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Abstract

Lithiated nickel cobalt oxides are intensively being investigated for possible application in lithium batteries. Improving their electrochemical
properties and thermal stability will enhance their chances for commercial application. In the present study, we report the electroanalytical and
thermal properties of LiNig7Cog2Tig.0sMo.0s02 (M = Al, Mg, Zn). Cyclic voltammetry experiments revealed the reversibility of the lithium
intercalation processes. Impedance measurements showed a decrease in the charge transfer resistance as lithium extraction progressed. The Mg-
doped system showed the best cyclability over 100 cycles, followed closely by the Al-doped system. Mg as a dopant led to improved thermal
stability of the cathode material in the fully charged state. However, doping with Al or Zn resulted in reduced thermal stability.

© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Solid solutions of the general formula LiNi;_,Co,0,
(0.2 <y <0.4), by virtue of the minimal changes in their
unit cell volumes during cycling [1,2] and high-rate capability
[3], have attracted considerable interest recently. Efforts to
improve their electrochemical properties and thermal stability
have also been under close scrutiny [4,5]. Doping with multi-
ple ions in LiNi;_,Co,0, solid solutions, especially in the
nickel-rich regions (y = 0.1-0.3), has been shown to improve
cyclability and thermal stability [6]. Recently, Lee et al. [7]
reported that doping with Fe or Al for Ni in LiNig gsCo 1505
resulted in improved stability with respect to cycling. Simi-
larly, Mg-doped LiNi; _,Co,0, has also been shown to exhibit
good cyclability and safety characteristics [8]. In general,
doping with non-transition metal ions leads to improved
safety and cycling stability for the LiNi;_,Co,0O, system.
Al and Mg have been extensively studied as dopants, but
doping with other non-transition metals such as Zn has not
been studied in detail. We recently reported our preliminary
results on the synthesis and electrochemical properties of Al-,
Mg- or Zn-doped LiNig g5sC0g 200, systems [9]. Ti as a dopant
in LiNiO, and related structures has been pursued by several
groups. Ti as a single dopant [10] or as a co-dopant with Mg
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[11,12] has been shown to impart desirable stabilizing effects
by suppressing phase transformation during cycling.
Understanding the electrochemical characteristics of
materials used in lithium batteries will help improve lithium
battery performance. Levi et al. [13—15] have done pioneer-
ing work on the electroanalytical behavior of lithium battery
electrode materials using techniques such as EIS, SSCV,
PITT and GITT. In this paper, we report results from a study
on the cycling performance, electrode kinetics and thermal
Stablllty of LiNinCOO_2Ti0'05M0V0502 (M = Al, Mg, ZH)

2. Experimental

The multi-doped compounds were prepared by a con-
ventional solid-state method, details of which are given
elsewhere [9]. The structural and morphological character-
izations have also been reported [9].

Electrochemical studies were performed on 2032-type coin
cells with a lithium metal anode. The electrolyte was a 1 M
solution of LiPFg in a 50:50 (v/v) mixture of EC/DEC
(Tomiyama Chemicals). The fabrication of the cathodes
and cell assembly are described elsewhere [9]. Electroche-
mical cycling was performed in the galvanostatic mode at a
0.1 C rate between 2.5 and 4.3 V in a multi-channel battery
cycling unit (Maccor, Series 4000). Cyclic voltammetric
measurements were done by a Solartron 1287 electrochemical
interface between 2.5 and 4.4 V at a scan rate of 100 pV/s.
Details of cell construction for cyclic voltammetric studies are
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described elsewhere [ 16]. Electrochemical impedance spectra
at different depths of charge and discharge were recorded for
the coin cells on a Solartron 1250/1287 set up between 65 kHz
and 0.001 Hz.

Thermal characterization of the multi-doped LiNigg.
Cop -0, was done on a Perkin-Elmer DSC 7 differential
scanning calorimeter. The measurements were made in N,
atmosphere between 150 and 350 °C at a heating rate of 3 °C/
min. The samples for the DSC experiments were prepared as
follows. The coin cells were first galvanostatically charged to
4.4 Vata0.1 Crate and then potentiostated at 4.4 V for 20 h.
During this period, the current dropped to microampere levels.
After 20 h, the coin cells were opened inside a glove box. The
cathode of the coin cell was carefully removed and the excess
electrolyte was wiped with a Kimwipes® cloth. All the
recovered materials had 10-15% electrolyte by weight. The
material was carefully scrapped from the aluminum current
collector and loaded on to an aluminum pan. The aluminum
pan was hermetically sealed, placed in an airtight container,
and immediately transferred to the DSC instrument.

3. Results and discussion
3.1. Cyclic voltammetric studies

Cyclic voltammograms recorded for the three non-transi-
tion metal ion-doped systems are shown in Fig. 1. Since the

Current (mA)

only variants in the materials are the non-transition metal
ions, any differences in performance characteristics between
the three systems must arise only from the dopants. There
appear to be no irreversible oxidation peaks that can be
associated with electrolyte decomposition. The main oxida-
tion peak appears ca. 4.0 V, with its corresponding reduction
peak ca. 3.7 V. In addition to the redox peaks, unsubstituted
LiNiO, has been shown to exhibit several peaks at higher
potentials corresponding to the progressive transformation
from the hexagonal (H1) phase to the monoclinic (M) to the
hexagonal (H2) to the hexagonal (H3) phases, where the H’s
represent phases with hexagonal symmetry, but different
lattice parameters [4,17-21]. According to Levi et al. [13],
when the cell voltage approaches 4.15 V, lithium concentra-
tion increases in the hexagonal phase. When the voltage
crosses above 4.20 V, two hexagonal co-existing phases
appear [13]. The non-transition metal ions are believed to
shift the oxidation voltage well above that for the undoped
LiNig gC0 20, system [13]. The hexagonal-to-monoclinic
phase transformation is a major cause of structural degrada-
tion [22].

In the case of the Mg-doped material, no additional peaks
that may suggest phase transformations could be observed.
Thus, the incorporation of Mg in LiTig os5Nig75C0020,
suppresses phase transformations at the high potentials.
Chang et al. [23], who studied the effect of Mg doping in
LiNiO,, reported a similar suppression of such peaks in the
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Fig. 1. Cyclic voltammograms of LiNip7Co0g,Tig.0sMo.0s02 (M = Mg, Al or Zn).
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doped compounds. The authors [23] suggested that Mg
occupied Ni sites in the LiNiO, lattice, preventing a Li-
vacancy ordering that is reported to cause phase transforma-
tions [24]. Similar results have been reported by Yu et al.
[25] in their studies with LiGag0,Mgg03Nig9s0,. The
reduction peak was not as well defined as the oxidation
peak for the Mg-doped material because of the formation of
a passivation layer upon charging as well as modification of
the electronic structure of the system [26]. Both the Al- and
the Zn-doped materials exhibited high-potential peaks sug-
gestive of phase transformations, although the profiles
appeared very depressed in the case of the latter. Cho
et al. [27] observed similar cyclic voltammetric profiles
for Al,O5-coated LiCoO,. Also, the integrated area of the
peaks in the cyclic voltammogram for the Zn-doped system
was comparatively lower than those for the other two
systems. In other words, the currents associated with the
oxidation and reduction reactions of the Zn-doped system
were comparatively lower.

3.2. Charge—discharge studies—long cycle performance

The cycling data for 40 cycles at a charge—discharge rate
of 0.1 C between 2.5 and 4.3 V show that LiNiygCo,0;
delivered a discharge capacity of 174 mAh/g in the first
cycle, which faded to 134 mAh/g in the 40th cycle. In the
case of LiTip5Nig75C09,0,, the first cycle capacity was
only 159 mAh/g. However, the capacity in the 40th cycle
was higher at 142 mAh/g. It should be noted that Ti doping
in LiNig gCoq ,0; enhanced the capacity retention from 77.0
to 89.3% over 40 cycles. Al, Mg and Zn as co-dopants
reduced first cycle capacities to 153, 145 and 140 mAh/g,
respectively. However, the capacities recorded in the 40th
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cycle were 142, 139 and 126 mAh/g, respectively, which are
higher than those of LiNiygCop,0, and LiTiggsNig7s.
Co0¢,0,. The capacity retention over 40 cycles jumped to
92.8, 95.9, and 91.4% for the Al-, Mg-, and Zn-doped
LiNig gCog 10, respectively. Thus, although the co-dopants
may reduce the initial capacity, they enhance the cyclability
of the system.

According to Van der Ven and Ceder [28], the electro-
chemical properties of the O3-layered structure depend on
how easily lithium can diffuse in the structure. Therefore, it
appears that the Al- and Zn-doped systems have increased
levels of cation mixing, which lead to their poor electro-
chemical performance. Apparently, the cation mixing was
comparatively lower for the Al-doped system than for the
Zn-doped system [9]. Support for this argument comes from
the poor electrochemical behavior of the Zn-doped system.
The maximum cycling stability of the Mg-doped system, as
reflected by its lowest capacity fade, is attributed to the low
levels of cation mixing in these systems [9]. Small concen-
trations of dopant ions in the lithium plane can act as pillars
that provide extra structural stability to the system, resulting
in enhanced cyclability. Additionally, Mg occupancy in Ni
sites helps retain more Li in the charged state and stabilizes
the NiO slabs [23], resulting in an increase in cyclability.

Extended cycling of the doped systems shows that the
Mg-doped compound delivered 132 mAh/g in the 100th
cycle, with a charge retention value of 91.0%. The Al-doped
system faded faster, giving only 129 mAh/g in the 100th
cycle and registering a charge retention of 84.3%. In com-
parison, the capacity of the Zn-doped compound was only
115 mAh/g in the 100th cycle (capacity retention: 82.1%).
Cycling behavior of the co-doped compounds is compared
with the behavior of the undoped compounds in Fig. 2.
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Fig. 2. Long-cycling behavior of the various LiNig7C00,Tig 0sMo.0sO2 (M = Mg, Al or Zn) compositions.
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3.3. Thermal stability studies

Lithiated nickel oxide-based cathode materials are asso-
ciated with great safety concern as they enter into an
exothermic decomposition reaction with the electrolyte in
the fully charged state at elevated temperatures. The partial
substitution of Ni by Co in LiNiO, not only helps suppress
this exothermic reaction, but also shifts the reaction to a
higher temperature. A study of the exothermic decomposi-
tion of the doped and undoped systems would help explain
the effect of the dopant ions on the thermal stability of the
oxide material. The thermal behavior of the fully charged
LiNig 7Coq.2Tig.0sMg.050- samples is summarized in Table 1.

The exothermic decomposition of LiTig s5Nig75C0020;
was found to occur at 221 °C, the heat of reaction being
62.0 J/g (Table 1). The exothermic reaction is attributed to
the reaction of the highly oxidizing Ni*" ions with the

Table 1
Thermal history of the fully charged doped cathode materials studied by
DSC

Exothermic
enthalpy (J/g)

System Decomposition
temperature (°C)

LiNi 7Cog 2 Ti.0sMg0.0s02 221 41.4
LiNip 7Co00.2Tig.05Alp.05s02 223 72.9
LiNi0.7COO'zTi0‘05ZH0.0502 215 78.3
LiNi0_75C00_2Ti()_0502 221 62.0

organic electrolyte, which results in the evolution of flam-
mable gases. In the case of the Mg- and Al-doped systems,
the decompositions occurred at 221 and 223 °C, respec-
tively. However, the values of the heat of reaction were 41.4
and 72.9 J/g, respectively. The reduced exothermicity of the
reaction of the Mg-doped material indicates its increased
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Fig. 3. A family of Nyquist plots recorded for the doped systems at the voltages mentioned in the figure. C and D refer to charge and discharge.
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stability. A similar reduction in exothermicity brought about
by Mg incorporation was noted by Chang et al. [23] in
their studies with LiMgq 15NiggsO,. The increased stabili-
zation of the NiO slabs is supposed to prevent the decom-
position reaction [23]. However, the apparent increase in the
stability of the Al-doped system, reflected by its slightly
higher decomposition temperature, is compromised by the
higher exothermicity of its decomposition reaction. On the
other hand, the reduced decomposition temperature, as well
as the higher heat of reaction observed with the Zn-doped
material, present a greater thermal hazard for device appli-
cation. Thus, Mg as a co-dopant bestowed the greatest
increase in thermal stability to LiNip gCog,0,. In a similar
study on the simultaneous doping of Mg and Ti in LiNig g
Cop,0,, the exothermic decomposition temperature was
reported as 221 °C [12].

3.4. Electrochemical impedance spectroscopic studies

Electrochemical impedance spectroscopy aids the under-
standing of electrode kinetics by analyzing the variation in
impedances associated with the different processes during
lithium intercalation—deintercalation reactions. Fig. 3 gives
a family of Nyquist plots for the different doped systems at
various charging and discharging voltages.

The impedance spectrum of the as-assembled cell shows a
high-frequency semicircle that indicates a surface film over
the oxide, and a low-frequency spike that indicates lithium-
ion diffusion in the solid cathode matrix. As lithium ions are
removed (charging), a second semicircle in the mid-fre-
quency range emerges (Fig. 3b). The second semicircle is
related to the charge transfer phenomenon at the electrode—
electrolyte interface. The diameter of this semicircle
decreases as the deintercalation progresses. The decrease
in the charge transfer resistance with respect to the increased
deintercalation of lithium ions is because of an insulator-to-
metal transition. Similar observations have been reported by
many others [13,14,29,30]. The Warburg tail appearing in all
the spectra is due to the diffusion of lithium ions in the oxide
electrode.

The impedance parameters associated with the different
processes in the three metal ion-doped systems were studied
by equivalent circuit modeling. Details of the models used in
the present study are given in our earlier communication
[16]. Impedance parameters such as the solution resistance,
R, the particle-to-particle resistance, Ry, the charge transfer
resistance, R, and the Warburg impedance associated with
lithium-ion diffusion were derived. The charge transfer
resistance depended on the voltage at which the impedance
spectrum was measured. The electrolyte and the particle-to-
particle resistances did not show any major dependence on
the lithium content or on the voltage at which the impedance
measurement was made, a finding which agrees with pre-
viously reported results [13,14]. Similarly, the capacitance
associated with the surface layer and the charge transfer
across the electrode—electrolyte interface were found to be

in the order of microfarad (UF) and a few hundred millifarad
(mF), respectively, which also agree well with the results
already reported [14].

4. Conclusions

Charge—discharge and cyclability, electrochemical impe-
dance, cyclic voltammetry and thermal stability studies were
carried out on LiNig-Cog,Tig0sMg 050> M = Mg, Al or
Zn) systems. The Mg-doped system showed the best
cyclability over 100 cycles, followed closely by the Al-
doped system. The Mg-doped system showed an increase in
thermal stability as reflected by its reduced exothermic heat
of decomposition as compared to LiNig75C0¢2Tig05s05. Al
and Zn as co-dopants resulted in less thermal stability.
Impedance spectroscopic studies showed a decrease in the
charge transfer resistance as deintercalaton progressed.
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