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Abstract: Na-doped Li; osMn,O4 cathodes were synthesized using a sol-gel process. The samples were characterized by X-ray
diffractometry (XRD), cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS) and charge-discharge measurements.
The results show that all the samples exhibit the same cubic spinel phase structure without impurity. The lattice constant and unit cell
volume decrease with increasing the sodium dopant amount. As the molar ratio of sodium to manganese (Xx=n(Na)/n(Mn)) increases
from 0 to 0.03, the initial discharge capacity of the Li; ysMn,0, cathodes decreases from 119.2 to 107.9 mA-h/g, and the discharge
capability at large current rate and the storage performance decline dramatically, while cycling performance at room temperature and
55 °C are improved. The CV and EIS studies indicate that reversibility of Li; jsMn,0, cathodes decreases and the electrochemical

impedance increases with increasing the sodium dopant amount.
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1 Introduction

Layered LiCoO, has been widely wused in
commercial lithium ion batteries, but Co is relatively
expensive and toxic. Spinel LiMn,O, is considered as
one of the most promising alternative cathode materials
and investigated widely because of its low cost, good
safety and environmentally benign nature[1-2].

However, LiMn,0O, requires further improvement
before it can act as a cathode material in commercial
lithium ion batteries. The material has severe capacity
fade during storage and cycling at elevated temperature
[3—4]. Although the rationale behind the capacity loss is
not completely understood, several contributing factors
could include Jahn-Teller distortion,
dissolution, lattice instability, electrolyte decomposition

manganese

and particle disruption[5—7]. Many efforts have been
made to improve the elevated temperature performance
by substituting O with F[8—10], coating the spinel with
Li,0, B,0s, Al,03, MgO, ZnO, SnO, and ZrO,[4, 9-10],
and doping with metal ions such as Cr’ [11-12], AP"[13],

La’'[1], Nd®'[14] and Mg*[15-16].

Electrolytic manganese dioxide (EMD) has been
widely used as manganese compound precursor for
synthesis of LiMn,O, powders. However, the EMD
precursors usually have a large amount of impurities
such as Na” and SO,*. Nowadays, the commercial EMD
is primarily produced by electrodeposition from
manganese sulfate. The deposit consists of manganese

hydroxide and/or manganese dioxide with low
crystallinity, loose structure and abounding micro
cavities, which results in serious absorption and

sandwich inclusion of SO4* and sodium impurities.
Many efforts have been made to eliminate these
impurities but little effect is achieved. Therefore,
LiMn,O, cathode made from EMD contains a large
amount of those impurities, which may be the important
causes to the failure of the LiMn,O, cathode in the
lithium ion batteries. But, there is no research on the
effects of sodium reported yet.

The amount of sodium in the commercial EMD is
usually larger than 0.25% by mass fraction, which means
molar ratio of sodium to manganese (x=n(Na)/n(Mn)) is
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above 0.01. As the residue, sodium in the manganese
dioxide is usually not considered in determining the
molar ratio of Li to Mn for synthesis of manganese
spinel cathode, and the amount of sodium is much lower
than that of lithium and manganese. In this work, we
fixed the molar ratio of lithium to manganese as 1.05:2
and added sodium acetate in the starting materials with
molar ratios (x= n(Na)/n(Mn)) of 0, 0.01, 0.02 and 0.03,
respectively, and then Na-doped spinels were synthesized
using a sol-gel process. The effects of the sodium
substitution on the structure and performances of
Li; sMn,O,4 cathodes were investigated.

2 Experimental

Analytical reagent-grade CH;COOLi-2H,0,
CH;COONa, Mn(CH;C0OO0),-4H,0 and citric acid were
dissolved in distilled water at a molar ratio of 0.525:x:1:
0.75, where X is 0, 0.01, 0.02 and 0.03, respectively.
Analytical reagent-grade ammonium hydroxide was
added slowly to the solution with constant stirring until
pH 8 was achieved. The resultant solution was
evaporated at 80 ‘C, during which a sol was obtained
and then it transformed into a gel. To remove water, the
gel was dried at 140 C for 12 h in a vacuum oven. The
resulting gel precursors were calcined at 700 C for
24 h in air to obtain the spinel phase. The structure of the
samples was characterized by X-ray diffraction (XRD)
analysis using a Rigaku diffractometer.

The Lij¢sMn,O4 spinel, acetylene black and
poly-vinylidene difluoride (PVDF) were mixed in a mass
ratio of 8:1:1 and emulsified in N-methyl-2-pyrrolidone.
The cathode was prepared by spreading the resulting

slurry on an aluminum foil and dried overnight at 120 C.

The coin cell was prepared in an Ar atmosphere glove
box using Li foil as an anode and UP 3025 porous
membrane as a separator. The electrolyte was 1 mol/L
LiPFg dissolved in a mixture of ethylene carbonate (EC),
dimethyl carbonate (DMC) and methyl-ethyl carbonate
(EMC) with a volume ratio of 1:1:1. The cell was
charged and discharged from 3.0 to 4.3 V at different
current rates.

An  accelerated measurement of  storage
performance for the Lij ¢sMn,O, spinels was carried out
by storing the cells at 55 °C. The cells were charged and
discharged for 3 cycles at 0.5C current rate at room
temperature, and then they were fully charged and stored
at 55 ‘C for 7 d. The cells were discharged at 0.5C
current rate at room temperature after the storage. The
self-discharge was determined by the difference between
the discharge capacity before the storage and that after
the storage, and then the self-discharge ratio (ratio of the
self-discharge capacity to the discharge capacity before
the storage) of the cathodes was obtained.

Cyclic voltammetery (CV) was carried out on a
CHI660A electrochemical workstation between 3.0 and
4.5 V at a scan rate of 0.2 mV/s and electrochemical
impedance spectroscopy (EIS) was measured between
0.001 and 100 kHz

3 Results and discussion

3.1 Crystal structure and morphology

Fig.l1 shows the X-ray diffraction patterns of
Li; osMnyO4 spinels doped with different amounts of
sodium. All the four materials exhibit single-phase
diffraction patterns, which can be indexed to the cubic
spinel structure of Fd3m space group. In the pristine
LiMn,O, spinel, lithium and manganese occupy the
tetrahedral (8a) and the octahedral sites (16d),
respectively, and the oxygen ions are located at the (32¢)
sites. As the Na-doped manganese spinels are concerned,
there are three possible sites for the sodium ions: 1) the
tetrahedral (8a) sites; 2) the octahedral (16d) sites, which
are fully occupied by manganese ions in LiMn,04; and
3) the octahedral (16c¢) sites, which are unoccupied in the
LiMn,0, and are vital in the lithium diffusion process. In
another study, HE[17] simulated the possible sites of
sodium in the spinel by Carine crystallography program,
carried out the Rietveld refinement on the XRD data of
the Na-doped spinels by Fullprof program, and found
that the sodium ions primarily occupied the tetrahedral
(8a) sites and caused part of the lithium ions to move
from the (8a) sites to the (16d) sites by partially
replacing the manganese ions.
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Fig.1 XRD patterns of Li; psMn,O, spinels doped with different

amounts of sodium

As shown in Fig.1, the intensity of the diffraction
peaks becomes lower and broader after doping,
indicating lower crystallinity and smaller crystal size.
The lattice parameters and volume of the unit cell were
calculated and the results are summarized in Table 1. It
can be seen from Table 1 that the increasing sodium
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doping amount decreases the lattice parameters and the
lattice volume. As discussed above, the sodium doping
results in part of the lithium ions replacing manganese
ions in the (16d) sites, which in turn causes twice
amounts of Mn®" ions oxidized to Mn*" ions in order to
keep electrical neutralization of the spinel compounds.
Since the radium of the Mn*" ion (0.53 A) is much
smaller than that of the Mn®" ion (0.65 A)[18], the
volume of the spinel shrinks with increasing sodium
dopant amount though the radium of sodium ion is larger
than that of lithium ion and manganese ion. The
shrinkage of the lattice crystal provides less lattice space
for lithium intercalation and deintercalation, which will
in turn affect the electro- chemical performances of the
Li; ¢sMn,O, cathodes.

Table 1 Lattice parameters and unit cell volume of Li; (sMn,O4
spinels doped with different amounts of sodium

Molar ratio of Lattice Unit cell
Na to Mn parameter, a/A volume/A’
0 8.243 8 560.3
0.01 8.240 7 559.6
0.02 8.2357 558.6
0.03 8.230 4 557.5

3.2 Charge—discharge characteristics

Fig.2 shows the initial discharge curves for the
Li; gsMn,O4 cathodes doped with different amounts of
sodium. All the four samples present two discharge
shoulders around 4.1 and 3.95 V, which are the typical
characteristic of manganese spinels. The discharge
capacity decreases with increasing sodium dopant
amount. The pristine Li; osMn,O4 delivers a large initial
discharge capacity of 119.2 mA-h/g (80.5% of the
theoretical value), while the Li;¢sMn,O4 cathode with
a molar ratio (x=n(Na)/n(Mn)) of 0.03 shows a much
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Fig.2 Initial discharge curves for Li; osMn,O, cathodes doped

with different amounts of sodium at current density of 62.5

mA/g (0.5C)

smaller initial discharge capacity of 107.9 mA-h/g. As
mentioned above, introduction of sodium ion into the
manganese spinel crystal will accompany the oxidation
of Mn*" to Mn*. However, the capacity of the
manganese spinel depends on the Mn’" that can be
oxidized to Mn*" during the deintercalation of lithium
ions. In addition, the sodium ions at the (8a) sites in the
crystal cannot deintercalate as lithium ions do, so the
capacity of Li;¢sMn,O4 cathode decreases with
increasing sodium dopant amount.

Fig.3 shows cycling performances for the
Li; osMn,O4 cathodes doped with different amounts of
sodium at 0.5C rate at room temperature and 55 C.
Both the cycling stability at room temperature and that at
55 C are improved with increasing sodium dopant
amount. With the molar ratio of sodium to manganese
increasing from 0 to 0.03, the capacity retention ratios
for the Li; osMn,O,4 cathodes charged and discharged for
25 cycles at room temperature are 93.1%, 95.0%, 96.1%
and 97.0%, respectively, while those at 55°C are 82.7%,
83.6%, 89.2% and 91.0%, respectively. In the Na-doped
Li; gsMnyO, spinels, the sodium ions in the lattice will
act as a pillar to prevent the collapse of the crystal during
the cycling. Furthermore, the improvement on strength of
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Fig.3 Cycling performances for Li; ¢sMn,O4 cathodes doped
with different amounts of sodium at 0.5C rate at room
temperature (a) and 55 C (b)
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Mn—O band due to the increase of Mn*" also facilitates
stability of the spinel crystal.

The cells with different Li; osMn,O,4 cathodes were
fully charged and then stored at 55 C for 7 d to
investigate the capacity loss during the storage. The
discharge curves of the Li;osMn,O, cathodes before
storage and those after storage are shown in Fig.4. As the
molar ratio of sodium to manganese increases from 0 to
0.03, the discharge capacity before storage for the
Li; osMn,O, cathodes decreases from 118.2 to 108.1
mA-h/g, while that after storage decreases from 86.4 to
44.6 mA-h/g, thus the self-discharge ratio increases from
26.9% to 58.7%, indicating the storage performance
decreases dramatically with increasing sodium dopant
amount. It may be due to the decrease in crystallinity and
increase in mess degree of the cations arrangement
resulted from the sodium substitution.
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Fig.4 Discharge curves for Li; osMn,0, cathodes doped with
different amounts of sodium at current density of 62.5 mA/g
(0.5C): (a) Before storage; (b) After storage

Fig.5 shows discharge curves for the LiMn,O4
cathodes doped with different amounts of sodium at 0.2C
and 2C current rate. With increasing the molar ratio of
sodium to manganese from 0 to 0.03, the discharge
capacity of LijsMn,O, cathodes at 0.2C current rate
decreases from 119.2 to 110.4 mA-h/g, while that at 2C

current rate declines from 114.8 to 99.5 mA-h/g, so ratio
of the discharge capacity at 2C rate to that at 0.2C rate
decreases from 96.31% to 90.12% with increasing
sodium dopant amount. Since some lithium ions are
replaced by sodium ions at the (8a) sites, the
deintercalation of lithium ions may be hampered by
sodium ions, and the shrinkage of the lattice crystal
provides less lattice space for lithium ions intercalation
and deintercalation. So, the discharge capability at large
current rate decreases with the increasing sodium dopant
amount.
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Fig.5 Discharge curves for Lij ;sMn,0, cathodes doped with
different amounts of sodium at 0.2C (a) and 2C (b) current rate
3.3 Cyclic voltammetry and electrochemical
impedance spectroscopy

Fig.6 shows the cyclic voltammograms of
Li; osMn,O4 cathodes doped with different amounts of
sodium at a scan rate of 0.2 mV/s. The CV pattern shows
two anodic peaks around 4.1 and 4.2 V as well as the
corresponding cathodic peaks around 3.9 and 4.05 V. The
two symmetrical couples of redox peaks are associated
with the two voltage shoulders observed in the charge—
discharge tests. CV curves of pristine Li; ysMn,O4 have
two redox peaks which are narrow and well separated.
With increasing sodium dopant amount, both the anodic
and cathodic peaks become low and broad. The anodic
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peaks shift toward high potential and the cathodic ones
shift toward low potential. As a result, the difference
between them increases, suggesting the reversibility of
the cathodes decreases. The sodium dopant increases
mess degree of the cations in the crystal and hampers the
diffusion of lithium ion in the solid, thus the polarity of
the cathode increases and the reversibility decreases,
which will in turn decrease the performance of the
spinel.

Current/mA

1.5+

30 32 34 3.6 38 40 42 44
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Fig.6 Cyclic voltammograms of Li; (sMn,O4 cathodes doped
with different amounts of sodium at scan rate of 0.2 mV/s

AC impedance measurement was carried out after
the cells had been charged and discharged at 0.2C current
rate for a cycle, and the results are shown in Fig.7. The
impedance plot consists of a depressed semicircle and an
inclined line. The intercept at the Z' axis in high
frequency corresponds to the ohmic resistance (R.),
which represents the resistance of the electrolyte. The
semicircle in the middle frequency range indicates the
charge transfer resistance (R.). The inclined line in the
low frequency represents the Warburg impedance (Z,,)
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Fig.7 Nyquist impedance spectra of Li;sMn,O4 cathodes
doped with different amounts of sodium

[19], which is associated with lithium ion diffusion in the
cathode Li; osMn,0, particles. In this work, the R, values
are almost the same throughout the experiments due to
the same electrolyte and fabrication parameters, and they
are around 5 Q and much smaller than the R values. The
R values for Li; jsMn,0O4 cathodes with the molar ratio
(x=n(Na)/n(Mn)) of 0, 0.01, 0.02 and 0.03 can be
evaluated to be about 80, 113, 124 and 152 Q,
respectively, indicating the R, values increase obviously
with increasing sodium dopant amount. It can be
attributed to the shrinkage of lattice crystal which results
in less lattice space for lithium ions intercalation and
deintercalation as well as the hindrance of sodium ions in
the spinel.

4 Conclusions

1) Na doped Li; jsMn,O, spinels were synthesized
using a sol-gel process. The sodium substitution does not
change the basic spinel structure, but slightly affects the
lattice parameters. All the materials exhibit the same
cubic spinel phase structure without impurity. The lattice
parameter and unit cell volume decrease with increasing
sodium dopant amount.

2) The sodium substitution decreases the initial
discharge capacity, discharge capability at large current
rate and storage performance of the Li; ¢sMn,0, cathodes,
while improves the cycling stability at room temperature
and 55 ‘C. As the molar ratio of sodium to manganese
increases from 0 to 0.03, the initial discharge capacity
decreases from 119.2 to 107.9 mA-h/g, the self-discharge
ratio increases from 26.9% to 58.7%, the ratio of
discharge capacity at 2C to that at 0.2C declines from
96.31% to 90.12%, and the capacity retention ratio after
25 cycles at 55 °C rises from 82.7% to 91.0%. The CV
and EIS results indicate that the reversibility decreases
and the -electrochemical impedance increases with
increasing sodium dopant amount.
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