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Abstract To enhance the electrochemical performances of
LiMn, Oy, at elevated temperature, we proposed a sol-gel meth-
od to synthesize LiNi; 5Co;3Mn; 30,-modified LiMn,O,4. The
physical and electrochemical performances of pristine and
LiNi; 3Co;/3Mn;304-coated LiMn,O,4 cathode materials were
investigated by X-ray diffraction, scanning electron microsco-
py, transmission electron microscopy, X-ray photoelectron
spectroscopy, and electrochemical measurements, respectively.
The results indicated that about 5—6-nm-thick layer of
LiNi;3Co3Mn,; 30, formed on the surface of the LiMn,0Oy4
powders. The modified LiMn,0, exhibited excellent storage
performance at 45, 55, and 65 °C compared to the pristine one,
which was attributed to the suppression of electrolyte decom-
position and the reduction of Mn dissolution.

Keywords LiMn,O, - Sol-gel method - Surface coating -
Electrochemical performance

Introduction

With the advantages of being abundant, nontoxic, and inex-
pensive, spinel lithium manganese oxide (LiMn,0,) is a
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promising candidate for layered cathode materials such as
LiCoO, [1, 2]. Especially, the good stability of LiMn,04
may ensure its large-scale usage in batteries for electric
vehicle or energy storage [3]. However, LiMn,O4 shows
obvious capacity fade when cycling at high temperature
(50-60 °C) [4-6]. It was reported that the capacity fading
mechanism at high temperature was related to the Jahn—
Teller distortion and dissolution of Mn*" ions [7, 8]. Mn
dissolution is induced by HF acid, which is generated by
secondary chemical reactions from temperature-enhanced
electrolyte decomposition.

In order to solve this problem, earlier studies have been
focused on the chemical modification of LiMn,O4 by a partial
substitution of Mn with some metal ions to obtain LiM,Mn,_
<04 (M=Co, Mg, Cr, Ni, Fe, Al, Ti, and Zn) [9-12]. These
results indicated that the substitution of Mn with metal ions
significantly improved the cycle performance of LiMn,O,.
However, the partial substitutions decrease the capacity of
LiMn,0O4. Another effective way is surface coating on
LiMn,0,4 by an oxide with high thermal and structural stabil-
ity. ZrO,, SiO,, Al,0O5, and MgO [13-16] have been used to
coat LiMn,0,4 by some chemical processes. Nevertheless, the
aforementioned oxides do not have de-intercalation and inter-
calation of Li ions, which will result in a decrease in initial
capacity. Additionally, proper lithium ion conductivity is a
fundamental parameter used to choose the coating materials.
LiNi; 5Co;3Mn; 50, has de-intercalation and intercalation of
Liions, which may suppress the dissolution of Mn. Therefore,
it is expected that the modified LiMn,O,4 will show an excel-
lent cycle performance at elevated temperature. In this study,
we proposed an approach to synthesize LiNi; 3Co;5Mn; 50,
on the surface of spinel LiMn,04. The effects of the
LiNi; 5Coy,3Mn; 30, layer on the morphology and electro-
chemical performances of LiMn,0, cathode materials were
examined in detail.
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Experimental

LiMn,O,4 powder was purchased from Hebei Strong-Power
Li-ion Battery Technology Co., Ltd. (D98, China). To coat
LiMl’l204 with LiNi1/3C01/3M1’11/302, LICH3C002H20
(1.057 g), Mn(CH3COO),-4H,0 (0.85 g), Ni(CH;COO),-
4H,0 (0.86 g), and Co(CH3COO),-4H,0(0.86 g) with a stoi-
chiometric ratio of 3:1:1:1 were dissolved in distilled water to
form a clear solution. An aqueous solution of ethylene glycol
and citric acid as a chelating agent was added to the mixtures.
pH value at 7.0-7.5 was achieved using ammonium hydrox-
ide. Then the LiMn,0O,4 powders (50 g) were slowly added to
the sol and vigorously stirred at 85 °C for 8 h. The sol turned
into viscous transparent gel when the water evaporated. After
drying and sieving, the powder was sintered in air at 400 °C
for 5 h and 750 °C for 3 h to obtain LiNi;;3Co;,s3Mn;305-
coated LiMn,QOy4. For a comparison, pristine LiMn,O4 was
also heat-treated in the same condition.

Structure and morphology characterization

X-ray diffraction (XRD) patterns were recorded on a DX-
2700 diffractometer (Siemens D-5000, Mac Science MXP
18) equipped with Cu K« radiation of A=0.154145 nm. The
diffraction patterns were recorded between scattering angles
of 15° and 80° at a step of 4°/min. The morphology was
studied using a scanning electron microscope (S4700,
Hitachi) and transmission electron microscope (JEOL-
1200EX). X-ray photoelectron spectroscopy (Kratos AXIS
Ultra DLD) was employed to probe the surface for Mn va-
lence states. After cycling, the batteries were disassembled in
a glove box and the electrodes and membrane were washed
with EC/DMC for several times. The cathode was used to
examine the changes in structure by XRD, and the obtained
solution was diluted to a suitable concentration to detect the
content of Mn element. Inductively coupled plasma atomic
emission spectrometry analysis was conducted on an IRIS
Intrepid IT XSP inductively coupled plasma emission spec-
trometer (THERMO).

Electrochemical and thermal characteristics

To obtain working electrodes, 85 wt% active materials, 9 wt%
acetylene black, and 6 wt% polyvinylidene fluoride were ho-
mogeneously mixed in N-methyl-pyrroline. Then the resulting
slurry was spread on an aluminum foil and thoroughly dried.
The electrodes were punched in the form of 14-mm-diameter
disks, and the typical active material mass loading was about
6 mg/cm?. The electrolyte was 1 M LiPF dissolved in a mix-
ture of ethylene carbonate and dimethylene carbonate with the
volume ratio of 1:1. The anode of the battery is Li electrode.
The assembly process was conducted in an argon-filled glove
box with the content of H,O and O, less than 1 ppm.
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Before electrochemical tests, the batteries were aged for
24 h to ensure good soakage. The cells were charged and
discharged on a battery tester (CT-3008 W, NEWARE) be-
tween 3.3 and 4.35 V at the rate of 2C at elevated temperatures
in a dry oven (A201113, Shanghai). Cyclic voltammetry (CV)
and electrochemical impedance spectroscopy (EIS) investiga-
tions were performed on an electrochemical workstation
(PGSTAT302N, Autolab) at 25+2 °C. The CV curves were
recorded between 3.3 and 4.35 V at a scan rate of 0.1 mV s .
The EIS measurements were performed over a frequency
range from 10 kHz to 0.1 Hz.

Results and discussion

Figure 1 shows the XRD patterns of pristine and
LiNi; 5Co0,3Mn;30,-coated LiMn,O4. The peaks of both
samples could be indexed to a cubic spinel structure with the
space group Fd3m. There is no substantial difference between
XRD patterns for pristine and modified LiMn,O,. The crystal
lattice parameters, which were calculated by using the soft-
ware Jade, are 8.245 and 8.246 A for the pristine and
LiNi;3Co0;3Mn; 50,-coated LiMn,O,, respectively, indicat-
ing that the bulk structure of LiMn,0O,4 was unchanged after
surface modification. The characteristic peaks corresponding
to LiNi;3Co;,3Mn,; 50, are not observed because of low con-
tent (about 2.0 wt%).

Scanning electron microscopy reveals that the pristine and
modified samples present a uniform particle distribution, rang-
ing from 2 to 7 um. The pristine spinel crystals are smooth
with well-defined facets, as observed in Fig. 2a. It can be seen
that the morphology and particle diameter of the
LiNi;;3Coy,3Mn;;30,-coated LiMn,O, powders in Fig. 2b
are similar to the pristine sample. No LiNi;;3Co;,3Mn;,30,
agglomerations and obscured facets of spinel LiMn,O, are
observed.

The morphology of the modified sample is further analyzed
by TEM measurement. As shown in Fig. 2¢, about 5—6-nm-
thick layer of LiNi; 3Co0;3Mn; 50, is uniformly formed on the
surface of the LiMn,Oy4. The coating layer is clearly distin-
guishable from the crystalline LiMn,O,4. To further identify
the homogeneity of the coating layer, the element distribution
is determined by energy-dispersive X-ray spectroscopy (EDS)
mapping, which is displayed in Fig. 3. The dense accumula-
tion of Mn element is attributed to the host material of
LiMn,0,, and there is no significant agglomeration of Ni
and Co. These results indicate that LiNi;3Co,,3Mn;30, is
homogeneously dispersed on the surface of the LiMn,Oy,
particles.

The oxidation state of manganese ions at the surface was
determined from X-ray photoelectron spectroscopy (XPS) da-
ta by the curve fitting of Mn 2p spectral peaks. The experi-
mental peak shape for Mn 2ps,, was modeled by employing
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Fig. 1 X-ray diffraction patterns
of (a) pristine and (b)
LiNi]/3CO] /3Mn1/302—c0ated
LiMn204
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multiple-splitting patterns derived for Mn>" and Mn*" at bind-
ing energies of 641.6 and 642.8 eV from the standard

200nm

Fig. 2 SEM figures of a pristine and b LiNi;3Co;/3Mn;304-coated
LiMn,Oy (the coating layer can be seen in the red circles) and ¢ TEM
figure of LiNi;;3Co;3Mn;30,-coated LiMn,Oy

compounds Mn,O3 and MnO,. Figure 4 shows the fit of the
models to the experimental spectra for pristine LiMn,0O,4 and
LiNi;3Co;3Mn; 30,-coated LiMn, Oy, respectively. The sur-
face of the pristine LiMn,O,4 sample consists of almost equal
amounts of Mn*" and Mn>" in Fig. 4a. By contrast,
LiNi 1/3C0 1/3Mn1/3 Oz-COﬁted LiMn204 exhibited a
Mn*":Mn>" ratio of 62.4:37.6 as shown in Fig. 4b. The differ-
ence in Mn*":Mn>" ratio on the surface is due to the formation
of LiNi;3Co;,3Mn;30, because it has a higher valence
state of manganese ions. For a further comparison, the Ni
2p and Co 2p spectra of the samples are also studied, which
are shown in Fig. 4c, d. For the pristine LiMn,O, sample,
there are no Ni 2p and Co 2p peaks. For the
LiNi; 53Co13Mn;30,-coated LiMn,0O,4 sample, the Ni 2p
region shows a Ni 2p3/,, main peak at 855.7 eV with a sat-
ellite peak at 862.1 eV, and the Co2p region shows a
Co2p;,, main peak at 780.4 eV with a satellite peak at
796.8 eV. Combined with the difference in Mn 2p spectra,
it is concluded that Ni*" and Co®>" have deposited on the
surface of LiMn,0Oy4. This result is in good agreement with
the observation in TEM and EDS element mapping.

The structure of pristine LiMn,O4 and
LiNi;3Co;5Mn; 30,-coated LiMn,0, cathodes after cycling
(55 °C) was examined. The results are given in Fig. 5. It can be
seen that, compared with those of the pristine LiMn,0O, cath-
ode, the diffraction peaks of the cycled LiMn,O,4 cathode are
obviously widened and the peak intensity declined. In addi-
tion, some extra peaks appear in the XRD pattern of the
LiMn,0, cathode after cycling, which should be assigned to
Li,Mn,0,. Usually, tetrahedral Li,Mn,0,4 can be generated at
the final discharge stage of LiMn,O, because of more Mn®"
and a more significant Jahn—Teller effect. On the other hand,
for the LiNi;3Co;,3Mn,;;30,-coated LiMn,O, cathode, the
diffraction peak width changed insignificantly before and after
cycling. Compared with the fresh LiNi;3Co;5Mn;;30,-coat-
ed LiMn,O4 cathode, in the XRD pattern of the cycled
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Fig. 3 EDS mappings of Ni, Co,
and Mn elements of the modified

LiMn,O,4 sample
LiNi;3Co13Mn; 30,-coated LiMn, Oy, the peak intensity de- Figure 6 shows the galvanostatic charge—discharge curves
clines slightly, which may be ascribed to the at different temperatures of (a) pristine and (b)
LiNi;5Co;sMn;;30, on the surface of LiMn,O,. LiNi; 3Co;5Mn; 30,-coated LiMn,0y in a drying oven. The
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Fig.4 a The Mn 2p XPS of pristine LiMn,0O, and the X-ray photoelectron spectra of LiNi; 3Co;,3Mn;,30,-coated LiMn,O4 b Mn 2p, ¢ Ni2p, d Co 2p
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specific capacity increases with increased temperature, due to
the higher lithium ion diffusion and lower resistance.
Figure 6b shows two discharge plateaus, indicating that the
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Fig. 6 The first charge—discharge curves at different temperatures of a
pristine and b LiNi1/3C01/3Mn1/302—coated LiMIl204

LiNi; 5Co;sMn;;30, surface layer does not change the dis-
charge mechanism of LiMn,0,4 which orderly intercalates
lithium ions in the tetrahedral (Fig. 6a) sites at 4.1 V and
disorderly intercalates lithium ions at 3.9 V and which sub-
stantially maintains the intercalation feature of the LiMn,0,4
substrate [17]; the two plateaus indicate the
LiNi;;3Coy/,3Mn; 30, surface layer rather than Ni-doped
LiMn,0,4 because LiMn,O4 with a Ni-doped spinel surface
showed two ambiguously resolved discharging plateaus [18].
Meanwhile, LiNi;;3Co;,3Mn;,30,-coated LiMn,O4 shows a
higher discharge capacity compared to the pristine sample.
The reason may be that LiNi;3Co,3Mn;;30, has higher ca-
pacity than LiMn,O4 with equivalent quality at this voltage
range.

Figure 7 shows the cycling performance of electrodes with
and without LiNi; 3Co;,3Mn,; 30, coating at (a) 25+2 °C, (b)
45+2 °C, (c) 55+2 °C, and (d) 65+2 °C. After 100 cycles at
room temperature, the capacity retention of the pristine sample
(94.3 %) is similar to that of the modified sample (94.4 %), as
shown in Fig. 7a. However, after 100 cycles at elevated tem-
perature as shown in Fig. 7b—d, the capacity retention in-
creases from 94.3 to 94.4 %, 88.7 to 93.5 %, 87.5 t0 93.6 %,
and 81.7 to 91 %, respectively. The three times repeat tests for
the preparation of the modified sample are conducted, and the
capacity retention is listed in Table 1. As shown in Fig. 7, the
higher the temperature, the more retention rate improved. The
reason might be that the side reactions at the interface of
LiMn,0, and electrolyte become more drastic at high temper-
ature. Therefore, the protective effect of the coating layer be-
comes more significant. Compared with other coating mate-
rials such as Al,O3 [19], La,O3 [20], and AIPO4 [21], surface
modification by the sol-gel method can improve the high-
temperature cycling stability of LiMn,O,4 because the oxide
layer can reduce the contact area of solid and electrolyte.
However, the oxide itself'is inactive with lithium ions and will
result in a decrease in initial capacity. Compared to the oxide
coating layer, LiNi; 5Co;,3Mn; ;05 is more stable in the elec-
trolyte than LiMn,O, and has higher capacity. Thus, the elec-
trode after coating has excellent cycle performance without
reducing the initial capacity.

To further verify the effects of surface coating on manga-
nese ion dissolution, the quality of the manganese element
was directly determined by using ICP-AES. Li metal anode
was washed with dilute hydrochloric acid after the 100th cycle
at 5542 °C. It can be seen in Table 2 that the dissolved quality
of Mn*" ions of the pristine and LiNi,;3Co,5Mn, 30,-coated
LiMn,Oy electrodes was 22.54 and 10.17 pg/cm?, respective-
ly. It can be concluded that after coating by the
LiNi; 3Co;5Mn; 50, layer, the dissolution of the manganese
ions was significantly reduced. Therefore, the
LiNi;;3Co;/3Mn;305-coated LiMn,O, electrode had better
cycle stability at elevated temperature. The reason might be
that the valence state of Mn in LiNi;3Co;3Mn; 50, is +4,
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Fig. 7 Cycling behaviors at a 25+2 °C, b 45+2 °C, ¢ 5542 °C, and d 65+2 °C

which will suppress the Jahn—Teller effect on the surface of
LiMn,O4. Another reason is that the coating material will
reduce the contact area of LiMn,0O, and electrolyte, which
may decrease the dissolution of Mn. The reactivity between
LiNij3Co;3Mn; 30, and electrolyte is not yet clear, which
needs further research in the future.

Figure 8 shows the CV profiles of the pristine and
LiNi; 5Co;sMn;;30,-coated LiMn,O, electrodes in the 10th
and 100th cycles at the scan rate of 0.1 mV s '. The CV peaks
of'the LiNi; 3Co;,3Mn; 50,-coated sample show two symmet-
rical couples of redox peaks at around 3.97 and 4.11 V, re-
spectively (Fig. 8b), indicating that electrochemical insertion
and extraction reactions of Li" ions are two step processes. It is
in agreement with the two plateaus in Fig. 6 and demonstrates
that LiNi;;3Co;,3Mn;,30, coating does not change the

Table 1 The average capacity retention

Times  The average  The average  The average = The average
capacity capacity capacity capacity
retention at retention at retention at retention at
25 °C (%) 45 °C (%) 55 °C (%) 65 °C (%)
94.4 93.5 93.6 91
93.8 94 94.4 89.8

3 94.2 94.3 93.8 91.2

electrochemical reaction mechanism of LiMn,O,. After 10 cy-
cles, two narrow and separate redox peaks appear around at
3.94 and 4.09 V, as shown in Fig. 8a. However, after the 100th
cycle, due to the dissolution of Mn®" ions into the electrolyte
(Jahn-Teller distortion), both anodic and cathodic peaks be-
come much broader and lower in peak current. In contrast, the
oxidation and reduction peaks related to
LiNi; 5Co;sMn;;30,-coated LiMn,O,4 are much steadier after
100 cycles (Fig. 8b), which indicated that modified LiMn,O,
has better reversibility and stability than the pristine LiMn,Oy.

Electrochemical impedance spectra (EIS) and equivalent
circuits are shown in Fig. 9. The measurements were carried
out with a fully charged state (4.35 V). An intercept in the
high-frequency region of the Z axis indicates the ohmic re-
sistance (R;), the combined resistance of the electrolyte, and
the contacts of the cell [22]. The semicircle in the high—

Table2 The amount of Mn?* deposited on the Li anode after 100 cycles
at 55+2 °C

Samples The quality of Mn on
the Li anode (ug/cm?)

Pristine LiMn,O4 22.54

LiNi1/3CO 1/3Mn1 /302-coated LiMn204 10.17
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Fig. 8 Typical CV curves of the 10th and 100th cycles in a drying oven
(5542 °C) of a pristine and b LiNi;5Co;,3Mn;30,-coated LiMn,O4

middle-frequency region corresponds to the charge transfer
(R process on the electrode interface, revealing the lithium
transfer rate parameters and the capacitance of the solid elec-
trolyte interface (SEI) [23]. The inclined line in the lower
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Fig. 9 EIS of pristine and LiNij;3Co;/,3Mn;;30,-coated LiMn,0, at the
end of the 10th and 100th cycles

Table 3 The AC impedance fitting data for pristine LiMn,0, and
LiNi|/3C01/3Mn|/302-coated LiMl’l204

Samples R/Q R./Q

Pristine LiMn,O, at the 10th fully charged state 2.01 26.80

LiNi1/3C01/3Mn1/302-coated LiMn204 at the 1.86 22.4
10th fully charged state

Pristine LiMn,O, at the 100th fully charged state 391 78.2

LiNi1/3C0|/3Mn1/302-(:0ated LiMn204 at the 2.95 32.6

100th fully charged state

frequency region represents the Warburg impedance (Z,),
which corresponds to the diffusion of Li" in LiMn,O, parti-
cles [24]. The plots are fitted and listed in Table 3. As shown
in the table, after 10 cycles, the R of LiNi;;Co;,3Mn;;50,-
coated LiMn,0y is slightly larger than that of the pristine
sample because the coating layer may slightly increase the
electrolyte and contact resistance. The charge transfer resis-
tance of both samples is approximately similar (26.8 and
22.4 Q em?). After 100 cycles, the change in Ry is negligible.
However, the R, value of the LiNi;;3Co,,3Mn;,;0,-coated
electrode (32.6 £ cm?) is much smaller than that of the pristine
electrode (78.2 Q cm?). It attributes to the restraint of structur-
al instability caused by the subsequent Mn dissolution and
vacancy formation. This result is also in accordance with the
enhanced cycling performance of LiNi;3Co;5Mn;;30,-coat-
ed electrodes.

Conclusions

In summary, the surface of the LiMn,0,4 sample was modified
by LiNi;3Co;3Mn; 30, using a sol-gel method. TEM and
XPS results confirm the existence of the LiNi; 5Co;,53Mn; 30,
layer. A uniform and dense layer about 5—6 nm was coated on
the surface of pristine LiMn,O4. The LiNi;;Co;/53Mn;30,-
coated LiMn,0O,4 sample exhibits much better cycling stability
at elevated temperature compared with the pristine sample.
The CV tests indicated that the LiNi1/3C01/3Mn1/302—coated
LiMn,O, electrode has better reversibility and stability. Mean-
while, the charge transfer resistance of the
LiNi;/3Co;/3Mn;305-coated LiMn,O, was much less than
that of the pristine sample after 100 cycles, which is ascribed
to the better structural stability and restraint of Mn dissolution.
These results demonstrated that this is an effective way to
improve the high-temperature cyclic performance of spinel
LiMn204.
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