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ABSTRACT

The core-shell structure cathode material Li(NipgC0¢.15Alo.05)os(Nig5sMngs)o202 (LNCANMO) was syn-
thesized via a co-precipitation method. Its applicability as a cathode material for lithium ion batteries
was investigated. The core-shell particle consists of LiNiggC0015Alp0502 (LNCAO) as the core and a
LiNip5sMng50; as the shell. The thickness of the LiNipsMngs0; layer is approximately 1.25 wm, as esti-
mated by field emission scanning electron microscopy (FE-SEM). The cycling behavior between 2.8 and
4.3V at a current rate of 18 mAg~! shows a reversible capacity of about 195 mAh g-! with little capac-
ity loss after 50 cycles. High-rate capability testing shows that even at a rate of 5C, a stable capacity
of approximately 127 mAhg-! is retained. In contrast, the capacity of LNCAO rapidly decreases in cyclic
and high rate tests. The observed higher current rate capability and cycle stability of LNCANMO can be
attributed to the lower impedance including charge transfer resistance and surface film resistance. Dif-
ferential scanning calorimetry (DSC) indicates that LNCANMO had a much improved oxygen evolution
onset temperature of approximately 251 °C, and a much lower level of exothermic-heat release com-
pared to LNCAO. The improved thermal stability of the LNCANMO can be ascribed to the thermally stable
outer shell of LiNip5Mngs50,, which suppresses oxygen release from the host lattice and not directly
come into contact with the electrolyte solution. In particular, LNCANMO is shown to exhibit improved

electrochemical performance and is a safe material for use as an electrode for lithium ion batteries.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Recent research has focused on the development and appli-
cation of large-scale lithium ion batteries for hybrid and fully
electric vehicles. Although high power and high energy are desir-
able performance characteristics, the issue of safety is one of the
most important considerations in these applications. The ther-
mal stability of lithium storage materials in the presence and
absence of electrolytes plays an important role in determining the
safety characteristics of lithium batteries. LiNiO, is a more attrac-
tive material than LiCoO, because of the low cost of fabrication
and the possibility of higher rechargeable capacity. Nevertheless,
this material possesses several disadvantages such as low-thermal
instability and surface transformation resulting from the reac-
tion with the electrolyte during cycling [1-3]. To address these
shortcomings, LiNi;_yCox0, (0 <x <1)compounds have been devel-
oped motivated in part by the fact that LiCoO, and LiNiO, have
the same layered o-NaFeO, structure [4-6]. Elements such as
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Al [7,8], Cr [9], Fe [10], Ga [11], Mg [12], Sn [13], Sr [14], Ti
[15], and Zn [16] have been used for partial substitution of Ni
or Co to further enhance the electrochemical performance of the
LiNiggCog205, which is a promising cathode material among these
compounds. Lee et al. have reported that Al doped Co substi-
tuted Li nickelate cathode material, LiNig g5C0g 19Alg,0502, showed
enhanced electrochemical properties and good thermal stability
compared with LiNiO, and LiNigg5Cog.190Feg 0502 [17]. Al-doping
is particularly useful because Al ions are electrochemically inac-
tive during the cycling process, and the strong Al-O bonds help
in stabilizing the layered structure. Al-doping may also improve
the discharge voltage [18]. Yoon et al. have reported good elec-
trochemical properties of LiNiggCog 15Alg 050, cathode materials
such as high capacity (190mAhg-1 at 0.1C rates), good rate per-
formance (capacity at 2 C rate retained to 88% of 0.1 C capacity),
and good cycling performance (almost no capacity fading up to
40 cycles) [19]. The substitution of Ni by Co and by Al improves
the structural stability of the oxide, but the thermal instability of
Li;_s(Nij_x_yCoxAly )0, still remains an issue. It has been reported
that commercial Li-ion cells using a Li; _s(Nij_x_yCoxAly)O, cath-
ode suffer violent thermal runaway at approximately 210°C
[18,20,21].
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Table 1
Comparison of structure parameters of LNCAO and LNCANMO.
Samples a(A) c(A) Ioos/loa R factor Volume (A3)
LNCAO 2.8690(6) 14.1985(8) 4.949 1.25 0.16 101.217
LNCANMO 2.8720(4) 14.2120(8) 4.948 1.29 0.16 101.524
Ohzuku and Makimura [22] proposed the layered afford spherical core-shell structure (NiggC0o.15Alo.05 )o.s(NigsMngs )o2(OH); pow-

LiNigsMnps0, material, showing a reversible capacity of
150mAhg-! in the voltage range of 2.5-4.3V, to overcome
the disadvantages of lithium transition metal oxides e.g., LiNiO;
and LiMnO, [23]. LiNig5sMngs0, is a layered material that is
isostructural with a-NaFeO,, which consists of a closely packed
network of oxygen atoms with Li* ions and transition metal ions
(Ni%* and Mn**) ordering of alternating planes of cubic structure.
The electronic structure of Ni ions in LiNig5Mng50, is unique:
Ni3*(t¢%e41) in LiINiO, becomes Ni2*(ty%eg2) upon substitution of
Mn* (tyg3eg). Lithium removal from LiNi?*o sMn**( 50, is accom-
panied by the oxidation of Ni2* to Ni** via Ni3* while Mn** remains
electrochemically inactive [24-30]. The onset of the exothermal
temperature of deeply delithiated Li;_x(NigsMng5)0, is observed
usually as high as 280°C. Heat generation at this temperature is
significantly reduced relative to Ni-rich Li;_s(Nij_x_,CoxAly)O;
[18,20,21,31,32]. For delithiation, the decrease in the cell volume
in this material is smaller (~3%) [33] in contrast to the large
decrease in the cell volume observed for other transition metal
oxides such as LiNiO; (~10%), LiMnO, (~8%), and LiCoO, (~6%).
This electrochemical structure and the relatively small change
in the cell volume are extremely beneficial with respect to the
cycling stability, cell life, rate capability, and thermal stability of
the batteries produced using these materials.

To take high capacity of Ni-rich Li[Ni;_yMx]0; (M=Metal)
and thermal stability of LiNigsMngs0,, Sun et al. applied
core-shell materials to Li(Nig gCog 1Mng 1)o.g(Nig5Mng )20, and
Li (Nio‘gCOO.z)Olg(Ni0‘5MI‘l0.5)0‘202 system [34,35] In case of
Li(Nig.gCog.1Mng1)o.g(NigsMngs)p20, system, considerable capac-
ity retention of 98% after 500 cycles and thermal stability
(the exothermic temperature of about 250°C) were observed in
Li(NiggCog.1Mng 1)og(Nig5Mngs5)g20,. Also, they have reported
the electrochemical properties and thermal stability of all lay-
ered transition metal oxide, Li(Nijj3Coq;3Mny3)0;2, core and
LiNig5Mng 50, material [36]. However, it is expected that
the use of Al doped Co substituted Li nickelate core mate-
rial, LiNiggs5C0g10Alggs502, may lead to better electrochemical
properties and good thermal stability compared with the
core materials mentioned above. In this study, we have
designed a spherical core-shell material: LiNiggCog 15Alg,0502
(LNCAO) as the core which can deliver a high capacity of
200mAhg-!, and LiNig5sMng50, as the shell which can pro-
vide the significant structural and thermal stability upon
electrochemical cycling. A micro-scale core-shell structure
Li(Nig gCog.15Al0.0502)0.8(Nig5sMng5)o202 (LNCANMO) was syn-
thesized via co-precipitation. A significant improvement in the
electrochemical properties and safety aspects of the core-shell
structure for lithium batteries were reported compared with
LiNio_gCOO.lsAI0.0soz material.

2. Experimental

Spherical core-shell LNCANMO was synthesized as follows: spherical
NiggCo0.15Alo05(OH), was used as the starting material (Ecopro Co. Ltd., Korea).
A solution of NiSO4-6H,0 and MnSO4-H,O (Ni:Mn=1:1, molar ratio) and
NiggCog.15Alp,05(OH); powders was continuously pumped into a reactor in N, atmo-
sphere. Simultaneously, a 2.0 M NaOH solution and the desired amount of ethylene
diamine solution (which acts as the chelating agent) were also pumped into the
reactor. The concentration of the solutions, stirring speed (600 rpm), temperature
(50°C), reactor pH (11.4-6), and reaction time (10 h) of mixture in the reactor were
all controlled carefully. The mixture in the reactor was filtered, washed, and dried to

ders. These spherical core-shell structure (NiggCog.15Alo.05)o.s(Nig5Mngs)o2(OH)2
and LiOH powders, in a molar ratio of Li:(Ni+Co+Al+Mn)=1.02:1.00, were mixed
uniformly. The mixed powders were sintered at 750 °C for 3 h in oxygen atmosphere
to obtain LNCANMO powders.

X-ray powder diffraction (XRD) was performed using a Rigaku ultra-X diffrac-
tometer (CuK, radiation, 40kV, 120 mA) in the 26 value range of 10-80° in steps of
0.02°. The morphologies of the powders were analyzed using field emission scan-
ning electron microscopy (FE-SEM, Supra 40, Carl Zeiss Co., Ltd.). Cross sectional
images of particles were obtained by focused ion beam (FIB). The molar ratios of
the metal elements present in the powders were evaluated by inductively coupled
plasma (ICP, IRIS DUO, Thermo Electron Corp.) emission spectroscopy.

The electrodes were prepared by casting and pressing a mixture of 85 wt.% of
the obtained material, 7.5 wt.% of KF#1300 binder (polyvinylidene difluoride: PVDF),
and 7.5 wt.% of carbon black (Super P) in N-methyl pyrrolidinone (NMP) solvent on
aluminum foil followed by drying for 24 hat 70 °C. The coin-type cells (CR2016) were
fabricated in an argon-filled glove box with a 1.3 M LiPFg electrolyte in an ethylene
carbonate-dimethyl carbonate-ethyl methyl carbonate (EC-DMC-EMC, 3:3:4 vol-
ume ratio) solution. A Celgard 2400 film separated the positive electrode from the
lithium metal negative electrode.

The cells were galvanostatically charged and discharged at a current density of
0.1-5C in the range of 2.8-4.3V to determine the electrochemical behavior of the
cathode materials. Cyclic voltammetry (CV, Macpile biology) data of the cells were
obtained at 2.7-4.8V and at a scan rate of 0.05 mVs~'. Electrochemical impedance
spectroscopy (EIS) was carried out using an IVIUMSTAT. The ac perturbation sig-
nal was £3 mV and the frequency range was from 50,000 to 0.1 Hz. The impedance
spectra were analyzed using Z-View software. For differential scanning calorime-
try (DSC) measurements, the Li ion cells were fully charged to 4.3V, the positive
electrode was taken out of the cell, and the electrolyte was wiped off with filter
paper. A piece of crushed pellet was mechanically sealed in an aluminum cell used
to collect 6-7 mg samples. The DSC signals, the heat flows (in W g~1) as functions of
temperature, were measured at heating rates of 10°Cmin~"'.

3. Results and discussion

Fig. 1 shows the XRD patterns of the LNCAO and LNCANMO
powders. In both cases, powders were confirmed to have a well-
defined hexagonal a-NaFeO, structure with space group R3m.
When excess lithium was added to metal oxides containing Mn**
ions, then the possibility of creating Li,MnO3 regions or nan-
odomains within a composite structure of intergrown rock salt
phases exists [37]. Weak peaks (enlarged in Fig. 1a)) that are
characteristic of cation ordering in the transition metal layers,
as can be seen in the case of Li;MnO3 (Li(Lij;3Mny3)0;2) with
space group C2/m, are evident between 20=20° and 24°. This
is due to approximately 10% residual lithium in the transition
metal layers of the LiNig5Mng 50, shell (corresponding amounts
of (LiNiQ'gCO()_lSAl0.0s)O_g (Li],10Ni0'5Mnob5)0,202; Li and transition
metal molar ratio of 1.02:1 in experimental process). The man-
ganese ions are essentially all tetravalent and the nickel ions are
divalent due to cation ordering of the ions [30].

Table 1 summarizes the estimated structural parameters of
LNCAO and LNCANMO powders. The integrated intensity ratios
(>1.25) of Iygs/l1o4 diffraction peaks in both powders indicate
excellent cation ordering. The value of Iypg3/l1 94 depends on the
degree of the displacement between ions located at the 3a (Li lay-
ers) and 3b (transition metal layers) sites in a space group of R3m.
Thus, this value is an estimation of the reactivity of lithium insertion
materials for a series of LiNiO, families. According to Ohzuku and
Makimura [38],alow Ipg3/l1 94 value is an indicator of poor electro-
chemical reactivity due to a high concentration of inactive rock-salt
domains in a layered solid matrix. The calculated lower R factors
(~0.16) (defined by the intensity ratio of Ipgg/(I1 01 +1o12)) for both
powders also indicate excellent hexagonal ordering. Assuming a
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Fig. 1. (a) XRD patterns of LNCAO and LNCANMO. The difference between the observed and calculated profiles is plotted. Bragg reflections for layered oxide are indicated.
XRD patterns in 20-24° 26 regions are also shown (inset). The experimental XRD pattern (circle), fitted curve (dashed line) and the resolved peaks (solid line) for (003)/(104)
and (101)/(006)/(01 2) peaks are shown in (b), (c), (d), (e), (f), and (g), respectively.

single phase, the lattice parameters were calculated based on the
space group R3m (Table 1). The lattice parameters for the LNCANMO
were somewhat higher than those of LNCAO. The lattice parame-
ters of LiNig s Mng 50, have been previously reported as somewhat
greater than those of LNCAO [21,27]. Therefore, it is possible that

the LNCAO core surrounded by the LiNig s Mng 50, shell had slightly
greater lattice parameters compared to LNCAO. XRD results show
high hexagonal ordering and no evidence of pronounced cation
mixing is observed. The electrochemical activity of these powders
in terms of capacity and rates of Li deinsertion/insertion is deemed
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Fig. 2. FE-SEM images of (a, b, ¢, and d) NiggC0o.15Alo.05(OH)2 and (e, f, g, and h) (Nig.8C0o.15Al0.05 )o.s(Nio.sMng 5 Jo.2(OH)z.

to be very good (and comparable to results documented by Ohzuku
and Makimura [38]), which is in good agreement with the results
of the battery tests.

FE-SEM images of Nig gCoq.15Alp 05(0H); and
(Nip.gCop.15Alp.05)0.8 (NigsMngs)o2 (OH), are shown in Fig. 2.
These two compounds consist of spherical particles. However, the
surface morphology of (NiggC0o.15Al0.05)0.8(Nip.sMngs5)o.2(0H); is
distinctly different from that of NiggCoq 15Alp05(OH),; the surface
is covered with a distributed shell of Nip s Mng 5(OH); (Fig. 2(f), (g),
and (h)).

FE-SEM observations of the prepared LNCAO and LNCANMO
illustrate that the spherical morphology of the hydroxide is main-
tained even after high-temperature calcinations (Fig. 3). At low
magnification, both powders have similar particle sizes (~12 pm)
and distributions. However, the LiNig5Mng 50, shell is not clearly
visible on the surface of LNCAO particles, as seen in Fig. 3(f), (g),

and (h). Thus, to directly verify the existence of the shell and the
thickness of the synthesized LNCANMO, the powder was cut by
using focused ion beam (FIB). The cross-sectional image (shown
in Fig. 3(i)) clearly demonstrates the existence of the core and the
shell. The thickness of the crust is approximately 1.25 pm. When
compared with Fig. 2(a) and (e), it can be seen that the particle sizes
before and after lithiation are almost similar.

The chemical composition of the prepared core-shell pow-
ders is LiNig74Cog.12Mng 19Alg0402, which was determined from
inductively coupled plasma (ICP), and can be written as
Li(Nig g Cog.15Al0.05)0.8(NigsMng 5 )o202 (Table 2).

Fig. 4 shows the cyclic voltammograms for LNCAO and
LNCANMO powders at room temperature in the range of 2.7-4.8 V.
The scan rate was 0.05mVs~! and metallic lithium was used as
the counter and reference electrodes. In general, the peaks in the
CV curves correspond to the phase transitions which occur upon
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Fig. 3. FE-SEM images of (a, b, ¢, and d) LNCAO, (e, f, g, and h) LNCANMO, and (i) cross section image of LNCANMO core-shell.

lithium insertion and extraction. In the case of LNCAO, the first cycle
oxidation peak (extraction of Li ions from the lattice) occurred at
3.93V(versus Li), whereas the main reduction peak (insertion of Li)
appeared at 3.62 V. In the second cycle, the oxidation peak shifted
to a lower voltage (3.76 V), but the corresponding reduction peak
was only slightly shifted (by 0.02 V) to a higher voltage. The shift
in the oxidation peak voltage is an indication of the “formation” of
the electrode in the first cycle, whereby the active material makes
good electrical contact with the conducting carbon particles in the
composite electrode, liquid electrolyte, and current collector [39].
Also, the decrease in the sharp oxidation peak area is considered to
be due to the physical loss of lithium via surface film (like Li;MO,
[M = Co, Ni, Mn]) formation or parasitic electrochemical reactions
from LiMO, during the first scan. This in turn hinders lithium re-
intercalation and thus yields a large irreversible capacity in the first
scan [40].

Table 2
Chemical compositions of the expected and the prepared powders.

When a cathode experiences a phase transformation, a peak can
be observed in the CV curve owing to the coexistence of the two
phases. During charge-discharge experiments, LiNiO, exhibits four
different phases (one monoclinic phase, M and three hexagonal
phases, H1, H2, and H3) with three peaks apparent in the CV curve
[41]. The three peaks seen for LiNiO; correspond to the coexistence
of H1 and M, M and H2, and H2 and H3. LiCoO, also shows four
phases (one monoclinic, M and three hexagonal, H1, H2, and H3) in
the CV curve [42]. The three peaks observed for LiCoO, correspond
to the coexistence of the phases H1 and H2, H2 and M, and M and H3.
In this study, the positive scan of the CV curves show a sharp peak
at 3.76V and two weaker peaks at about 4.05 and 4.24V, which
cannot be clearly distinguished. The peaks represent the phase
transitions of the hexagonal phase (H1) to a monoclinic phase (M)
[first peak], the monoclinic phase to the second hexagonal phase
(H2) [second peak], and the third peak represents the transition to

Chemical compositions of the expected powders

Chemical compositions of the prepared powders as determined by ICP analysis

NiggC00.15Alo.05(OH)2

(Nig,C00.15Al0.05 )o.s(Mno 5 Nig 5 Jo.2(OH)2 = Nig.74C00.12Mng.10Alo.04(OH)2
MngsNigs(OH)2

LixNig 8 Cog.15Al0.0502

Lix(Nig.8C00.15Al0.05)o.8(Mng 5Nig5)0.202 = LixNig.74C00.12Mng.10Alp.0402

Nig 805 C00.152Al0.043(OH)2
Nig742C00.122Mno.103Alo.033(OH)2
Mng 529 Nig.471(OH)2

LixNig 807C00.147Al0.046 02
LixNig.743C00.122Mnog.102Al0,03302
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Fig. 4. Cyclic voltammograms of LNCAO and LNCANMO.

the third hexagonal phase (H3) [41]. An earlier report by Han et al.
describes the CV of LiNi(),gCOO.z 0, and LiNi(),gCOO‘]SAlO'OSoz [8] the
second peakin the CV curve for LiNig gCog 205, while diminishing in
intensity, merged with the first peak with increasing Al content and
the first oxidation peak at 3.6V also shifted to 3.75V when Al was
doped into LiNiygCog10,. The simplified CV curves and the peak
shift were associated with the suppression of phase transitions due
to the superior maintenance of the layered structure after doping.
The CV peaks LNCAO prepared by us are similar to that of the LNCAO
prepared by Han et al. [8]. In the reverse scan, the reduction peaks
potentials appear at approximately 3.6, 3.9, and 4.1V, which are
symmetrical with the corresponding oxidation peaks, suggesting
reversible structural changes during lithium insertion and extrac-
tion in the LNCAO powders. The CV of LNCANMO is almost identical
to that of LNCAO. However, the second cycle oxidation peak occurs
at a higher voltage (3.81 V) than that of pristine LNCAO (3.76 V). No
redox peaks can be seen at around 3V in the CV curve, indicating
that the Mn ion is electrochemically inactive and present in the 4+
oxidation state in the LiNig 5Mng 50, shell. Two major peaks at 4.0
and 3.6V for the Li/LiNig5Mng 50, cell were reported by Lu et al.
and Kang et al. [43,44]. These are at a higher voltage than that of
LNCAO. The observed shift in the oxidation peak to at higher voltage
may be attributed to LiNig5Mng 50, shell.

Fig. 5 shows the charge-discharge profiles of the LNCAO and
LNCANMO powders during the first cycle. The first-charge capacity

40
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Fig. 5. First charge-discharge curves of LNCAO and LNCANMO cells at a current
density of 18 mAg~'(0.1C) in 2.8-4.3 V.
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Fig. 6. Discharge profiles of LNCAO and LNCANMO cells. The cells were charged
to 4.3V with 18 mA g~ (two cycles) and 36 mAg~"' (after two cycles) and then dis-
charged at different rates: 18mAg-! (0.1C), 36 mAg~' (0.2C), 90mAg-! (0.5C),
180mAg-! (1C), 360mAg—" (2C), 540mAg-! (3C), and 900mAg-" (5C) in the
2.8-4.3V voltage range.

of LNCAO is 230 mAh g~! (LNCANMO is 236 mAh g~1) and the first-
discharge capacity is 200 mAh g~1. Hence, the irreversible capacity
loss (ICL) in the first cycle is >30mAh g~1, which is believed to be
the formation of a Li,MO,-like phase on the oxide particle surface
because lithium diffusion in Li;_, MO, with A — 0 (i.e., near the
end of discharge) is very sluggish [40]. These results are compli-
ant with those of the CV analysis. Also, both powders show good
electrochemical activity with high initial discharge capacity due to
their outstanding crystallinity.

Fig. 6 shows the discharge profiles for the LNCAO and LNCANMO
cells at various C-rates (18[0.1C]~900[5C]mAg-1) between 2.8
and 4.3 V. It is clear that the LNCANMO cell has improved capac-
ity retention over the tested C-rate range. For example, LNCANMO
shows capacity retentions of 85.1% and 65.1% at rates of 1 and 5C,
respectively, compared to the corresponding values of 67.2% and
21.6% for LNCAO. The comparison of cycling performance for the
prepared LNCAO and LNCANMO materials is displayed in Fig. 7.
The cells were cycled at a constant current of 18 mAg~! in the volt-
age range of 2.8-4.3V. The cycling behavior of the LNCANMO is
quite stable showing good capacity retention. From these results
(Figs. 6 and 7), the improved capacity retention of the LNCANMO
material probably results from the existence of the shell mate-
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Fig. 7. Cyclic performance of LNCAO and LNCANMO cells at a current density of
18 mAg! (0.1C) in 2.8-4.3V voltage range.
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rial, which is consistent with the XRD and EIS analysis. However,
although LNCAO has high initial discharge capacity with good
crystallinity, LiNiO, and its derivatives LiNi;_yCoxO, suffer from
structural instability caused by structural deformation especially
when cycled above 4.3 V. Furthermore, Co dissolution induced by
HF generated from the electrolyte in the presence of H,O leads
to deterioration of the LiNi;_yCoxO, type material [45]. Thus, as
the cycle progresses, LNCAO exhibits the poor charge-discharge
performance. Since the LNCAO core is surrounded by structurally
stable LiNig s Mng 505 shell, the possibility of HF attack to the LNCAO
in the electrolyte solution should be prevented during the cycling.
In addition, Co dissolution should be suppressed. Furthermore, the
amount of Li;MO, covering on the surface of LNCAMNO might
be lower than the levels of Li;MO, on LNCAO. The production of
surface film (Li;MO;) on the electrode will be discussed when
describing EIS analysis. Additionally, the LiNig5Mng 50, (shell) is
known to have a stable cycling performance due to its electrochem-
ical structure and associated small changes in cell volume [33,46].
Therefore, its discharge capacity during the cycling is maintained
as shown in Figs. 6 and 7.

Electrochemical impedance spectroscopy (EIS) is a powerful
tool to probe the kinetics of lithium intercalation/deintercalation
into electrodes [47,48]. The lithium intercalation and deinterca-
lation into the cathode materials can be modeled as a multi-step
process that involves and reflects the serial nature of several pro-
cesses occurring during intercalation/deintercalation. The general
nature of these models is to explain the Li-ion migration through
the surface film, charge-transfer through the electrode/electrolyte
interface, and the solid-state diffusion of Li in the compounds.
The impedance plots were fitted using an equivalent circuit model
(Fig.8(b)), and the fitted impedance parameters are listed in Table 3.

Table 3

The obtained parameters from simulation of elements in equivalent circuit model.
Samples Rs (2) R (€2) Ret (2)
LNCAO 1.2 26.33 1890
LNCANMO 0.9 12.65 180.1

----LNCAO
6.0 | —— LNCANMO

Heat flow (W g™)

180 200 220 240 260 280 300
Temperature (°C)

Fig. 9. Differential scanning calorimetry profiles of LNCAO and LNCANMO after
charge state until 4.3 V.

The experimentally visualized processes that are possible are (1) a
resistive component (Rs) arising from the electrolyte resistance and
cell components, (2) the double layer (dl) capacitance of the sur-
face film and the associated impedance (Cs and Rys), (3) the charge
transfer (electron transfer) resistance of the intercalation reaction
and the capacitance of the double layer (Rt and Cg;), and (4) a War-
burg impedance (Zy ) which is characteristic of the Li ion diffusion
through the bulk to the active material [48].

EIS tests were performed on the electrodes at the first cycle,
which is charged in the range of 4.3-2.8 V. In Fig. 8(a), two semi-
circles denote the endpoint of deintercalation and intercalation.
The electrode kinetics is controlled by the charge transfer con-
tribution [49]. In general, the low-frequency semicircle contains
the contribution of contact impedance between inter-particles
[50,51]. The diameter of which, in the plots of the electrode,
provides charge-transfer resistance (Rqt) associated with the elec-
trochemical process. Using the equivalent circuit, the R.; of LNCAO
(1890 €2) is larger than LNCANMO (180.1 €2). The high frequency
semicircle may be attributed to the charge transfer process in the
electrode/electrolyte interface, namely, the change of the high-
frequency semicircle size may reflect the growth of a passive
surface film formed by the reaction between the lithium metal
oxide and electrolyte [50,51]. In the inset magnification shown in
Fig. 8(a), the sizes of the low-frequency semicircles have the same
variation as that at low frequency, indicating that LNCAO has a
larger surface film resistance (Rg) at the first cycle. The Ry may not
have a significant role in the electrode kinetics for a single charge
or discharge cycle. However, the production of surface film, which
may be Li;MO, formation or parasitic electrochemical reactions,
on the electrode in case of repeating charge-discharge cycling may
influence the performance of the electrode material. The nature of
surface film, which covers the active mass, may provide a measure
of its particle-to-particle contact. A mass deposition of the surface
film on the electrode surface may end up being destructive film,
which can slow down the electrode kinetics and hence impair its
performance [47,52,53]. Thus, the poor charge-discharge perfor-
mance of LNCAO material may be attributed to the higher charge
transfer resistance coupled with the surface film resistance, and
the observed higher current rate capability and cycle stability of
LNCANMO can explained by the lower surface film resistance and
charge transfer resistance.

Differential scanning calorimetry was performed in order to
compare the thermal stability of the LNCAO and LNCANMO
powders, especially in the charged 4.3 V state (Fig. 9). The exother-
mic peak area indicates the level of heat generation (related
to oxygen generation) of the decomposed cathode after reac-
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tion with the electrolyte. Li;_y(NiggCog15Alp05)0, has a large
exothermic peak at 245°C, the onset of decomposition occur
at 214°C, and the reaction releases 740]Jg~! of heat. However,
Liy_x(NiggCoo.15Al0.05)0.8(NigsMng5)0.202 shows a higher temper-
ature (251°C between 235°C and 270°C) with a much lower
amount of exothermic heat release (350] g~1). The improved ther-
mal stability of Li;_x(NiggCog.15Alp.05)0.8(Nig5Mng5)9202 may be
attributed to the thermally stable LiNig5sMng 50, shell [31], which
suppresses the oxygen release from the host lattice. The thermally
stable LiNig5Mng50, shell encapsulating the core material also
serves to improve the overall stability. Thus, the thermally instable
Liq_x(Nig.gCog 15Alg05)02 [21] core did not come into direct contact
with the electrolyte solution. LNCANMO provides better thermal
stability in the charged state.

4. Conclusions

We synthesized the cathode material
Li(Nip.gCoo.15Al0.05 )o.8(Nip.5sMng 5)0.202 (LNCANMO) with
core-shell structure using a co-precipitation method. The
capacity retention is significantly improved relative to that
of the Li(NiggCog15Algg5)02 (LNCAO) electrode without the
LiNig5Mng 50, shell. Because the LNCAO core is surrounded by
structurally stable LiNig5Mngs50; as shell, it should prevent the
possibility of HF attack on LNCAO in the electrolyte solution during
the cycling. In addition, Co dissolution should be suppressed. Using
the equivalent circuit model, the R. and Ry of LNCAO are larger
than that of LNCANMO, and thus exhibit poorer electrochemical
performance. However, the LNCANMO possesses higher current
rate capability and cycle stability owing to its better charge trans-
fer kinetics and lower surface film resistance. Also, the thermal
stability of the fully charged LNCANMO is slightly better than
that of LNCAO, as confirmed by the DSC. The improved thermal
stability of the Li;_y(Nig gCoq.15Alg05)0.8(Nig.sMng 5)020> is due to
the thermally stable outer LiNig5sMng 50, shell, which suppresses
oxygen release from the host lattice. In addition, the thermally sta-
ble outer LiNig5Mng 50, shell encapsulates the core material, and
so that the thermally instable Li;_x(NiggCog 15Alg05)0, core does
not come into direct contact with electrolyte solution. LNCANMO
has improved electrochemical properties as an electrode for
lithium-ion batteries.
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