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Abstract: To improve rate and cycling performance of manganese oxide anode material, a precipitation method was
combined with thermal annealing to prepare the MnO/Mn;0,/SeO, (x=0, 2) hybrid anode by controlling the reaction
temperature of Mn,0O; and Se powders. At 3 A/g, the synthesized MnO/Mn;0,4/SeQ, anode delivers a discharge capacity
of 1007 mA-h/g after 560 cycles. A cyclic voltammetry quantitative analysis reveals that 89.5% pseudocapacitive
contribution is gained at a scanning rate of 2.0 mV/s, and the test results show that there is a significant synergistic

effect between MnO and Mn;0, phases.
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1 Introduction

The development of the high-performance
lithium-ion batteries (LIBs) is driving the progress
of portable and ubiquitous electronics [1,2]. The
realization of high-performance LIBs requires the
electrode materials of high energy and power
density, for which the conventional graphite anode
material can no longer meet the urgent demands
due to its low theoretical capacity (372 mA-h/g)
and poor rate capability [3]. By designing
nanostructures and combining metal oxide (MO)
with carbon materials, both the specific capacity
and rate capability of these MO-modified anode
materials can be improved significantly [4].
However, the intrinsically poor Li" diffusion
kinetics in metal oxide anode materials degrades the

electrochemical activity. In the process of
pseudocapacitance lithium storage, the redox
reactions take place reversibly and rapidly at or near
the surface of electrode [5], so as to achieve high
power density [6].

This kind of pseudocapacitance lithium
storage behavior has been reported recently in a
number of transition metal oxides (TMOs) anode
materials [7,8]. The enhancement of the pseudo-
capacitive contribution is considered as one of the
most effective ways to improve the rate capability
of the TMO anode materials. Of these TMOs, the
manganese oxide anode materials have a high
pseudocapacitive contribution through reasonable
structural design [9,10]. In addition, the manganese
oxide anode materials have the advantages of
high theoretical lithium storage capacity, low
platform voltage, high abundance in natural world,
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environmental benignity, low price, etc [4]. A
previous work found that the phase boundaries are
generally rich in lattice defects, distortions, and
dislocations, exerting a significant influence on the
charge distribution. Benefiting from the abundant
phase boundaries, CoSe,/ZnSe exerts a low Na'
adsorption energy and fast diffusion kinetics for
sodium-ion batteries [11]. Selenium (Se) has also
been widely considered due to its high electronic
conductivity (1x10"' S/cm) and good lithium
storage performance [12,13]. Moreover, manganese
oxide can be reduced by Se under -certain
temperature conditions based on thermodynamic
calculation. Thus, we can obtain high energy
density by means of phase regulation of manganese
oxides, and then improve their cycling performance
at high current density through stimulating a high
pseudocapacitive contribution by surface and
internal microstructure evolution. However, no
attempts have been made so far to prepare any
multi-phase manganese oxide anode materials for
LIBs and explore their synergistic effects from
these phases.

Herein, we proposed a scalable approach to
fabricate the novel Se-modified MnO/Mn;04 hybrid
(MnO/Mn;04/SeO, (x=0, 2)) by thermal annealing
of Mn,O; powder with Se powder in order to
produce LIBs anode with excellent performance.
The residual amount of Se in the hybrid and the
good interparticle adhesion are beneficial to the
electronic transfer, thus improving the conversion
reaction rate and efficiency, whereas the increasing
phase boundaries between MnO and Mn;0, can
improve the Li" storage among the particles, thus
accelerating Li" diffusion kinetics. In addition, the
manganese oxides are transformed from a
crystalline state to an amorphous one during the
charge/discharge cycles, and this amorphous state
can increase the void space in the hybrid for lithium
storage. Furthermore, the cyclic voltammetry (CV)
tests reveal a high pseudocapacitive contribution for
lithium storage.

2 Experimental

2.1 Preparation of MnO/Mn;0,4/SeO, hybrid

The Mn,O; powder was prepared according to
our previous report [14]. The MnO/Mn;04/SeO,
hybrid was prepared by the method of thermal
annealing under a negative pressure. Firstly, 0.5 g

Mn,0; and 1 g Se powders were placed at the two
ends of a crucible, respectively, which was covered
by another crucible. Secondly, the crucibles
containing samples were placed in a tube furnace,
and the pressure in the tube furnace was controlled
to keep a negative pressure by a vacuum pump.
Thirdly, the vacuum pump was shut off and then the
tube furnace was heated at a heating rate of
5 °C/min up to 650 °C, kept at the temperature of
650 °C for 2 h, and then cooled down to room
temperature. Finally, the MnO/Mn;0,4/SeO, hybrid
was obtained. For comparison, the Mn,O3/Mn;04/
SeO, and Mn;04/SeO, hybrids were also prepared
by thermal annealing of the Mn,O; powder with the
Se powder under a negative pressure at 500 and
800 °C, respectively.

2.2 Material characterization

X-ray diffraction (XRD) patterns of the
samples were measured on Rigaku Dmax/2550VB+
18 kW instrument to identify the phases in the
prepared hybrids. Scanning electron microscope
(SEM, FEI Nova Nano SEMZ230) was adopted to
reveal the morphology and to do energy dispersive
X-ray (EDX) elemental mapping. Transmission
electron microscope (TEM, JEOL JEM—2010) was
used to characterize the microstructure. The BET
surface areas and pore size distribution were tested
on a JW-BKI100C instrument. X-ray photo-
electronic spectroscopy (XPS) data were obtained
by Thermo ESCALAB 250XI instrument using
Al K, radiation.

2.3 Electrochemical testing

A 2032-type coin cell was fabricated using
lithium metal as the counter electrode and Celgard
2500 as the separator, and using LiPF¢ (1 mol/L) in
a mixture of ethylene carbonate (EC) and dimethyl
carbonate (DMC) with a volume ratio of 1:1. The
working electrodes were prepared by mixing active
material, carbon black, and polyvinylidene fluoride
(PVDF) in a mass ratio of 7:2:1. The well-mixed
slurry was coated on Cu foil, and then dried in a
vacuum oven. The mass loading of active materials
was 0.8—1.0 mg/cm” on circular discs (4=12 mm)
of Cu foil. CV analysis was conducted at
0.1-2.0 mV/s within the range of 0.01-3.0 V (vs
Li/Li") on a CHI760E electrochemical workstation.
Cycle life and rate capability of the cells were
tested within a voltage window of 0.01-3.0 V (vs
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Li/Li") by LAND CT2001A analyzer at 25 °C. EIS
experiments were carried out using a CHI760E
electrochemical workstation in the frequency range
0of 0.01 Hz—100 kHz.

3 Results and discussion

The synthesis procedure of MnO/Mn;04/SeO,
hybrid involves precipitating, aging, calcining and
thermal annealing with Se powder under negative
pressure (Fig. 1(a)). Firstly, NaOH and Na,COj;
mixed solution was dropwise added into the MnCl,
solution, and a uniform suspension containing
Mn(OH), and MnCO; was obtained. After aging,
Mn(OH), was transformed to MnO(OH),. Through
post-thermal calcination, the Mn,O; powder was
obtained [14]. The porous structure was well
formed because of the release of CO, gas during
thermal treatment (MnO(OH),+#MnCO;=Mn,0Os+
H,0O(g)+COy(g)) [15]. Finally, the MnO/Mn;0,/
SeO, hybrid was produced by thermal annealing of
the Mn,O; with Se powder under a negative
pressure (Fig. 1(b)). It is the first time that Se was
utilized to control the phase of manganese oxides
(2Mn,05+Se(g)=4MnO+SeOy(g), 6Mn,05+Se(g)=
4Mn;04+Se0,(g)). The MnO/Mn;04/SeO, hybrid
shows a claybank color, indicating that the main
phase of the surface layer of the hybrid should be
Mn;0, (Fig. 1(c)).

(a) >~ Solution 2: NaOH and Na,CO;
y Solution 1: MnCl,

Aging
at 80 °C .
for 48 h Washing-up
Drying
Stirring (b)
and
precipitating

Precusor

The SEM images of the MnO/Mn;04/SeO,
hybrid show a distinct feature that the submicron
particles are adhered tightly to each other, which is
beneficial to reducing the interfacial resistance
(Figs. 2(a) and (b)). The elemental mapping images
in Figs. 2(c), (d) and (e) demonstrate a uniform
distribution of Mn and O. Figure 2(f) shows the
EDX analysis results of the surface for the
MnO/Mn;04/SeO, hybrid in Fig. 2(b), which
indicate that the mole fraction of Se in the
MnO/Mn;04/SeO, hybrid is 4.34%. The content of
Se element is relatively low, so the morphological
features of Fig. 2(b) cannot be seen in Fig. 2(e). It is
worthy to note that the residual amount of Se in the
MnO/Mn;04/SeO, hybrid can improve its electronic
conductivity [16].

The XRD patterns in Fig. 3 reveal that the
MnO/Mn;04/SeO, hybrid is composed of a cubic
MnO phase (JCPDS No. 07—0230) and a tetragonal
Mn;0,4 phase (JCPDS No. 24—0734). According to
the crystal parameters in the XRD pattern, the
microcrystal size of the sample can be calculated by
the Debye—Scherrer formula, from which the
microcrystalline sizes of the MnO and Mn;0, in the
MnO/Mn;04/SeO, hybrid are 24.0 and 21.8 nm,
respectively. The microcrystalline sizes of MnO
and Mn;O4 are so small that much more grain
boundaries can be formed. And these abundant
grain boundaries are conducive to increasing the

Mn,0,/Mn;0,/Se0O,
Thermal treating :
5 Thermal treating
at 500 °C for 2 h at 650 °C for2 h
Calcining MnO/Mn;0,/SeO,
at 800 °C Thermal treating
for 2 h in air at 800 °C for 2 h

e=——=> Precipitate =——>Precursore—> Mn,Q, =) Mn,0,/SeO,

Se powder

Se powder

©

0
4] s
D AT
=
»

-9

Precusor,
brownish black black

Mn,Os, Mn,0y/Mns0,/S¢0,, MnO/Mn,0,/Se0,, Mn;0,/SeO,,
charcoal grey

claybank brownish red

Fig. 1 Schematic illustration of synthesis route for preparing Mn/Se oxide hybrids (a), schematic diagram of equipment
for preparing Mn/Se oxide hybrids (b) and photos of obtained hybrids (c)
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Fig. 2 SEM image of MnO/Mn;0,/SeO, hybrid (a), low
magnification image of (a) (b), Corresponding EDX
mapping images of (b) for Mn (c), O (d) and Se (e)
and corresponding EDX analysis results of Mn, O and
Se (f)

diffusion channels for Li". The process of materials
preparation was performed in a negative pressure
airtight environment, resulting in a trace of Se and
SeO; still remaining in the MnO/Mn;0,4 composite
material, thus the contents of both Se and SeO, are
below the detection limit of XRD. The XRD
patterns of the comparison hybrids (Mn,Os,
Mn,03/Mn;04/SeO, and Mn;04/SeO,) are also
shown in Fig. 3.
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Fig. 3 XRD patterns of different samples

TEM examination was performed to further
understand the fine microstructure and crystallinity
of MnO/Mn;0,/SeQ, hybrid. Figures 4(a) and (b)
clearly illustrate the microstructural feature that the
submicron particles are adhered tightly to each
other. It can also be clearly observed from the high-
resolution TEM image in Fig. 4(c) that there are
two phases in the MnO/Mn;0,4/SeO, hybrid, which
is consistent with the XRD results. Furthermore,
there is an obvious phase boundary between MnO
and Mn;0,, which is beneficial to the acceleration
of Li" diffusion [17]. Figure 4(c) also shows that the

Phase
* boundary

MnO
0.22 nm

(200)

Fig. 4 TEM image of MnO/Mn;0,/SeQ, hybrid (a), high-
magnification image of (a) (b) and high-resolution image

of (b) (¢)
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main phase in the outer layer (10—15 nm) of the
hybrid is Mn;O4, confirming the speculation in
Fig. 1(c). The electronic conductivity of Mn;O, is
10°-10°S/m and that of MnO is 107 S/m,
therefore, the Mn;O,; on the surface of the
MnO/Mn;0,/SeO, hybrid is conducive to the
electron transfer [18].

X-ray photoelectron spectroscopy (XPS)
spectra of the Mn,O;, Mn,O3/Mn;0,4/SeO,, MnO/
Mn;0,4/SeO, and Mn;04/SeO, hybrids (the surface
detection depth is about 10 nm) are shown in Fig. 5.
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Figure 5(a) shows that the full survey spectra for
the hybrids all contain the characteristic peaks
of Mn 2p, Mn 3s, Mn 3p and O 1s. Moreover,
the MnyO3/Mn;04/SeO, hybrid contains the
characteristic peak of Se. Figure 5(b) shows the
close inspection of Fig. 5(a), indicating that for
Mn,03/Mn3;04/SeO, hybrid the characteristic peaks
of Se 3s, Se 3p and Se 3d are observed [19].
Figure 5(c) shows the high-resolution XPS
spectrum of Se 3d for the Mn,03;/Mn;04/SeO,
hybrid, the two notable peaks at 59.4 and 58.6 eV
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MO/ @ & @ i 2s
Mn,0y/Mn,0,/S¢0, w l = =
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Fig. 5 XPS spectra of Mn,0;, Mn,03/Mn;0,/SeO,, MnO/Mn;0,/SeO, and Mn;0,/SeO, hybrids (a), close inspection of
(a) (b), high-resolution XPS spectrum of Mn,03/Mn;04/SeO, hybrid for Se 3d (c), high-resolution XPS spectrum of
MnO/Mn;04/SeO, hybrid for Mn 2p (d), high-resolution XPS spectrum of MnO/Mn;0,/SeOy hybrid for O 1s (e) and
BET isotherm plots and corresponding pore size distributions (inset) of MnO/Mn;0,/SeO, hybrid (f)
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are corresponding to Se*” [20]. The high-resolution
XPS spectrum of Mn 2p for the MnO/Mn;0,/SeO,
hybrid in Fig. 5(d) shows two distinct peaks at
653.6 and 642.2 eV, respectively, which are in good
agreement with the reported results of Mn;O4 [4].
All these results indicate that the main phase in the
surface for the MnO/Mn;04/SeO, hybrid is Mn;0y,
which is consistent with the TEM results.
Figure 5(e) shows the high-resolution XPS
spectrum of O 1s for the MnO/Mn;0,/SeO, hybrid,
in which the distinct peaks at 531.1 and 530.0 eV
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can be ascribed to Mn—O—Mn and Mn—O bonds,
respectively [16]. The specific surface area of the
MnO/Mn;04/SeO, hybrid is found to be 6.18 mz/g
(Fig. 5(f)). The pore size distribution (the inset in
Fig. 5(f)) calculated from the DFT method shows
an average pore size of 3.18 nm, and the total pore
volume is calculated to be 0.011 cm’/g. The
mesoporous structure is favorable for electrolyte
penetration in the MnO/Mn;0,/SeO, hybrid.

Figure 6(a) shows the cyclic voltammetry (CV)
curves of the MnO/Mn;04/SeO, electrode for the
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Fig. 6 Cyclic voltammetry curves of MnO/Mn3;0,/SeQ, electrode (inset shows the first cyclic voltammetry curve) (a),
charge/discharge curves of MnO/Mn;04/SeO, electrode (b), rate performance of Mn,O3/Mn;0,4/SeO,, MnO/Mn;04/
SeO, and Mn30,/SeO, electrodes (c), cycling performance of Mn,03/Mn;04/SeO,, MnO/Mn;04/SeO, and Mn;0,/SeO,
electrodes at 1 A/g (d) and cycling performance and coulombic efficiency of MnO/Mn;0,/SeO, electrode at current

densities of 0.1-3 A/g (e)
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initial five cycles at a scan rate of 0.1 mV/s. As
shown in the insert of Fig. 6(a), in the initial
cathodic process, there is a wide reduction peak at
around 0.75V due to the formation of a solid-
electrolyte interface (SEI) film. Furthermore, two
main lithiation peaks centered at around 0.28 and
below 0.20 V can be attributed to the reduction of
Mn’" to Mn** and Mn’, respectively (Mn;O4+
2Li"+2e—3MnO+Li,0, MnO+2Li'+2e = Mn+
Li,O) [21]. Due to the improved reaction kinetics
after the first lithiation, the reduction peak shifted to
higher potentials of around 0.82 and 0.46 V for the
second and following cycles, respectively. The
broad oxidation peak located at around 1.25 V in
the reverse sweep during the anodic process is
ascribed to the reoxidation of metallic Mn [21]. The
charge/discharge profiles at different
densities are displayed in Fig. 6(b). The distinct
plateaus in the discharge/charge profiles are in
accordance with the CV curves. The first discharge
and charge capacities are 1287 and 941 mA-h/g,
respectively. The initial irreversible capacity loss
(~27.1%) can be ascribed to the formation of
the SEI layer and the incomplete conversion
reaction [22].

The rate performance of the prepared
electrodes was evaluated in the current density
range from 0.1 to 3 A/g (Fig. 6(c)). For the
MnO/Mn;0,4/SeQ, electrode, the average reversible
discharge capacities are found to be 828, 716, 589,
490, 402 and 350 mA-h/g as the current densities
are increased from 0.1, 0.2, 0.5, 1, 2 and 3 Alg,
respectively. Moreover, when the current density is
restored to 0.1 A/g, the capacity also recovers
to 793 mA-h/g, which indicates an excellent
reversibility of the electrode. The rate performance
of the MnO/Mn;04/SeO, electrode is obviously
higher than that of the Mny03;/Mn;0,4/SeO,
(127 mA-h/g at 3 A/g) and Mn;04/SeO, (24 mA-h/g
at 3 A/g) electrodes. The results imply that there are
significant synergistic effects between the MnO and
Mn;O04 in the MnO/Mn;04/SeO, hybrid. The
excellent rate capability benefits from the residual
amount of Se in the hybrid and the good
interparticle adhesion that can facilitate the
electronic transfer. In addition, the grain boundaries
formed by MnO and Mn;O, can accelerate the
reaction kinetics [17].

To understand the capacity and stability of the
prepared electrodes, the test was carried out at a

current

current density of 1 A/g for 300 cycles (Fig. 6(d)).
The discharge capacities of the Mn,O;/Mn;04/SeO,,
MnO/Mn;04/SeO, and Mn;04/SeO, electrodes are
300, 1122 and 544 mA-h/g at the 300th cycle,
respectively. The discharge capacity of the MnO/
Mn;04/SeQ, electrode rapidly drops over the first
45 cycles and decreases to 437 mA-h/g, then
gradually increases to 1103 mA-h/g at the 253rd
cycle, still reaches as high as 1122 mA-h/g at the
300th cycle. The cycling performance of the
MnO/Mn;0,4/SeO, electrode has been improved
significantly, mainly attributing to the pseudo-
capacitance lithium storage behavior, which is
excited by the microstructural transformation
induced by charge/discharge cycles. After
charge/discharge cycles, the capacity of manganese
oxides electrodes decreases rapidly, for which the
main reason is that all generated Mn® has not been
reversibly converted to MnO, [23]. The rising trend
of capacity between the 45th and 253rd cycles of
the MnO/Mn;0,/SeQ, electrode can be reasonably
explained by the enhancement of electrochemical
activation of active materials [24]. In addition,
MnO and Mn;04 phases are changed from a crystal
state to an amorphous one during the charge/
discharge cycles, and this amorphous structure can
increase the void space inside the hybrid and thus
enhance the pseudocapacitance effect [25].

In order to explore the cycling stability at high
current densities of the MnO/Mn;04/SeO,
electrode, it was firstly tested for 70 cycles at the
current densities of 0.1, 0.2, 0.5, 1,2, 3 and 0.1 A/g,
and then tested continuously at a current density
of 3 A/g, and the results are shown in Fig. 6(e).
The discharge specific capacity decreases to
378 mA-h/g after 78 cycles, and then increases
rapidly. The MnO/Mn;0./SeO; electrode still shows
1007 mA-h/g after 630 cycles, which is higher than
the theoretical capacity of MnO (756 mA-h/g) and
even that of Mn;O4 (936 mA-h/g). All these results
show that the MnO/Mn;0./SeO, electrode also
possesses an excellent long-term cycling stability at
high current density. To the best of our knowledge,
this is the best cycling stability at high current
density ever reported for transition metal oxide
anode in LIBs. A comparison of the cycling
stability and rate capability of the MnO/Mn;04/
SeO, anode with those of the previously reported
transition metal oxide anode for LIBs is given in
Table 1. At a current density of 3 A/g, the coulombic
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Table 1 Comparison of cycling stability and rate capability of MnO/Mn;04/SeO, anodes with previously reported

transition metal oxide anodes for LIBs

Transition metal oxide  Specific discharge

Current

Total cycle Specific capacity at high

anode capacity/(mA-h-g")  density/(A-g ") number current density/(mA-h-g ") Ref.
. 631 at 1.6 A/g
Spherical a-Fe,0; 968 0.1 100 after 50 cycles [26]
3D mesoporous Co;04 485 at5 A/g
networks 937 0.2 200 after 700 cycles [27]
. 755 at 3.59 A/g
NiO nanosheets 675 0.359 40 after 20 cycles [28]
3D hlerarchl.cal Co030,4/CuO 1191 0.2 200 810at1A/g [29]
nanowire arrays after 500 cycles
nanowire array after 25 cycles
Porous Co;0,@Ti0, 3593 at 1.78 A/g
core—shell nanofibers 325 0.445 100 after 50 cycles [31]
NiO—-Co;04 nanoplate 600 at 0.4 A/g
composite 633 0.1 70 after 150 cycles [32]
Fe,03;@NiCo,0, porous 1079.6 0.1 100 661.8at1 Alg (33]
nanocages after 40 cycles
450 at4 A/g
Porous Mn,04 705 1.0 250 after 50 cycles [34]
. 596 at2 A/g
ZnMn,0,4 microspheres 1132 0.5 500 after 550 cycles [35]
1007 at 3 A/g This
MnO/Mn;0,/SeO, 1122 1.0 300 after 560 cycles work
efficiency of the MnO/Mn;O4/SeO, electrode 200 =
increases to 97.8% for the third charge/discharge ve N
cycle, and then exceeds 98.5% until the end of the 150 L e
charge/discharge cycles, indicating an excellent e .t Rq Cq
stability of the generated SEI film [22]. o e s E'_'_?_B
Figure 7 displays the Nyquist plots of the N 100 ve , = Ry zy,
|
Mn, 03, Mn,03/Mn;04/SeO,, MnO/Mn;0./SeO, and : ; .
Mn;0,/SeQ, electrodes. The equivalent circuit for sol Y :AAA ..' » — Mn,0,
EIS fitting is presented by the inset in Fig. 7, where A Z ME%)O/ﬂ%I%%/eSSOx
Rg is the ohmic resistance, R corresponds #./ v — Mn,0,/S 330;* X
to the charge—transfer resistance, Zw is the 0 50 100 150 200

Warburg impedance, and Cy is the double-layer
capacitance [36]. The semicircle from high to
medium frequencies is associated with the R, as
can be seen from Fig. 7, the R of the electrode
decreases significantly for the hybrids prepared
after thermal annealing with Se. The fitting analysis
of the test results was carried out for the
Mn, 03, Mn,03/Mn;04/SeO,, MnO/Mn;0,4/SeO, and
Mn;0,/SeQ, electrodes, yielding corresponding R
values of 52.4, 28.9, 25.3 and 18.5 Q, respectively;
and R values of 1.94, 1.73, 1.85 and 1.79 Q,
respectively. These results show that the R, values

Z/IQ
Fig. 7 Nyquist plots of Mn,O; Mn,03;/Mn;04/SeO,,
MnO/Mn;0,/SeO, and Mn;0,/SeO; electrodes

of the eclectrodes containing Se decrease
significantly, which is mainly attributed to the fact
that the residual Se in the hybrids could improve
the interfacial conductivity [16]. The electronic
conductivity of Mn3;QOy, is higher than that of MnO,
so the charge-transfer resistance of the Mn;04/SeO,
electrode is much smaller than that of the
MnO/Mn;0,/SeQ, electrode [18]. However, the rate
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capability and cycling stability of MnO/Mn;O4/
SeO, electrode are superiorto those of the
Mn;0,/SeO, electrode, because the phase
boundaries between MnO and Mn;0, are beneficial
to the acceleration of Li" diffusion [17].

TEM was utilized to characterize the
microstructure of the MnO/Mn3;0,/SeO, hybrid
after 1000 cycles at 3 A/g, and the results are shown
in Fig. 8. Figures 8(a) and (b) clearly illustrate the
microstructural feature showing the submicron
particles adhered tightly to each other, which is in
good agreement with the TEM images in Figs. 4(a)
and (b). However, the particle size is reduced
obviously (i.e. reduced from more than 200 nm to
less than 100nm), indicating that particle
pulverization occurs after charge/discharge cycles.
With the decrease of particle size, much larger
surface area can be formed, and the smaller
particles and the formation of defects in the
electrode improve the reaction kinetics, resulting in
a lower overpotential of Mn®* to Mn®". It can also
be clearly observed from the high-resolution TEM
image in Fig. 8(c) that most of the areas show an
amorphous feature, and a few numbers of small
grains exist (the areas within the four white dotted
circles). The surface and internal structures of
amorphous manganese oxides are changed due to

Fig. 8 TEM image of MnO/Mn;04/SeO, hybrid after
1000 cycles at 3 A/g (a), high-magnification image of (a)
(b) and high-resolution image of (b) (c)

the disordered distribution of both manganese
atoms and oxygen atoms in the hybrid, and the
disordered structure can increase the void space in
the hybrid to accelerate the reaction kinetics [37].

According to previous reports, larger surface
area can be formed with the decrease of particle
size for the MnO/Mn;04/SeO, hybrid during the
cycling process, so that these ample interfaces
could possibly result in an increase of pseudo-
capacitive capacity. Thus, we further analyzed the
kinetics of the MnO/Mn;0,/SeO, electrode by CV.
Figure 9(a) shows the CV curves of a fresh
MnO/Mn;0./SeO, electrode at various scan rates
from 0.1 to 2.0mV/s. The pseudocapacitive
contribution can be qualitatively analyzed
according to the power-law formula (Eq. (1)). The
relationship between peak current (/,) and scan rate
(v) can be calculated by Eq. (2):

Ip=avb (D)
lg I,=blg v+lg a )

where a and b are adjustable constants [10]. The
values of b can be calculated based on the slope of
the linear plots of 1g/, versus lgv. Generally, a
value of b close to 0.5 indicates a diffusion-
controlled behavior, while a value of b approaching
1.0 infers a capacitive process. From Fig. 9(b), the b
values for the cathodic (Peak 1) and anodic (Peak 2)
peaks are determined to be 0.81 and 0.75,
respectively, indicating that the electrochemical
reactions of the MnO/Mn;0,/SeO, electrode are
mainly controlled by the pseudocapacitive behavior.
The pseudocapacitive contribution can further be
calculated according to Eq. (3) or (4)) [10]

I(V)=kyv+k'? 3)
IV =k, “)

where k; and k, are constants for a given potential,
and kv and k' represent the corresponding
current response / at a given fixed potential V
originated from the pseudocapacitive effects
and the diffusion-controlled Li'-insertion reactions,
respectively. As shown in Fig. 9(c), the fresh
MnO/Mn;0,4/SeO, electrode displays a 61.5% for
the pseudocapacitive contribution at a scan rate of
0.1 mV/s, and gradually improves to 89.5% at
2.0 mV/s. The high pseudocapacitance contribution
is mainly attributed to the amorphous state of
manganese oxides [9].
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According to a series of CV test results at
various scan rates, the kinetics of Li" diffusion
inside the

MnO/Mn;04/SeO, electrode was
also investigated, and the results are shown in
Fig. 9(d). The Li" diffusion coefficient is

calculated based on the Randles—Sevcik equation
((Eq. (5)) [38]:

1,=2.69x10°n*4D"*Cpv'? (5)

where [, is the peak current (A), n is the electron
transfer number (Li", n=1), 4 is the electrode area
(1.13 em® in this work), D is Li" diffusion
coefficient (D, cm?/s), C, is the Li" concentration
in electrolyte (mol/L), and v is scan rate (V/s).
According to linear fitting results of 1, and v and
Eq. (5), D+ in the MnO/Mn;04/SeO, electrode is
estimated to be 6.2x10°® cm?/s, which is five orders
of magnitude higher than that of manganese oxide
nanowire [39].

4 Conclusions

(1) A MnO/Mn;30,/SeO, hybrid anode material
prepared by a method of precipitation
combined with thermal annealing.

(2) The residual amount of Se in the hybrid
and the strong interparticle adhesion are beneficial
to the electron transfer, which improve the
conversion reaction rate and efficiency.

(3) The MnO/Mn;0,/SeQ, electrode delivered
an excellent cycling performance (1007 mA-h/g at
3 A/g after 560 cycles).

(4) The manganese oxides were gradually
transformed from a crystalline state to an
amorphous form during the charge/discharge cycles,
thus forming much more interfaces and void spaces
in the hybrid, which resulted in an increase of
pseudocapacitance capacity to 89.5% at 2.0 mV/s.

was
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