a high rate. It is demonstrated
that the manganese oxide/carbon yolk—shell nanorod electrode
exhibits excellent electrochemical performance in terms of
reversible specific capacity and cycling stability, especially where
a capacity of about 634 mAh/g after 900 cycles has been
realized. This novel structure can be further extended for other
one-dimensional materials, and it is of great potential for next-
generation energy storage and other applications.
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