
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
Se

pt
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 1

/1
3/

20
25

 1
2:

39
:5

3 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Simple synthesis
State Key Lab of New Ceramics and Fine Pr

Engineering, Tsinghua University, 100084,

tsinghua.edu.cn

† Electronic supplementary informa
10.1039/c7ra09628c

Cite this: RSC Adv., 2017, 7, 46263

Received 30th August 2017
Accepted 25th September 2017

DOI: 10.1039/c7ra09628c

rsc.li/rsc-advances

This journal is © The Royal Society of C
of a double-shell hollow
structured MnO2@TiO2 composite as an anode
material for lithium ion batteries†

Yibo Su, Jian Zhang, Kai Liu, Zeya Huang, Xiancang Ren and Chang-An Wang *

A double-shell hollow structured MnO2@TiO2 anode material has been successfully synthesized through

a two-step template method. The monodispersed carbon spheres synthesized through a hydrothermal

method act as the templates. The inner part of the carbon template acts as a sacrificial template to form

the void and the outer part of it plays the role of self-template to synthesize hollow MnO2 spheres. The

composition, crystallinity, morphology, and valence state of the final product MnO2@TiO2 are characterized

using X-ray diffraction, scanning electron microscopy, transmission electron microscopy, and X-ray

photoelectron spectroscopy. The electrochemical performances of the double-shell hollow structured

MnO2@TiO2 anode material have been comprehensively improved. The specific capacity of the composite

retains 802 mA h g�1 at the current rate of 200 mA g�1 after 200 cycles, and it can still retain about

400 mA h g�1 at a higher current rate of 1 A g�1. Finally, a more detailed charging/discharging process of

MnO2 is proposed.
1. Introduction

Lithium ion batteries have been widely used in portable elec-
tronic devices and electric vehicles because of their high energy
density as well as long cycle life. Nevertheless, increasing
capacity requirements make it necessary to develop new elec-
trode materials, for example anode materials, to substitute
current carbonaceous materials that possess a theoretical
lithium capacity of 372 mA h g�1.1–3 Transition metal oxides are
potential substitutions due to their common high theoretical
specic capacity, based on a conversion reaction. One of the
most promising candidates, MnO2, has attracted much atten-
tion since it was rst used as an anode material by Poizot,4

because of its natural advantages: (1) MnO2 has a high theo-
retical specic capacity of 1232 mA h g�1, much higher than
that of graphite;5–7 (2) MnO2 displays a moderate discharge
voltage plateau of 0.4 V, which is lower than most of transition
metal oxides, guaranteeing a high output voltage,8 and is higher
than carbonaceous materials, making the precipitation of
lithium metal harder under the circumstances of high current
rate or low temperature, and further declare a safer working
condition;10 (3) the natural resource of MnO2 is plentiful and its
preparation process is mature and diverse.9–11 However, there
are still some severe problems hindering the industrialization
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paces of MnO2 anode materials in that: (1) MnO2 shows a big
volume effect during charge/discharge cycles, causing pulveri-
zation of itself and even electrode lm; (2) MnO2 exhibits an
extremely low electronic and ionic conductivity, leading to a bad
rate capacity; (3) MnO2 displays a very low coulombic efficiency
during the rst cycle.12,13

In order to solve these problems, different strategies have been
attempted. In the beginning, the attention was focused on
diminishing the particle size and making enough void for MnO2

to expand. A more elaborate structure could shorten the diffusion
path of ions and alleviate the volume expansion. Thus, MnO2

nanomaterials with different crystalline phase, morphology and
structure were synthesized, such as hollow a-MnO2 urchin and
nanotubes,14,15 b-MnO2 nanorods,16 nanoporous g-MnO2 hollow
microspheres and nanocubes.17 Nevertheless, their cycle perfor-
mances were still unsatised and the rate capacity was even worse
as a result of the poor conductivity of MnO2. Therefore, so far,
more and more works have been carried out to fabricate the
composite materials of MnO2 with various conducting materials
such as carbonaceous materials,18–21 organic conducting poly-
mers22,23 and inorganic semiconductors.24–26 TiO2 is an ideal
candidate of inorganic semiconductor for MnO2 coating not only
because of its contribution to conductivity, but also it has a good
structural stability during charge/discharge cycles due to a very
small volume expansion. In addition, TiO2 is nontoxic, abundant,
and not expensive so that it could be used as coating materials in
industrial scale.27–29

In this paper, a new double-shell hollow structured MnO2@-
TiO2 has been synthesized via a two-step template method. The
TiO2 coating improves the electrochemical performance of MnO2
RSC Adv., 2017, 7, 46263–46270 | 46263
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Fig. 1 Schematic synthetic route for double shell structured
MnO2@TiO2 composite and porous MnO2 in contrast.
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and inner void provides a space for the volume effect during
charge/discharge cycles. Moreover, this preparation method is
a simple and short process, which is more adaptable to an effi-
cient industrial production than all the above-mentioned works.

2. Experimental
2.1 Material synthesis

All reagents were used without further purication. In a typical
procedure to prepare the double-shell hollow structured
MnO2@TiO2 composite, carbon spheres with an average
diameter of 200 nm were rstly fabricated through a hydro-
thermal method using glucose.30 0.15 g as-prepared carbon
spheres and 0.3 g KMnO4 were separately dispersed in 50 ml
and 20 ml distilled water through a 10 min ultrasonic pro-
cessing, and then the two solutions were mixed together to react
for 30 min to get C@MnO2. Finally, the brown product was
ltered and washed with water and ethanol for three times.

The synthesized C@MnO2 and 0.3 ml tetrabutyl titanate
(TBOT) were dispersed in 50 ml anhydrous ethanol solution
under ultrasonic treatment. 0.3 ml ammonium hydroxide
diluted with 1.5 ml anhydrous ethanol was added into the
solution dropwise, and the mixed solution reacted under
magnetic stirring at 70 �C for 1 h. The precursor C@MnO2@-
TiO(OH)2 was obtained aer centrifugal washing with absolute
ethanol and drying for 6 h, and was nally annealed at 450 �C
for 2 h to get MnO2@TiO2 with a double-shell structure.

2.2 Material characterization

The morphology of the samples was observed with a eld-
emission scanning electron microscope (FESEM, ZEISS
MERLIN Compact, Germany). The structure and the element
contents were characterized through TEM and EDS with
a transmission electron microscope (TEM, JEOL JEM-2010,
Japan). The crystal structure was analyzed by X-ray diffraction
(XRD, Bruker D8 ADVANCE, Germany) with Cu Ka (l¼ 0.154178
nm) radiation. The diffraction patterns were recorded from 10�

to 80� at a scanning rate of 6� min�1. The valence state was
implied with X-ray photoelectron spectroscopy (XPS) with an
ESCALAB 250 Xi electron spectrometer from VG Scientic using
300 W Al Ka radiation.

2.3 Battery assembling and electrochemical measurement

The working electrodes for electrochemical tests were prepared
by a conventional procedure. First, 70 wt% of active material
was dispersed with 15 wt% of super P and 15 wt% of poly-
vinylidene uoride (PVDF) binder adequately in N-methyl-2-
pyrrolidone (NMP), and the mixture was casted on a copper
sheet. Then, aer a drying and pressing process at 5 MPa, the
electrode lm was cut into several discs with a diameter of 12.5
mm. The average loading of active material was around 1 mg. At
last, the LIR2032 coin cells were assembled in an Ar-lled glove
box (Mikrouna (Super1220/750/900), China) by using the as-
prepared electrodes as the working electrode, lithium foils as
the counter and reference electrode, Celgard 2325 as the sepa-
rator, and 1 M LiPF6 in EC : DEC (1 : 1 by volume) as the
46264 | RSC Adv., 2017, 7, 46263–46270
electrolyte. The charge/discharge test was performed using
a land cell test system (Land CT2001A, China) at various current
rates between 0.01 V and 3.0 V (vs. Li/Li+) at ambient. Cyclic
voltammetry (CV) was performed using an electrochemical
workstation (CHI600E, China) between 0.01 V and 3.0 V at
a sweep rate of 0.2 mV s�1. The electrochemical impedance
spectra (EIS) of the cells was also measured on the electro-
chemical workstation over a frequency range from 105 Hz to
0.1 Hz with an amplitude of 5 mVrms.
3. Results and discussion

Double-shell structured MnO2@TiO2 composite and porous
MnO2 were successfully achieved by a carbon-template method,
as shown in Fig. 1. First, according to the previous work in our
group,31 the core–shell structured C@MnO2 could be easily
fabricated through the reaction in ambient between carbon
spheres and KMnO4 with appropriate concentration in a short
time. To certify the existing of carbon core, the C@MnO2 was
calcined at 350 �C for 1 h, and the TEM images of the samples
were shown in Fig. S1.† Considering the fact that the temper-
ature range of decomposition of carbon spheres is 300–500 �C,
which is denoted in Fig. S2,† the small void in Fig. S1(b)† arises
clearly as a result of the oxidative decomposition of the carbon
core. Then, some of the C@MnO2 samples were treated with
TBOT to coat TiO(OH)2 outside the C@MnO2 spheres and
nally calcined at 450 �C for 2 h to prepare MnO2@TiO2

composite, while the others were directly heated to 450 �C for
2 h to fabricate porous MnO2, which is depicted by TEM in
Fig. S1(c and d).† It is noteable that the porous MnO2 possesses
an interesting sphere structure constructed by crossing crys-
talline MnO2 nanorods. For convenience, the C@MnO2,
MnO2@TiO2 and the porous MnO2 are named as CM, MT-450
and M-450, respectively.

Fig. 2 shows X-ray diffraction (XRD) patterns of as-prepared
C@MnO2, MT-450 and M-450. Although the XRD pattern of
CM displays poor crystallinity, it could still be indexed as d-
phase MnO2 (JCPDS no. 80-1098), similar to the previous
reports.32 There are the same diffraction peaks for MT-450 and
M-450 appearing at 2q ¼ 28.8, 37.5 and 60.3�, which can be
ascribed to the (310), (211) and (521) reections of a-MnO2

(PDF-44-0141), respectively. The diffraction peaks of TiO2 inMT-
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 The XRD patterns of as-prepared C@MnO2, MnO2@TiO2-450
and MnO2-450.

Fig. 3 SEM images of carbon spheres (a), C@MnO2 (b), C@MnO2@-
TiO(OH)2 (c), MnO2@TiO2 (d).

Fig. 4 TEM images of C@MnO2@TiO(OH)2 (a) and MnO2@TiO2 (b), the s
zone; EDS-Mappings of C@MnO2@TiO(OH)2 (a1: titanium, a2: mangane

This journal is © The Royal Society of Chemistry 2017
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450 are so weak because of the very thin shell covered on the
surface of MnO2. It is worth noticing that MT-450 exhibits worse
crystallinity than M-450, which demonstrates the resistant
effect of TiO2 for the crystalline process of MnO2. A relatively
worse crystallinity contributes to a higher rst-cycle coulombic
efficiency, because the insertion reaction of MnO2 at a relatively
high voltage (>2 V) is nearly irreversible,9,33 which will be further
discussed below.

Field-emission scanning electron microscope (FESEM) was
used to characterize themorphology of all the typical samples in
each of the steps, as can be seen in Fig. 3. And the four images
are all photographed at the same magnication. The carbon
spheres in Fig. 3a have a good monodispersity and an average
diameter of 150–200 nm. Comparatively, the average diameter
of C@MnO2 in Fig. 3b is a little bigger than carbon spheres as
a result of the Kirkendall effect, based on which Li31 set forth
a “surface-soening” diffusion model to illustrate the whole
process in detail. Under the treatment of KMnO4, the long
tangled chains of aromatic nuclei with reactive oxygen func-
tional groups decomposes into short carbon chains, which is
capable of diffusing through the MnO2 layer and maintains
reducibility at the same time. In other words, the short carbon
chains in carbon spheres diffuse outward, meanwhile the
KMnO4 diffuses inward and react with short carbon chains to
form MnO2 outside the spheres causing a relatively bigger
diameter. Aer coating with TiO(OH)2, voids appear in some of
the spheres in Fig. 3c due to good solubility of short carbon
chains in anhydrous ethanol. In the process of aging at 70 �C,
short carbon chains in some spheres tend to dissolve out into
the anhydrous ethanol, thus form the voids. In addition, there
are some solid spheres without voids, probably because the
TiO(OH)2 shell is dense enough to prevent short carbon chains
from dissolving out. Finally aer calcination, the spheres in
goal product MT-450 (Fig. 3d) are almost all hollow spheres.
mall image inside (b) is the high-resolution TEM image of the marked
se, a3: oxygen); XPS images of MnO2@TiO2 (c: Ti 2p, d: Mn 2p).

RSC Adv., 2017, 7, 46263–46270 | 46265
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To further verify the components and structure of the
resulting product MT-450, transmission electron microscope
(TEM) and X-ray photoelectron spectroscopy (XPS) tests were
carried out as shown in Fig. 4. According to Fig. 4a (containing
4a1–4a3), the C@MnO2@TiO(OH)2 precursor spheres partly
consist of Mn, Ti and O atoms, announcing a successful coating
of TiO(OH)2. From Fig. 4b, it is clearly to see the hollow struc-
ture of the goal product MT-450 as well as the amorphous TiO2

in the high-resolution TEM image, which is themagnication of
the marked zone in Fig. 4b. EDS has also been conducted to
certify the component of MT-450, which could be found in
Fig. 5 (a) The comparison of cycling performance of MT-450 andM-450
cycles; (b) electrochemical impedance spectra of MT-450 and M-450;
densities, and (d) the anode sheet appearance of M-450 and MT-450 a
200 mA g�1 within 200 cycles.

46266 | RSC Adv., 2017, 7, 46263–46270
Fig. S3.† The chemical composition of MT-450 was deeply
characterized by using XPS, as illustrated in Fig. 4(c and d). The
peaks at 642.3 eV, 654.0 eV, 458.5 eV and 464.3 eV are assigned
to Mn 2p3/2, Mn 2p1/2, Ti 2p3/2 and Ti 2p1/2, respectively,
indicating that Mn and Ti exist in MK-450 mainly in the form of
Mn4+ and Ti4+, which agrees with the reported values.34–37

MT-450 is compared with M-450 (and M-350, discussed in
Fig. S4†) in terms of cycling performance, electrochemical
impedance and rate capacity, tested in coin cells with lithium
foil as the reference and counter electrode. The obtained results
are presented in Fig. 5. According to Fig. 5a, MT-450 displays
in the range of 0.01–3 V vs. Li+/Li at a current rate of 200mA g�1 in 200
(c) variation of the specific capacity with cycling at different current
fter 200 cycles; (e) the cyclability of the MT-450 at a current rate of

This journal is © The Royal Society of Chemistry 2017
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a better specic capacity retention of 802 mA h g�1 (comparing
to M-450 of 605 mA h g�1) aer 200 cycles at a current rate of
200 mA h g�1. This improvement could be attributed to the
protection of TiO2, which avoids direct contact between MnO2

and electrolyte, thus alleviating side reactions and volume effect
during cycles. The tendency of capacity decrease before the rst
30 cycles suggesting that fresh SEI keeps generating until the
30th cycle.36 As for the notable rising of specic capacity, it is
common for MnOx anode materials,29 which is attributed to an
activation process of the active materials.38

Fig. 5b presents similar electrochemical impedance spectra
(EIS) of M-450 and MT-450. The semicircle at high frequencies
of MT-450 is relatively smaller, which implies a lower charge
transfer resistance (Rct) between materials and the electrolyte.
That is to say, the coating of TiO2 promotes the charge transfer
of MnO2 and would further improve its rate capacity. The slope
of the straight line at low frequencies of the two samples are
nearly the same, which reecting the same diffusion of lithium
ions in the electrolyte.36 Fig. 5c shows the rate capacity of the
two samples at different current densities of 0.1 A g�1, 0.2 A g�1,
0.5 A g�1, 1 A g�1 and 2 A g�1 within 120 cycles. The two samples
have similar behaviors when the current rate is lower or equal to
0.2 A g�1. While, once the current rate rises to 0.5 A g�1 or
bigger, its specic capacity declines sharply to an extremely low
value of about 130 mA h g�1. Comparatively, the MT-450 still
presents a specic capacity of around 450 mA h g�1 and
400 mA h g�1 respectively at the current rate of 0.5 A g�1 and
Fig. 6 Cyclic voltammograms at a scan rate of 0.2 mV s�1 in the range of
(c, d).

This journal is © The Royal Society of Chemistry 2017
1 A g�1, even with more than 300 mA h g�1 le at 2 A g�1, which
proves that the coating of TiO2 does contribute to its rate
capacity. Without the protection of TiO2, at last, powdering and
stripping of the active material of M-450, as photographed in
Fig. 5d, leads to a rapid capacity fading. Fig. 5e shows the good
cyclability of the MT-450 at a current rate of 200 mA g�1 within
200 cycles, accompanied by an average coulombic efficiency of
more than 99%.

From the cyclic voltammograms (CV) of MT-450 and M-450
in different cycles, shown in Fig. 6, it can be clearly seen that
a new pair of charge/discharge peaks emerges at about 1 V and
2.1 V aer 200 cycles. According to the reported work, there
exists two charging/discharging process for MnOx anode
materials.39,40 However, as far as we know, there is little work
have been reported demonstrating the mechanism of the two
charging/discharging process of MnO2. Herein, it is going to be
further discussed.

In this work, the MnO2 nanospheres are crystallized as a-
MnO2, as shown in Fig. 2. At the beginning of discharging
process, lithium ions insert into the tunnels of a-MnO2 without
affecting its structure. Then, with inserted lithium ions
increasing and the voltage lowing down, the Mn and O atoms
get reorganized and gradually resulting in more stabilized Lix-
MnO2 structures with defect rock salt character until the voltage
is lower than 0.5 V.9 Aer that, the new coming Li would replace
Mn through a reduction reaction, forming Mn and Li2O. The
reactions are:
0.01–3 V of MT-450 and M-450 in cycle 2–3 (a, b) and cycle 200–201

RSC Adv., 2017, 7, 46263–46270 | 46267
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Fig. 8 SEM images and TEM images of original state (a, b) and the
200th cycle state (c, d) of the MT-450 and the state of M-450 after 200
cycles (e, f) on copper foil. The component of (d) is certified with EDS,
whose results is seen in Fig. S5.†
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xLi + MnO2 ¼ LixMnO2 (1)

(4 � x)Li + LixMnO2 ¼ Mn + 2Li2O (0 < x < 1) (2)

During charging, the process is reversed. However, for Lix-
MnO2, it is hard to extract all of its Li+ because it's more stable
to keep a rock salt structure. The reactions are written as
follows.

Mn + 2Li2O ¼ (4 � x)Li + LixMnO2 (0 < x < 1) (3)

LixMnO2 ¼ (x � y)Li + LiyMnO2 (0 < y < x < 1) (4)

Further, for the next discharging process, because of the
incompletion of lithium extraction for LixMnO2, the high-
voltage discharging reaction is adapted to:

(x � y)Li + LiyMnO2 ¼ LixMnO2 (0 < y < x < 1) (5)

Apparently, the capacity of this part is determined by process
(4), and it could contribute a capacity proportion of less than
25%, which is corresponding to the valence change from Mn4+

to Mn3+. There exists different mechanism of lithium insertion
in different range of voltage, therefore, the discharge capacity
should be divided into two part by the threshold of voltage
platform, named part A and B in this work as illustrated in
Fig. 7. Aer 200 cycles, part 200-A and 200-B in Fig. 7 are cor-
responding to process (5) and (2), respectively.

The charge/discharge curves of cycle 1, 10, 50, 100 and 200 of
the two samples are put together for comparison, as shown in
Fig. 7(a) and (b). From the curves of cycle 1, the discharge
capacity corresponding to the voltage range from 3 V to 2 V
could be read as 47 mA h g�1 (a) and 75 mA h g�1 (b), respec-
tively. This part of discharge capacity is useless and even
harmful for the anode material because of its high voltage
platform as well as its poor reversibility, leading to a lower rst
coulombic efficiency. Comparatively, the MT-450 realizes
a smaller discharge capacity of 47 mA h g�1 owing to a worse
crystallinity than M-450, and further attains to a higher rst
coulombic efficiency.
Fig. 7 The charge/discharge voltage profiles in the range of 0.01–3 V at
cycle (for example, cycle 200), the discharge capacity can be divided into
in (a). The first part of capacity is named “A”, and the second part “B”.

46268 | RSC Adv., 2017, 7, 46263–46270
Aer 200 cycles, many of the active materials of M-450
collapse completely with massive SEI, while MT-450 displays
an eminent structural stability, as shown in Fig. 8. Because
MnO2 is well conned in the TiO2 shell in MT-450 (veried in
Fig. S5†). MnO2 can only expand inwards in the process of
lithium insertion. The inner MnO2 hollow spheres end up into
porous spheres, which is also an eligible structure for a superior
anode material. Based on the above characterizations, a sche-
matic of morphological evolution process of MT-450 and M-450
during cycling is illustrated in Fig. 9. The structure of MT-450
will switch from double-shell hollow structure to porous core–
shell structure and maintain stable in hundreds of cycles.
Without protective TiO2 shell, MnO2 will end up with pieces of
fragments wearing an increasing thickness of SEI during cycles.
From Fig. S5,† we can nd that the atom percent ratio of Mn : Ti
is about 5 : 1. So, the content of TiO2 is calculated as around
a current rate of 200 mA h g�1 of MT-450 and M-450 (a, b). In a typical
two parts by the by the threshold of its voltage platform, as is depicted

This journal is © The Royal Society of Chemistry 2017
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Fig. 9 Schematic of morphological evolution process of MT-450 and
M-450 during cycling.
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15.5 wt%. The content of TiO2 have to be moderate because
a high TiO2 contents will cause a capacity decrease owing to the
low theoretical specic capacity of TiO2 (335 mA h g�1, far less
than that of MnO2 with 1232 mA h g�1), while a low TiO2

contents will result in an incomplete coating, which will greatly
discount the protection effect of TiO2.
4. Conclusions

The double-shell structured MnO2@TiO2 anode material has
been successfully synthesized through a simple two-step
template method. The outer part of carbon template spheres
reacts with KMnO4 to form “hollow” MnO2, and then, aer
a TiO2 coating, the inner part is moved out by calcination to
form “void”, making the MnO2 truly hollow. In the MnO2@TiO2

composite, both of MnO2 and TiO2 display poor crystallinity.
TiO2 shell could improve the electrochemical performances of
MnO2@TiO2 in the following four aspects: (1) TiO2 shell hinders
the crystalline process of MnO2, leading to a worse crystallinity
than pure MnO2 at the same temperature, which is benecial to
a higher rst-cycle coulombic efficiency. (2) TiO2 shell protects
MnO2 from contacting electrolyte directly, and avoids unnec-
essary loss of active material to form solid–electrolyte interface
(SEI). (3) TiO2 shell connes MnO2 and compels it to expand
only inwards to avoid volume effect during cycles. (4) TiO2 shell
enhances the conductivity of MnO2 to further improve its rate
capacity. At last, a more detailed charging/discharging process
of MnO2 is rstly put forward.
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