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Electrochemical STM observation of LiMn O thin films prepared by2 4

pulsed laser deposition
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Abstract

Spinel LiMn O thin films were prepared by pulsed laser deposition. The surface morphology change of the film with potential2 4

cycling between 3.5 and 4.25 V was observed in 1 M LiClO rPC by electrochemical scanning tunneling microscopy. After cycling, small4

round-shaped particles of 120–250 nm in diameter appeared on the surface. The number of the newly formed particles increased with
repeated cycling while the size decreased. The observed morphology change suggested that the small particle were formed from the
solution through a kind of dissolutionrprecipitation reactions. q 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

Spinel LiMn O is a promising material for use as 4-V2 4

positive electrode in rechargeable lithium batteries because
w xof its economical and environmental advantages 1–3 .

However, spinel LiMn O has a drawback to be improved;2 4

that is, the capacity fades rapidly upon chargerdischarge
cycling. Several possible mechanisms for the capacity

Ž .fading of spinel LiMn O have been proposed: i elec-2 4
w x Ž .trolyte decomposition at high potentials 4 , ii slow disso-

lution of LiMn O through the disproportionation reaction:2 4
3q 4q 2q w x Ž .2Mn ™Mn qMn 4 , iii an irreversible structural

transition due to Jahn–Teller distortion at the discharged
w x Ž .state 4,5 , and iv a transformation of the unstable two-

phase structure in the higher potential region to a more
w xstable single-phase structure via loss of MnO 6 . Although

all these factors more or less seem to participate in the
capacity fading of LiMn O , the primary reason has not2 4

been identified yet.
Ž .Electrochemical scanning tunneling microscopy STM

is a useful tool to observe morphology changes. In situ
observation by STM enables us to obtain direct informa-
tion about what is taking place on an electrode surface in
solution, which is the greatest advantage over other tools
for microscopic observation such as scanning electron
microscopy because electrodes in rechargeable lithium bat-
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teries are usually vulnerable to air and moisture. We have
so far applied this technique to clarify the mechanism of
passive film formation on graphite negative electrode in

w xrechargeable lithium batteries 7–10 . In the present study,
this technique is applied to spinel LiMn O positive elec-2 4

trode. If a surface reaction is involved in the capacity
fading, STM observation of the surface morphology change
will give important insight about the mechanism of the
capacity fading. In STM observation, the surface of a
sample should be as flat as possible to obtain images of
good resolution. We therefore prepared LiMn O thin2 4

Ž .films by pulsed laser deposition PLD as sample elec-
trodes and observed the morphological change of the film
surface by electrochemical STM to elucidate the mecha-
nism for the capacity fading.

2. Experimental

A sintered Li–Mn–O pellet was used as a target of
Ž .PLD. A mixture of LiNO Wako, 99.9% purity and3

Ž .MnO Wako, 99.5% purity in a lithium-excess ratio of2

LirMns0.7 was fired at 4508C for 24 h in O . The2

powder was ground, pressed into pellets, and sintered at
7508C for 48 h.

PLD was conducted in a vacuum chamber made of
Žstainless steel. A KrF excimer laser Japan Storage Batter-

.ies, Model EXL-210 was used a light source. The target
was irradiated with the laser beam through a SiO glass2
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window. The energy fluence of the beam was fixed at 2 J
cmy2 with a repetition frequency of 10 Hz. The base
pressure of the vacuum chamber was -1=10y4 Pa.
Oxygen gas was introduced into the chamber and the
pressure was maintained at 27 Pa. Thin films of LiMn O2 4

were deposited on Pt or Au substrates heated at 873 K for
1–3 h. After deposition, the substrate was cooled slowly at

y1 Ž .1 K min . X-ray diffraction XRD patterns of the thin
films were obtained with a Shimadzu XD-D1 diffractome-
ter equipped with a Cu K source. The total mass and thea

LirMn ratio of deposited thin films were analyzed by
Ž . Žinductively coupled plasma ICP spectroscopy Shimadzu,

.ICP-1000II .
For electrochemical and STM measurements, thin films

deposited on Au substrates for 1 h were used. The thick-
ness of the films was about 0.3 mm. Electrochemical
properties of the thin films were measured using a three-
electrode cell. The effective electrode surface area was
limited at 0.19 cm2 by an O-ring. The solution was 1 M

Ž . ŽLiClO dissolved in propylene carbonate PC Mitsubishi4
.Chemicals, Battery Grade . Both reference and counter

electrodes were lithium metal. Charge and discharge tests
and cyclic voltammetry experiments were carried out at a
constant current of 5.3 mA cmy2 and at a scan rate of 1
mV sy1, respectively, between 3.5 and 4.25 V.

STM observation coupled with cyclic voltammetry was
Ž .carried out with an SPI-3600 system SEIKO Instruments .

The configuration of the electrochemical STM cell was
w xdescribed elsewhere 8 . A LiMn O thin film was mounted2 4

at the bottom of the cell. The electrolyte solution was 1 M
Ž .LiClO dissolved in propylene carbonate PC . The counter4

and reference electrodes were platinum wire and lithium
metal, respectively. An apiezone wax-coated PtrIr tip was
used for STM observation. Before cyclic voltammetry,
STM images of the film surface were obtained at sample
and tip potentials of 3.5 and 3.0 V, respectively, at a tip
scan rate of 1 mm sy1. Cyclic voltammetry was carried out
at a sweep rate of 1 mV sy1 between 3.5 and 4.25 V.
During cyclic voltammetry measurements, the tip was
lifted outside of the tunneling region to avoid an accidental

Fig. 1. XRD pattern of LiMn O thin films prepared on Pt at 873 K for 32 4

h. UAdhesive tape.

Fig. 2. Variation of the discharge capacity with cycle number for LiMn O2 4

thin film deposited on Au at 873 K for 1 h. The chargerdischarge test
was conducted at a constant current of 5.3 mA cmy2 in 1 M LiClO rPC.4

contact with the sample. After the potential cycling, STM
images were obtained at a sample potential of 3.5 V to
observe the morphology change that occurred during the
potential cycling. This procedure was repeated up to 75
potential cycles.

All measurements were carried out at room temperature
in an argon-filled glove box. The dew point in the glove
box was kept below y608C. The water content in the
solution was less than 30 ppm.

3. Results and discussion

3.1. Characterization of LiMn O thin film2 4

Fig. 1 shows the XRD pattern of a film deposited on Pt
at 873 K for 3 h. The pattern indicates that single-phase
spinel LiMn O was obtained by PLD. The peaks at 2u2 4

angles of 18.68, 36.18, 37.98, and 44.18 correspond to the
Ž . Ž . Ž . Ž .111 , 311 , 222 , and 400 diffraction lines, respec-

w xtively 11 . The peaks at 39.88, 46.28, and 67.58 are as-
signed to diffraction lines of Pt, and the peak at 22.68 to a
line of an adhesive tape used to fix the film on the sample
folder. ICP measurements revealed that the LirMn atomic

Fig. 3. Cyclic voltammograms of LiMn O thin film deposited on Au at2 4

873 K for 1 h. The electrolyte solution was 1 M LiClO rPC. The scan4

rate was 1 mV sy1.
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Fig. 4. STM images of LiMn O thin film obtained in 1 M LiClO rPC2 4 4

before cycling. The sample and tip potentials were 3.5 and 3.0 V,
Ž . Ž .respectively. a 5=5 mm, b 2=2 mm.

ratio of the film was 0.51; that is, x in Li Mn O wasx 2 4

1.02. The deposition rate estimated from the total mass of
y5 y2 y1 Ž y7the film was 6.2=10 g cm h 3.4=10 mol

y2 y1.cm h .

3.2. Electrochemical properties of LiMn O thin film2 4

Charge and discharge tests were conducted at a constant
current of 5.3 mA cmy2 for a LiMn O thin film de-2 4

posited on Au at 873 K for 1 h. Fig. 2 shows the variation
of the discharge capacity. The initial discharge capacity

y1 Žwas around 115 mA h g except in the first cycle 96 mA
y1 .h g . The capacity gradually decreased with cycle num-

ber and faded by about 6% of the initial capacity in the
75th cycle.

Fig. 3 shows cyclic voltammograms of a thin film
deposited under the same conditions as above. Cyclic
voltammetry showed two couples of redox peaks at around

w x4.0 and 4.1 V, which are characteristic of LiMn O 12 .2 4

The peaks, in particular, the couple at ca. 4.1 V were
broadened and the peak separation became larger after
repeated cycling. The observed peak broadening and in-
crease in peak separation suggest that some changes in the
composition andror in the grain size of the film took place
during potential cycling. The discharge capacity in each
cycle was estimated from the area of the reduction peaks.

In the 75th cycle, the capacity was smaller by 7% than that
in the first cycle, which was in agreement with the result
obtained from the charge and discharge test in Fig. 3.
Consequently, it is inferred that the observed peak broad-
ening and increase in peak separation are responsible for
the capacity fading.

3.3. STM obserÕation of LiMn O thin film before and2 4

after cyclic Õoltammetry

STM images of as-prepared thin film obtained at 3.5 V
in LiClO rPC are shown in Fig. 4. The film consisted4

mostly of small grains of about 400 nm in diameter. At the
center of Fig. 4a, a large particle of 1-mm diameter was
observed. We used it as a guide to find the identical region
in further observation. Fig. 5 shows the morphology change
of the surface after potential cycling between 3.5 and 4.25

Ž .V. After one cycle Fig. 5a , small fragments of ca. 100
nm in diameter appeared on the surface. The large particle
was seen in the lower part of the image, which confirms
that the image shows nearly the same region as Fig. 4b.
The original LiMn O grains of 400-nm diameter were2 4

still observed below the small particles. Remarkable
changes were not observed up to 10 cycles except that the
number of the fragments decreased gradually with cycling.
The surface morphology suddenly changed after 20 cycles
Ž .Fig. 5b ; that is, many small particles appeared on the
surface. The size of the newly formed particles was in the

Ž .range of 120–250 nm. After 75 cycles Fig. 5c , the
particle size decreased further to about 70 nm while the
number of the particles increased.

As mentioned earlier, it is widely known that man-
ganese ions dissolve in the solution during charging and

w xdischarging 13,14 , which has been claimed as one of the
reasons for the capacity fading. However, such dissolution
of manganese ions does not explain the morphology
changes in Fig. 5. It should be noted that the newly formed
small particles after 20 cycles did not have sharp edges,
but had a relatively round shape, which clearly shows that
the particles were not formed by the fracture of the origi-
nal grains. In addition, part of the large 1-mm particle,

Ž . Ž . Ž . Ž .Fig. 5. STM images 2=2 mm of LiMn O thin film obtained after a 1, b 20, and c 75 cycles between 3.50 V and 4.25 V in 1 M LiClO rPC. The2 4 4

sample and tip potentials were 3.5 and 3.0 V, respectively.
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which was used as a guide, was buried by the layer of the
newly formed small particles after repeated cycling in Fig.
5b and c. These facts suggest that the small particles were
formed from the solution and deposited on the original
surface. Although the composition of the particles are not
known, it is most likely that the particles were Li–Mn–O
and were formed through some kind of dissolutionrpre-
cipitation reactions. The newly formed particles may be of
less crystallinity or have a composition different from the
original LiMn O , which would cause the capacity fading2 4

of spinel LiMn O positive electrode. During2 4

dissolutionrprecipitation reactions, part of dissolved man-
ganese ions in the vicinity of the surface diffuse away into
the bulk of the solution, which would result in the so-called
dissolution of manganese ions reported so far in the litera-
ture. Further STM observation is now in progress to clarify
the correlation between the capacity fading and small
particle formation in detail.

4. Conclusions

Spinel LiMn O thin films were prepared by PLD as2 4

sample electrodes. The discharge capacity decreased by
6% of the initial capacity after 75 chargerdischarge cycles
in the range 3.5 to 4.25 V in 1 M LiClO rPC. Cyclic4

voltammetry experiments revealed that redox peaks broad-
ened after repeated cycling. The surface morphology
change of the thin film after potential cycling was ob-
served in the solution by electrochemical STM. Before
cycling, the film consisted of LiMn O grains of ca.2 4

400-nm diameter. After repeated cycling, smaller particles
appeared and covered the surface. The number of the
newly formed particles increased with repeated cycling
while the size decreased. The observed morphology change

suggested that the newly formed small particles were
formed from the solution through a kind of
dissolutionrprecipitation reactions.
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