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Abstract

LisTisO;, (LTO)-coated 5V spinel LiMn; sNig sO4 as cathode was prepared by the sol-gel method followed by high-temperature
calcinations. The structural and electrochemical properties of these cathodes were investigated using differential thermal analysis (DTA)
and thermogravimetery (TG), X-ray diffraction (XRD), scanning electron microscopy (SEM), cyclic voltammetry (CV), and charge—
discharge studies. TG-DTA shows that LiMn; sNij 504 spinel forms at about 400 °C. XRD reveals that a substitutional compound
LiMn,_ _,Ni,Ti,O4 can be formed when the coated content of LTO exceeds 3 wt%. SEM exhibits that the coated LiMn, sNiy 5Oy is
covered with small particles that consist mainly of LTO. CV and dQ/dV versus voltage curves demonstrate that the modified material
exhibits remarkably enhanced electrochemical reversibility and stability. The charge—discharge test indicates that 3 wt% LTO-coated
LiMn, sNig sO4 has excellent fast charge—discharge performances. These results reveal that LTO-coated layer protects the surface of the
active materials from HF in the electrolyte during electrochemical cycling. As a result, the surface-modification of LiMn; sNiy sO4 with
LTO should be an effective way to improve the fast charge—discharge properties.
© 2012 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Lithium ion batteries (LIBs) are currently used in a
range of portable electronic devices due to their high
energy density [1,2]. However, the current commercial
lithium-ion batteries commonly based on layered Co oxide
positive-electrode materials (LiCoO,) can hardly fulfill the
requirement of high power applications. Spinel LiMn,Oy is
of particular interest for use in hybrid electric vehicles
(HEVs) and electric vehicles (EVs) as the cathode material
for high-power Li-ion batteries because of the low material
cost, abundant material supply and better environmental
compatibility compared to other cathode materials. How-
ever, there are some drawbacks associated with the poor
electrochemical performance of LiMn,O4 cathode mate-
rial, such as Jahn—Teller distortion [3], manganese dissolu-
tion and electrolyte decomposition [4,5]. The first factor
could be significantly improved by partial substitution of
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manganese cations with transition metal like Ni [6], Co [7],
Cr [8], Cu [9] and Fe [10]. Among these, LiMn; 5sNi sOy4
has been studied due to its significant reversible capacity
(theoretical value 148 mAh g~') and high voltage (4.7 V
versus Li/Lit). The high operating voltage and chemical
stability of LiMn,; sNiypsO4 make it a strong cathode
candidate for next generation lithium-ion batteries with
high energy density [11]. As the cathode contacted with the
Li-based clectrolyte directly in Li-ion batteries, Mn or Ni
dissolution can be induced by the generation of acids like
hydrogen fluoride (HF). This phenomenon results from the
reactions of fluorinated anions with the manufacture of
unnstable Li-based salt [12] and solvent oxidation [13].
Surface modification was considered as an effective way to
reduce the side reactions. The surface treatment of spinel
LiMn; 5Niy sO4 could decrease the surface area to retard
the side reactions between the active material and electro-
lyte. The coated layer includes ZnO [14], Bi,Os [15], Al,O3
[16], SiO, [17], LisPO4 [18], carbon [19], and so on.
LisTisO;, (LTO) is a zero-strain material, meaning that
there is no structural change during the insertion/extraction
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of lithium ions [20]. LisTisO;, has a higher Li-insertion
voltage (1.55V versus Li/Lit) than that of commercial
graphite anode, and then can avoid the reduction of
electrolyte on the electrode surface and formation of the
solid-electrolyte interphase (SEI) layer (usually occurring
below 0.7V Li/Lit) [21]. Based on the merits mentioned
above, it can be concluded that LisTisO,5 is suitable for the
surface modification of cathode materials. Takada et al.
[22] reported that LisTisO;, coatings improved the capacity
of LiCoO,. Liu et al. [23] reported that the LisTisO,-
coated LiMn,O, material exhibited excellent capacity
retention at high temperature. As we know, the storage
of electrical energy at high charge—discharge rate is an
important technology because this can enable hybrid and
plug-in hybrid electric vehicles and provide back-up for
wind and solar energy. In the present work, the LiyTisO,-
coated LiMn; 5NigsO, material was prepared, and the
structure and fast charge—discharge performance were
investigated.

2. Experimental

LiMn; 5sNig 504 powders were prepared by citric
acid-assisted sol-gel process. Required amounts of
CH;COOLi-2H,O (AR), Ni(CH3COO),-4H,0O (AR),
and Mn(CH3;COO),-4H,0 (AR) were dissolved in an
appropriate quantity of distilled water. The solution was
stirred at room temperature and the citric acid was added
to the solution which acts as chelating agent in the
polymeric matrix. The pH of the solution was adjusted
to 7.0 by slowly dropping ammonium hydroxide dropwise
and continued stirring for 4 h. The temperature of the
solution was raised to about 80 °C and stirring continued
till the solution turned into highly viscous gel. The resulted
gel was dried at 120 °C for 24 h. The precursor powder was
ground to fine powder and sintered at 450 °C under air
flowing conditions with a constant heating followed by
cooling at rate 5°C min~' to decompose organic consti-
tuents. The sintered powder was ground to a fine powder
and re-sintered successively at 800 °C for 12 h and heating
and cooling rate was maintained at 5 °C min~".

LTO-coated LiMn; 5sNiy sO4 materials were synthesized
by the following way. Ti(C4H¢O)4 (AR) and CH;COO-
Li-2H,O with a stoichiometric cationic ratio were
dissolved in a solution containing ethanol and distilled
water to form a clear solution. Then citric acid was added
into the above solution with stirring to obtain a sol. The
as-prepared LiMn, sNiy 504 was slowly added to the above
sol under stirring. After hydrolyzing for 5h, a black gel
formed. Finally, the gelatin was dried at 100 °C for 1 h and
fired at 750 °C for 5 h to obtain the final powders.

Differential thermal analysis (DTA) and thermogravime-
tery (TG) measurements were performed in air from room
temperature to 840 °C with a HCT-1/2 thermal analysis
system (Beijing, China) under a scanning rate of 5 °C min ™.
The phase purity was verified from powder X-ray diffraction
(XRD) measurements. The particle morphology of the

powders after sintering was obtained using a scanning
electron microscopy (SEM). The cyclic voltammetry (CV)
test was carried out on a CHI-852C electrochemical work-
station with a voltage between 3.3 and 5.0 V at a scanning
rate of 0.15mV s~ '. Charge-discharge measurements were
carried out at different C-rates over the potential range of
3.3-4.95 (versus Li/Li™) using a Land 2000T (China) battery
tester at room temperature.

Electrochemical performance was carried out with a CR
2032 coin cell. The candidate cathode material was mixed
with 10 wt% polyvinylidene fluoride (PVDF) binder and
10 wt% carbon black in N-methyl-2-pyrrolidone (NMP) into
homogeneous slurry. The resulting paste was cast on an
aluminum current collector. The coin cell was made using
LisTisO;r-coated LiMn,; sNij sO,4 as a cathode, lithium metal
foil as an anode, Celgard 2300 as separators and 1 M LiPFg
as in EC:.DMC=1:1 (volume ratio) solvent used as an
electrolyte, and assembled in an argon-filled glove box.

3. Results and discussion

In lithium salt-nickel salt—citric acid—water system, the
possible precipitates are taken to be LiOH(s) and Ni(OH)(s).
In this system, the LiOH(s) is highly soluble in an aqueous
solution that it can be precipitated only in a fairly basic region
(pH > 13) [24]. The solubility of Li* can be expected to be
increased because it can form the soluble citrate complexes
such as LiCqHsO? ™ in the citric acid solution. Ni(OH), can
be precipitated only at the pH value above 7.1 in the aqueous
solution. In fact, the Ni* ™ cannot be precipitated in citric acid
solution, because it can form the citric acid nickel (II)
complex. The complexation process is as follows:

2C6H307+3Ni2+ —>C121‘11()1\Ji3,C)]4'|-6l‘lJr (1)

Hence, it can be concluded that the precipitates do not
contain LiOH(s) and Ni(OH)(s). The bivalent manganese
(Mn?") ions can hydrolyze to the Mn(OH)x(s) precipitate
at around pH 6.0 in an aqueous solution. Fig. 1. shows the
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Fig. 1. Isotherm for the Mn(OH),—citric acid—water system from
Refs. [24,25].
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isotherm for the Mn(OH),—citric acid—water system from
Refs. [24,25]. From Fig. 1, it can been seen that the
Mn(OH), begins to form precipitates around pH 8.0, since
citric acid takes part in the complex formation of manga-
nese salt in the manganese salt—citric acid—water system
[24]. On the other hand, taking into account the dissocia-
tion of citric acid, it is desirable to work at pH > pK; (6.4)
[26] for ensuring the complete dissociation of citric acid.
In this regard, the optimum pH for the synthesis of pure
and stable metal citrate complexes may be determined to
be 6.4-8.0, where the formation of impurity phases such as
hydroxides is effectively suppressed. Hence, the pH value
of the solution is determined to be 7.0.

Fig. 2 shows the TG-DTA curves of the precursor for
LiMn; 5Nig 504 samples. From the TG curve, it can be
seen that a step-wise weight loss in the temperature ranges
from 25 to 145 °C, 145 to 223 °C, 223 to 283 °C, and 283 to
402 °C. The least weight loss in the first region may be
attributed to the superficial water loss on the gel precursor
due to the hygroscopic nature of the precursor complex
[27]. The second weight loss can be associated with the loss
of crystal water in the reagents of the mixed precursor. The
third weight loss may be due to the thermal acetate
decomposition. In the last region, an intensive exothermic
peak observed at 317 °C is accompanied by noticeable
weight lose in the TG curve. About 47.6 wt% of the weight
loss occurs during this stage because of a violent
oxidation—decomposition reaction. It is due to the decom-
position of the inorganic and the organic constituents of
the precursor followed by the preliminary formation of
LiMn; 5Nig 504 compounds. It appears that citric acid
functions as a fuel in the decomposition of the acetate
ions. The evolving heat resulting from the decomposition
of acetate ions accelerates the decomposition of the
remaining organic constituents. This may improve the
crystallization reaction of LiMn; sNijsO4 compound.
Above 400 °C, there is almost no weight loss observed in
the TG curve, indicating that water and most organic
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Fig. 2. TG-DTA curves for the thermal decomposition of the precursor
LiMn, sNig 5O, synthesized by sol-gel method.

groups have been removed, and that any further heating
only makes the crystalline phase of samples more perfect.

The XRD patterns of the as-prepared LTO-coated
LiMn, 5Niy 504 are presented in Fig. 3. The main diffrac-
tion peaks for the samples can be indexed to a cubic spinel
LiMn,O, structure with a minor impurity. The sharp
peaks in the pattern show good crystallinity of the cathode.
As shown in Fig. 3, a small amount impurities close to the
(4 0 0) characteristic peak are observed in XRD patterns of
all samples, and this can be assigned to Li, Ni; _,O or NiO
[28,29]. It has been reported that an impurity phase
(LiNi; _,O) can be formed at annealing temperatures
above 750 °C in LiMn; sNig 504 [30]. Amine et al. [31]
have reported that LiMn; sNiysO4 loses oxygen and
disproportionates to a spinel and rock salt NiO when it
is heated above 600 °C. The lattice parameter calculated
through the least squares program method from the
diffraction data of LiMn; sNiysO4 is agreed well with
those of other research groups [32,33]. From Fig. 3, it is
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Fig. 3. XRD patterns of (a) LTO-coated LiMn; sNiysO4 with different
contents and (b) enlarged (1 1 1) peaks for the coated materials.
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confirmed that 3 wt% LTO-coated materials expose the
absence of secondary phase peaks except for Li, Ni; _,O in
the range of the diffraction patterns. This may be attrib-
uted to the very low concentrations of LTO. However,
distinct additional peaks start appearing in the diffracto-
grams of 5 wt% and 10 wt% LTO-coated materials. The
reason may be that a substitutional compound (TiMnQOs)
may be formed when treated at a high temperature. From
the enlargement of the XRD patterns of Fig. 3, it can be
seen that the diffraction patterns of the 5 wt% and 10 wt%
LTO-coated LiMn, sNigsO4 shift toward higher angles
compared to those of pure LiMn; 5Nig 504, showing that
the lattice constants a decreases. The reason may be that
Ti** ions enter the crystal lattice of LiMn; sNiy sO4 during
the high coating process. Hence, it can be concluded that a
substitutional compound LiMn,_ ,_ ,Ni, Ti,O4 has formed
through the interaction of the coated oxide with the
substrate. This can be compared with the TiO,-coated
LiCoO, [34] and LTO-coated LiCoO, [35]. These varia-
tions are attributed to the ionic radius differences among
Li* (0.59A), Ni?*(0.69 A), Mn** (0.53 A), and Ti**
(0.605 A) [36], revealing the incorporation of Ti atoms
onto the Ni sites.

Fig. 4 depicts the SEM micrographs of the pristine and
LTO-coated LiMn; sNijsO4. The surface morphology of
the pristine LiMn; 5Nig 504 is smooth and clean (Fig. 4a).
On the other hand, the surface of the coated LiMn; 5.
Nig 504 is covered with small particles that consist mainly
of LTO, as shown in Fig. 4(b) and (¢). From a comparison
of these three powders surface morphologies, it can be
speculated that the surface of the prepared LiMn; 5Nig 504
is covered with small LTO [37].

Typical cyclic voltammograms of pristine and 3 wt%
LTO-coated LiMn; sNiy 504 are shown in Fig. 5. The
appearance of about 4 V peak is due to Mn>* ions which
are formed by the oxygen loss during high temperature
calcinations. The difference in the voltage plateau could be
used to identify if the spinel material is ordered or
disordered. A small step appearing around 4V in the
disordered material was associated with the Mn®*/Mn**
redox couple [38,39]. Hence, it can be concluded that our
prepared pristine and 3 wt% LTO-coated LiMn; 5Nig 504
has disordered spinel structure with Fd-3m space group.
The two major peaks appearing between 4.5 and 5V
during charge and discharge cycling were due to the

]
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two-step oxidation/reduction of Ni**/Ni** and Ni**/Ni**
[40,41]. However, the two cathodic and anodic peaks of
3 wt% LTO-coated LiMn; sNij 504 overlapped to a broad
peak because of very narrow potential gap between peaks
and look like one broad peak [42]. The potential difference
(p.—¢.) between anodic and cathodic peaks can reflect the
polarization degree of the electrode. The potential differ-
ence (@,—¢.) of 3 wt% LTO-coated LiMn; 5NigsO4 elec-
trode is lower than that of pure LiMn; 5Nig sO4, suggesting
that the former has a faster lithium insertion/extraction
kinetics than that of the latter. This observation confirms
that the LTO-coating enhances the reversibility of the
LiMn, sNipsO4, and LTO-coated LiMn; sNiysO, elec-
trode has a good reversibility and a good rate capability.

Although a number studies focused on high rate dis-
charge of LiMn,; sNips0O, material obtained at various
temperatures, there were few reports on the fast charge—
discharge performance. In spite of the fact that the high
rate charge performance was an important factor to
evaluate the electrochemical performance of the materials,
previous studies ignored this issue. When the electroche-
mical performances of different cathode materials are
compared, charge performance is very important especially
at high C-rates. Hence, the fast charge—discharge is very
important during the practical commercial application
especially for power battery. Fig. 6 shows the room
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Fig. 5. Cyclic voltammograms of LTO-coated LiMn, 5sNij ;04 cells with
different contents: (a) 0 wt% and (b) 3 wt% between 3.3 and 5V.

Fig. 4. SEM micrographs of LTO-coated LiMn, sNiy sO4 with different contents: (a) 0 wt%, (b) 3 wt% and (c) 5 wt%.
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Fig. 6. Initial charge—discharge curves of (a) LiMn; sNiysO, and
(b) 3 wt% LTO-coated LiMn; sNij 504 charge—discharged at 0.5 C rate.

temperature charge—discharge characteristics of coin cells
carried out galvanostatically between 3.3 and 4.95V at
0.5 C charge—discharge rates.

It can be found that there are two unambiguous plateaus
in the charge—discharge curves of pristine and modified
LiMn; 5Nig 504. The plateau at around 4.0 V is due to the
redox reaction of the small amounts of Mn®* ions present
in the samples. The potential plateau at 4.7 V corresponds
to the Ni**/Ni** redox reaction. The initial discharge
capacities of pristine LiMn; 5sNigsO4 and 3 wt% LTO-
coated LiMn, sNij sO4 are 115 and 109 mA h g™ ', respec-
tively. The coated material shows a low discharge capacity.
The reason may be that the coating layer hinders the
extraction and insertion of lithium ion from the cathode
during charge—discharge process and results in the low
initial capacity [43]. In addition, the coated material shows
a low charge voltage compared with the pristine LiMn 5.
Nig 504. This indicates that the LTO coating reduces the
polarization during charge, and then exhibits a batter
charge acceptance than that of pristine LiMn; sNig 5O4.

Fig. 7 shows the plots of dQ/dV versus voltage for the
pristine and 3 wt% LTO-coated LiMn; sNiysO4 cathode
from Fig. 6. It can be seen that the voltage gap between
charge and discharge peaks of pristine LiMn; sNiy 5Oy is
obviously larger than that of LTO-coated one. It can be
concluded that the LTO coating layer is very helpful to
improve the reversibility of lithium insertion/extraction.

Fig. 8 shows the cycling performance of 3 wt%
LTO-coated and uncoated LiMn;sNips0; at 0.5C
charge—discharge rate. As for uncoated LiMn; sNij 504,
the specific discharge capacity fades to 56.2mAhg™' at
the 100th cycle with a capacity retention ratio of 48.9%. In
the case of LTO-coated materials, the discharge capacity at
the 100th cycle decreases to 97.5mA h g~' with capacity
retention ratio of 89.5%. Obviously the LTO coating shows
a positive effect on improving the cycling performance of
LiMn; sNij sO4. The reason for this may be as follows. It
has been reported that HF can be generated during cycling
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Fig. 7. Differential capacity versus voltage plots of LiMn; sNiy sO,4 and
3 wt% LTO-coated LiMn, 5sNij 5O, in 3.3-4.95 V range.
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Fig. 8. Cyclic performance of LTO-coated LiMn, sNij 504 with different
contents at 0.5 C charge—discharge rate: (a) 0 wt% and (b) 3 wt%.

when using LiPF¢-based clectrolyte [44,45]. The electrolyte
decomposition by water traces is as follows [45]:

LiPFs+ H,0—POF; + LiF + 2HF )

The HF could attack cathode material to cause the
transitional metal to dissolve. The coated LTO layer on the
surface of LiMn; sNigsO,4 suppresses transitional metal
dissolution and increases the structural stability. Hence,
this improvement can be attributed to minimization of the
side reactions between the cathode and electrolyte by the
LTO protecting layer during cycling.

The beneficial effect of LTO reached not only specific
capacity, but also coulombic efficiency. The coulomb
efficiency of 3 wt% LTO-coated and uncoated LiMn; 5.
Nip 504 charge—discharged at 0.5 C rate in the voltage
range of 3.34.95V is given in Fig. 9. The efficiency is
defined as the discharge capacity divided by the charge
capacity in one charge/discharge cycle. It can be seen that
both electrodes have low coulomb efficiency in the first
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Fig. 9. Coulombic efficiency of (a) LiMn; sNipsO4 and (b) 3 wt%
LTO-coated LiMn; sNiys0,4 charge—discharged at 0.5 C rate between
3.3 and 495 V.
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Fig. 10. Cycling performance of (a) LiMn; sNiysO4 and (b) 3 wt%
LTO-coated LiMn, 5NiysO,4 charge—discharged at 1 C rate between 3.3
and 4.95V.

charge—discharge cycle due to the electrolyte decomposi-
tion at high voltage. After about 15 cycles, the coulomb
efficiency of both electrodes arrives at 98%. The improved
efficiency can be attributed to the formation of protection
layer on the electrode surface. It is obvious that the
3 wt% LTO-coated electrode has a higher average value
of coulomb efficiency than that of the LiMn; sNijsO4
electrode, implying that the coating is beneficial to the
reversible intercalation and de-intercalation of Li*.

Fig. 10 compares the high rate cycling performance of
pristine and 3 wt% LTO-coated and uncoated LiMn; 5.
Nig 504 charge—discharged at 1 C rates. Compared with
Fig. 8, the discharge capacities of both electrodes signifi-
cantly decrease when the charge—discharge currents are 1 C.
For example, the capacity reaches only 704 mAhg~' at
1 C charge—discharge rate, which is only 72.2% of the 0.5 C
rate. Geng et al. [46] reported that the overpotential
contributed from the charge-transfer reaction and diffusion

can be casily derived from the anodic polarization results,
and high-rate discharge ability was mainly controlled by
the diffusion behavior rather than by the charge-transfer
reaction [46,47]. Hence, the diffusion overpotential is lower
than the charge-transfer overpotential at low discharge
current densities but becomes more dominant at higher
current densities [48]. This explains the large capacity drop.
Though pristine LiMn; 5Nig 504 exhibits a higher initial
discharge capacity than that of 3 wt% LTO-coated
LiMn; 5Nij 5Oy, the latter shows a higher discharge capa-
city than that of the former after 43 cycles. As shown in
Fig. 10, after 100 cycles, the discharge capacity of the
3wt% LTO-coated LiMn, sNijsO,4 still remains 100%
of original values, indicating a high utility of electric
capability. Therefore, surface modification by LTO is an
effective way to improve the fast charge—discharge perfor-
mance of LiMn; sNi, 504 cathode materials for lithium-ion
batteries.

4. Conclusions

Pristine and LTO-coated LiMn,; 5sNi,sO4 were success-
fully prepared by a sol-gel method followed by high-
temperature calcinations. The surface coating of LTO is
beneficial to the reversible intercalation and de-intercalation
of Lit. The 3wt% LTO-coated LiMn, sNijsO, exhibits
excellent fast charge—discharge performances. The 3 wt%
LTO-coated LiMn; sNij 04 shows a high reversible capa-
city of more than 97 mA h g~ after 100 cycles at a current
density of 0.5 C, as well as more stable cycle performance
and better rate capability, than the bare LiMn; 5sNiysOy.
The discharge capacity of the 3 wt% LTO-coated LiMn, s.
Nig 504 still remains 100% of original values at 1 C charge—
discharge rate after 100 cycles. This improvement is attrib-
uted to minimization of the side reactions between the
cathode and electrolyte by the LTO protecting layer.
Therefore, the presence of an LTO layer between the
electrolyte and the active material plays a beneficial role in
increasing both the cycling efficiency and the rate capability
of LiMn, sNiys0O, electrodes. It can be concluded that
LTO-coated LiMn; sNiy ;04 provides a great prospect for
practical applications in commercial rechargeable lithium
batteries due to the enhanced fast charge—discharge ability
and cycling stability.
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