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Comparative Study on Electrochemical Behavior of Li(Ni,sMn,s), . M,0,
(M=Ti, Al; x=0, 0.02) Cathode Materials
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Abstract: Layered Li(NigsMnys), .M, 0, (M=Ti, Al; x=0, 0.02) cathode materials for lithium-ion batteries were
synthesized by one step solid-state method using Ni(OH),, MnCO3, Li,CO;, TiO, and AI(OH); as starting materials.
The effect of Ti and Al doping on the structure and electrochemical performance of Li(NigsMnys), M, O, (M=Ti, Al;
x=0, 0.02) has been investigated. LiNiosMngys0,, Li(NigsMngs)oesTion0, and Li(NigsMngs)oosAlgeO, delivered 149
mAh-g™, 160 mAh-g™', 164 mAh-g™, respectively, at a current of 20 mA -g™ between 2.5 V and 4.3 V at room

and remained 86%, 91%, 91% of the initial discharge capacity respectively after 30 cycles. AC
x=0, 0.02) decreased the

temperature,
impedance studies show that Ti and Al doping in Li(NigsMnys), MO, (M=Ti, Al;

resistance of charge transfer R, of cathode materials.
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and thermal instability in
And layered
structure LiMnO, was observed to undergo a detri-
mental phase transformation to spinel phase, which led

Since Ohzuku et al.P!

successfully synthesized LiNijsMngs0, with excellent

0 Introduction tion during charge process,

organic electrolytes in charged state!".

Many efforts have been made to develop new
materials as an alternative to LiCoO, due to the rela-
tively high cost and toxicity of Co. Much attention has to poor cycling performance 2.

been paid to layered structure cathode materials such

as LiMnO, and LiNiO, due to their lower cost and
larger capacity compared with LiCoO,.  However,
LiNiO, has severe problems associated with the

preparation of phase-pure material, multi-phase reac-
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electrochemical performance by solid state method at
1000 °C, LiNigsMngsO, has attracted much attention
from researchers in view of its high reversible capaci-

ty, high thermal stability, lower cost and less toxicity.
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XPS studies show that the transition metal elements
are predominantly in Ni** and Mn* oxidation state and
about 6% ~8% of Ni- and Mn-ions in the compound
are in mixed valence state due to the dynamic ion-
equilibrium, Ni** + Mn* — Ni* + Mn* ™. Ni and Mn
K-edge X-ray absorption near-edge structure (XANES)
results on LiNigsMngs0, are also in agreement with re-
sults by Johnson et al.®! A two-electron redox reaction
(Ni** — Ni*) is assumed for the charge-discharge pro-
cess and confirmed by XANES up to 4.2 V in LiNigs
M50,

In the previous study we have synthesized lay-
ered structure LiNigsMngs0, cathode material using
Ni(OH),,

one step solid-state reaction.

MnCO; and Li,CO; as starting materials by
However its electro-
chemical performance is still expected to be improved.
Foreign metal ions doping has been regarded as an
effective way to improve the electrochemical perfor-
mance of cathode materials for lithium-ion batteries.
Kang et al.” reported that doping of Al, Ti and Co
increased discharge capacity and electronic conduc-
tivity of  LiNigsMny;0,. Kim et al.® found that non-
electrochemical active component Li,TiO; could con-
tribute to the stabilization of layered structure in LiNigs
MngysO, and could increase the columbic efficiency
during the charge-discharge process. Park et al.”’ found
that AI** doping on Li[Lig;5Nij2s.mALMngss )]0, syn-
thesized by sol-gel could prevent from the structural
degradation of the electrode material and decrease the
area specific impedance. Therefore the electrochemi-
cal performance of LiNigsMngsO, may be improved
through Ti*, AI** doping by one step solid-state method.
In the present study, Li(NigsMnys);, .M, 0, (M=Ti, Al; x=
0, 0.02)
step solid-state reaction,
havior of Li(NigsMnys), .M,0, (M=Ti, Al; x=0, 0.02)

cathode materials between 2.5 V and 4.3 V at room

cathode materials were synthesized by one

and the electrochemical be-

temperature were comparatively studied.
1 Experimental

Ni(OH),, MnCOs;, Li,COs, TiO, and Al(OH); in
stoichiometric amount were thoroughly mixed and

grounded for 6 h using a ball-milling machine. The

grounded powder was heated at 800 “C for 36 h in air
and then naturally cooled to room temperature in fur-
nace.

Powder X-Ray diffraction analysis was performed
on Rigaku Rint-2000 equipped with a Cu Ke; radia-
(A =0.154 06 nm)
monochromator, with high voltage of 40 kV and cur-

tion source and a graphite
rent of 250 mA. Finely divided silicon powder was
used as an internal standard. The scan was carried out
in the range 10°<<20<90° at a 0.02° step and 10 s
dwell-time.

Scanning electron microscope (SEM) study of the
powders was performed on JEOL JSM-5600LV elec-
tron microscope with high voltage of 20 kV.

The charge/discharge tests were carried out using
the CR2025 coin-type cell, which consists of a cath-
ode and lithium metal anode separated by a Celgard
2400 porous polypropylene film with the electrolyte of
1 mol- L' LiPFg in EC+DMC+EMC(1:1:1, V/V/V). The
positive electrode was consisted of 80wt% active ma-
terial, 10wt% acetylene black and 10wt% PVDF. The
mixture was thoroughly mixed, then painted on an alu-
minum film and dried at 120 °C for 12 h under vacu-
um. The cells were assembled in a glove box filled
with dry argon gas. Cells were first charged to 4.3 V
at a rate of 20 mA g™ and held for 2 h under 4.3 V,
then discharged to 2.5 V at a rate of 20 mA - g™ at room
temperature.

AC Impedance measurement was carried out by
means of tri-electrode cell using lithium metal as
counter and reference electrodes. Cells at discharged
state or charged state were stood for 8 h before AC
impedance measurement and then operated between

0.001 Hz and 100000 Hz.
2 Results and discussion

The XRD patterns of synthesized Li(NigsMnys); -,
MO, (M=Ti, Al; x=0, 0.02) are shown in Fig.1. All
diffraction peaks can be indexed as a hexagonal a-
NaFeO, structure with a space group of R3m the weak
diffraction peaks marked with * and black circle. The
peaks between 20° and 25° are caused by superlattice

ordering of the Li, Ni and Mn in the 3a site, which
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indicates a layered structure with Li,MnOj; character!'®'",
According to literature!, Li,MnOj; contributes to the
stabilization of layered structure in LiNijsMngsO, dur-
ing cycling process. The lattice parameters of the syn-
thesized samples are shown in Table 1. It can be seen
that for the lattice parameters of Li(NigsMngs)oos o002,
a and ¢ show slight change compared with those of
LiNigsMngs0,. This relates to the partial substitution of
Ni*(r=0.069 nm) and Mn**(r=0.053 nm) by small
amount of Ti*(r=0.068 nm).

creases and they are both above 4.936,

The ratio of c/a also in-
which is in
good agreement with layered structure character!. For
Li(NigsMngs)oosAlpO,, the lattice parameter a does not
change, but ¢ shrinks clearly. This relates to the de-
crease of interlamellar distance of transition metals
due to the substitution of Ni** (r=0.069 nm) and Mn*
(r=0.053 nm) by AP* (r=0.053 5 nm). The decreasing
ratio of ¢/a suggests that the degree of layered struc-
ture decreases.  The intensity ratio of [/l in
Li (NigsMngs)o0sMo 0, materials shows some increase,
which demonstrates that the degree of cation mixing
in Li(NigsMnys), M, 0, (M=Ti, Al; x=0, 0.02) becomes

less severe!™.
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Fig.1 XRD patterns of Li(NigsMnys),,M,0, (M=Ti, Al;
x=0, 0.02)
Table 1 Lattice parameters of Li(Ni,sMn,s),.M.O,

(M=Ti, Al; x=0, 0.02)

Li(NigsMnys),.M,O, a/ nm ¢/ nm cla Tos ! s
x=0 0288 5 1.424 2 4937 0.962
Ti(x=0.02) 0288 4 1.424 3 4939 1.017
Al(x=0.02) 0288 5 1419 6 4920 0.972

The SEM photographs of the samples are shown
in Fig.2.

samples are distributed homogeneously.

It can be seen that the particles of all three
The average
size of particles in all samples is less than 150 nm. In
addition, doping small amount of Ti* and Al** reduced

the agglomeration of particles.

Fig.2 SEM photographs of Li(NigsMnys),.M,O,
(M=Ti, Al; x=0, 0.02)

The charge-discharge curves of the first cycle for
the synthesized samples are shown in Fig.3. Between
2.5 V and 4.3 V, LiNigsMngs0,, Li(NigsMngs)oesTiomnOo,
Li (NigsMngs)oesAly,0, delivered 149 mAh -g~!, 160
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mAh-g™, 164 mAh-g™, respectively, at a current of
20 mA-g™ at room temperature. The coulomb efficien-
cy of the first cycle for the above three samples is
75%, 81%, 83%, respectively. It's obvious that dop-
ing Ti** and AI** improved the electrochemical perfor-

mance of LiNigsMns0,.

Voltage / V

0 100 200
Specific capacity /(mAh.g")

a: LiNigsMngsO,; b: Li(Nio.sMnr).s)n.ngiu.ozozé
c: Li(Nio.sMno.s)o.QxAlo,ozoz

Test conditions: charge/discharge rate 20 mA-g,

voltage range 2.5 V~4.3 V, room temperature
Fig.3 Charge-discharge curves of Li(NigsMnys),_,M,O,
(M=Ti, Al; x=0, 0.02) in the first cycle

The cycling performance of the samples is shown
in Fig.4. After 30 cycles at a current of 20 mA -¢™!
between 2.5 V and 4.3 V, LiNigsMnysO,, Li(NigsMngs)oes
Tign0,  Li(NigsMngs)oosAleO, remained 86%, 91%,
91% of the initial discharge capacity respectively. The
cycling performance of the samples was improved after

doping Ti** and Al**. This maybe relate to improved
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Test conditions: charge/discharge rate 20 mA-g™,
Voltage range 2.5 V~4.3 V, room temperature
Fig.4 Cycling curves of Li(NigsMnys),_.M,0,
(M=Ti, Al; x=0, 0.02)

stabilization of electrode materials and the increase of
electrical conductivity of samples through doping Ti**
and AP*. In addition, Li,TiO; decreased the activity of
the surface of electrode at charged state for Li
(NipsMnygs)oosTinp0,, which contributes to the improved
cycling performance!™.

The impedance spectra of the electrode materials
at full discharged and charged state are shown in Fig.
5A and 5B, respectively. And the equivalent circuit
used for fitting the impedance spectra is shown in Fig.
6. In Fig.5A, the impedance spectra are consisted of
one semicircle in high-frequency range and a line in-
clined at constant angle to the real axis in the low-fre-
quency range. The semicircle should be attributed to
surface film on the active material (R, surface film
resistance)'™”" and the inclined line is attributed to
Warburg impedance associated with lithium ion diffu-

3 The impedance spectra of

sion through the cathode
the materials charged to 4.5 V are shown in Fig.5B.
Different from those of discharged state, the

impedance spectra consists of two semicircles in high-
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Fig.5 AC impedance spectra of Li(NigsMnys),.M,0,
(M=Ti, Al; x=0, 0.02)
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R.: resistance of electrolyte;

R surface film resistance;

C,: capacitance associated surface film;

R.: charge transfer resistance;

Cy: double layer capacitance;

Z,: Warburg impedance associated with lithium

ion diffusion through the cathode;

C,: Li* intercalation capacitance;

Fig.6 Equivalent circuit used for fitting the impedance
spectra

and intermediate-frequency range and a line inclines
at constant angle to the real axis in the low-frequency
range. The second semicircle should be attributed to
R, resistance of charge transfer at the electrode-elec-
trolyte interface. From discharged state to charged
state, the decrease of R is obvious because the inac-
tive surface film covering the virgin electrode surface

The re-

sult is in good agreement with other report”. In ad-

is destructed or modified by the current flux.

dition, doping of Ti* and AI** reduced AC impe-dance
evidently no matter the system was at discharged or
charged state, thus resulting in the improvement of
electric conductivity of materials. The decrease of
impedance and the increase of electrical conductivity
of samples through doping foreign metal ions” should
be the main reason for the increase in discharge ca-
pacity of Li(NigsMngs)oesMop0, (M=Ti, Al). From this
point the effect for doping of Al* is more obvious than
that for doping of Ti**. This will then improve the
electrochemical performance of materials, which a-

grees well with the electrochemical results in Fig.3

and Fig.4.
3 Conclusions

Layered Li(NigsMnys),. M, O, (M=Ti, Al; x=0, 0.02)
cathode materials for lithium ion batteries were syn-
thesized at 800 °C for 36 h by one step solid-state
method using Ni(OH),, MnCO,, Li,CO;, TiO, and
Al(OH); as starting materials. XRD results show that
synthesized Li(NigsMnys),_ M0, (M=Ti, Al; x=0, 0.02)
have layered structure with space group of R3m. Elec-

trochemical tests at room temperature demonstrate that

g, 160 mAh-g™, 164 mAh-g™ between 2.5 V and 4.3
V at a current of 20 mA -g™,
91%,
tively, after 30 cycles. Impedance study indicate that

and remained 86%,

91% of the initial discharge capacity, respec-

the resistance of charge transfer R, of materials de-
creased obviously after doping Ti* and Al** . High ca-
pacity and improved cycling performance should be
attributed to the increase of electric conductivity of

Li(NigsMngs)o0sMo0, (M=Ti, Al) cathode materials.
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