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bstract

The dissolution/deposition behaviors of a lithium powder electrode during discharge/charge were examined by scanning electron microscopy
SEM) observation, and compared with those of a lithium foil electrode. For the lithium foil electrode, the dissolution/deposition of lithium was
ocalized in limited areas on the lithium surface, and then the resulting lithium dendritic growth was accelerated after repeated cycling. On the other
and, for the lithium powder electrode, the dissolution/deposition of lithium was distributed throughout the entire body of the lithium electrode,

nd the lithium dendritic growth was considerably suppressed. Also, the shape of electrodes was maintained as a mixture of the porous powder
articles even after several cycles. The effects of current density on the morphological changes and dissolution/deposition behaviors were also
bserved.

2006 Elsevier B.V. All rights reserved.
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. Introduction

While rechargeable batteries using lithium metal as the nega-
ive electrode theoretically offer the greatest promise, they have
ncountered difficulties reaching the market place, because of
afety and cycleability issues. These problems are associated
ith the reactivity of lithium and the growth of dendrites at the

ithium anode during cycling [1].
In order to solve these problems, the use of pure lithium metal

owder was proposed for the anode material. By using such
n electrode, the cycling efficiency was remarkably improved
nd the lithium dendritic growth during charging was consid-
rably suppressed [2,3]. However, the morphological behaviors
nd dissolution/deposition mechanisms of lithium powder elec-

rodes during discharge/charge have not yet been studied in
etail.

∗ Corresponding author. Tel.: +82 2 32903274; fax: +82 2 9283584.
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Lithium dendritic growth is intimately associated with the
orphology of the lithium surface during cycling. Extensive

esearch has been undertaken to clarify these correlations. There-
ore, the lithium dissolution/deposition behaviors of lithium foil
lectrodes have been widely studied in various fields [4–8]. How-
ver, it was presumed that the lithium dissolution/deposition
ehaviors of lithium powder electrodes were completely differ-
nt from those of lithium foil electrodes, because of the porous
haracteristics of the former.

In this paper, the morphological changes in lithium powder
lectrodes during discharge/charge were examined by scanning
lectron microscopy (SEM) observation. The morphologies of
he lithium powder electrodes were observed at various cycle
umbers and current densities. The results were also compared
ith those of lithium foil electrodes.

. Experimental
Lithium powders were made by the droplet emulsion tech-
ique (DET). The details of the DET method have been pre-
ented elsewhere in the literature [9–11]. The lithium powders

mailto:wyyoon@korea.ac.kr
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ig. 1. The typical microstructure of the as-prepared lithium powder electrode.

ade in this study were about 10 �m in diameter. To prepare
hem in electrode form, the lithium powders were compacted
o a coin shape (16 mm diameter) by applying a pressure of
pproximately 15 MPa. The typical microstructure of the com-
acted lithium powder electrode is shown in Fig. 1. As shown
n Fig. 1, the porous characteristics of the lithium powders were
learly observable. The porosity of the lithium powder electrode

as about 11.8% [12], and the surface was as large as six times
f that of foil [13].

Two kinds of lithium electrodes were used as the work-
ng electrode. One was the as-received lithium foil electrode
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ig. 2. The typical SEM images on the surface of the lithium foil electrode after the
1:1) electrolyte containing 1 mol dm−3 LiPF6; by high magnification (b and d).
ources 163 (2006) 258–263 259

btained from Cyprus Co. (U.S.A., purity 99.9%). The other was
compacted lithium powder electrode manufactured in the lab.
s a counter electrode, commercially available MCMB (meso-

arbon microbead) 6–10 powders (Osaka Gas, Japan) were
sed. The electrolyte was LP30 Selectipur (Merck, Germany)
nd consisted of ethylene carbonate (EC):dimethyl carbonate
DMC) (1:1) containing 1 M LiPF6. Polypropylene was used
s a separator. All of the lithium samples were prepared for
oin type cells (2032 coin cell, cell diameter 20 mm, height
.2 mm).

The discharge/charge tests were conducted for both the
ithium foil and compacted lithium powder electrodes. The coin
ells were discharged with a cut-off voltage of 0.01 V, and then
harged with an upper potential limit of 2.0 V.

The cells were cycled at a constant current density (C/10
ate) corresponding to a current density of 0.1 mA cm−2 dur-
ng discharge/charge. After cycling, the lithium electrodes were
ashed with pure dimethyl carbonate to remove the residual

lectrolyte and dried in an argon-filled glove box at room tem-
erature. To observe the morphological changes associated with
he dissolution/deposition of lithium on the lithium electrodes,
he morphology of the lithium electrodes was investigated after
he first and fifth cycles using field emission scanning electron

icroscopy (Horiber 7200-H).
Also, to examine the influence of the current density on
he lithium interfacial morphology, the same experiments were
arried out at C/1 rate (1 mA cm−2), and the resulting lithium
nterfacial morphology was compared with that obtained at C/10
ate.

first dissolution (a and b) and deposition (c and d) at C/10 rate in EC + DMC
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. Results and discussion

The two different lithium electrodes (foil and powder) were
ischarged/charged at C/10 rate (0.1 mA cm−2). After the first
issolution/deposition, the morphology of the lithium electrodes
as observed by scanning electron microscopy.
Fig. 2 shows the SEM images of the surfaces of the lithium

oil electrode after the first dissolution and deposition at C/10
ate. For the lithium foil electrode, many scattered pits were
ocalized in limited areas on the lithium surface after the first dis-
harge, due to the localization of the current distribution (Fig. 2a
nd b). After successive charging, lithium ions seemed to be
eposited in these pits, but only sparsely, so that the surface
ppeared to be swelled and protruded (Fig. 2c and d). At high
agnification, the morphology of these deposits resembled that

f a mass, in which a bunch of dendrites were twisted and aggre-
ated [6–8].

Fig. 3 shows the SEM images of the surfaces of the lithium
owder electrode after the first dissolution and deposition at
/10 rate. In this case, the lithium ions were uniformly dissolved

rom almost all of the individual powder particles during dis-
harge, including those located in the interior, and the connection
etween the particles was not lost (Fig. 3a and b). After succes-
ive charging, the lithium ions appeared to be deposited even in
hose pits which formed as a result of the previous dissolution of
he powders (Fig. 3c and d). In other words, for the lithium pow-
er electrode, the lithium ions were dissolved/deposited not non-

niformly but uniformly over the entire body of the lithium elec-
rode. Therefore, even after repeated dissolution/deposition, the
ndividual powder particles kept virtually their original shape.

t
A
o

ig. 3. The typical SEM images on the surface of the lithium powder electrode after t
1:1) electrolyte containing 1 mol dm−3 LiPF6; by high magnification (b and d).
ources 163 (2006) 258–263

The morphology of the lithium surface was investigated after
he fifth cycle, in order to observe the morphological changes as
function of the cycle number. Fig. 4a–c show the SEM images
f the lithium foil electrode after the fifth dissolution at C/10
ate. After the fifth dissolution, based on many observations,
he density of the pits in the surface was found to increase but
heir size remained similar to that observed at the first disso-
ution. As shown in Fig. 4a, the scattered pits with a diameter
00–200 �m were observed, and in Fig. 4b and c, pits which
ere covered with lithium deposits in the previous depositions

re also shown. That is, the lithium deposits which formed dur-
ng the previous cycles were not completely dissolved, and some
f them remained unchanged, which meant that additional pits
ere newly created on the lithium surface in this dissolution.

f lithium is deposited at these sites after successive charging,
t might grow in the form of dendrites. Fig. 4d–f shows the
EM images of the lithium foil electrode after the fifth depo-
ition at C/10 rate. It was observed that lithium was deposited
t the sites of the undissolved mass and that the mass seemed
o grow (Fig. 4d and e). On the other hand, undeposited pits
ere still observed even after the fifth deposition (Fig. 4f). For

he lithium foil electrode, similar results have reported in other
iterature [14]. From these results for the lithium foil electrode,
t was presumed that lithium dissolution/deposition was limited
o restricted areas and resulted in lithium dendritic growth after
epeated cycling.

Fig. 5 shows the SEM images of the lithium powder elec-

rode after the fifth dissolution and deposition at C/10 rate.
fter the fifth dissolution, the lithium interfacial morphology
n the lithium powder electrode was scarcely changed in com-

he first dissolution (a and b) and deposition (c and d) at C/10 rate in EC + DMC
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ig. 4. The typical SEM images on the surface of the lithium foil electrode af
lectrolyte containing 1 mol dm−3 LiPF6; taken at different locations of the elec

arison with that observed after the first dissolution (Fig. 5a and
). That is, the lithium ions were not non-uniformly dissolved,
ut still uniformly dissolved over the entire body of the lithium
owder electrode, and the previously formed lithium deposits
id not remain as they did in the case of the lithium foil elec-
rode. After the fifth deposition, lithium ions were found to be
epeatedly deposited in those pits which formed as a result of
revious dissolution, in a similar manner to that observed after
he first deposition (Fig. 5c and d). However, in comparison
ith the first deposition, quite small deposits of a particle-like

hape were generated. It seemed that the lithium deposits were
uilt up little by little during the repeated discharge/charge.
onetheless, the shape of the individual lithium powder parti-

les was mostly maintained without any lithium dendritic growth
ccurring, even after the fifth cycle. From these results, it was

oncluded that, for the lithium powder electrode, the lithium dis-
olution/deposition takes place in a much more uniform manner
n the surface of each powder particle and throughout the entire
lectrode. Therefore, the dendritic growth of lithium was sig-

c
t
n
t

e fifth dissolution (a–c) and deposition (d–f) at C/10 rate in EC + DMC (1:1)
(b, c, e and f).

ificantly suppressed. Nevertheless, the changes in the lithium
nterfacial morphology and dendritic growth mechanism of the
ithium powder electrode need to be examined after a much
reater number of cycles.

To examine the influence of the current density on the lithium
nterfacial morphology, the morphology of the lithium pow-
er electrode was observed after the first cycle at C/1 rate
1 mA cm−2). Fig. 6 shows the SEM images of the lithium
owder electrode after the first cycle at C/1 rate. At this rate,
he entire surface of the lithium was covered with deposits
f a rice-like diamond shape quite unlike the interfacial mor-
hology observed at C/10 rate (Figs. 3d and 5d). Generally,
uring electroplating, the formation mode of the surface mor-
hology is dependent on the current density [15]. Therefore,
he deposition mechanism of the lithium electrode is altered by

hanges in the current density as observed in the case of elec-
roplating. However, the changes in the deposition mechanism
eed to be studied in detail for a wide range of current densi-
ies.
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Fig. 5. The typical SEM images on the surface of the lithium powder electrode after t
(1:1) electrolyte containing 1 mol dm−3 LiPF6; by high magnification (b and d).

Fig. 6. The typical SEM images on the surface of the lithium powder elec-
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[2] J.S. Kim, W.Y. Yoon, Electrochim. Acta 50 (2004) 529.
rode after the first cycle at C/1 rate in EC + DMC (1:1) electrolyte containing
mol dm−3 LiPF6.

. Conclusions

The morphological changes and lithium dissolution/deposi-
ion behaviors of the lithium powder electrode during dis-
harge/charge were examined by scanning electron microscopy

bservation at a constant current density (C/10 rate), in compar-
son with those of the lithium foil electrode.

For the lithium foil electrode, many scattered pits were
on-uniformed created on the lithium surface during discharge.
he fifth dissolution (a and b) and deposition (c and d) at C/10 rate in EC + DMC

he lithium ions were sparsely deposited at first, and then con-
entratedly deposited on the previously formed lithium deposits
fter repeated cycling. For the lithium powder electrode, on
he other hand, the lithium ions were uniformly dissolved from
lmost all of the individual powder particles, and deposited in
hose pits which formed as a result of the previous dissolution
f the powders. Therefore, even after a few cycles, the shape
f the porous powder particles was retained. In conclusion, the
ithium dendritic growth was accelerated in the lithium foil
lectrode, but suppressed in the lithium powder electrode after
epeated cycling.

In addition, for the lithium powder electrode, it was observed
hat the lithium interfacial morphology varied with the current
ensity. However, the changes in the lithium interfacial mor-
hology and dendritic growth mechanism need be examined in
etail after a much greater number of cycles and with a wider
ange of current densities.
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