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MnO nanospheres encapsulated in carbon (MnO/C) composites were synthesized through a one-step solid
state reaction between potassium permanganate and salicylic acid at 700 °C, which could be transformed
into MnO; nanorods after being annealed in ambient atmosphere. Their formation mechanisms and
electrochemical performances as anodes in Li-ion batteries (LIBs) were investigated. The first discharge
capacity of MnO/C composites was 585.9mAhg-1, while that of MnO, was 1269 mAhg-!, indicating
their potential applications in LIBs.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Manganese oxides, including MnO, MnO;, Mn,;03, Mn3OQy,
Mns50g, have been widely used as electrode materials, catalysts, and
magnetic materials [1-4]. Among these, MnO plays an important
role as the model system in the theoretical studies of the elec-
tronic and magnetic properties of rock salt oxides [5-7], and it is
believed to be the promising anode material for lithium ion bat-
teries (LIBs) [8]. Recently, MnO encapsulated in carbon core-shell
like composites (MnO/C) have attracted increasing attention owing
to their improved performances. There are some reports about the
applications of MnO/C on the oxygen reduction reaction [9] and
especially as anode material for LIBs. For example, the cell using
MnO/C as anode electrode could deliver a capacity of 400 mAhg~!
at arate of 400mA g1 [10]; the MnO/C nanorods had the capacity
higher than 600 mAhg-! during the first 40 cycles [11]; even the
composites exhibited the capacity greater than 680 mAhg-1 at the
50th cycles [12]. However, the synthesis and property of MnO/C
composites deserve more investigations.

MnO,, as another manganese oxide, is extensively used on catal-
ysis, ion-sieves, and supercapacitors [13-16]. It is also employed as
reversible electrode material in LIBs [13,17-20]. Compared with
graphite, MnO, always has higher capacities. For instance, Wu
and Chiang reported that the capacity of the first cycle of MnO,
nanowires was approximately 1160 mAhg-! [21]. Moreover, the
reversible capacity of MnO, interconnected nanowires could reach

* Corresponding author. Tel.: +86 531 88364543; fax: +86 531 88366280.
E-mail address: xulg@sdu.edu.cn (L. Xu).

0925-8388/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j,jallcom.2011.03.005

up to 800 mA h g1, which remained nearly constant even after 100
cycles [19]. Chen et al. also stated that the initial capacity of the as-
prepared y-MnO; hollow microspheres and nanocubes were 1071
and 1041 mAh g1, respectively [22]. Moreover, MnO,/carbon nan-
otubes electrode exhibited a reversible capacity of 801 mAhg-!
without capacity fade for the first 20 cycles [23]. Therefore, MnO,
is one of the most attractive anode materials in practice.

In this article, we presented a facile method to prepare MnO/C
composites through a solid state reaction between salicylic acid
(2-hydroxybenzoic acid) and potassium permanganate (KMnOy).
Moreover, MnO, nanorods were produced by simply annealing the
composites in ambient atmosphere. Their formation mechanisms
and electrochemical performances as anode materials in LIBs were
also investigated.

2. Experimental
2.1. Preparation of MnO/C composites

In a typical experimental procedure, 1.0 g of salicylic acid and 1.0 g of KMnO4
were added into a stainless-steel autoclave of 20 mL capacity. The autoclave was
sealed and heated at 700°C for 12 h in an electronic furnace. The precipitates in the
autoclave were collected and washed with absolute ethanol, dilute hydrochloric
acid and distilled water. After that, these products were dried in a vacuum at 60°C
for 5 h for further characterization.

2.2. Synthesis of MnO, nanorods

The as-obtained MnO/C was placed in a ceramic crucible, and then it was cal-
cined from room temperature to 700 °C for 20 h in ambient atmosphere. Finally, the
dark brown powders were collected.
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Fig. 1. (a) Typical XRD pattern, (b and c) SEM and (d) TEM images of the as-obtained MnO/C composites. (e) HRTEM image of the part marked with a black square frame and

(f) the EDS of a randomly selected area arrowed in (d).

2.3. Characterization

The X-ray powder diffraction (XRD) patterns of the products were provided
using a Bruker D8 advanced X-ray diffractometer equipped with graphite-
monochromatized Cu Ko radiation (A =1.5418 A). The morphology and structure of
the samples were observed through the field emission scanning electron microscopy
(FESEM, JEOL JSM-7600F), transmission electron microscope (TEM, H-7000) and
high-resolution TEM (HRTEM, JEOL-2100). Thermal gravimetric analysis (TGA) was
taken on a Mettler Toledo TGA-SDTA851 thermal analyzer apparatus under ambient
atmosphere.

2.4. Electrochemical test

The anodes were prepared by mixing the MnO/C or MnO, acetylene black, and
poly (vinyl difluoride) (PVDF) at a weight ratio of 80:10:10 or 75:15:10 in N-methyl
pyrrolidone (NMP) into slurry. Then the mixture was rolled into a sheet, and the
sheet was cut into circular strips of 8 mm in diameter. The strips were then dried
at 100°C for 12 h. Each cell typically contained about 3-5mg of active material.
Electrochemical test cell was assembled in argon-filled dry glove box using a lithium
metal sheet as the counter electrode. A 1 M solution of LiPFg in ethylene carbonate,
diethyl carbonate and ethyl methyl carbonate with the volume ratio of 1:1:1 was
employed as the electrolyte. Celgard 2400 microporous polypropylene membrane
was used as separator. The galvanostatic charge/discharge tests were performed
within a Land CT2001 battery tester. The electrochemistry impedance spectroscopy
(EIS) was measured on a Princeton Applied Research by applying an alternating
current voltage of 10 mV in the frequency from 1 Hz to 100 kHz.

3. Results and discussion

The typical XRD pattern of the composites after being treated
with HCI (Fig. 1a) shows that the sample is composed of two phases:
the broad peaks with relatively lower intensity correspond to the
diffraction of carbon; the rest five sharper peaks could be indexed as
MnO (JCPDS card no. 07-0230). The SEM image (Fig. 1b) depicts that
the sample is mainly consisted of curvy plates with some spheres
interspersed on the surfaces, which are magnified in Fig. 1c. The
HRTEM image (Fig. 1e) of the bald part framed in a square in Fig. 1d
exhibits a disordered stacking feature, which indicates the plates
are made up of amorphous carbon with low crystallinity. The EDS
spectrum of a randomly selected sphere (Fig. 1f) indicates that
chemical compositions of the sample are C, Mn, O and Cu (the Cu
peaks originate from the copper grid that supports the specimen).
Some spheres present core-shell structure with hollow inside, in
which the MnO is partly eroded by HCI (such as the sphere arrowed
in Fig. 1d). Therefore, the above results reveal that MnO spheres
should be embedded in carbon plates.

The thermal stability of the as-prepared composites was stud-
ied by TGA in ambient atmosphere (Fig. 2a). It is found that the
weight of the products did not change significantly below 350°C.
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Fig. 2. (a) The thermal gravimetric curve of the MnO/C composites. (b) The XRD pattern of the product prepared at 400 °C.
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Fig. 3. SEM images of the product obtained at (a) 500°C, (b) 600°C for 12 h and (c) 700°C for 3 h. (d) Schematic illustration of the mechanism for the formation of MnO/C

curvy plates.

However, a distinct weight loss occurred within 350-450 °C, which
was caused by the integrative effect of the weight loss (arising from
the combustion of carbon to CO-, ) and the weight gain (arising from
the oxidation of MnO). Once the temperature exceeded 450 °C, the
weight kept nearly constant.

There are functional groups (hydroxyl, carboxyl) on the ben-
zene ring of salicylic acid (monohydroxybenzoic acid), both of
which were reactive with KMnOy4 at high temperature. When ben-
zoic acid or phenol was used instead of salicylic acid, irregular
agglomerates were the main product. In addition, the heating tem-
perature should be no lower than 400°C, otherwise the major
product would be MnCO3 and unknown impurity (Fig. 2b). There-
fore, MnO may originate from the decomposition of MnCO3 at
high temperature. There was no sign of other high-valence oxides
being formed, which might be attributed to the existence of car-
bon with reducibility in the product [8]. Furthermore, the SEM
images of the samples obtained at 500, 600 and 700°C (corre-
sponding to Figs. 3a and b and 1b, respectively) indicate that the
proportion of the spheres on the plates increased as the temper-
ature raised. Based on the above results, the quicker release of
MnO may be the key factor causing this interesting structure. In
order to further understand the formation process, TEM was used
to record the morphology of the product after 3 h of reaction at
700°C (Fig. 3c). The result manifested that some honeycomb-like
products were produced co-existing with some uniform spheres
on their surfaces. It is deduced that those ultimate curvy plates
with spheres adhering to may be originated from the rupture of
these honeycombs accompanying the prolonged reaction time at
high temperature. The brief formation process of the curvy plates

1o ®
200

Intensity (a.u.)

0 20 3 40 5
degree (20)

isdescribed in Fig. 3d. At first, the MnO/C honeycombs were formed.
Subsequently, the honeycombs splited along various directions as
the reaction proceeded (referring to the red lines in Fig. 3d). (For
interpretation of the references to colour in this text, the reader is
referred to the web version of the article.) Eventually, as the division
continued, adopting the crooked seam connecting the honeycomb
internally, here came plenty of curvy plates which chiefly struc-
tured the product. This could refer to the plate framed in square in
Fig. 1b.

Fig. 4a gives the XRD pattern of the product after annealing
MnO/C composites at 700 °C for 20 h in ambient atmosphere, which
can be indexed to a tetragonal phase [space group: 14/m (87)] of
MnO, (JCPDS Card no. 44-0141), as the carbon and MnO in the
composites were oxidized into CO, and MnO, due to the existence
of O, in the air, respectively. The SEM image (Fig. 4b) presents
that the sample is mainly composed of nanorods with diame-
ters of 100-300nm and length of ~2.5wm. The HRTEM image
of a randomly selected nanorod (Fig. 4c) shows the lattice spac-
ing of 0.48 nm, which corresponds well to the (200) plane of
MnO,. In order to investigate the growth process of the nanorods,
samples were exampled in detail at various stages of annealing
process under TEM observation (Fig. 5a-c), which clearly exhib-
ited the shape evolution of MnO, from particles to rods. After 3 h
of the annealing process, the irregular particles were the main
products, from which a few rods were extended (Fig. 5a), per-
forming as the origin of the growth. When the annealing time
reached 10 h, more nanorods formed with the consumption of the
irregular particles, and the proportion of rods became higher and
higher with prolonged annealing time (Fig. 5b). Once the reaction

Fig. 4. (a) Typical XRD pattern, (b) SEM images and (c) HRTEM images of the obtained MnO, after the annealing process.
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Fig. 5. TEM images of the product when the annealing time is (a) 3h, (b) 10h, (¢) 20h in ambient atmosphere and (d) the schematic illustration about the formation

mechanism of MnO, nanorods.

time reached 20h, the particles were exhausted and the regular
nanorods were the predominant products (Fig. 5c¢). The growth pro-
cess of MnO, nanorods can be described as follows. At first, the
MnO may be deoxidized into manganese by the reductive carbon
at high temperature. The as-produced metal of manganese would
be subsequently oxidized into MnO, nanorods by the oxygen in
air (see the schematic shown in Fig. 5d), the above growth process
was similar with the previous reports about the synthesis of one
dimensional metal oxides using carbon-assisted method, such as
nanotubes and nanowires [24,25].

The performances of the as-prepared MnO/C and MnO, as
anode materials in LIBs were tested. Fig. 6a and b present their
first charge/discharge curves at the density of 25 and 150mA g1,
respectively. The initial discharge capacity of MnO/C composite was
585.9mAhg-!, which was lower than that of the 5wt% carbon
coated MnO anode (with particle size of ~30nm and reversible
capacity of 650mAhg-1) [10]. The reason may be their different
content of carbon and particle sizes, because the electrochemical
properties of the materials are influenced by their structure, mor-
phologies, and composition. For example, smaller particle size can
shorten the transportation/diffusion path for both of electrons and
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ions; higher surface area boosts the mutual connection between
the active materials and electrolytes; porous or interconnective
structure supply extra accessible space for lithium ions [26-28].
The initial discharge capacity of the as-prepared MnO, nanorods
was 1269mAhg-!, which was equal to the previous reported
MnO, materials, implying their potential applications in LIBs, but
it remained ~500mAhg-! after 15 cycles (the capacity retention
was ~40%). Therefore, there are spaces for further improvement
of their cycling performances through tuning the morphologies,
sizes or phases of the products [19,21,22], which deserves further
investigations.

Fig. 7a and b shows the Nyquist impedance spectra of the bat-
teries using MnO/C composites and MnO, as anodes before cycles,
respectively. An intercept on the real axis Z at high frequency is
attributed to the resistance of the electrolyte (Re ). The semicircle in
the high-middle frequency region is assigned to the charge trans-
fer resistance (R¢), which is approximately equal to the numerical
value of the diameter of the semicircle on the Z. axis. The straight
line in the low frequency region is associated with the diffusion of
Li* into the bulk of the electrode material (Warburg impedance).
The parameters of the equivalent circuit are recorded in Table 1,
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Fig. 6. The first discharge charge curves and cycling behavior for electrodes of (a) MnO/C composites and (b) MnO, nanorods vs Li/Li* at a constant current density of 25 and

150mA g1, respectively.
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Fig. 7. Impedance spectra of the batteries using (a) C/MnO composites and (b) MnO; as anodes before cycle.

Table 1
Impedance parameters of the cells prepared from C/MnO composites and MnO;
samples.

Sample  R. (R2) R« () ow (R D(cm?s!) i° (mAcm~2)
cmz 570.5)

C/MnO 4.49 170.4 307.8 6.03E-16 1.51E-4

MnO, 5.18 188.4 2721 7.72E-16 1.36E-4

which were approximately calculated by the following Eqs. (1)-(3)
[29-31].

Zre = Re + Rt + wa70'5 (1)
RT 2
D=05(-— 2
(An2F20wC> 2)
. RT
U= FRq 3)

(ow: Warburg impedance coefficient, w: angular frequency in the
low frequency region, D: diffusion coefficient, n: number of electron
transfer in the reaction, R: the gas constant, T: the absolute tem-
perature, F: Faraday's constant, A: the area of the electrode surface,
C: molar concentration of Li* ions [32], and i°: exchange current
density.)

4. Conclusions

The core-shell like composites of MnO nanospheres and car-
bon plates were synthesized via a one-pot solid state reaction,
which can be converted into regular MnO, nanorods through a
simple subsequent annealing process. Their growth mechanisms
were discussed in detail and the electrochemical tests indicated
their potential applications as anode materials in LIBs.
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