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vel two-stage structure MnO
micrometer particles as lithium-ion battery anode
materials

Xian-Yinan Pei,ab Dong-Chuan Mo, ab Shu-Shen Lyu,ab Jian-Hui Zhangc

and Yuan-Xiang Fu *ab

MnOmicrometer particles with a two-stage structure (composed of mass nanoparticles) were produced via

a one-step hydrothermal method using histidine and potassium permanganate (KMnO4) as reagents, with

subsequent calcination in a nitrogen (N2) atmosphere. When the MnOmicrometer particles were utilized in

lithium-ion batteries (LIBs) as anode materials, the electrode showed a high reversible specific capacity of

747mA h g�1 at 100mA g�1 after 100 cycles, meanwhile, the electrode presented excellent rate capability at

various current densities from 100 to 2000 mA g�1 (�203 mA h g�1 at 2000 mA g�1). This study developed

a new approach to prepare two-stage structure micrometer MnO particles and the sample can be

a promising anode material for lithium-ion batteries.
Introduction

Transition-metal oxides including MxOy
1–6 (where M is Fe, Co,

Ni, Mn, Zn, Cu, etc.), binary7–9 and ternary oxides10,11 have
attracted growing interest as promising anode material candi-
dates for lithium-ion batteries (LIBs) due to their advantages in
electrochemistry. As a typical representative of MxOy, MnO and
its composites have been widely studied as anode materials for
LIBs due to the high theoretical capacity of MnO (756mA h g�1),
low cost and natural abundance of Mn on earth.12–14 Neverthe-
less, just like the other pure MxOy anodes, MnO also suffers
from inherent low electric conductivity and dramatic volume
changes during lithium cycling, which constitutes the major
obstacle for its practical applications in LIBs.

Extensive research and testing has since demonstrated that
some effective strategies to overcome the pure MnO anode
material disadvantages15–18 depend on fabrication of MnO/
carbonaceous composites doped with other types of materials,
and construction of different morphologies and crystal struc-
tures of pure MnO. Firstly, fabrication of carbonaceous MnO
composites, such as MnO/porous carbon, MnO/carbon bers,19

MnO/carbon nanotubes20 and MnO/graphene21 have been
widely reported, and the carbon materials can improve electron
transport in the electrodes owing to their intrinsic high elec-
trical conductivity. In addition, carbon materials can be effec-
tively buffer the volume change of MnO during the lithium
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cycling. Secondly, MnO with doped other materials, such as
various metals22 or metal oxides,18,23 can improve the structural
stability of the MnO hybrid materials during the charge and
discharge process. Last but not the least, to structure different
morphologies of pure MnO, it is particularly more benecial to
improve the Li+ transport in the electrodes with microstructure
or nanostructure, due to the short lithium diffusion length. As
a consequence, many scholars have always been fabricated
microparticles, microspheres,24 nanoakes,13 nanospheres25,26

and three-dimensional (3D) structures27,28 of MnO, and lots of
MnO anode materials display outstanding electrochemical
performances have been reported.13,24,29–31 He et al.24 synthesized
porous MnO microspheres, which delivered a high reversible
capacity up to 1234.2 mA h g�1 aer 300 cycles at 0.2 C. Li's
group29 prepared porous micrometer-sized MnO cubes, which
displayed the reversible lithium storage capacity of
615.9 mA h g�1 at 200 mA g�1. Therefore, it is might be
a fascinating thing to design and fabricate novel structure of
pure MnO as high performance anode material.

In this paper, we reported a simple hydrothermal method
and a subsequent annealing scheme to obtain two-stage struc-
ture MnO micrometer particles, in which composed of mass
MnO nanoparticles. The whole preparation process has merits
of mild conditions, and a certain amount of nitrogen (N) can be
achieved in the MnO micrometer particles. When we employed
the MnO micrometer particles as anodes for LIBs, the MnO
electrode exhibits high reversible capacity of 747 mA h g�1 at
100 mA g�1 aer 100 cycles. Meanwhile, the MnO electrode
presents excellent rate capability at different current densities
range from 100 to 2000 mA g�1 (the reversible capacity can
retain 203 mA h g�1 at 2000 mA g�1).
This journal is © The Royal Society of Chemistry 2018
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Experimental
Materials synthesis

The MnO sample was fabricated by annealing of MnCO3

precursor under N2 atmosphere, which was prepared by
a simple hydrothermal method. First, to fabricate MnCO3

precursor by hydrothermal process, 0.01 mol KMnO4 was dis-
solved in 30 ml deionized water in a beaker, 0.025 mol histidine
was dissolved in 30 ml deionized water in another beaker. Then,
the glycine aqueous solution was slowly dropwise added into
the KMnO4 aqueous solution, stirring rapidly for 30 min. The
as-prepared mixture was sealed in a Teon-lined autoclave in an
oven at 180 �C for 15 h, and the MnCO3 particles were obtained
aer being washed several times by deionized water and being
dried in a vacuum oven at 80 �C for 12 h. Subsequently, theMnO
particles were acquired aer the heat treatment of MnCO3

particles in a N2 atmosphere. The schematic of the method as
shown in Fig. 1.

Characterization

The crystal structures of the samples were conducted by X-ray
powder diffraction (XRD, Rigaku, D/max 2200VPC) equipped
with Cu Ka radiating from 5� to 80�. Scanning electron
microscopy (SEM) images were analyzed by a Field Emission
Scanning electron microscopy (FEI, Quanta 400F). Trans-
mission electron microscopy (TEM) and high-resolution trans-
mission electron microscopy images (HRTEM) of the samples
were characterized by JEM-2010HR (JEOL). The thermogravi-
metric analysis (TGA) was carried out on a TG 209 Tarsus F3
analyzer (Netzsch) from room temperature to 850 �C at a heat-
ing rate of 10 �C min�1. The BET specic surface area of the
sample was characterized by nitrogen sorption studies using
theMicromeritics ASAP 2460 at�77 �C. The X-ray photoelectron
spectroscopy (XPS) was affirmed by ESCA Lab250 X-ray photo-
electron spectrometer (Thermo Scientic), and the mapping of
the MnO particles were tested by the Gemini500 Field-Emis-
sion-SEM.

Electrochemical measurement

The electrochemical performance of the as-prepared MnO
samples were performed using a 2032-type coin half-cell. The
working electrodes were prepared by mixing the MnO particles,
conductive carbon black and polyvinylidene uoride with a mass
ratio of 80 : 10 : 10 into a certain amount N-methyl pyrrolidone
(NMP). The as-prepared slurry was coated on a pure Cu foil and
Fig. 1 Schematic representation of preparation process.

This journal is © The Royal Society of Chemistry 2018
dried at 120 �C for 10 h in the vacuum oven. Aer being cut intoF
14 mm wafers, the CR 2032-type coin cells were assembled in
a highly pure argon-lled glovebox using the above-mentioned
working electrodes. The lithium metal foils were used as the
counter electrode, LiPF6 in ethylene carbonate/ethyl methyl
carbonate/dimethyl carbonate (vol ¼ 1 : 1 : 1) was used as the
electrolyte and Celgard 2400 was used as the separator. The
galvanostatic charge/discharge performances between 0.1 and
3.0 V (vs. Li/Li+) were conducted on the batteries testing system
(LANHE CT2001A) at 25 �C. The cyclic voltammetry (CV) tests
(from 0.1 V to 3 V with scan rate: 0.1 mV s�1) were performed on
the electrochemical workstation (CHI660E).
Results and discussion

As shown in Fig. 1, fusiform MnO micrometer particles in this
study were prepared by hydrothermal method, followed by
a calcination treatment. Firstly, glycine aqueous solution was
slowly dropwise added into the KMnO4 aqueous solution, then
MnCO3 micrometer particles would be produced aer the
hydrothermal process. Followed by annealing to the MnCO3

sample in N2, MnO micrometer particles were nally obtained.
Fig. 2a shows the MnCO3 micrometer particles with fusiform

shape, and the X-ray diffraction pattern of MnCO3 indexed as
a rhombohedral structure according to the JCPDS card no. 99-
0089 in Fig. 2b, meanwhile, and a broad apparent diffraction
peak corresponding to carbonaceous material32 at 2q ¼ 20–30�

was observed in the patterns of MnCO3. The as-prepared MnO
micrometer particles were acquired by calcination of the
MnCO3 particles base on TGA result of the MnCO3 particles
precursor. Fig. 2c reveals the TGA curve of the MnCO3 precursor
in a nitrogen (N2) atmosphere from room temperature to 850 �C
at a heating rate of 10 �C min�1. There appears a weight loss
keeps slowly decreasing before 350 �C and a large weight loss
from 350 �C to 420 �C then the weight also slowly reduces until
the temperature rises to 850 �C. The total weight loss of the
sample about 57.5% in the whole process, which combines with
the weight loss (38.2%) calculated from eqn (1), carbonaceous
material decomposition and something adsorbent.29

MnCO3 / MnO + CO2 (1)

In consideration of the TGA result change curve of MnCO3

particles, we tested the XRD pattern and morphology of sample
at four different annealing temperatures (500 �C, 600 �C, 700 �C
and 800 �C). Fig. 3a displays the X-ray diffraction patterns of the
Fig. 2 SEM image (a), XRD pattern (b) and the TGA curve of theMnCO3

particles (c).
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Fig. 3 XRD results (a) and SEM images of MnO samples with different
calcination temperatures, (b) is 500 �C (MnO-500), (c) is 600 �C (MnO-
600), (d) is 700 �C (MnO-700) and (e) is 800 �C (MnO-800).
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as-prepared MnO samples (in short: MnO-500, MnO-600, MnO-
700 and MnO-800). The major diffraction peaks of all the
samples can be indexed to MnO with a cubic structure accord-
ing to the JCPDS card no. 75-0626.13 However, it can be seen that
the diffraction peaks are not sharp in the MnO-500 and MnO-
600 samples. When the annealing temperature was increased
to 700 �C and above, the two samples have obviously sharp
diffraction peaks, especially the MnO-800 sample. We noticed
that all the four samples have a small board peak (2q ¼ 20–30�)
that might indicate to a certain amount of carbon.16 Meanwhile,
we noticed that the SEM images of the MnO-500, MnO-600 and
MnO-700 samples maintain typical fusiform shape just as the
MnCO3 precursor in Fig. 3b–d. However, as shown in Fig. 3e,
some little powder particles exist in the MnO-800 sample except
for the original fusiform shape MnO particles. Thus, it may
imply that the 800 �C is too high to prepare fusiform shapeMnO
sample. Then, the we chose the MnO-700 sample as a repre-
sentative for the subsequent characterizations.

The TEM images further reveal the morphology and struc-
ture of the as-prepared MnO sample. As shown in Fig. 4a, the
MnO-700 particles displayed typical fusiform shape in agree-
ment with SEM image. It could be seen that the MnO
micrometer particle composed of many nano MnO particles in
Fig. 4b. The nano MnO particles have good crystal structure for
the clear lattice lines and the lattice fringe has interplanar
spacing about 0.26 nm for the (111) plane of cubic MnO phase
consistent with previous reports16,33 from the HRTEM image
Fig. 4 TEM (a), HRTEM (b and c) images and the ultrathin section
image (d) of MnO-700; the adsorption/desorption isotherms (e) and
pore size distribution (f) of the MnO-700 sample.

28520 | RSC Adv., 2018, 8, 28518–28524
(Fig. 4c), and the lattice structure of the particles was proved by
the electron diffraction pattern at the top right corner of in
Fig. 4c. The two-stage structure of MnO micrometer particles
can be directly demonstrated through the TEM image aer
ultrathin section technique. Fig. 4d displays several MnO
micrometer particles in the TEM image, it could be clearly
observed that many nano particles are make up the whole MnO
micrometer particle, indicate to the novel two-stage structure of
the sample. Fig. 4e shows the nitrogen adsorption–desorption
isotherm curve of the MnO-700 sample, and the specic surface
area was calculated to be 75.5 m2 g�1. The pore size distribution
plot calculated from the desorption isotherm using the Barrett–
Joyner–Halenda (BJH) method (Fig. 4f) showed that MnO-700
has pores of 3 nm which is in consistent with TEM result. We
estimated that the novel two-stage structure MnO sample was
acquired is ascribed to the histidine with a special ve-
membered ring chemical structure. First, the histidine offers
numerous –NH2 and –COOH for KMnO4 to produce nano
MnCO3 particle, then the ve-membered ring of the histidine
provides carbon skeleton to interact with the nano MnCO3

particles, and gradually grow larger, aerwards the nano
MnCO3 particles become to the micrometer-sized MnCO3 fusi-
form particles. Finally, the novel two-stage structure microm-
eter fusiform MnO particles were produced by annealing
treatment of the MnCO3 precursor (the preparation process of
schematic diagram as shown in Fig. 1). Of course, the prediction
derived from our previous research result, due to we found that
the glycine (with straight-chain structure) cannot prepare this
structure of MnO under the same experimental conditions.34

Fig. 5a discloses the energy dispersive X-ray spectrum (EDS) of
MnO-700 sample. The presence of Mn, O, C and N elements in the
MnO particles was conrmed. Al element was observed due to the
sample was xed on Al foil for EDS testing. The element mapping
images further reveal the evenly distribution of Mn, O, C and N
elements in the MnO-700 sample, providing the evidences of the
existence of N and C in the MnO sample (down of Fig. 5b). Fig. 5c
shows the XPS spectrum of MnO-700 sample, whose chemical
binding energies located at 284.8, 398.8, 530.1, 641.5 are ascribed
to the characteristic peaks of C 1s, N 1s, O 1s, Mn 2p respectively.
As shown in Fig. 5d, the two peaks located at 641.9 and 653.3 eV
can be clearly distinguished as the symbols of Mn 2p3/2 and Mn
2p1/2 in the high-resolution XPS spectrum of Mn 2p, indicating the
Fig. 5 EDS analysis (a) andmapping image (b) of the MnO-700, (c) XPS
full spectrum of the MnO-700, high resolution XPS of Mn 2p (d), O 1s
(e), C 1s (f) and N 1s (g), and TGA curve of MnO-700 (h).

This journal is © The Royal Society of Chemistry 2018
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Mn2+ oxidation state, which agrees well the earlier MnO materials
studies.35 The high-resolution O 1s spectrum of exhibits three
peaks at 530.3, 531.4 and 532.7 eV (in Fig. 5e), the peak at 530.3 eV
belongs to the bonding of Mn–O–Mn, and the peak at 531.4 eV is
assigned to C–O, and the small peak at 532.7 eV maybe the exis-
tence of the hydrated surface of MnO.36 The C 1s of MnO is shied
to peaks related to C]C, which is ascribed to the amorphous
carbon from the histidine carbon skeleton aer calcination in
Fig. 5f. The high resolution of N 1s peak (in Fig. 5g) could be tted
into three peaks at 398.6, 400.6 and 403.2 eV from the pyrolysis of
histidine (with N atoms), which may be ascribed to pyridinic N,
pyrrolic N and graphitic N bonds, respectively.33 The TGA analysis
ofMnO-700 wasmeasured in air, from room temperature to 850 �C
at a heating rate of 10 �C min�1. An obvious weight variation
ranges from 250 �C to 600 �C in TGA curve, which was attributed to
co-oxidation of carbonaceous material and MnO in the air.
Certainly, the residual weight only Mn2O3 exists aer 800 �C
according to the early reports,33 meanwhile, the content of carbon
in theMnO-700 sample is about 6.62 wt%based on the TGA result.

The electrochemical measurements are carried out to evaluate
the MnO-700 sample as anode material for LIBs. The charge–
discharge cycling performances of the four MnO samples (MnO-
500, MnO-600, MnO-700 and MnO-800) electrodes under
a current density of 100 mA g�1 aer 100 cycles is compared in
Fig. 6a. The MnO-700 sample remains a reversible capacity of
747 mA h g�1 which is closed to the theoretical value
(756 mA h g�1) of MnO,14,37 while the MnO-500 and MnO-600
sample only show low capacity of 116 and 157 mA h g�1,
respectively. It is worthy to note, the MnO-800 sample exhibits
slightly higher capacity than the MnO-700 sample in the rst 30
cycles, subsequently, the capacity is gradually reduced, and its
reversible capacity was obtained 590 mA h g�1 at the 100th cycle.
Meanwhile, the MnO-700 sample exhibits the reversible capacity
of 518 mA h g�1 aer 200 cycles at 500 mA g�1, while the MnO-
800 sample displays a capacity of 460 mA h g�1. In contrast,
the MnO-600 and the MnO-500 sample only exhibit 140 and
5 mA h g�1 at the same test condition. We predicted that the
MnO-700 sample exhibits the excellent cycling performancesmay
be attribute to the good crystal and the morphology structure
integrity base on the XRD and the SEM image results. Moreover,
Fig. 6 The cycling performances of MnO-500, MnO-600, MnO-700
and MnO-800 samples, (a) 100mA g�1, (b) 500mA g�1, SEM images of
MnO-700 andMnO-800 electrodes, before (c and d) and after (e and f)
200 discharge/charge cycles at 500 mA g�1, TEM images of MnO-700
sample (g) andMnO-800 sample (h) after 200 discharge/charge cycles
at 500 mA g�1.

This journal is © The Royal Society of Chemistry 2018
the precise mechanism of the in curve of capacity retention is not
clear, but the main opinion is the oxidation of Mn2+ to a higher
oxidation state due to defects or Mn aggregation during the
charge and discharge cycles,34,38,39 and the increasing appearance
also exhibited in the others type compounds in early reports.40,41

Then the MnO-500 and the MnO-600 samples with low capacities
can be traced back to the imperfect crystal under the slightly low
heat treatment temperature from the XRD result. The capacity of
the MnO-700 sample higher than the MnO-800 sample may be
ascribed to the MnO-800 particles easy to pulverization aer
repeatedly lithium cycling for the higher annealing temperature.
The image of MnO-700 and MnO-800 electrode before cycle
measurement are shown in Fig. 6c and d, respectively. It can be
observed that the MnO-700 particles are larger than the MnO-
800. Meanwhile, the same results also appeared in the aer
200 cycles measurement image, in which it can be seen that the
MnO-800 electrode (Fig. 6e) are more pulverized than the MnO-
700 sample electrode (Fig. 6f). In addition, the TEM images of
the MnO-700 (Fig. 6g) and the MnO-800 (Fig. 6h) can be more
clearly conrmed the prediction.

Fig. 7a shows the rst ve cyclic voltammogram (CV) curves the
MnO-700 electrode at a scan rate of 0.1 mV s�1 at room temper-
ature. A clear peak located around 0.3 V in the rst catholic scan
can be attributed to the decomposition of MnO into Mn and the
formation of amorphous Li2O and the solid electrolyte interphase
(SEI), and the broad peak at about 1.25 V is observed in the initial
anodic scan curve, corresponding to reversible formation of MnO.
The second loop of CV result is similar with the rst scan, only the
peaks location has slightly changed. However, the peak disappears
in the following three cycles, indicating that the cell stability
during further cycling.8,42 The discharge/charge curves of MnO-700
sample are shown in Fig. 7b. In the rst discharge curve shows
a plateau at 0.3 V, attributed to the reduction of Mn2+ to Mn0. The
initial efficiency is 72.9%, which can be ascribed to effect of the
novel two-stage structure of the MnO particles with C and N
elements. Subsequently, the MnO electrode shows good capacity
retention from the h cycle.16 Fig. 7c displays the rate perfor-
mance of the MnO-700 sample, it can be found that the MnO-700
electrode exhibits the initial reversible capacity of 729 mA h g�1 at
100 mA g�1. Then, the reversible capacity of the sample decreases
gradually with the current density increasing. When the current
density at 2000 mA g�1, the reversible capacity can maintain
203 mA h g�1. In addition, the reversible capacity can revert to
702 mA h g�1 when the current density back to 100 mA g�1.

The excellent electrochemical performances of the pure MnO
electrodes can be attributed to the combined effect of the novel
Fig. 7 The CV curves of MnO-700 at 0.1 mV s�1 (a), the charge and
discharge cycle curves of the MnO-700 electrode at 100 mA g�1 (b)
and the rate performance of the MnO-700 sample (c).

RSC Adv., 2018, 8, 28518–28524 | 28521
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Table 1 Comparison of the cycling performances of MnO-700 sample in this work with pure MnO, MnO composites and some transition-metal
oxides (MxOy, binary and ternary oxides) in reported literatures

Sample name Current density Capacity retention (mA h g�1) Cycle number (times) Reference

Fusiform MnO particles 100 mA g�1 747 100 This work
Nanocrystalline MnO lm 0.125 C 472 25 31
MnO particles 0.125 C 650 150 2
Porous MnO nanoakes 246 mA g�1 648.3 100 13
MnO thin-lm 0.05 C �700 100 45
Porous MnO spheres 100 mA g�1 960 100 46
Porous MnO/C microsphere 50 mA g�1 690 50 30
MnO/NC composites 100 mA g�1 775.4 200 47
MnO/C microspheres 100 mA g�1 625 60 16
MnO/carbon nanober 200 mA g�1 398 200 48
MnO/nitrogen-doped carbon 100 mA g�1 578 60 14
3D/carbon-matrix/MnO/C 100 mA g�1 1159 50 49
C/MnO/Mn3N2 100 mA g�1 626 60 50
MnO/carbon nanotube 100 mA g�1 650 30 20
MnO/ZnO/RGO 100 mA g�1 660 100 17
MnO/RGOS hybrid 100 mA g�1 665.5 50 21
TNP-Fe2O3 100 mA g�1 712 100 51
Fe2O3 nanoparticles 100 mA g�1 303.2 50 52
Mesoporous Fe2O3 particles 100 mA g�1 1009 230 53
ZnO–NiO microspheres 100 mA g�1 733 50 54
ZnO–MnO composite 0.1 C 625 50 18
TiO2@ZnO nanosheet 200 mA g�1 340.2 100 55
NiO–Ni nanocomposite 100 mA g�1 690 50 56
Hollow NiO microspheres 100 mA g�1 560 45 57
Porous NiO lm 0.1 C 570 50 58
Crinkly NiO layers 100 mA g�1 744 50 59
CuO nanotube array 0.1 C 581 50 60
Cu2O–CuO–TiO2 nanocages 50 mA g�1 700 85 61

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
A

ug
us

t 2
01

8.
 D

ow
nl

oa
de

d 
on

 3
/5

/2
02

6 
3:

41
:1

4 
PM

. 
 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
two-stage structure and the existence of carbon and N element.
Firstly, the novel two-stage structure can be suffered the volume
expansion of MnO particles during lithium cycling, and the sub-
micropores of the sample can enhance Li+ transport rate in the
electrodes, owing to the short lithium diffusion length. Aer that,
the carbon can improve the electronic conductivity of the active
materials and prevents the aggregation of MnO particles during
the charge and discharge process.43 Finally, the N element can
further facilitate the transfer rate of Li+ diffusion and the electron
transport between the interface of electrolyte and electrode.44

Meanwhile, comparison with the mentioned samples in Table 1,
the MnO-700 electrode exhibits more excellent cycling perfor-
mances than most of the pure MnO samples and some MnO
composites. Moreover, for comparison the others pure MxOy,
binary and ternary oxide anode materials in LIBs, the MnO-700
sample also delivers competitive reversible capacity. The above
results indicated the novel two-stage structure fusiform MnO
particles can be a promising anode material in LIBs through the
easy strategy.
Conclusions

In summary, the novel two-stage structure fusiform MnO
micrometer particles comprising mass nanoMnO particles with
a certain of C and N elements were successfully prepared via
a facile hydrothermal and a subsequent annealing scheme. The
MnO-700 sample exhibited excellent electrochemical
28522 | RSC Adv., 2018, 8, 28518–28524
performances in terms of reversible capacity (high specic
capacity of 747 mA h g�1 at 100 mA g�1 aer 100 cycles), cycling
stability and rate capability (203 mA h g�1 at 2000 mA g�1) when
used as the anode material for LIBs. The results show that the
novel two-stage structure MnO sample can be a promising
anode material for LIBs.
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