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a b s t r a c t

MnO microspheres with and without carbon coating are prepared as anode materials for lithium ion bat-
teries. The MnO microsphere material shows a reversible capacity of 800 mAh g−1 and an initial efficiency
of 71%. It can deliver 600 mAh g−1 at a rate of 400 mA g−1. Results of Mn K-edge X-ray absorption near-
edge structure (XANES) spectra and extended X-ray absorption fine structure (EXAFS) confirm further
the conversion reaction mechanism, indicate that pristine MnO is reduced to Mn0 after discharging to
eywords:
anganese monoxide

i-ion batteries
-ray absorption near edge structure
xtended X-ray absorption fine structure
hermodynamics

0 V and part of reduced Mn0 is not oxidized to Mn2+ after charging to 3 V. This explains the origin of the
initial irreversible capacity loss partially. The quasi open circuit voltage and the relationship between the
current density and the overpotential are investigated. Both indicate that there is a significant voltage
difference between the charging and discharging profiles even when the current density decreases to
zero.
inetics

. Introduction

Lithium ion batteries are the most preferred power sources for
ortable electronic devices and electric vehicles due to high gravi-
etric and volumetric energy densities. Graphite has been used
idely as negative electrode material because of its high specific

apacity (∼300–350 mAh g−1), good cyclic performance (500–1000
ycles), high columbic efficiency (initial efficiency > 92%, efficiency
n successive cycles > 99.5%), reasonable rate performance (capac-
ty retention of 80% at 3C), low cost and environmental friendly
eature. Great efforts have been made on exploring high capacity
node materials to replace graphite. Besides Si or Sn, which con-
ain active component to form alloy with lithium, transition metal
TMX) compounds can store lithium through conversion reaction
eversibly and have attracted wide attention as high capacity anode
aterials for Li-ion batteries [1–10].
Among TMX, MnO is quite attractive as anode material due to its

elatively low electromotive force (emf) (1.032 V vs. Li+/Li). Lithium
torage in MnO powder electrode has been studied firstly by Poizot
t al. [4]. Their results indicate that the MnO powder electrode
ould be discharged and charged under a very small current density
1/300C) by a potential static intermittent titration technique (PITT)

ode. Recently, Yu et al. found that the MnO thin film electrode

howed high volumetric capacity (>3485 mAh cm−3 at 0.125C),
elative low polarization (voltage difference between charge and
ischarge, ∼0.7 V at 0.125C) and reasonable rate performances (50%
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capacity retention at 6C) [11]. Zhong et al. demonstrated that the
MnO powder electrode showed high specific capacity (650 mAh g−1

at 0.06C), preferable rate performance (60% capacity retention at
0.5C) and relatively low polarization (∼0.7 V at 0.06C) [12]. Liu
et al. reported a MnO/C nanocomposite material which showed
680 mAh g−1 reversible capacity and 196 mAh g−1 capacity at a cur-
rent density of 1600 mA g−1 [13]. Besides high reversible capacity
and reasonable rate performance, MnO possesses abundant source,
low cost and environmental friendly features. The main barriers for
practical application are the low initial columbic efficiency (<70%)
and high voltage polarization, needing great improvement [11,12].

According to ex situ TEM and XRD observations on MnO elec-
trode at different lithiated states, it has been confirmed that lithium
is stored in MnO reversibly mainly through the conversion reaction
mechanism at higher voltage (>1.0 V) and the interfacial charging
mechanism at lower voltage (<1.0 V) [12]. Initial polycrystalline
MnO converted into an amorphous structure after a full insertion
of lithium. Then the nanocomposite partially converted back into
nanocrystalline MnO upon lithium extraction [12]. Such a varia-
tion in microstructure has also been observed in many transitional
metal compounds occurring the conversion reactions [1,2,9].

Although the electrochemical reaction formula of MnO with
lithium can be written unambiguously [12], detailed microstruc-
ture and chemical state of Mn during lithiation and delithiation
are still not very clear. Such information, together with other find-
ings, could be essential to determine and understand origin of the

large initial irreversible capacity loss, thermodynamic and kinetic
behaviors.

In this paper, MnO microspheres have been prepared and coated
with carbon further. By this approach, initial efficiency and rate per-

dx.doi.org/10.1016/j.jpowsour.2010.10.031
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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ormance are improved further. In addition, the local structure and
alence variation of Mn in the conversion reaction are studied fur-
her by synchrotron X-ray absorption fine structure spectroscopy
XAS). Finally, thermodynamic and kinetic feature of MnO anode
re also discussed.

. Experimental

MnCO3 microspheres were prepared firstly. Typically, MnSO4
0.02 mol L−1) and NH4HCO3 (0.2 mol L−1) were separately dis-
olved in water (100 mL). Ethanol (20 mL) was then added into
he MnSO4 solution with stirring. After complete dispersion, the
H4HCO3 solution was quickly added into the mixture at 4 ◦C. After
min, the solution turned white and the mixture was maintained
t 4 ◦C for 2 h. Obtained material was separated by centrifugation
nd washed several times with ultrapure water and ethanol and
ried at room temperature in a vacuum oven.

Porous MnO microspheres were obtained by decomposing
nCO3 under argon atmosphere at 600 ◦C for 1 h. Through chemical

apor deposition using toluene as carbon source and argon atmo-
phere as gas carrier with a flow rate of 100 sccm (standard cubic
entimeter per minute), porous carbon coated MnO microsphere
owder was obtained at 700 ◦C for 4 h.

The test electrode was composed of active material (82.5 wt%),
arbon black (7.5 wt%) and polyvinylidene fluoride (PVDF) (10 wt%).
u foil was used as the current collector, Li foil was used as the
ounter electrode and 1 M LiPF6 dissolved in a mixture of ethylene
arbonate (EC) and dimethyl carbonate (DMC) (1:1, V/V) (Shanghai
opsol Ltd., H2O <10 ppm) was used as the electrolyte. A Swagelok-
ype two-electrode cell was constructed for electrochemical test.
he cell was assembled in an argon-filled glove box and cycled
etween 10 mV and 3 V using a land automatic battery tester by
harging/discharging the cell at a rate of 50 mA g−1 in most of cases.

The material was characterized by a X’Pert Pro MPD X-
ay diffractometer (Philips, Holland) using Cu K�1 radiation
� = 1.5405 Å), and a scanning electron (SEM) microscope (XL 30
-FEG, FEI Co., 10 kV). The Raman spectra were recorded by a
oriba Jobin Yvon LabRAM HR800 Raman Microscope under ambi-
nt conditions at room temperature with a spectra-Physics Ar+

aser. Typically, about 0.1 mW of 532 nm line of the argon ion laser
as used. Ex situ Mn K-edge XAS spectra were collected at beamline
L14W of Shanghai Synchrotron Radiation Facility in the transmis-
ion mode. Si (1 1 1) double crystal monochromator was employed
o monochromatized the beam. The XAS data was further analyzed
sing the IFEFFIT program [14].

. Results and discussion

.1. Sample characterization

The XRD patterns of obtained samples are shown in Fig. 1. Pure
hombohedral MnCO3 (JCPDS 44-1472) and face centered cubic
nO (JCPDS card No. 78-0424) are obtained. Grain size of obtained
nCO3 is 36 nm estimated roughly by Scherrer equation using Jade

oftware. Grain sizes of two MnO samples are 50 nm and 48 nm
espectively.

Fig. 2a and b presents typical SEM images of obtained MnCO3
aterial. It shows a dense spherical morphology with a uniform

ize distribution ranging from 2 to 3 �m. The surface of as-prepared
nCO3 microspheres is composed of tiny grains. After heating

nder argon atmosphere at 600 ◦C for 1 h, MnCO3 decomposes into

nO microspheres. The particle size is around 2–3 �m. Each parti-

le is composed of 50–100 nm primary particles, as shown in Fig. 2c
nd d. In order to improve the electron conductivity, carbon coating
as performed through a chemical vapor deposition (CVD) treat-
Fig. 1. XRD patterns of MnO samples: (a) MnCO3, (b) MnO, and (c) C/MnO.

ment using toluene as carbon source. As shown in Fig. 2e and f, the
morphology is similar as uncoated porous MnO microspheres (for
convenience, uncoated MnO sample is named as the MnO sample,
carbon coated sample is named as the C/MnO sample).

Raman spectra of the MnO sample and the C/MnO sample are
shown in Fig. 3. According to the literatures, the band at 648 cm−1

is related to the electronic excitation of impurity in MnO and the
band at 544 cm−1 is assigned to two-TO phonon scattering [15]. The
bands below 400 cm−1 have not been explained clearly in the liter-
atures, might be from minor Mn3O4 on surface [16,17]. The broad
hump around 1000 cm−1 could be originated from TO + LO mode
or 2LO modes [18]. After carbon coating, the bands at 544 cm−1

and 306 cm−1 disappear. The reason is not clear. And two bands at
1353 cm−1 and 1586 cm−1 appear, which are D-band and G-band
of carbon, indicating the existence of carbon coating layer.

3.2. Electrochemical performance of MnO electrode

Charging and discharging curves of the MnO and the C/MnO
electrode are compared in Fig. 4a and b. The reversible capacities
for the two samples at the second cycle are about 821 mAh g−1

and 760 mAh g−1 and the initial columbic efficiencies are 71% and
72%, respectively. Both reversible capacity and initial efficiency are
improved compared to our previous report of carbon coated irreg-
ular MnO powder material, which showed a reversible capacity
of 650 mAh g−1 and an initial columbic efficiency of 65% [12]. It
has to be mentioned that the theoretical capacity of lithium stor-
age in MnO through full conversion reaction is 698 mAh g−1. As
we have discussed before, lithium storage below the emf value
(1.032 V) through the interfacial charging mechanism contributes a
reversible capacity of 200 mAh g−1, as seen in the charging profiles
in Fig. 4. Therefore, the reversible capacities from the conver-
sion reaction are about 620 mAh g−1 and 560 mAh g−1 for the two
samples. This indicates apparently that part of formed Li2O/Mn
nanocomposite does not fully convert back to MnO during charging
to 3 V.

The voltage profiles of the two samples are quite similar. In order
to compare the polarization of the two samples, the differential
capacity curves are also shown in Fig. 4c and d. The peak posi-
tions in the curves and the difference values between the peak
voltages at the first cycle and at the second cycle are listed in
Table 1. Accordingly, the voltage polarization of the C/MnO sam-

ple is slightly smaller than the MnO sample. For both samples, the
voltage difference between the second discharge and the first dis-
charge is about 0.45 V while the voltage difference between the
second charge and the first charge is less than 0.05 V. This indi-
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ig. 2. High-magnification and low-magnification SEM. (a and b) MnCO3, (c and d)
) C/MnO through chemical vapor deposition using toluene as carbon source at 700

ates that there is a large polarization variation for the MnO and the
/MnO electrode after the first discharge. Another issue can be seen
hat there is a large voltage difference between the second charge
nd the second discharge. This voltage hysteresis is about 0.64 V
or the MnO electrode and the 0.61 V for the C/MnO electrode. High
oltage hysteresis is a common feature for conversion reactions.
elatively speaking, MnO-based materials show relatively lower
oltage hysteresis among other transitional metal compounds [12].

For an ideal conversion reaction, presuming the charging over-
otential is the same as the discharging overpotential, then the emf
alue can be estimated roughly from the middle point between
he charging curve and the discharging curve (Ed2+(Ec2 − Ed2)/2).
his value is 0.91 and 0.95 V, respectively, for the two sam-
les. The theoretical emf value of the conversion reaction of bulk
nO with lithium is 1.032 V vs. Li+/Li. The existence of such a

ifference is partially related to the contribution of the inter-

acial charging mechanism and deviation from the ideal bulk
hermodynamic property, which will be discussed in later sec-
ion.

Fig. 3. Raman spectra of MnO sample. (a) MnO and (b) C/MnO.

able 1
olarization analysis on galvanostatic voltage profiles.

Voltage (V) Ed1 Ec1 Ed2 Ec2 �Ed2−d1 �Ec2−c1 �Ec2−d2 Ed2 + �Ec2−d2/2

MnO 0.136 1.23 0.617 1.26 0.481 0.03 0.64 0.912
C/MnO 0.192 1.21 0.649 1.26 0.457 0.05 0.61 0.954
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ig. 4. Charging and discharging curves of the MnO powder electrode: (a) MnO, (b)
nd (d) C/MnO.

The rate performances of the MnO and the C/MnO electrode are
hown in Fig. 5. For the two samples, about 600 mAh g−1 capac-
ty at a rate of 400 mA g−1 can be achieved, which is significantly
mproved compared with our previous report, only 400 mAh g−1

an be obtained at the rate of 400 mA g−1 [12]. The improvement
ould be related to the spherical morphology and the existence
f pores among the primary particles. Carbon coating is not very
ffectively to improve the rate performance. This indicates that the
lectronic wetting is not the rate determining step in the conversion
eaction. Fig. 6 shows a good cyclic performance of the C/MnO elec-

rode in a half lithium cell. After 50 cycles, the capacity retention is
8%.

Fig. 5. Rate performances of the MnO and C/MnO electrode.
at a rate of 50 mA g−1, and the corresponding capacity differential curves, (c) MnO,

3.3. Reaction mechanism of MnO with lithium

Based on previous investigation on the MnO electrode at dif-
ferent lithiated and delithiated states using HRTEM and XRD
techniques, it was clear that the initial polycrystalline MnO is
converted into the Mn/Li2O nanocomposite during discharging.
The nanocrystalline MnO phase reappears after charging. During
discharging, it is also observed that a 40–60 nm solid electrolyte
interphase (SEI) layer formed on the lithiated MnO particles and
decomposed slightly during charging [12]. The initial coulombic

efficiency of the MnO electrode was 65%. Therefore, it is not very
sure whether the formed Mn/Li2O nanocomposite converts back
to MnO completely due to uncertain SEI behaviors. It is also not
clear that the formed Mn/Li2O nanocomposite is a real mixture

Fig. 6. Cyclic performance and coulombic efficiency of the C/MnO electrode at a rate
of 50 mA g−1.
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The Mn K-edge Fourier-transformed EXAFS spectra of the
C/MnO with different lithiated states are displayed in Fig. 8. As
can be seen, the spectrum of the pristine MnO/C displays mainly
ig. 7. The normalized Mn K-edge XANES spectra: (a) the C/MnO electrode, (b) t
ischarging to 0 V, olive line: charging to 3 V. The inset shows the detail of the pr

nterpretation of the references to color in this figure caption, the reader is referred

f Mn and Li2O phase or a certain unknown intermediate phase,
.e., –Mn–O–Li–O–. Therefore, it is necessary to look at the local
tructure variation. Such investigation has rarely been done in con-
ersion reactions and is difficult for most of techniques. X-ray
bsorption fine structure spectroscopy has been widely used to
tudy the local structure around manganese and directly measure
he redox state. Many authors have reported a shift of the edge
ositions (measured either at the inflection point or “halfway”)
or a systematically selection of model compounds of manganese
19–22], which indicates that the correlating between the edge
osition and the redox state of Mn is feasible.

The Mn K-edge XANES spectra of the C/MnO electrode and MnO
lectrode with different lithiated states are displayed in Fig. 7. (It
as to be pointed out that the electrodes used for synchrotron X-
ay absorption experiment showed the same capacity and columbic
fficiency with the above indicated electrochemical performance.)
s can be seen, the XANES spectra of the pristine C/MnO and MnO
isplay a small pre-edge peak around 6539 eV. This is the 1s to 3d
ransition, which is normally forbidden and can only be allowed due
o the hybridization of the p and d orbits. This spectrum is typical for

nO [23]. After discharged to 0 V, the pre-edge peak disappeared
nd the Mn K-edge position shifted to lower energy due to the
ecrease of the oxidation state of Mn ions. At this stage, the spec-
rum is very similar to that of the metallic Mn [24]. After recharging
o 3 V, the pre-edge peak re-appeared again and the edge position
f the fully charged state (3 V) is the same as that of the pris-
ine composite, The edge position with different lithitated states

easured at the inflection point are shown in Table 2 with devia-
ions of 0.1–0.2 eV, which are well agreed with the reported redox

tate of Mn [23–25]. However, it also can be observed that at the
ischarging to 3 V stage, the pre-edge feature is much more domi-
ant compared with that of the pristine one as the insets of Fig. 7a

able 2
dge position of normalized Mn K-edge XANES spectra of (a) C/MnO and (b) MnO
ith different discharge/charge depth.

OCV 0 V 3 V

C/MnO 6543.9 eV 6539.0 eV 6543.0 eV
MnO 6544.0 eV 6539.0 eV 6543.0 eV
O electrode with different lithiated states. Black line: initial electrode, red line:
e region of the C/MnO and the MnO electrode with different lithiated states. (For

web version of the article.)

and b shows. Since pre-edge feature appears much less affected by
the changes in the medium and long range environment than the
main edge region, which was largely varied by constructive and
destructive interferences (single and multiple scattering) arising
from more distant neighbors around the central manganese atoms.
Through ab initio calculation, F. Farges suggested that pre-edge
intensity increases when Mn2+ is located in the highly distorted
octahedral symmetry, but also with redox state as more empty
3d levels are created by the ionization [26]. Thus, the coordina-
tion environment of the Mn ions (charged to 3 V) is more distorted
compared with that of the pristine C/MnO. A careful view of the
XANES spectra of the fully charged material and that of the pristine
one, there are three oscillation peaks around 6555 eV, 6566 eV and
6590 eV. However, the oscillations of the fully charged one is much
weaker compared with that of the pristine one, suggesting that the
fully charged one is less crystalline MnO.
Fig. 8. Fourier transformed magnitudes (FT) of EXAFS for C/MnO. (a) Initial elec-
trode, (b) discharging to 0 V, and (c) charging to 3 V.
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wo peaks below 4 Å, which are located around 1.9 Å and 3.0 Å,
espectively. These two peaks correlated to the Mn–O interaction
n the first coordination shell and Mn–Mn interaction in the second
oordination shell, respectively. This is consistent with that of the
tandard MnO. After discharged to 0 V, the Fourier transformed Mn
-edge spectrum displays two peaks around 1.9 Å and 2.7 Å. The
eak located at 2.7 Å is the Mn–Mn interaction of the metallic Mn
nd the peak located at 1.9 Å is the Mn–O interaction of the residual
nO. The residual MnO in fully discharged state is not likely to be

aused by the unreacted MnO, but could be caused by the reaction
f formed Mn nanograin with trace amount of oxygen in the glove
ox.

After recharging to 3 V, the intensity of the Mn–O peak (1.9 Å)
ncreased and the intensity of the peak located at 2.7 Å largely
ecreased, but not completely disappeared, which is essentially
he interaction of the Mn–Mn in the metallic Mn, it indicates that
art of reduced Mn0 is not oxidized to Mn2+ after charging to 3 V.
ompared the spectra of the pristine C/MnO and the fully charged
/MnO, they all displayed the Mn–O and Mn–Mn interactions, as
entioned earlier. However, the intensity ratio of these two peaks

s quite different. Especially, the intensity of the Mn–Mn interaction
f the C/MnO at the fully charged stage is much weaker compared
ith that of the pristine C/MnO, indicating that the Mn–Mn distri-

ution for the fully charged material is not so regular in the second
hell, and is consistent with the XANES observations and our pre-
ious ex situ XRD and TEM (the fully charged one is less crystalline
nO). The Mn–O bond distance of the fully charged C/MnO is also

horter compared with that of the pristine one. This indicates that
n ions are located in more distorted octahedra in the oxidized

/MnO (3 V).

.4. Thermodynamic and kinetic property

Through the above discussion and our previous report [12],
e confirmed that initial polycrystalline MnO was found to be

onverted into a Li2O/Mn nanocomposite after a full insertion
f lithium. Then the nanocomposite partially converted back
nto nanocrystalline MnO upon lithium extraction [12]. Such a

icrostructure variation has also been observed in many tran-
itional metal compounds through the conversion reactions. The
eaction formula at the first insertion, the first extraction and the
econd insertion can be written as following:

nOpolycrystalline + Li → Li2Onano/Mnnano (1)

i2Onano + Mnnano → MnOnanocrystalline + Li (2)

nOnanocrystalline + Li → Li2Onano/Mnnano (3)

From the galvanostatic intermittent titration technique (GITT)
esult shown in Fig. 9. It is observed that the open circuit voltage
f the MnO electrode varies with lithiation depth and cycles [12].
he emf values of the reactions (1)–(3) can be calculated from the
ernst equations:

−nE1F = �rG1 = (�FG(Li2Onano) + �FG(Mnnano)

− �FG(MnOpolycrystalline)) (4)

−nE2F = �rG2 = (�FG(MnOnanocrystalline) − �FG(Li2Onano)

− �FG(Mnnano)) (5)
–nE3F = �rG3 = (�FG(Li2Onano) + �FG(Mnnano)

− �FG(MnOnanocrystalline)) (6)
Fig. 9. GITT curves of the MnO powder electrode. Relaxation time is 64 h. Solid lines
are GITT result, dash lines are open circuit voltage, dot dash line is the emf value
calculated from bulk materials. Redraw from Ref. [12].

The voltage difference between the first discharge and second
discharge is related to the formation energy difference between the
initial MnO polycrystalline and the converted MnO nanocrystalline:

�Ed2−d1 = E3 − E1 = �FG(MnOnanocrystalline) − �FG(MnOpolycrystalline)
2F

(7)

The origin of this kind of voltage difference has been discussed
by Delmar et al. in terms of surface energy and amorphoriza-
tion effect in the case of RuO2 [27]. In principle, the voltage
difference between the first charge and the second discharge
(�Ed2−c1 = E3 − E2) in the conversion reaction region should be zero.
However, significant voltage difference can be seen in Fig. 9 [12].
Recently, Doe et al. explained the origin of the voltage hysteresis
of the FeF3 electrode at 1/200C [28]. The first principle calculations
indicate that the reaction paths of lithium insertion and extraction
could be different under nonequlibrium states by selecting differ-
ent kinetic favorable intermediate products LixFeyF3. The existence
of a 5 mV voltage difference between the discharging and charg-
ing curves at zero current density has also been noticed in the case
of LiFePO4 [29]. This difference is explained by the many particle
effect.

Since the emf value of the real system occurring conversion
reaction is very difficult to be measured and predicted, the sum
of the overpotential during charging and discharging can be taken
by selecting the middle point of the voltage profiles in the con-
version reaction region [12]. A summary of this type of behaviors
for the MnO and the C/MnO electrodes, in addition to our previous
reported four materials (the carbon coated and uncoated irregu-
lar MnO-based materials) [12], is shown in Fig. 10. Here, MnO-L
represents micron size MnO from commercial product, MnO-S rep-
resents nano-sheet MnO obtained by high energy ball milling. The
detailed morphology can be seen in our previous report [12]. It can
be seen that the electrode polarization in all cases obeys ohmic
rule in this current density range (not Tafel type). However, the
intercept value at y axis is a nonzero value of 0.75–0.8 V as if a
zero-current overpotential exists. It is believed that the origin of
this value is related to thermodynamic factor, as shown in the
GITT results. Decreasing particle size and carbon coating can only
partially decrease the voltage polarization, cannot influence the
zero-current overpotential significantly.

In the case of MnO, the voltage hysteresis is very large. It seems
that no any intermediate LixMnO compounds could exist based on

ex situ TEM, XRD, XANES and EXAFS investigation. Therefore, the
appearance of this large voltage difference in the OCV curves and
0.75 V zero current overpotential should be originated from other
thermodynamic factor. When the MnO phase is converted into the
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Fig. 10. The voltage difference between the first charge and the second discharge in
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ulated from the volume difference between crystal MnO and the
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. Conclusion

MnO microspheres were prepared as anode materials for
ithium ion batteries, which show a reversible capacity of
00 mAh g−1 and an initial efficiency of 71%. It can deliver
00 mAh g−1 at a rate of 400 mA g−1. According to ex situ XANES
nd EXAFS investigation, it seems that MnO is decomposed into
n/Li2O after discharging to 0 V and no intermediate phase is
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eversible capacity partially. Decreasing particle size and carbon
oating can only partially decrease the voltage polarization, cannot
nfluence the voltage hysteresis or so-called zero-current overpo-
ential significantly.
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