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bstract

The structural changes of pristine and ZrO2-coated LiMn0.5Ni0.5O2 cathode materials were investigated by using in situ X-ray diffraction (XRD)
uring charging process. An obviously solid solution phase transition from a hexagonal structure (H1) to another hexagonal structure (H2) was
bserved during the charging process at a constant current of 0.3 mA in the potential range of 2.5–5.7 V. The second hexagonal structure has a shorter
-axis and a longer c-axis before the crystal collapse. Before the structure collapses the c-axis length increases to maximum and then significantly
ecreases to 14.1 Å. The c-axis length of the pristine and ZrO2-coated LiMn0.5Ni0.5O2 increases to the maximum at the charge capacity of 119.2 and

−1
80.9 mAh g , respectively. It can be concluded that the ZrO2 coating can strongly stabilize the crystal structure of the LiMn0.5Ni0.5O2 compound
rom the comparison of the lattice parameter variations between the pristine and the ZrO2-coated LiMn0.5Ni0.5O2 compounds upon charge. The poten-
ial fluctuation resulting from the decomposition of electrolytes starts at the charge capacity of around 200 and 260 mAh g−1 for the pristine and ZrO2-
oated LiMn0.5Ni0.5O2, respectively. It suggests that the ZrO2 coating layer can impede the reaction between the cathode material and electrolyte.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Research for new cathode materials have been strongly stim-
lated by recent development of lithium ion batteries. Such
aterials are expected to deliver larger reversible capacity, with
weak capacity loss upon recharge, high structural stability

nd good cycleability over several hundreds of cycles. Layered
ithium manganese nickel oxides have recently been shown to be
romising cathode materials for use in lithium ion rechargeable
atteries [1–3]. Ohzuku and Makimura showed that lithium man-
anese nickel oxide represents a possible alternative to LiCoO2
or advanced lithium ion batteries, in terms of its operating volt-
ge, capacity, cycleability, thermal safety, and material economy

4]. Recently lots of efforts have been reported to improve the
lectrochemical properties of LiMn0.5Ni0.5O2 materials such as
arbon coating [5] and doping with Li2TiO3 [6]. Surface coating
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as been applied to various cathode materials. Although sur-
ace coating applied in a cathode material always improves its
lectrochemical properties in the most of cases, the mechanism
esponsible for the enhancement is still unclear and on debate
hen and Dahn have indeed shown that a simple heat treatment
f LiCoO2 leads to similar results to those obtained for metal
xide coated sample [7]. Yang et al. [8] have reported the in situ
RD investigation on the layered LiMn0.5Ni0.5O2 compounds
repared by a co-precipitated process during charging and dis-
harging in the potential range of 3.6–4.7 V. A phase transition
rom a hexagonal structure (H1) to another hexagonal structure
H2) was observed during a C/17 charge to 4.7 V.

In this work, the layered LiMn0.5Ni0.5O2 cathode materi-
ls were prepared by a sol–gel method and ZrO2 layer were
oated on its surface by a developed process. The in situ XRD
as applied to investigate the crystal structural change of the

ristine and the ZrO2-coated LiMn0.5Ni0.5O2 compounds upon
harge in a potential range of 2.5–5.7 V. The possible mecha-
isms responsible for the improvement of its electrochemical
roperties via surface coating will be discussed.

mailto:bjh@mail.ntust.edu.tw
dx.doi.org/10.1016/j.jpowsour.2007.06.151
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first charge, 10 XRD scans were continuously collected, as indi-
cated as the selected points in Fig. 1.

The in situ XRD patterns of pristine LiMn0.5Ni0.5O2 cathode
materials are shown in Fig. 2 for the region with Bragg reflec-
62 B.-J. Hwang et al. / Journal of

. Experimental

LiMn0.5Ni0.5O2 powders were synthesized by the sol–gel
rocess using citric acid as a chelating agent [9–10]. A sto-
chiometric amount of lithium acetate (Li(CH3COO)·2H2O),
ickel acetate (Ni(CH3COO)2·4H2O), and manganese acetate
Mn(CH3COO)2·4H2O) was dissolved in distilled water and
ixed with an aqueous solution of citric acid. The resulting solu-

ion was mixed with a magnetic stirrer at 80 ◦C for 5–6 h to obtain
clear viscous gel. The gel was dried in a vacuum oven at 140 ◦C

or 24 h. The LiMn0.5Ni0.5O2 precursor was ground and calcined
t 900 ◦C at an oxygen atmosphere. During heating and cool-
ng, the variation of temperature was fixed at 5 ◦C min−1. The
rO2-coated LiMn0.5Ni0.5O2 was prepared by mixing the pre-
ared LiMn0.5Ni0.5O2 powders and Zr(OC3H7)4 in 1-propanol
olution. The entire process was carried out with stirring contin-
ously at room temperature. The prepared solution was heated in
beaker in a temperature range of 80–90 ◦C until a transparent

ol was obtained. The resulting precursor was sintered at 450 ◦C
or 5 h to obtain the ZrO2-coated LiMn0.5Ni0.5O2 powders.

The Li, Ni and Mn contents in the resulting materials were
nalyzed using an inductively coupled plasma/atomic emission
pectrometer (ICP/AES, Kontron S-35). The phase purity was
erified from powder X-ray diffraction measurements (XRD,
igaku D/max-b) using Cu K� radiation. The particle mor-
hology of the powders after calcination was obtained using a
canning electron microscopy (SEM, Hitachi S-4100). Electro-
hemical characterization was carried out with a coin-type cell.
he synthesized pristine and the ZrO2-coated LiMn0.5Ni0.5O2
athode film were prepared by mixing an 85:3.5:1.5:10 (w/w)
atio of active materials, carbon black, KS6 graphite and
olyvinylidene fluoride binder, respectively, in N-methyl pyrro-
idinone. The resulting paste was cast on an aluminum current
ollector. The entire assembly was dried under vacuum overnight
nd then heated in an oven at 120 ◦C for 2 h. Lithium metal
FMC) was used as an anode and a polypropylene separator
as used to separate the anode and the cathode. 1.0 M LiPF6
issolved in a 1:1 mixture of ethylene carbonate (EC)/diethyl
arbonate (DEC) was used as an electrolyte. The cells were
ssembled in an argon-filled dry box where both the moisture
nd oxygen contents were less than 1 ppm. The electrochemi-
al measurements have been performed in the potential range
f 2.5–5.7 V using programmable battery cycle tester (Maccor
odel 2300) at room temperature.
In situ X-ray diffraction (XRD) measurements were car-

ied out at the high energy beam line 01C2 at the National
ynchrotron Radiation Research Center (NSRRC), Hisnchu.
he beam line was operated at energy of 25 keV. The XRD
attern was recorded using the wavelength (λ) = 0.5166 Å for
imited angular regions at room temperature. The optical design
or the monochromatic beam is as follows: the first mirror
ocusing at the beam vertically and asymmetrically cut and
orizontally bendable a perfect single crystal as the diffraction
bject monochromatically focused the beam. A single crystal of

i(1 1 1) with about 10% asymmetric cutting was used to deliver
monochromatic beam size 1 mm in diameter with a single spot
t the sample, which is about 24 and 6 m away from the source

F
c

ig. 1. The first charge curves of pristine and ZrO2-coated LiMn0.5Ni0.5O2 half
ell from 2.5 to 5.7 V.

nd monochromatic, respectively, flat imaging plane was used
s a 2D area detector, which can collect diffraction pattern of
he 2θ scale up to 40◦. The XRD pattern was read out by a MAC
PR420 off line imaging plate scanner.

. Results and discussion

The first charge curves of the pristine and the ZrO2-coated
iMn0.5Ni0.5O2 and the selected points for in situ XRD measure-
ents are shown in Fig. 1. The cells were charged at a constant

urrent of 0.3 mA in the potential range of 2.5–5.7 V. The charg-
ng potential for the ZrO2-coated LiMn0.5Ni0.5O2 compound is

uch slower than the pristine one, indicating that the polariza-
ion for the ZrO2-coated LiMn0.5Ni0.5O2 compound is much
ower. Meanwhile, the potential fluctuation starts at the charge
apacity of around 200 and 260 mAh g−1 for the pristine and
he ZrO2-coated LiMn0.5Ni0.5O2 compounds, respectively. It
uggests that the ZrO2 coating layer may impede the reaction
etween cathode material and electrolyte [11–13]. During the
ig. 2. In situ XRD patterns in the 16–75◦ 2θ range for pristine LiMn0.5Ni0.5O2

athode during the first charge with a 0.3 mA charging current.
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ig. 3. In situ XRD patterns in the 16–25◦ 2θ range for pristine LiMn0.5Ni0.5O2

athode during the first charge with a 0.3 mA charging current. The 2θ angles
ave been converted to those corresponding to Cu K� radiation (λ = 1.54 Å).

ions. In order to check the phase transition, the in situ XRD
atterns were divided into various 2θ regions such as 16–25◦,
5–50◦ and 55–75◦ and were plotted in Figs. 3–5, respectively.
or making comparison with XRD data collected using Cu K�

adiation, all XRD patterns are converted to those for a corre-
ponding wavelength of λ = 1.54 Å in this study. Two hexagonal
hases (H1, H2) can be identified and their corresponding Bragg
eaks are indexed in these figures. An obvious phase transi-
ion in the pristine LiMn0.5Ni0.5O2 can be found in Fig. 3, the
hase converts from H1 to H2 at the charge capacity of about
42.9 mAh g−1 (∼4.4 V) and completely transfers to H2 phase
t the charge capacity of about 206.9 mAh g−1 (5.3 V). In this

otential range H1 (1 0 1) and H1 (1 0 4) smoothly convert to H2
1 0 1) and H2 (1 0 4), as shown in Fig. 4. By comparison these in
itu XRD patterns, the structural change slowly at the beginning
f the charge (a–d) and continuously convert to H2 phase as the

ig. 4. In situ XRD patterns in the 35–50◦ 2θ range for pristine LiMn0.5Ni0.5O2

athode during the first charge with a 0.3 mA charging current.
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ig. 5. In situ XRD patterns in the 55–75◦ 2θ range for pristine LiMn0.5Ni0.5O2

athode during the first charge with a 0.3 mA charging current.

harge capacity reaches 142.9 mAh g−1 (e) and totally convert
o H2 phase when the sample was charged to 206.9 mAh g−1 (f,

4.8 V).
For the purpose of investigation on the contribution of the

rO2 coating to its electrochemical performance, the ZrO2-
oated LiMn0.5Ni0.5O2 cathode material was also examined by
he in situ XRD to monitor its phase transition upon charge
n the potential range of 2.5–5.7 V. The in situ XRD patterns
f the ZrO2-coated LiMn0.5Ni0.5O2 cathode compounds were
ollected in Fig. 6 for the region with Bragg reflections. The
tructural change of the ZrO2-coated LiMn0.5Ni0.5O2 cathode
aterial is more gentle than the pristine one. As shown in Fig. 7,

he H1 (0 0 3) slowly (smoothly) coverts to H2 (0 0 3) upon
harge. The (0 0 3) peak position slowly moves to low angle
n the scans of a (OCP) to f (∼4.6 V, 187.3 mAh g−1) and then

oves back to high angle again at the charge capacity of about

70.3 mAh g−1 (∼5.1 V). The phenomena can be seen in the
ther 2θ region; the (1 0 1), (1 0 4) and (1 0 5) phase continu-
usly changes with an increase in the charging state as plotted

ig. 6. In situ XRD patterns in the 16–75◦ 2θ range for ZrO2-coated
iMn0.5Ni0.5O2 cathode during the first charge with a 0.3 mA charging current.
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(±0.005) Å, the parameter a remains unchanged even the charg-
ing potential (charge capacity) increases further. In order to know
the variation of parameter c, the lattice parameters c and c/a
ratio are also calculated from the in situ XRD patterns. The lat-
ig. 7. In situ XRD patterns in the 16–25◦ 2θ range for ZrO2-coated
iMn0.5Ni0.5O2 cathode during the first charge with a 0.3 mA charging current.

n Fig. 8. In Fig. 9, the structural transformation process is also
entle. No drastic phase change can be found in the ZrO2-coated
iMn0.5Ni0.5O2 cathode material during charging process. The
hase transition from H1 to H2 structure is complete when the
rO2-coated LiMn0.5Ni0.5O2 cathode material was charged to
70 mAh g−1 (g, ∼5.3 V). No drastically phase transition can be
iscovered in the charging process even to 5.5 V.

To understand the volume change during the charging pro-
ess of both samples, the lattice parameters were calculated
rom in situ XRD patterns and plotted in Fig. 10 (the cor-
esponding charge capacity is described beside the figure.
s seen in this figure, the a-axis length decreases as the

harging capacity increases. The lattice parameter a for the pris-

ine LiMn0.5Ni0.5O2 cathode material decreases rapidly from
.902 (±0.005) to 2.842 (±0.005) Å in the potential range of
.93–5.11 V (187 mAh g−1). Meanwhile, the parameter a for the

ig. 8. In situ XRD patterns in the 35–55◦ 2θ range for ZrO2-coated
iMn0.5Ni0.5O2 cathode during the first charge with a 0.3 mA charging current.

F
p

ig. 9. In situ XRD patterns in the 55–75◦ 2θ range for ZrO2-coated
iMn0.5Ni0.5O2 cathode during the first charge with a 0.3 mA charging current.

rO2-coated LiMn0.5Ni0.5O2 cathode material decreases from
.894 (±0.005) to 2.839 (±0.005) Å in the potential range of
.93–4.3 V (180 mAh g−1). When the lattice parameter a for the
ristine and coated samples reaches 2.839 (±0.005) and 2.843
ig. 10. The lattice parameters a, c, c/a and unit cell volume of the charged
ristine and ZrO2-coated LiMn0.5Ni0.5O2 at various charged capacities.
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ice parameters c and c/a ratio increase with an increase in the
harging capacity. It reveals the c-axis expands when the layered
athode is charged at the beginning. During the Li+ extraction
rocess, the static force induces the increasing of c-axis expan-
ion. However, the layered structure would collapse when the
mount of the Li+-extraction is too high. It results in the vari-
tion of c-axis during the charging process. It is interesting to
ompare the variations of the c-axis for the two cathode materi-
ls, the structure of the ZrO2-coated LiMn0.5Ni0.5O2 compound
oes not collapse until the charge capacity reach 180.9 mAh g−1

ut the c-axis of the pristine LiMn0.5Ni0.5O2 compound begins
o decrease at the charge capacity of about 142.9 mAh g−1. It
emonstrates that the ZrO2 coating can stabilize the layered
tructure of the LiMn0.5Ni0.5O2 compound. The similar phe-
omena can be also discovered in c/a ratio. The lattice parameter
decreases during the charging process and lattice parameter c

lso decreases when the charge potential is higher than 4.3 and
.7 V for the pristine and ZrO2-coated LiMn0.5Ni0.5O2, respec-
ively. Owing to the change of the lattice parameters, the volume
f these samples decreases as the charge potential increases.
he ZrO2-coated LiMn0.5Ni0.5O2 compound shows lower vol-
me and lattice parameter change during the charging process.
he ZrO2 coating on the LiMn0.5Ni0.5O2 compound not only

mpedes the decomposition reaction of electrolyte its surface but
lso restrains its structural change upon charge. It is believed that
hese two factors would mainly responsible for the improvement
f its electrochemical performance.

. Conclusion

The in situ XRD investigation was performed on the pristine
nd the ZrO2-coated LiMn0.5Ni0.5O2 cathode materials. From

he observation of the start of potential fluctuation, it is believed
hat the ZrO2-coating layer can impede the electrolyte decom-
osition on the surface of the cathode material. This coating
ayer on the LiMn0.5Ni0.5O2 compound can extend its phase

[
[
[
[

r Sources 174 (2007) 761–765 765

ransition and prevent its structure from collapse at much higher
harge capacity compared to the pristine one. In situ XRD study
ndicate the ZrO2-coated LiMn0.5Ni0.5O2 has higher structural
tability than the pristine one. By comparison, the lattice param-
ter change of these cathode materials show the coating layer
an reduce the lattice expansion during the charging process. It
s believed that the inhibition of electrolyte decomposition on its
urface and the stabilization of its layered structure are two major
actors responsible for the improvement of its electrochemical
erformance for the coated-cathode material.
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