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The 5V spinel LiNipsMn;504 cathodes have been surface-modified with ZnAl,0,4 by a sol-gel method
and characterized by X-ray diffraction, high-resolution transmission electron microscopy, and elec-
trochemical measurements. Although the pristine electrode experienced the prominent degradation
after the storage test at 60°C in the intervals of cycling test at room temperature, the ZnAl,04-
coated LiNipsMn; 504 cathode exhibited the significant capacity retention even after storing at elevated
temperatures. The X-ray photoelectron spectroscopy data reveals that the improved electrochemical per-
formances of surface-coated cathode are mostly due to the suppressed side reaction between the cathode
and the electrolyte especially at the high-temperature environment. Differential scanning calorimetry
showed that the decreased heat evolution could be found with the surface-modified cathode. Our experi-
mental findings suggest a direction to the further development of cathode materials which are endurable
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to the highly oxidized state and high-temperature environment.
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1. Introduction

Lithium ion batteries have been successful for portable elec-
tronic devices such as cell phones and laptop computers due to their
higher energy density compared to other rechargeable systems [1].
In addition to those achievements, aggressive research has recently
been focused on the development and optimization of advanced
cathode materials for electric vehicles (EV) and hybrid electric
vehicles (HEV) [2]. However, the high cost, toxicity, and safety
issues associated with the currently used layered LiCoO, cathode
remain as an impediment for employing the lithium ion battery
technology for EV and HEV application. In this regard, various
lithium transition metal oxides and phosphates have been inves-
tigated to replace the LiCoO, cathode materials [3-6]. Among the
various cathode materials, spinel LiNig 5Mn 504 cathode employ-
ing inexpensive Mn is appealing as it gives higher energy density
originated from the high voltage plateau around 4.7V compared
to the conventional spinel LiMn, 04 system [7-13]. Unfortunately,
spinel LiNigs5Mn;504 cathodes have drawbacks, especially at
the elevated temperatures, mainly owing to the highly oxidized
environment of Ni** and subsequent side reaction between the
cathode and the electrolyte especially during the charge process
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[14-25]. To overcome these disadvantages, many researchers have
recently focused on the stabilization of LiNig 5Mn; 504 cathodes by
the surface-coating with the various oxides and phosphates such as
Zn0[26,27], Zr0, [28], ZrP,0; [28], Al, 03 [27,29], AIPO, [27], Bi, O3
[27,29], SiO, [30], and BiOF [31]. These previous literatures have
reported that the surface-modifications using inorganic materials
are effective to enhance the electrochemical performances and
the thermal stability of the high-voltage LiNigsMn; 504 cathode
system, confirming the several functions of coating layer such as
the protection of the active material from HF attack, reduction of
an increase in interfacial impedance, and pH environment control
between the cathode and the electrolyte [26-31].

To utilize these multi-functional advantages of surface-
modifications, we introduced the novel coating layer of zinc
aluminate with the spinel structure because the ZnAl,04 is
known to possess and offer the low surface acidity characteris-
tics, hydrophobic behavior, high thermal and chemical stability,
and high mechanical resistance in transparent conductor, dielec-
tric materials and catalyst applications [32-34]. In the present
study, to the best of our knowledge, ZnAl,0,4 is prepared for the
first time as a coating material by a sol-gel method with cit-
ric acid to improve the electrochemical performances as well as
the thermal stability of LiNigsMnq 504 cathodes. To identify and
understand the physical and electrochemical properties of the
ZnAl,04-coated LiNigsMnq 504 cathodes, various analytical tech-
niques are employed. The surface-modified LiNig s Mn4 504 cathode
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system demonstrates the enhanced electrochemical performances
compared to those of pristine LiNig 5sMn; 504 especially under ele-
vated temperature conditions.

2. Experimental

For the parent cathode materials, LiNig5sMn;504 particles
with an average size of ca. 7-10 wm were obtained from the
Tanaka Chemical Corporation (Japan). The sol-gel method was
utilized to prepare both the ZnAl,04 oxides and ZnAl,04-
coated LiNig5sMnq 504 particles. To synthesize the ZnAl,04 oxides,
stoichiometric amount of Zn(NOs),-6H,0 (Sigma-Aldrich) and
Al(NO3)3-9H,0 (Sigma-Aldrich) were dissolved in distilled water.
Then, the citric acid and ethylene glycol were added slowly to the
solution, in which the mole ratio of citric acid to total metal ions was
fixed at 4. In the case of ZnAl,04-coated samples, LiNig5Mn; 504
particles were added at this point with vigorous stirring. The
amount of zinc and aluminum nitrate for surface-coating was cal-
culated with an intention to incorporate the 3 wt% of ZnAl,04 in
the final products compared to the parent LiNigsMn; 504 parti-
cles. Subsequently, the solution was stirred at 80°C to form a
viscous transparent gel, and the gel was preheated at 180°C for
the further esterification. The resulting precursors were annealed
at 900°C for 12 h. X-ray powder diffraction (XRD) data was col-
lected with a Rigaku X-ray diffractometer using monochromatic
Cu Ka radiation at 40 kV and 100 mA to identify the phases in sam-
ples. Diffraction patterns were recorded with a scan speed of 1°
per minute between 10° and 80°. The morphology of the pristine
and surface-modified LiNigsMn; 504 powders was characterized
by high-resolution transmission electron microscopy (HR-TEM, FEI
company-TecnaiG2).

The electrochemical performances of the cathode materials
were evaluated with CR2032 coin cells consisting of cathode, anode,
electrolyte, and polypropylene separator. The cathodes were pre-
pared by mixing 92 wt% cathode powders with 4 wt% Denka Black
and 4 wt% binder (polyvinylidene fluoride) in a solvent (N-methyl-
w-pyrrolidone). The slurry was uniformly pasted onto an Al foil,
then dried at 120°C in a vacuum oven and then pressed under a
constant load. Lithium metal was used as the counter electrode,
and 1.3 M LiPFg in a mixture of ethylene carbonate and ethyl methyl
carbonate was employed as the electrolyte. Galvanostatic cycling
measurement was carried out by repeating the charging and dis-
charging process at C/10 or 1C rate between 3.5 and 4.9V versus
Li/Li* at room temperature. All the charging process was performed
at a constant current mode up to 4.9V, followed by a constant
voltage mode until the current drops close to 0.05C values. The
storage performances were carried out at fully charged state and
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Fig. 1. Powder XRD patterns of (a) ZnAl,Oy4, (b) LiNig5Mn; 504, and (c) ZnAl,04-
coated LiNigsMn504.

Table 1
Comparison of the lattice parameters of the pristine LiNig5Mn; 504 and ZnAl,04-
coated LiNip5Mn; 504 from a least square method.

Sample Lattice parameter (A)
Pristine LiNigs5Mn; 504 8.165(7)
ZnAl;04-coated LiNigsMny 504 8.165(1)

elevated temperatures such as 60 °C. To investigate the surface state
of the cathodes, X-ray photoelectron spectroscopy (XPS, Ulvac-PHI,
PHI 5000 VersaProbe) was performed under Ar atmosphere. For
the XPS experiment, all cells were carefully dissembled at fully
discharged state inside the glove box to avoid any contamina-
tion of the surface state of the cathodes. The thermal stability of
the cathodes was evaluated with differential scanning calorimetry
(DSC, TA Instruments Auto Q20) analysis for the fully charged elec-
trodes up to 4.9V versus Li/Li*. The samples typically include 5 mg
of the scraped electrode materials and 5 .l of electrolyte inside the
stainless-steel high-pressure capsules. Then, the capsules were her-
metically sealed to prevent leakage of the pressurized solvents. All
the samples were prepared inside glove box under Ar atmosphere
to prevent a possible contamination.

3. Results and discussion

In order to examine the possibility of the surface modifica-
tion with ZnAl;04 on the parent cathode materials, we have first
prepared the ZnAl,04 oxides using a sol-gel method at 900°C.
As shown in Fig. 1a, the XRD pattern of the synthesized ZnAl,04
oxides exhibits that the main reflection characteristics of spinel
structure as well as the high crystallinity were well-developed
without any impurity phase [35]. After the preliminary experi-
ment mentioned above, surface-coating with the ZnAl,04 oxides
was carried out on the parent LiNig sMn; 504 powders as described
in the experimental section. The XRD patterns presented in Fig. 1b
and c reveal that the surface-modification using a sol-gel method
and heat treatment at 900 °C does not cause prominent bulk change
of parent materials in the crystal lattice, and the lattice param-
eters calculation using a least square method in Table 1 exhibit
the little difference in lattice parameter, indicating that zinc or
aluminum ions are not incorporated into the spinel lattice dur-
ing surface-modification process, suggesting that the introduction
of zinc and aluminum including heat treatment at high tempera-
tures do not influence the parent cathode materials. Although we
intend to introduce the crystalline coating layer of ZnAl,0g4, no
clear reflections of ZnAl, 04 corresponding to the spinel peaks were
found from the XRD patterns possibly due to the small amount of
coating materials around 3 wt% compared to parent cathode mate-
rials.

To identify the physicochemical feature of surface modification
with the crystallized ZnAl,04 on the parent cathode materials, we
have examined an analysis of morphology and crystal structure of
cathodes using the high-resolution TEM with a careful observa-
tion in Fig. 2. The TEM image of ZnAl,04-modified sample shown
in Fig. 2b exhibits that the smooth or island-typed coating layers
with a thickness less than 100 nm were formed on the surface of
the cathode materials compared to the surfaces of pristine cathode
materials presented in Fig. 2a. The elements of the coating layers
at the designated spot of A and B in Fig. 2b were confirmed by
TEM-EDS analysis, as shown in Fig. 2¢ and d. It is known that the
synthesis of ZnAl,04 above 600°C often leads to the zinc evolu-
tion due to the volatile characteristics of zinc ion, especially, at a
long heat treatment with the solid-state method. The clear peak of
zinc element and the qualitative peak ratio between zinc and alu-
minum element reveals that the Zn-Al-0 coating layer successfully
formed. Also, the spot patterns presented in Fig. 2e and f indicate
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Fig. 2. HR-TEM images of (a) pristine LiNig5Mn; 504 and (b) ZnAl,04-coated LiNip5Mn; 504 synthesized by a sol-gel method. EDX results and electron diffraction pattern of

selected area- (b) ZnAl,04-coated LiNip5Mnj 504.

the crystalline or multi-crystalline phase characteristics of the coat-
ing layers, suggesting that surface coating with the spinel ZnAl,04
were successfully achieved on the cathode powders with a sol-gel
based synthesis method.

Fig. 3 represents the charge and discharge profiles of the
pristine and ZnAl,04-coated LiNig 5sMn4 504 cathodes evaluated at
C/10 rate between 3.5 and 4.9V for the first cycle. Both cathodes
deliver the similar capacities around 130mAhg-! although the
surface-modified sample exhibits the slightly decreased capacity
values around 127 mAh g~1. Also, the pristine and ZnAl,04-coated
electrodes provide the typical flat portion of voltage profiles which
correspond to the reflection of Ni2*/Ni** redox couple around 4.7V
and Mn3*/Mn** redox couple around 4.0V, indicating that the sur-
face modification utilizing ZnAl,04 oxides does not involve the
additional electrochemical reaction with lithium ion during the
charge-discharge process.

The cyclability data of the pristine and surface-modified elec-
trodes evaluated at 1C rate is demonstrated using a plot of the
normalized discharge capacity as a function of cycle number for
the purpose of comparison in Fig. 4a. Also, the charge and dis-
charge profiles for the first and 100th cycle evaluated at 1C as well
as the 101th cycle evaluated at C/10 rate are given in Fig. 4b and c.

Although the both cathodes deliver the initial discharge capacities
around 125mAhg-1 at 1C rate, surface-modified cathode exhibits
the better capacity retention than pristine cathode with cycling.
The ZnAl,04-coated LiNig5Mnq 504 delivers the 97.3% of capacity
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Fig. 3. The charge-discharge voltage profiles at the first cycle for the pristine
LiNip5Mn;504 and the ZnAl,04-coated LiNigsMn;.504.
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Fig. 4. Comparison of the electrochemical cycling performances at room temperature. (a) Normalized discharge capacity retention evaluated at 1C rate: (M) pristine
LiNip5Mn; 504 and (A) ZnAl,04-coated LiNipsMn; 504, and charge-discharge voltage profiles of selected cycles for (b) the pristine LiNigsMn; 504 and (c) ZnAl,04-coated

LiNig}le’l]A504.

retention whereas the pristine LiNip5Mn; 504 retains the 89.0% of
initial discharge capacity evaluated at 1Crate after 100 cycles. Inter-
estingly, galvanostatic charge-discharge test at lower C-rate such
as C/10 at 101th cycle followed by the 100 cycling test at 1C rate
reveals that the capacity retention could be recovered up to 94.5% of
initial discharge capacity in the case of the pristine LiNig5Mnj 504
cathode, implying that the main capacity fade mechanism for the
high-voltage LiNig sMn; 504 spinel oxides may be attributed to the
surface-related phenomenon at solid-electrolyte interface region
such as an increase in the ohmic polarization mostly due to the
diffusion of Li ion [36]. This result will be discussed in more detail
with the XPS analysis.

As the parasitic side reaction between the cathode and the elec-
trolyte can be especially accelerated in the elevated temperature
and high-voltage environment [9,26,28,29], the storage test at 60 °C
with the fully-charged cathodes for 3days was performed in the
intervals of cycling test evaluated at room temperature in order
to confirm and characterize the effect of surface-modification of
LiNig 5sMn; 504 cathodes, as shown in Fig. 5. Although the ZnAl,04-
coated electrode maintains its initial capacity during the cycle test
at 1Crate after the first storage at 60 °C, the pristine electrode after
storage at elevated temperature, on the contrary, shows the unsta-
ble behavior during the subsequent cycling at room temperature.
Moreover, pristine cathode exhibits the drastic capacity fade after
the second storage at elevated temperature, and the 52% of initial
discharge capacity (68 mAhg-1) could be only recovered during
the subsequent charge-discharge at C/10 rate, implying that the
pristine cathode experienced the permanent detriment of active
material, especially, in the elevated temperature environment.

Fig. 6 demonstrates the charge-discharge curves and corre-
sponding differential capacity as a function of voltages of pristine
and surface-modified cathodes for the selected cycles just before
the first storage and after the second storage at 60°C as previously
shown in Fig. 5. Although the slight increase in potential dur-
ing charge process and the decrease in the capacity values during
discharge process can be seen after the storage and cycle test, the

ZnAl,04-coated cathode maintains the typical charge-discharge
profiles as well as the well-distinguished peaks related to the
Ni2*/Ni#* redox couple, as shown in Fig. 6b [36]. In contrast, for
the pristine cathode, elevated temperature and high-voltage envi-
ronment cause the severe decrease in both the discharge profiles
and the corresponding peaks relating to the Ni2*/Ni** redox couple
from the dQ/dV profiles, as demonstrated in Fig. 6a. Furthermore,
pristine electrode shows the abnormally increased charge capacity
after storage test and corresponding peaks in dQ/dV profiles above
4.7V, which are attributed to the unexpected side reaction between
the surface of active materials and the electrolyte.

In order to identify and understand the effect of surface-
modification on the electrochemical performances of
LiNig5Mn; 504 oxide materials, XPS spectra of the pristine
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Fig. 5. Comparison of the electrochemical cycling performances combined with the
storage test. The storage test was performed at fully charged state and 60°C: (W)
pristine LiNip5Mn;.504 and (A) ZnAl,04-coated LiNigsMn;.504.
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LiNig5Mn; 504 and (b) ZnAl,04-coated LiNigsMn 504.

and ZnAl;04-coated cathodes are compared before cycling and
after storing the cells at 60 °C for 3 days, and the results with peak
fitting process are demonstrated in Fig. 7. In the C 1s spectra seen
in Fig. 7a, the peak around 286.3 eV after storage test corresponds
to residual EC or ROCO,M formation whereas the peaks around
285.7 and 290.4eV can be assigned to PVdF binder and Li;CO3
species, which is in agreement with previous study [14,37]. Fig. 7b
shows the F 1s photoemission peaks, and the peaks around 685 eV
are assigned to LiF while the peaks around 687 eV are ascribed to
LixPFy and LixPOF, formed by the reaction of LiPFg salt [30,37].
Interestingly, F 1s spectra give the significant difference in the
peak intensity between the pristine and surface-coated electrodes
around 685 eV after storage test, which is assigned to the evidence
of LiF. It was reported that the trace amount of H,O present in
the electrolyte result in the formation of HF, which may offend
the surface of active material and accelerate the deposition of
SEI components such as LiF and LiOH [27,38]. Also, the SEI layer
is generally known to be highly resistive. Thus, the growth of
LiF layer was effectively suppressed by the surface-coating with
ZnAl;0y4, leading to the improved electrochemical performances
of LiNig 5sMn4 504 cathodes as pointed out earlier.

Fig. 8 shows the DSC profiles of the pristine and ZnAl,;04-
coated electrodes evaluated at fully charged state to examine the
thermal stability of the cathodes. As demonstrated in Fig. 8, the
endothermic and exothermic peaks around 130 °C exhibit the sol-
vent decomposition from electrolyte [39,40]. The main exothermic
reaction between the cathode and the electrolyte commenced
around 165 °C, and another exothermic reaction was shown above
260°C. The surface-modified cathode exhibit the increased onset
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Fig. 7. XPS spectra for (a) C 1s and (b) F 1s for the pristine LiNipsMn;504 and
ZnAl,04-coated LiNigsMn; 504 before cycling and after storing the cells at 60°C
for 3 days.

peak temperature around 192.1°C and 273.8°C compared to the
onset peak temperature of pristine cathode around 181.8°C and
267.1°C, and prominent suppression in reaction enthalpy can be
seen for the ZnAl,04-coated cathode. The reaction enthalpy val-
ues above 130°C for the pristine and ZnAl,04-coated electrodes
were 864.7]J g~ and 528.3] g1, respectively, suggesting that the
ZnAl,04-coating improves the thermal stability of the high-voltage
cathode materials, which consequently lead to the lower reactivity
with electrolyte.
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Fig. 8. DSC profiles of the pristine LiNigsMn;504 and ZnAl,04-coated
LiNio_5Ml’11_504.



Y. Lee et al. / Electrochimica Acta 115 (2014) 326-331 331

4. Conclusion

Spinel LiNig5Mn;504 powders were coated with ZnAl,04
using a sol-gel method to improve the electrochemical per-
formances as well as the thermal stability. The ZnAl,04-coated
LiNig5Mn; 504 cathodes showed the enhanced capacity retention
evaluated at 1C rate cycling test at room temperature mostly due
to the suppressed ohmic polarization compared to the pristine
LiNig 5sMn; 504 cathodes. Furthermore, surface-modified cathodes
recovered the 87% of initial capacity after the 1C rate cycling test
combined with the storage test at fully charged state and 60°C
whereas the pristine cathodes delivered the only the 52% of its ini-
tial capacity. The DSC analysis indicates that the surface-coating
also leads to the significant improvement in thermal stability of
cathode materials. The excellent electrochemical performances are
thought to be originated from the suppressed LiF formation on the
surface of cathodes in the XPS study.
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