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Abstract

A new class of LiCo1−xZrx/2Mgx/2O2 (x = 0, 0.02, 0.06, 0.10, 0.20) materials has been synthesized using a solution–combustion method
with mixed acetates/nitrates as the starting materials. The structure of the synthesized oxides was analyzed using X-ray diffraction (XRD).
Iodometry titration was used to measure the oxidation state of cobalt. The electrochemical performance of LiCo1−xZrx/2Mgx/2O2 electrodes
was analyzed using cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS), and galvanostatic charge–discharge cycling
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tudies in the voltage range 2.7–4.2 V (versus Li metal). It is found that the maximum doping level (x) is around 0.06, above which Li2MgZrO4

s formed as an impurity phase. The use of combined Zr–Mg doping has resulted in the decrease of the electrode impedance an
he specific capacity and the stability of 3.6 V plateau efficiency.

2005 Published by Elsevier B.V.
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. Introduction

Lithium ion rechargeable batteries not only have im-
ortant applications in portable electronics but also are
otential long-term candidates for powering emission-free
ehicles. LiCoO2, LiNiO2, and LiMn2O4 are the most at-
ractive cathode (positive electrode) materials. Among these
aterials, LiCoO2 has the best performance and is the most
idely used in commercial lithium ion batteries. It is well
stablished that the practical capacity of LiCoO2 is limited

o about 140 mAh g−1, i.e. around half of its theoretical
apacity (273 mAh g−1) because whenx in Li xCoO2 is less
han 0.5, the layered structure collapsed easily[1–3]. On
he other hand, the capacity fade of a cell with LiCoO2 as
he cathode is largely related to the surface reaction between
he oxidizing Co4+ in the charged state and the electrolyte
olvent[4]. Therefore, bulk doping and surface modification
re two natural strategies to improve the electrochemical
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performance of LiCoO2 electrode. In fact, they are al
effective for other positive electrode materials such
LiNiO2 and LiMn2O4.

Recently, attempts for the LiCoO2 improvement by mean
of doping or coating with some inactive metal oxides h
shown positive results in increasing the capacity and enh
ing the stability of the LiCoO2 electrodes. These metal oxid
include MgO[5,6], B2O3 [7], SiO2 [8], Al2O3 [5,8,9], and
ZrO2 [8,10]. This kind of modification leads to either bet
capacity retention through suppressing the surface rea
on the LiCoO2 particles or higher accessible specific capa
with a higher upper limit of the intercalation voltage throu
forming stronger M O bonding to stabilize the layered stru
ture at its highly delithiated state. Another by-product of s
a modification is that the material cost of the modified LiCo2
production may be reduced because cobalt is a relative
pensive metal. As for the Mg or Zr doping, the exact me
anism is not very clear at this moment. Recently, Kim e
reported that both Mg and Zr doping lead to the increas
LiCoO2 lattice parametersa andc owing to the larger ion size
of Mg2+ or Zr4+ compared to that of Co3+ [11]. As a result
378-7753/$ – see front matter © 2005 Published by Elsevier B.V.
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such a lattice doping improves the cycleability of LiCoO2 in
the wide voltage window between 3.0 and 4.5 V. Neverthe-
less, they only investigated the effect of single-element dop-
ing (i.e. either Mg or Zr doping). They think that after doping,
the Mg2+and Zr4+ ions moved to the inter-slab space along
with Co4+ ions during the de-intercalation of Li+ ions over
4.2 V and they locate at the position of Li assisting the move-
ment of Li+ ions by preventing the vacancy ordering. Thus,
both Mg and Zr doping can make the LiCoO2 structure stable.
However, the specific capacity has no increase when charged
to 4.2 V. Considering the fact of tri-valence of Co in LiCoO2,
we investigated the effect of mixed doping with equal amount
of divalent Mg and tetravalent Zr in the LiCoO2 in this study.
Hopefully, like the single-element doping, the lattice param-
etersa and c increase as well so that a more open lattice
structure is derived and the lithium ion can intercalate or de-
intercalate more easily. By this way, the cell impedance can
be decreased accordingly. Some interesting results have been
obtained.

2. Experimental

2.1. Synthesis of LiCo1−xZrx/2Mgx/2O2 powders

Lithium nitrate (LiNO ), lithium acetate (Li(CHCOOH)·
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2.3. Electrode preparation and electrochemical
measurements

The electrode laminate for the electrochemical testing
was prepared by casting a slurry consisting of active ma-
terial powders (84 wt.%), acetylene black (8 wt.%), and
poly(vinylidene fluoride) (PVDF) (8 wt.%) dispersed in 1-
methyl-2-pyrrolidinone (NMP) onto an aluminum foil. The
laminates were then dried at 70◦C for 2 h.

The LiCo1−xZrx/2Mgx/2O2/Li coin-cells (2032 size) were
made with 1 M LiPF6 in ethylene carbonate (EC):diethyl
carbonate (DEC) (1:1, w/w) as the electrolyte. The cells
were tested on a multi-channel battery cycler (Shenzhen
Neware Co. Ltd.) and subjected to charge–discharge cycles
at 0.2 mA cm−2 and approximately 1 C-rate, respectively,
between 2.7 and 4.2 V (versus Li metal). Cyclic voltam-
mograms of these cells were measured on a CHI 604A
Electrochemical Workstation from 3.0 to 4.5 V at a scanning
rate of 0.2 mV s−1. In addition, ac impedance spectroscopy
was also performed on CHI 604A in the frequency range
from 0.001 to 100 kHz.

The internal resistance of the cells was also measured by
a current interruption technique. This was done by applying
intermittently a zero current pulse through the process of
charge and recording the voltage change before and after
interruption. Thus, the dc resistance of a cell (R ) at a certain
s
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H2O), cobalt acetate (Co(CH3COOH)2·4H2O), zirc-
nium nitrate (Zr(NO3)4·5H2O) and magnesium nitra
Mg(NO3)2·6H2O) were used as the starting materi
he molar ratio of nitrate group (NO3−) to acetate grou
CH3COOH−) was controlled to be about 1:2. They w
issolved in deionized water and stirred thoroughly to m
clear solution, which was then heated at 150◦C for abou
h to form a xerogel. This xerogel was heated to 30◦C
o that a self-combustion of the solution took place
very fine powder was obtained. It was ground mildl

mbient temperature and then sintered at 850◦C for 12 h.
he sintered powder was well ground and used for ph
al and electrochemical investigations. Note that a sma
ess of lithium was used (the molar ratio Li/(Co + Zr + Mg
.05) in order to compensate the evaporation los

ithium.

.2. Structural and composition analyses

The crystal structure of the powders was analyzed u
-ray diffraction (Rigaku D/Max-rA, Cu K�1 radiation). The
canned range was from 10◦ to 80◦ (2θ). The average ox
ation state of cobalt in the doped LiCoO2 samples was de

ermined by the iodometry titration. In this analysis, LiCo2
as first dissolved in a dilute hydrochloric acid solution.

eduction of Co4+ and Co3+ to Co2+ was achieved by addin
− into the solution, forming I3−. Back titration for the re
ulting I3− was carried out by a Na2S2O3 solution with a pre
etermined concentration. Thus, the average oxidation
f cobalt can be calculated.
dc
tate-of-charge (SOC) can be calculated asRdc =�U/�I.

. Results and discussion

.1. Structure analysis

Fig. 1 shows the XRD patterns of the LiCo1−xZrx/2
gx/2O2 powders. It can be seen that pure phases o�-
aFeO2 layered structure were obtained when 0≤ x ≤ 0.06.
henx ≥ 0.1 there appears an impurity phase that is i

ified to be tetragonal Li2ZrMgO4 [12]. Therefore, the max
mum doping level (x) seems to be between 0.06 and

ig. 1. X-ray diffraction patterns of LiCo1−xZrx/2Mgx/2O2: (a) x = 0; (b)
= 0.02; (c)x = 0.06; (d)x = 0.1; (e)x = 0.2. The peaks indicated by star

rom the diffraction of Li2MgZrO4.
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Fig. 2. The lattice parameterc/a ratio as a function ofx in LiCo1−x

Zrx/2Mgx/2O2 powder samples.

Assuming the maximum level as 0.06, according to the mass
balance, following equations for the doped composition can
be written:

“LiCo1−xZrx/2Mgx/2O2”

→ LiCo1−xZrx/2Mgx/2O2 (x ≤ 0.06) (1)

“LiCo1−xZrx/2Mgx/2O2”

→ (1.06− x)LiCo0.94Zr0.03Mg0.03O2

+ (x/2− 0.03)Li2MgZrO4 (x > 0.06) (2)

Since well-defined peak doublets (0 0 6, 0 1 2) and (0 1 8,
1 1 0) appear in all of these patterns, it is an indication of
the stabilization of the two-dimensional structure and an or-
dered distribution of lithium and cobalt ions in the lattice. The
lattice constantsa andc can be calculated by the formula:
dh k l = 1/[4(h2 + hk + k2)/3a2 + l2/c2]1/2. It is found that, sim-
ilar to the single-element doping[11], thea andc generally
increases froma = 2.8115Å andc = 13.9995Å for LiCoO2 to
a = 2.8125Å andc = 14.0238Å for LiCo0.94Zr0.03Mg0.03O2.
On the other hand, an approximate indication of cation dis-
order can be discerned from the lattice parameter ratioc/a
[13]. As seen fromFig. 2, thec/a ratio increases withx when
x < 0.06, reaches a plateau in the region of 0.06≤ x ≤ 0.1,
a ayered
c n the
c -
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Fig. 3. Cyclic voltammograms of LiCo1−xZrx/2Mgx/2O2/Li cells with 1 M
LiPF6/EC + DEC as the electrolyte. Scan rate was 0.02 mV s−1: (a)x = 0; (b)
x = 0.02; (c)x = 0.06; (d)x = 0.1; (e)x = 0.2.

Therefore, we believe that equal amount of Zr and Mg have
been doped in the LiCoO2 lattice in these samples.

3.2. Electrochemical characterization

Cyclic voltammograms (CV) of LiCo1−xZrx/2Mgx/2O2/Li
cells in the second cycle are given inFig. 3. They show typical
CV curves of high temperature (HT) phase of LiCoO2, with
a main intercalation/de-intercalation peak around 3.9 V and
two small peaks above this potential[15–17]. It is noticed that
the peak separation becomes narrower withx whenx ≤ 0.06
and then becomes wider withx whenx ≥ 0.06. Meanwhile,
the peak intensity increases first and decreases then withx.
This kind of change should be related to the polarization effect
due to the variation of cell impedance. Obviously, a small
amount of Zr–Mg doping results in easier lithium insertion
and extraction, which is correspondent with the changes of
c/a value (Fig. 2).

The capacity change with the cycle number for the
LiCo1−xZrx/2Mgx/2O2/Li cells is presented inFig. 4.

F
t
x

nd then decreases abruptly. This suggests increased l
haracteristics, or that the lattice expands preferentially i
-direction in the region of 0≤ x ≤ 0.06. This kind of struc
ure alternation is in favor of Li ion inserting and extracti
ince Mg2+ has been found to have only a small effect

he crystal lattice of LiCoO2, especially at higher substitue
evels[14], the lattice change here should be mainly cau
y the Zr doping.

The iodometry titration results show that the Co oxida
tates in LiCo1−xZrx/2Mgx/2O2 (x = 0, 0.02, 0.06, 0.10) a
.94, 2.94, 2.95, 2.96, respectively. Thus, no obvious ch

n the Co oxidation state is detected. If only Mg is dope
iCoO2, the Co oxidation states would increase comp
ith the non-doped LiCoO2. On the contrary, Zr doping
iCoO2 would lead to the decrease of Co oxidation st
ig. 4. Small current discharge capacity LiCo1−xZrx/2Mgx/2O2/Li cells at
he current density of 0.2 mA cm−2: (a) x = 0; (b) x = 0.02; (c)x = 0.06; (d)
= 0.1; (e)x = 0.2.



H.Y. Xu et al. / Journal of Power Sources 148 (2005) 90–94 93

Fig. 5. 1 C-rate discharge capacity LiCo1−xZrx/2Mgx/2O2/Li cells: (a)x = 0;
(b) x = 0.02; (c)x = 0.06; (d)x = 0.1; (e)x = 0.2.

The first discharge capacities of LiCo0.98Zr0.01Mg0.01O2
and LiCo0.94Zr0.03Mg0.03O2 are 145 and 144 mAh g−1,
respectively. In subsequent cycles, LiCo0.94Zr0.03Mg0.03O2
remains to possess the highest capacity of all samples and
96% of the initial capacity is retained, while the non-doped
LiCoO2 only has 128 mAh g−1 initial capacity that is approx-
imately equal to the capacity of LiCo0.90Zr0.05Mg0.05O2.
Similar sequence of capacity values is also found for the
1 C-rate cycling (Fig. 5); LiCo0.94Zr0.03Mg0.03O2 still shows
the highest capacity. This trend is also found in the cases
of Ti-doped LiCoO2 [18]. The maximum Ti doping level
to obtain pure rock-salt phase with better electrochemical
property is about 0.01. Afterx ≥ 0.05, there appears also
an impurity phase. Therefore, a small amount of aliovalent
dopant is favorable to improve the performance of LiCoO2.
Furthermore, the specific capacity obtained with the Mg–Zr
mixed doping with the cut-off voltage at 4.2 V is nearly the
same as that for the best Mg or Zr single-element-doped
LiCoO2 with the cut-off voltage at 4.3 V. Therefore, the
mixed doping apparently results in higher capacity compared
to the case of Mg or Zr single-element doping due probably
to its decreased impedance (see below).

The ac impedance spectra of the LiCo1−xZrx/2Mgx/2O2/Li
cells at their fully charged state (about 4.2 V) after 20 cycles
are shown in Fig 6. Obviously, as a result of Zr–Mg dop-
ing, the cell impedance decreases substantially. Considering
t and
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Fig. 6. Electrochemical impedance spectra of LiCo1−xZrx/2Mgx/2O2/Li cells
at 4.2 V of the open circuit voltage: (a)x = 0; (b) x = 0.02; (c)x = 0.06; (d)
x = 0.1; (e)x = 0.2.

conductor. The dc resistance measurement also indicates the
same relationship of cell impedance versus doping level holds
roughly for other depth-of-discharge (DOD) (Fig. 7). On the
other hand, according to the reaction (2), the amount of active
material is less than the nominal value whenx > 0.06. Thus,
the trade-off of the cell impedance and the amount of active
material leads to achieve the highest specific capacity when
x = 0.06, as shown inFigs. 4 and 5.

As plateau efficiency is a stricter control parameter than
the capacity retention to evaluate the quality of electrode
materials for lithium ion cells[20], we studied the 3.6 V
plateau efficiency of LiCo1−xZrx/2Mgx/2O2/Li cells. It can
be seen fromFig. 8 that only pristine LiCoO2 decreases
rather rapidly with cycle number, while Zr–Mg-doped sam-
ples varies slightly during 20 cycles at the rate of 1 C dis-
charge. This means that the Zr–Mg doping has improved the
stability of the discharge plateau efficiency. Therefore, the

F
f
x

he fact that all these cells use the same Li electrode
lectrolyte, the difference should be dominantly contrib

rom the cathode (LiCo1−xZrx/2Mgx/2O2 side). Assuming th
quivalent circuit of this cathode impedance is simila

he case of LiNi0.8Co0.2O2/Li cells [19], the high frequenc
emicircle and the intermediate frequency semicircle on t
pectra are associated with the surface film resistanceRsf)
nd charge transfer resistance (Rct) on the cathode side, r
pectively. Thus, it can be seen fromFig. 6that bothRsf and
ct decrease with increasing the Zr–Mg doping level.
inimum impedance corresponds tox = 0.2. It appears tha

he existence of Li2MgZrO4 helps to reduceRsf. This re-
ult suggests that Li2MgZrO4 could be a good lithium io
ig. 7. The direct current resistance of LiCo1−xZrx/2Mgx/2O2/Li cells as a
unction of state-of-charge: (a)x = 0; (b)x = 0.02; (c)x = 0.06; (d)x = 0.1; (e)
= 0.2.
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Fig. 8. The 3.6 V plateau efficiency of LiCo1−xZrx/2Mgx/2O2/Li cells in the
voltage range between 4.2 and 2.7 V at 1 C-rate discharge: (a)x = 0; (b)
x = 0.02; (c)x = 0.06; (d)x = 0.1; (e)x = 0.2.

application of such doped electrodes has the potential to ex-
tend the cycle life of a practical lithium ion cell. The reason of
this improvement must be related to the decreased impedance
and stability of the doped electrodes.

4. Conclusions

LiCo1−xZrx/2Mgx/2O2 (0≤ x ≤0.2) powders were pre-
pared by a solution–combustion route. An impurity phase
tetragonal Li2ZrMgO4 was identified whenx ≥ 0.1, there-
fore the maximum doping level is between 0.06 and 0.1. The
optimal electrochemical performance of this doped LiCoO2
system is obtained whenx = 0.06. Both specific capacity and
the stability of 3.6 V plateau efficiency are improved by the
combined Zr–Mg doping. The fact that the cell impedance of
LiCo1−xZrx/2Mgx/2O2/Li samples decreases withx increase
suggests that Li2MgZrO4 could be a good lithium ion con-
ductor.
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