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Abstract A comparative study of submicro-crystalline
spinel LiMn,O4 powders prepared by two different soft
chemical routes such as hydrothermal and sol-gel methods
is made. The dependence of the physicochemical properties
of the spinel LiMn,O4 powder has been extensively
investigated by using X-ray diffraction, Fourier transform
infrared spectroscopy, scanning electron microscope, cyclic
voltammogram, charge—discharge test, and electrochemical
impedance spectroscopy (EIS). The results show that the
electrochemical performances of spinel LiMn,O4 depend
strongly upon the synthesis method. The LiMn,0, powder
prepared by hydrothermal route has higher specific capacity
and better cycling performance than the one synthesized
from sol-gel method. The former has the max discharge
capacity of 114.36 and 99.78 mAh g ' at the 100th cycle,
while the latter has the max discharge capacity of 98.67 and
60.25 mAh g ' at the 100th cycle. The selected equivalent
circuit can fit well the EIS results of synthesized LiMn,O,.
For spinel LiMn,0O,4 from sol-gel method and hydrothermal
route in the first charge process Rgg; remain almost
invariable, R, and R first decreasing and then increasing
with the increase of polarization potential.

Keywords Lithium ion batteries - Spinel LiMn,O, - Sol—
gel - Hydrothermal - Electrochemical properties -
Electrochemical impedance spectroscopy

Y. Cui (P<) - W. Bao - Z. Yuan + Q. Zhuang (><) - Z. Sun
School of Materials Science and Engineering,

China University of Mining and Technology,

Xuzhou 221116, China

e-mail: lilyshuoxu@!163.com

e-mail: zhuangquanchao@126.com

Introduction

At present, lithium-ion batteries, owing to the best energy-
to-weight ratios, no memory effect, and a slow loss of
charge when not in use, have been used in a wide variety of
portable electric devices [1, 2]. It is well-known that the
capacity of lithium-ion batteries is usually limited by
cathode, and among the different materials (LiCoO,,
LiNiO,, LiFePO,4, LiMn,0O4, and so on) that have been
considered as lithium intercalating cathodes, lithium man-
ganese oxide (LiMn,O4) is one of the most promising
cathode materials for its abundance of manganese, cost-
effective, low toxicity and high energy density [3—5]. At
room temperature, LiMn,O4 shows a cubic spinel-type
structure, Fd3m space group, which structure can be
described as ideally consisting of a cubic close-packed
arrangement of oxygen ions at 32e sites, the Li" ions
occupy the tetrahedral 8a sites and the Mn>" and Mn*" ions
occupy the octahedral 16d sites. In the cubic phase, lithium
extraction/insertion from/into the tetrahedral 8a sites occurs
at 4 V, which is associated with the Mn?>* =Mn** oxidation
and reduction process [6-9].

Conventionally, lithium manganese oxide powders are
synthesized by a solid-state reaction of lithium and
manganese salts [10, 11], which have inhomogeneity,
irregular morphology, larger particle size with broad
particle size distribution, poor control of stoichiometry,
and longer period of calcinations followed by grinding.
Recently, some chemical methods have been reported with
several advantages such as good homogeneity, low calci-
nation temperatures with uniform sub-micron size particles,
which is an important factor in achieving high battery
performance [12—14]. Considering the importance and
significance of synthesis method, two different soft chem-
ical route synthesis methods for LiMn,O, cathode material,
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viz, hydrothermal method, known as a low-temperature
method to prepare submicron-sized particles and sol—gel
method, known for the homogenous distribution of product,
have been chosen for the present study.

Experimental
Experimental methods

LiMn,0, was prepared by sol-gel method. Stoichiometric
amounts of reactants CsHgO7-H,O (AR, Chemical Reagent
Co. Ltd, Shanghai, China), C4HsMnO44H,0 (AR, Sino-
pharm Chemical Reagent Co. Ltd, China), and Li,COj;
(AR, Sinopharm Chemical Reagent Co. Ltd, China) were
dissolved in distilled water to form a mixed aqueous
solution. Then, the solutions were added dropwise to a 6—
7 pH of ammonium hydroxide (Xuzhou, 25-28% solution,
China). The resultant solution continuous stirring at 80 °C
until a transparent gel was obtained. Later, the prepared gel
was heated to 120 °C for 12 h to remove water. The dry
residue was further heat-treated at 350 °C for 2-3 h to cause
a reaction. The black precursors were sintered at 750 °C for
about 12 h in air at a heating rate of 3 °C min '. As
prepared compound was found to be black in color and the
LiMn,O,4 powder as such was subjected to further studies.

In hydrothermal route, a solution consisting of MnO,
(AR, Kermel Chemical Reagent Development Center,
Tianjin, China) which before was already milled for 6 h at
a 450 rpm rate in Planetary Ball Mill and LiOH-H,O (AR,
West Long Chemical Co., Ltd. Shantou, China) (molar ratio
of Mn/Li=1:1) was added into the distilled water with
vigorous stirring for 30 min. A black solution obtained was
transferred into a 100-ml Teflon-lined stainless steel
autoclave. The autoclave was sealed for 96 h at 180 °C,
and then cooled naturally to room temperature. The formed
precipitate was filtered and washed twice with double
distilled water. The washed precipitate was further dried at
110 °C for 12 h and obtained the final LiMn,O,4 product.

For the electrochemical properties of the products, the
LiMn,O, electrode used in this study were prepared by
spreading a mixture comprising, by weight, 80% LiMn,Oy,
3% acetylene black (Shanshan Co., Shanghai China), 7%
mesocarbon microbeads, and 10% polyvinylidene fluoride
(PVDF, Kynar FLEX 2801, Elf Atochem, USA) binder
dissolved in N-methyl-2-pyrrolidone (Fluka Inc.) onto an
aluminum foil current collector. The obtained electrode film
was dried at 120 °C for 12 h under vacuum before to use.
The electrolyte was 1 mol L™ LiPF¢-EC/DEC/DMC (1:1:1,
v/v/v, Guotaihuarong Co., Zhangjiagang, China).

Coin cells were assembled using lithium metal as the
second electrode and were tested on the battery testing
equipment (2XZ-2B, Neware Electronic Co. Ltd., Shenz-
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hen, China). And the cyclic voltammogram (CV) measure-
ments was measured at a sweep rate of 0.1 mVs ' between
3.3 and 4.3 V. AC impedance measurements were
performed over the frequency range of 10°~102 Hz with
an amplitude of 5 mV. The electrodes were kept for 1 h so
that the system was stable before CV and AC impedance
measurements.

Characterization

The phase identification of LiMn,O4 was carried out by
powder X-ray diffraction (XRD) technique on a Rigaku D/
Max-3B diffractometer using CuKo radiation. Diffraction
data were collected by step scanning over an angular range
of 15-75° with a step width of 0.02° at a scanning rate of 3°
per minute. The vibrational spectra of LiMn,O, were
characterized by Fourier transform infrared spectroscopy
(FTIR, Tensor-27, BRUKER) using a pellet containing a
mixture of KBr and the response of active material in the
region 400-1,200 cm '. The surface morphologies of
synthesized samples were examined with a scanning
electron microscopy (SEM, LEO 1530, Oxford Instrument).

Results and discussion
The structure and the morphology of spinel LiMn,04

Figure 1 shows XRD pattern for the hydrothermal and sol—
gel-derived materials, respectively. Spinel-type XRD pat-
tern is observed for all the samples with characteristic (h k1)
lines as indexed. From Fig. 1, XRD analysis showed a
single phase of spinel LiMn,0, exhibiting the Fd3m space
with no impurity. It is very interesting to note that the (220)
diffraction line that originated only from the tetrahedral Li-
ion site in the spinel structure, is not observed in our
materials, which means that manganese ions are not
displaced into tetrahedral sites and only Li-ions with very
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Fig. 1 XRD patterns of LiMn,0, synthesized from hydrothermal and
sol—gel methods (a sol-gel method, b hydrothermal route)
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small scattering factor occupy the sites [12]. What is more,
the sharper the intensities of diffraction peak, the better the
crystallinity of the LiMn,0O4 spinel phase was from both the
hydrothermal route and sol-gel method.

FTIR spectrums of the synthesized LiMn,O, spinel
recorded at room temperature are shown in Fig. 2. Here,
the FTIR spectrums are dominated by two strong absorp-
tion bands between 650 and 500 cmfl, which are attributed
to the asymmetric stretching modes of the MnOg group
[15], i.e., the stretching band of O—Mn(I'V)-O and Mn(IIl)—
O. But the Li—O stretching has not been observed, that is
the overlap of the Li-O and Mn—O vibration. Himmrich
and Luta [16] reported that the vibrational modes of
transition metal oxide spinels are attributed to all the atoms
in the framework. Compared with that of the sol-gel
synthesized LiMn,04, the stretching band of the
hydrothermal-derived LiMn,O, has a blue shift to
618 cm ' for the O-Mn(IV) bond and to 523 cm ' for the
Mn(IIT)-O bond, respectively. This implies that the
LiMn,0,4 prepared by hydrothermal has more stabile spinel
structure than that of the sol-gel synthesized LiMn,0O4. The
Mn-O vibration peak becomes much sharper than that of
the sol-gel synthesized LiMn,04, which implies the
appearance of a large ration of Mn>*/Mn*" [15] and more
perfect lattice [17] for the hydrothermal route LiMn,Oj,.
Therefore, the hydrothermal route LiMn,O, has better
electrochemical performance than that by sol-gel method.

Figure 3 shows SEM micrographs recorded for LiMn,0,4
synthesized by hydrothermal and sol-gel methods individ-
ually. Both synthesized methods LiMn,04 compounds have
clearly definite octahedral shape, and their particles
crystallized well with submicro-sizes. Particularly,
LiMn,O4 compound synthesized by hydrothermal method
(Fig. 3b) are found to contain homogenously ideal
distributed octahedral grains with definite interparticle
boundary. The low-temperature-aided hydrothermal synthe-
sis is found to be advantageous in producing such a
desirable morphology with submicro-crystalline particles,
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Fig. 2 FTIR spectrums of LiMn,O4 prepared by sol-gel and
hydrothermal (a sol-gel method, b hydrothermal route)

which is the significance of hydrothermal method. So
LiMn,0,4 compounds synthesized using hydrothermal
approach is expected to exhibit better electrochemical
behavior. However, sol-gel method LiMn,O, materials
(Fig. 3a) are found to have some agglomerated particles
with blur grain boundaries. The formation of irregular grain
piles is believed to result from the high-temperature heat
treatment (750 °C) deployed in sol-gel method.

The electrochemical performance of spinel LiMn,O4

Figure 4 demonstrates the cycling reversibility behavior of
synthesized LiMn,0,4 using two different synthesis meth-
ods at a scan rate of 0.1 mV s ' in the potential ranging
from 3.3 to 4.3 V. For LiMn,O, cathodes, the CV consists
of two anodic peaks and two cathodic peaks, corresponding
to the two-step reversible de-intercalation and intercalation
of lithium according to the following reactions [18-21]:

LiMn,0, = LigsMn,O4 + 0.5Li" + 0.5¢~ (1)

LioASMIl204 = A — MHOQ + 05LlJr + 0.5¢™ (2)

The first pair of peaks (about 4.1 V/3.9 V) is attributed
to the removal/addition of Li ion from/into a half the
tetrahedral sites in which Li/Li" interaction occurs. The
second redox pair (4.25 V/4.1 V) is attributed to the
intercalation/de-intercalation of lithium into the other half
of the tetrahedral sites, where Li" ions do not interact. It is
well-known that these processes are accompanied by the
reversible Mn>"/Mn*" redox reactions.

However, for LiMn,0, prepared by hydrothermal route,
the first pair redox peak and the second redox pair peak are
not so enough sharp and completely separate as those of
sol-gel methods. These mean the two-step process is not
obvious, that is the two stages of insertion and extraction of
lithium ions occur at the same time, indicating that the
mechanism certainly changed.

Figure 5 shows the potential vs. discharge capacity of the
Li/IM LiPF¢-EC/DEC/DMC electrolyte/LiMn,Oy cells with
the cycle number (Fig. 6) at 0.1 °C rate (1 °C=148 mA/g). It
is obvious that discharge curves of the samples have two
voltage plateaus at approximately 4.0 and 4.1 V respectively,
corresponding to the two stages of insertion and extraction of
lithium, which mirror the two redox of CV. The capacity of
LiMn,O, obtained from both hydrothermal and sol-gel
methods decreases slowly with the cycle number. Fading
capacity of the spinel LiMn,O,4 is due to Jahn—Teller
distortion [22, 23], the dissolution of manganese into
electrolyte [24-26], loss of crystalline during cycling [27],
and electrolyte decomposition at high-potential regions [28—
30]. The LiMn,O,4 powders prepared by hydrothermal route
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Fig. 3 SEM micrographs of
LiMn,O, prepared from a sol—
gel method b hydrothermal
route

the max
; after over 100 cycles,
the capacity retention is still above 90%, indicating an
excellent electrochemical performance. However, the initial
specific discharge capacity of the spinel LiMn,O,4 prepared

shows initial discharge capacity 104.18 mAh g ',
discharge capacity 114.36 mAh g’

by sol—gel is only close to 80.55 mAh g ', the max discharge
capacity to 98.67 mAh g'; after over 100 cycles, its
retention of capacity gets to 74.7%, indicating poor cycle
performance.

It is inferred from the above results that the electro-
chemical performance of spinel LiMn,O, depend strongly
upon the synthesis method, that is LiMn,O, powder
prepared by hydrothermal route has higher specific capacity
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and better cycling performance than the one synthesized
from sol-gel method. This further specified that the lithium
inserted and the reversibility of lithium insertion/extraction
reactions depend strongly upon the synthesis conditions
[31] and even with the same chemical composition and
crystal structure, small variations in physical properties of
the cathode materials, such as surface morphology and size
of the particle, influence the performance of the battery to a
noticeable extent [32].

Electrochemical impedance spectroscopy of spinel
LiMn204

To investigate the lithium-ion insertion mechanism at the
electrode/electrolyte interface, EIS was conducted for the
LiMn,0, electrode during the first charge cycle in the
1 mol L' LiPF¢-EC/DEC/DMC electrolyte at room
temperature. Nyquist plots of the synthesized LiMn,O4
cathodes in the potential region from 3.7 to 4.3 V during
the first charge process are shown in Fig. 7. From Fig. 7, it
can be seen that the LiMn,0O, prepared by different
methods have similar EIS. Each Nyquist plot for LiMn,Oy4
cathodes below 3.85 V is composed of compressed
semicircle in high-frequency region and a huge arc at
medium-to-low frequencies. As the polarization potential
increased, the high-frequency semicircle was gradually
exaggerated, which obtained at room temperature was
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Fig. 4 Cyclic voltammogram of LiMn,O, samples from sol-gel
method and hydrothermal route at 0.1 mV s ' scan rate (a sol-gel
method, b hydrothermal route)
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Fig. 6 Variation of discharge capacity with number of cycles for
LiMn,0, obtained from both hydrothermal route and sol-gel method

consisted of two semicircles actually [33], that is a high-
frequency semicircle and a middle-to-high frequency semicir-
cle (as marked in Fig. 7) and the middle-to-low frequency arc
gradually formed another middle-frequency semicircle and a
Warburg region followed by a steep sloping line at the low
frequency. When at intermediate intercalation degrees, take
3.95 V for example, the Nyquist plot were consisted of four
parts, qualitatively “three semicircles and one line,” i.e., the
high-frequency semicircle (abbreviated as HFS), the middle-
to-high frequency semicircle (MHFS), the middle-frequency
semicircle (MFS), and a steep sloping line in the low-
frequency region (here called LFL in short). According to
Gnanaraj’s and Aurbach’s opinions [34, 35], the HFS is
related to lithium-ion migration through the SEI film covered
on the spinel LiMn,O,4, the MFS is attributed to charge
transfer through the electrode/electrolyte interface, and LFL is
assigned to solid-state diffusion of lithium ion in the LiMn,Oy,
matrix. In our previous studies [33], the MHFS was related to
the electronic properties of the LiMn,O, material.

Moreover, the delithiation potential and the impedance
value are different in the EIS of LiMn,O, cathodes
prepared by two different synthesis methods. The medium
frequency semicircle to charge-transfer reaction emerges in
the potential region from 3.75 to 3.8 V for hydrothermally
synthesized LiMn,O4 and in the 3.85-3.9 V range for
LiMn,O4 by sol-gel method, which corresponds to the
results of CV.

According to the experimental results above, an equiv-
alent circuit, as shown in Fig. 8, is proposed to fit the
impedance spectra of LiMn,O,4 synthesized by hydrother-
mal method in the first charge process. In this equivalent
circuit, R represents the ohmic resistance; Rgg; and R are
resistances of the SEI and the charge-transfer reaction; the
capacitance of the SEI, the capacitance of the double layer
are represented by the constant phase elements (CPE) QOgg;
and Qy, respectively; The low-frequency region, however,
cannot be modeled properly by a finite Warburg element;
we chose therefore to replace the finite diffusion by a CPE,
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Fig. 7 EIS plots of spinel LiMn,0,4 obtained from both hydrothermal
and sol-gel method during the charge process (a, b, hydrothermal
route; ¢, d, sol-gel method)

i.e., Op. The electronic resistance of the material and the
associated capacitance used to characterize the electronic
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Fig. 8 Equivalent circuit proposed for analysis of the spinel LiMn,Oy4
electrode in the first charge process

properties of the material are represented by R. and the
constant phase elements Q.. The expression for the
admittance response of the CPE (Q) is

Y = wa'cos(?) +onw"sin<%), 3)

where w is the angular frequency, j is the imaginary unit. A
CPE represents a resistor when n=0, a capacitor with
capacitance of C when n=1, an inductor when n=-1, and a
Warburg resistance when n=0.5.

At last the equivalent circuit was simulated by the
software of Zview. Figure 9 shows the simulated impedance
spectra compared with experimental EIS data of LiMn,O4
from hydrothermal route at 3.95 V in the charge process,
and the values of parameters are listed in Table 1, the
relative standard deviations for all parameters obtained
from fitting the experimental impedance spectra, did not
exceed 15%. It can be seen that the proposed model
describes the experimental data satisfactorily.

Analysis of the equivalent circuit of EIS in initial charge
process

Variations of resistances of the SEI and the charge-transfer
reaction with polarization potential

In the case of LiMn,O, cathode, the SEI layer plays an
important role for lithium intercalation/deintercalation. A
stable SEI can inhibit the further decomposition of electrolyte
on the positive electrode and stabilize the positive electrode.

50 |
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Fig. 9 Comparison of EIS experimental data at 3.95 V in the first
charge process with simulation results using equivalent circuit of
Fig. 7 for LiMn,0O,4 by hydrothermal route
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Table 1 Equivalent circuit parameters obtained from Fig. 6 at 3.95 V
for spinel LiMn,O, prepared by hydrothermal route

Parameters Valves Uncertainty (%)
Rggr 16.15 8.722
OSELY0 0.000028908 5.6033
OSELn 0.87328 0.95976
R. 15.45 10.063
0e-¥0 0.000086265 6.525
Ocn 0.92599 2.5958
R 8.876 3.2221
0d1-10 0.0068639 3.7447
Odi-n 0.88256 2.0955
OD-Y0 1.149 6.3192
OD-n 0.68865 3.1297

Therefore, the life, charge—discharge, and safety performance
of lithium-ion batteries are highly dependent on the SEI film
of the electrode. Figure 10 shows variations of Rgg; with
electrode potential obtained from fitting the experimental
impedance spectra of spinel LiMn,O, electrode prepared by
hydrothermal and sol-gel methods individually during the
first charge cycle. As can be seen, both Rgg; remain almost
invariable with the increase of polarization potential in the
first charge process, indicating that the SEI remains persistent
and stable to a certain extent in those processes. However, the
Rgp; of the LiMn,O,4 by hydrothermal route slightly decreases
at 4 V or more; this may be due to the dissolution of the
resistive SEI film as proposed by Zhang et al. [36].
According to SEI model, the relation of Rgg; and
resistivity p can be expressed as the below following:

Rsgr = pl/S (4)

Where [ is the thickness of SEI film, S is the surface area
of electrode. If the values of resistivity p and electrode
surface area S of the LiMn,O, electrode are invariable or

40

- w—sol-gel
35 - « hydrothermal
30 -
25
R
7] . .
£S5 B . . . - .
15 |-
10 |- = .
5 |-
- B e S - L -
0 i 1 i 1 1 | s 1 L 1 )
38 39 4.0 4.1 4.2 43

Potential /Vvs Li*/Li

Fig. 10 Variations of Rgg; with electrode potential obtained from
fitting the experimental impedance spectra of the spinel LiMn,Oy,
electrode during the first charge cycle
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little variable, obviously a large impedance of Rgg; means a
large SEI thickness. From Fig. 10, the Rgg; value of the
LiMn,0, prepared by hydrothermal route is larger than that
of the LiMn,O, synthesized by sol-gel method, that is, the
SEI layer of the former is thicker than the one for the later.
If the SEI layer on the cathode is not thick enough to
prevent electron tunneling through it, an irreversible
electrolyte reduction decomposition would further proceed.
So the cycling performance of LiMn,0, prepared by
hydrothermal route with enough SEI layer thickness is
better than the one by sol-gel with thin SEI layer.

Among the characteristics of insertion materials, the
electrical conductivity is one of the most important issues in
connection with the rate performance of batteries. In
addition, conductivity measurements during the lithium
insertion/extraction reaction would be an attractive ap-
proach to study the variation in the electronic structure of
the materials as a function of lithium content [37, 38].

Variations of R, with electrode potential obtained from
fitting the experimental impedance spectra of spinel LiMn,O4
electrode during the first charge cycle are shown in Fig. 11.
The electronic resistances of the electrode materials in the
charge process have the same change tendency with poten-
tials, namely, R. first decrease and then increase with the
increase of the electrode polarization potential in the charge
process, in accordance with the experiment results obtained by
Nishizawa et al. [39]. Spinel Li;— ,Mn,0, is a mixed-valence
(Mn**/Mn*") compound and its electronic conduction takes
place by electron-hopping between high-valence (Mn*") and
low-valence (Mn>") cations [40, 41].

Conductivity of this type would be governed by the
amount of carrier of electron of Mn®>" and the hopping
length of (Mn—Mn interatomic distance). The amount of
electron carrier decreases proportionally with the degree of
delithiation coupled with oxidation of Mn*" to Mn*". On
the other hand, the Mn—Mn distance in the spinel structure
is contracted by delithiation. The R, change may result
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Fig. 11 Variations of R, with electrode potential obtained from fitting
the experimental impedance spectra of the spinel LiMn,0, electrode
during the first charge cycle

from the sum of these opposite effects. The R. decreases
with the increase of the electrode polarization potential in
the charge process, indicating that the effect of contraction
of hopping length was more predominant than the decrease
of the amount of the electron carrier.

Variations of charge-transfer resistance with polarization
potential

Base on the Egs. 1 and 2, the basic reaction mechanism of
lithium-ion intercalation in LiMn,O, cathode is illustrated
as Eq. 5:

(1 —x)Li* + (1 —x)e” + Li;Mn,O4 = LiMn,04 (5)

Firstly, suppose that the velocity of the forward reaction
r¢ (intercalation of lithium ion in the LiMn,O4 electrode) is
proportional to cr(1—x) and the concentration (M') of
lithium ion in the electrolyte near the electrode. cr(1—x)
represents the intercalation sites on the LiMn,O, electrode
surface unoccupied by lithium ions, wherein x is the
intercalation level, ¢z (mol/cm?) is the maximum concen-
tration of lithium ion in LiMn,O, electrode. Then,
deintercalation rate r, is proportional to c¢r x which
represents occupied sites by lithium ion. So the intercala-
tion velocity r; and the deintercalation velocity 7, can be
expressed as [42, 43]:

re = keer(1 —x)M™ (6)

1y = kyerx (7)
Therefore,

i=rp—ry =nFer((ke(1 —x)M" — kpx) (8)

Where 7 is the number of exchange electron on charging
and discharging, F is the Faraday constant.
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Fig. 12 Variations of R, with electrode potential obtained from fitting
the experimental impedance spectra of the spinel LiMn,0, electrode
during the first charge cycle

@ Springer



1558

J Solid State Electrochem (2012) 16:1551-1559

The molar intercalation energy AGj,, of lithium ion in
the LiMn,O, electrode can be expressed as:

AGiy = a + gx 9)

Where a is the constant about the interaction energy
between an intercalated ion and a host lattice near it, and g
is the constant about the interaction energy between two
intercalated ions in different sites.

According to the activated complex theory, the relation
of k¢ and k&, with the potential as the below following:

kf::kgexp[ aln i;; sz)} (10)
ky = kgexp F — a(nﬁl‘s; AGim)} (11)

With « representing symmetry factor for the electro-
chemical reaction. The velocity constants & and k{can be
expressed according to the Arrhenius form [40]:

— AGo,

@:mw% Mﬁ) (12)
— AGpa

kngbmp( RT°) (13)

Substitute Eqs. 10 and 11 into Eq. 8, the current i can be
obtained in the following expression:

—a(nFe + AG;
i = nFerk!(1 —x)M* exp[ aln eR; lm)]

[OaXME+AGM}

(14)

—nkF chgx exp RT

On the equilibrium state, E=FE,, i =0. Therefore,
exchange current density iy can be written as:

—a(nFe + AGim)}

iy = nFchfO(l —x)M* exp[

RT (15)
1 - Fe + AGi
:nFchgxexp {( a)(nFe + t)}
RT
Thus,
L H(=a)r1 _ N(-0a) «a
io = nFerko(M™) (I —x)" "% (16)

Where £k is the standard reaction speed constant and can
be expressed as:

—a(nFE AGi,
ko = k° exp a(nFEo + AGim)
f RT (17)
T (1 —a)(nFEy + AGiy)
= K, €Xp RT

@ Springer

The charge-transfer resistance can be defined as:
R = RT /nFi (18)
The substitution of expressions 14 and 16 into Eq. 18
gives the following formula:

B RT
n2F2erko (M)~ (1 — x) 1~ xe

(19)

Rct

If the reaction of lithium-ion intercalation and deinterca-
lation in the LiMn,O, eclectrode is invertible, a will be
equal to 0.5.

Then,

B RT
n2F2erko(M+)** (1 — x)03x05

R (20)

Equation 20 predicts clearly a rapid increase in R
with the decrease of x as x<0.5 and a rapid decrease in
R with the increase of x as x>0.5. The minimum R, can
be attained when x=0.5. Equation 20 can well explain the
relation between the charge-transfer resistance and

electrode polarization potential which is illustrated in
Fig. 12.

Conclusions

The spinel LiMn,O4 powders with submicro-size and
excellent phase-pure particles were synthesized by hydro-
thermal route and sol-gel method. The LiMn,O, powder
prepared by hydrothermal route has good electrochemical
properties of a specific capacity of 114.36 and
99.78 mAh g_1 at the 100th cycle; however, the one by
sol-gel has only the capacity of 98.67 and 60.25 mAh g
at the 100th cycle, which means that even with the same
chemical composition and crystal structure, the synthesis
method and variation in physical properties of the cathode
materials strongly influenced their electrochemical proper-
ties. The differently synthesized LiMn,O, electrodes have
the same change tendency of EIS. While the medium
frequency arc to charge-transfer reaction of hydrothermally
synthesized LiMn,0,4 emerges in the potential region from
3.75 to 3.8 V and in the 3.85-3.9 V range for sol-gel
prepared LiMn,O,4. The selected equivalent circuit can fit
well the EIS results of synthesized LiMn,Oy.
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