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Abstract

Lithium rechargeable cells with lithium metal anodes are widely considered to have the highest energy density among comparable
cells. However the life cycle and thermal stability of these cells must be improved. The poor performance of lithium metal cells is mainly
explained by lithium dendrite growth. With a view to overcoming this problem, we considered the lithium deposition mechanism. We
have been carrying out various experiments on the lithium deposition behavior. In this paper we used these results to propose the current
and most likely lithium deposition mechanism. We suggest that lithium dendrites may be called whiskers because their shape satisfies the
definition of whiskers as ‘fibrous crystals’. Their tip morphology remains unchanged during their growth, which means they grow from
the base in the same way as whiskers of tin from thin films under stress. Lithium deposited under a protective film will experience stress
because the deposition is non-uniform. The protective film will break in order to release this stress thus, lithium whiskers may then grow
in the form of extrusions. To support our assumption, we calculated the possible morphology of the lithium with the boundary condition
that pressure induced by the surface tension is the same throughout the lithium surface. The calculation indicated three types of shape
depending on the value of the surface tension and internal pressure. If lithium deformation is limited by the creep strength of bulk lithium
and the lithium whiskers, the whisker growth is described by the calculated shape. q 1998 Elsevier Science S.A. All rights reserved.
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1. Introduction

Rechargeable cells with lithium metal anodes have a
very high energy density. However the life cycle and
thermal stability of these cells must be improved. We
made AA size lithium metal anode cells with amorphous
V O cathodes. The energy of these cells is 2 Wh, have a2 5

w xlife cycle of 150 cycles 1 and are thermally safe up to
1308C. However, at a low discharge rate cycle, their life
cycle is 50 cycles and the thermal stability falls to 1258C.
The poor performance of the lithium metal cells is mainly
explained by lithium dendrite growth.

We have been carrying out experiments on the lithium
deposition behavior for about 10 years in view of analyz-
ing cell performance and safety in relation to the lithium

) Corresponding author.

w xdeposition mechanism 2–6 . Some examples are outlined
Ž .below. We have made scanning electron microscope SEM

observations of lithium deposition and investigated the
relationship between morphology and experimental condi-
tions by using coin type cells with sandwich structure
electrodes and AA size cells with jelly roll electrodes. The
experimental factors we investigated consisted of the de-
pendence of morphology on the charge andror discharge
current density, the charge andror discharge capacity, the
environmental temperature, the electrolyte materials in-
cluding solvent and solute, the electrolyte additives, the
methods of lithium anode construction and the influence of

w xthe electrode stack pressure 2,3,5,6 . We also used the
video recording for the in situ observation of lithium

w xgrowth 3,5 . We were the first to measure the specific
surface area of a lithium anode spirally wound in an
AA-size cell and proved quantitatively that the surface
area increases with a decrease in the discharge current and
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w xan increase in the number of charge–discharge cycles 4 .
In addition, we have undertaken many cell safety tests
including thermal abuse tests such as a heating test; electri-
cal abuse tests such as external short, overcharge and
forced discharge tests; and mechanical abuse tests such as
nail penetration and crush tests with a round bar and a flat

w xplate 1,4,5 . These experiments have provided us with
many and various data for analysis in relation to lithium
deposition morphology. In addition, a large amount of
work has produced experimental data on lithium deposi-
tion behavior. However, the current theoretical approach to
the lithium deposition mechanism is insufficient. In this
report, we would like to propose the lithium deposition
mechanism which we consider to be the most likely ap-
proach based on our various experimental results men-
tioned above.

When a cell is charged, lithium is deposited on the
lithium substrate of the anode. The plated lithium is not
flat but fiber-like. When the cell is discharged, the lithium
anode is dissolved, and sometimes the fiber-like lithium is

w xcut and isolated from the anode substrate 2 . This isolated
lithium, known as ‘dead lithium,’ is electrochemically
inactive but chemically active. During cycling, the dead
lithium accumulates on the anode. This means that anode
active material is consumed during cycling. As a result, the
cell life cycle becomes shorter at a low rate discharge. The

w xdead lithium also reduces thermal stability 3 . The in-
crease in the surface area of the anode is greater after a
low rate discharge than after a high rate discharge, which
means that the amount of dead lithium is larger after a low

w xrate discharge 4 . For example, it has been found that the
lithium surface area after only six low discharge cycles is

w xtwice that with high-discharge cycles 4 . When the cell
temperature increases for any reason, the reaction between
the lithium and the electrolyte is accelerated and generates

w xheat 5 . Sometimes, the amount of heat is large enough to
result in thermal run-away. Stack pressure perpendicular to

w xeach electrode suppresses the creation of dead lithium 6 ,
and improves the thermal stability. However, the cell is
unsafe if the stack pressure at any part of an electrode is
insufficient due to a manufacturing defect. Therefore, we
need to make fundamental improvements to the lithium
electrode.

If the lithium plating morphology is flat and fiber-like
lithium is not formed, the lithium metal cell has a longer
life cycle and better thermal stability. There have been
many studies aimed at reducing the creation of fiber-like
lithium by the use of additives in electrolytes. Besenhard et

w xal. 7 found that the deposited lithium was particle-shaped
when cis- or trans-decalin was added to LiClO rpro-4

Ž .pylene carbonate PC electrolyte. Though there was no
change in the cycling efficiency, the long-term storage

w xcharacteristics improved. Recently, Kanamura et al. 8
also reported particle-shaped deposition resulting from the

w xaddition of HF to LiClO rPC electrolyte. Osaka et al. 94

undertook a precise study of the effect of H O and CO in2 2

LiClO rPC, and found that CO is effective protection4 2

against H O. They reported these additive effects are2

caused by the modification of the protective films. In this
situation, it is interesting to study the mechanism by which
fiber-like lithium is created. We believe that it may be
possible to link the mechanism to the effect of the addi-
tives.

2. Morphology of deposited lithium

There have been many reports on the morphology of the
lithium that is electrochemically deposited in various kinds

w xof organic electrolyte 6,8,10–15 .
w xKoshina et al. 16 reported that there are three kinds of

morphology; dendritic, granular and mossy. The dendritic
lithium from their definition is so-called fiber-like lithium.

Ž .They used LiPF rPC–ethylene carbonate EC electrolyte6

and found that mossy lithium is formed when the deposi-
tion current is small and the salt concentration is high. The
mossy lithium provided a high cycling efficiency.

w xMatsui and Takeyama 17,18 studied the morphology
of the electro-deposition and dissolution process by the
Monte Carlo technique under a two dimensional lattice
scheme on the basis of deposition at the surface of the
deposited product and no mass transfer of lithium in the
lithium electrode. The shape is rod-like with a branch
under the conditions corresponding to high current deposi-
tion. This is because the deposition occurs at the tip of the
deposited product. When the electrode particle charge and

Žthe sticking probability are small corresponding to low
.current deposition , the shape is leaf-like or flat because of

activated ion diffusion on the electrode surface. If only a
small part of the electrode is active, the deposition is

Žshaped like a temple bell. During stripping, rod-like with
.branch deposition products are separated from the elec-

trode, and much of the deposition product can not be
stripped. Deposition products which are flat or temple
bell-shaped can be stripped without isolation.

The lithium morphology at the beginning of the deposi-
w xtion was measured by Morigaki et al. 19 using in situ

Ž .atomic force microscopy AFM . There were grains with a
size of 1–2 mm, and in the grain were thin lines of
100–300 nm and flat parts on native lithium surface. The
flat region was composed of small elliptical particles of
about 60 nm in size. When lithium was deposited for 0.6 C
cmy2 , small particles 200–1000 nm in size were deposited
on the thin lines and grain boundaries in LiClO rPC.4

Lump-like growth was observed in LiAsF rPC along the6
w xline 19 .

ŽAn electrochemical quartz crystal microbalance EQCM
.or QCM can be used to estimate the surface roughness of

w xdeposited lithium. Mori et al. 20 reported that a LiPF rPC6

electrolyte displayed the highest cycling efficiency and the
resistance parameter from QCM did not increase upon
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deposition, whereas the resistance parameter for
LiClO rPC did increase because of the surface roughness.4

The authors have observed lithium deposition on a
Ž .stainless steel SS substrate in 2MeTHF–ECrLiAsF6

2 w xelectrolyte at a deposition current of 0.5 mArcm 2,3 . A
SEM was used for the observation. After 1 min, small
particles about 0.1 mm in diameter were deposited. Fiber-
like lithium was also deposited which had a diameter of
about 0.1 mm and was 1 mm long. After 3 min of
deposition, no particle-like lithium could be observed and
only the fiber-like lithium was present, some of which had
a thicker diameter of 0.5 mm. The particle-like lithium was
growing and becoming fiber-like. When the deposition was
continued for 10 min, particle-like or amorphous lithium
Ž .diameter: about 1 mm was deposited among the fiber-like

Ž .lithium Some were 1 mm in diameter . When the deposi-
tion current was changed, the fiber-like lithium showed a
tendency to become thinner with increasing current. When

Ž 2 .the deposition current was small less than 1.5 mArcm ,
a lot of amorphous or particle-like lithium was observed.
The temperature dependence was also examined and it was
found that the diameter of the deposited lithium was very

Ž .small about 0.3 mm at y108C, even after 5 min of
deposition at 0.5 mArcm2.

Electrode stack pressure also changes the lithium mor-
w x w xphology 6 21,22 . In a practical cell, stack pressure is

usually applied to the lithium anode. This makes it interest-
ing to study the effects of pressure on lithium morphology.
As lithium is a soft metal, fiber-like lithium deforms and
achieves a flat surface. Surface observation reveals that
lithium deposited under pressure is metallic silver while
that deposited without pressure is gray or dark brown.

As a typical example, Fig. 1 shows the morphology of
the lithium deposited in ethylene carbonater2-methyltetra-
hydrofuranrLiAsF at 0.5 mArcm2 for 10 min on a6

stainless steel substrate. The shape is a rod with kinks. The
fiber-like lithium can be called a whisker because ‘a

Fig. 1. SEM photograph of lithium deposited in ECr2MeTHFrrLiAsF6

electrolyte at 0.5 mArcm2 for 10 min.

whisker’ is defined as ‘a fibrous crystal’ without any
w xdefinition of its growth mechanism 23 . As the growth of

w xpotassium whiskers has been reported 24 , lithium an
alkaline metal, may also grow whiskers. The many studies

w xof whiskers that have been undertaken 25 have shown
that there are two kinds of growth mechanism. Early
proposals called for growth from the tip, and later, growth
from the base was discovered. The possibility of growth
from the base because the Monte Carlo method calculated

w xby Matsui and Takeyama 17,18 based on growth from the
tip cannot simulate the deposition of rod-like lithium with-
out branches.

It is reported that tin whiskers grow from the base and
w xnot from the tip. Franks 26 reported that, ‘‘The tests

described in this section indicate that the restriction to soft
metals is merely due to the ease with which the free
extrusion limit may be reached while still being inhibited
by neighboring stronger material. In principle, it should be
possible to produce whiskers on any metal if the extrusion

w xconditions are satisfied.’’ Tu 27 also studied whisker
growth in bimetallic Cu–Sn thin film and reported that the
compression stress on Sn film is caused by the formation
of Cu Sn at the interface. He also reported that if the Sn6 5

surface is free of oxide, it becomes an effective source and
sink for vacancies. However, if the Sn surface forms an
oxide, the surface loses this characteristic. In this case,
vacancy sources become incapable of maintaining a nor-
mal gradient of vacancies. The film will then experience
stress and the Sn surface will break to release it. Whiskers
then grow on the surface. As lithium is a soft metal and the

w xsurface is covered with protective film 28 made of Li O,2

LiF, Li CO , LiOH, etc., lithium whiskers should grow2 3

namely from the base with the same mechanism as tin. The
difference is that the tin whiskers are created by stress in
the tin substrate while lithium whiskers are formed by
electrochemical deposition. We believe that lithium de-
posited on a lithium substrate, causes stress in the lithium
substrate. We will discuss the experimental evidence more
precisely later in this paper.

3. Mechanism of electrochemical creation of lithium
whiskers

We propose the following mechanism for lithium
whisker creation by electrochemical deposition based
mainly on observations of lithium morphology in

w xECr2MeTHFrrLiAsF electrolyte 2,3 . Fig. 2 shows a6

schematic representation of the mechanism.
Ž .1 A working electrode of lithium foil and a counter

electrode are placed in an organic electrolyte. The surface
of the lithium electrode is covered with protective film.

Ž .2 With an external power supply, the lithium electrode
Ž qpotential is set to a negative value just below the LirLi

.potential . Lithium ions in the electrolyte move to the
lithium surface through the protective film.



( )J.-i. Yamaki et al.rJournal of Power Sources 74 1998 219–227222

Fig. 2. Our model of lithium deposition and dissolution.

Ž .3 Lithium is deposited on the lithium anode under the
protective film without seriously damaging the film.

Ž .4 The deposition points are the points where the
protective film has a higher lithium ion conductivity. Crys-
talline defects and grain boundaries in the lithium also

w xinitiate deposition 19 .
Ž .5 As lithium is not deposited uniformly for the reason

mentioned above, mechanical stress is created in the lithium
electrode under the protective film.

Ž .6 The stress causes the transport of lithium atoms,
probably through the grain boundaries. This means the
lithium deforms to relieve the stress. The lithium is not
transported freely but is limited by a force created by the

Žlithium surface tension including the effect of the protec-
.tive film at curved surfaces, crystalline defects and grain

boundaries.
Ž .7 The protective film is broken by the stress at certain

points on the lithium surface. The lithium is extruded
through the resulting holes and grows in the form of
whiskers.

Ž .8 After a lithium whisker has grown, lithium contin-
ues to be deposited on the lithium substrate but not on the
tips of the whisker. After a long period of deposition, the
electrode is covered with long whiskers. This hinders
lithium ion transport in the electrolyte to the electrode
surface. Then, lithium begins to be deposited on the tip
and kink points of the whiskers, where there are crystalline
defects. The morphology of the deposited lithium is parti-
cle-like or amorphous. As there are many kink points, the
current density of the lithium deposition becomes very
low. This low current density may create particle-like or

amorphous lithium, rather than whiskers. Thus, the mor-
phology of the lithium as a whole becomes mushroom-like
w x2 .

The dissolution of plated lithium may follow the reverse
of the plating process. First, the particle-like lithium on the
tips and kink points is dissolved. Next, the whiskers are
dissolved at the base. If the dissolution current is larger
than the deposition current, the dissolution is not com-
pletely the reverse of the deposition. In this case, a larger
amount of lithium dissolves from the tips and kink points.
This situation is determined by the ease of lithium ion
transport from the base lithium. When the dissolution
current is smaller than the deposition current, a smaller
amount of lithium dissolves from the tips and kink points.
During this process, the whiskers are sometimes cut from
the lithium substrate and become dead lithium.

When the diameter of the whisker is small as a result of
formation at a high deposition rate andror at a low
deposition temperature, the amount of dead lithium is large
because the whisker is easily cut.

4. Experimental evidence for the mechanism

We believe that our deposition mechanism is acceptable
for the following reasons discussed below.

Ž .1 Lithium deposition was observed with an optical
Žmicroscope in a dry room relative humidity less than 2%

w x.29 . Fig. 3 shows photographs of whiskers. The elec-
trolyte is PCrLiClO . A tip is visible slightly to the right4

of the center in Fig. 3a. As shown in Fig. 3b, after 10 s of
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Ž .Fig. 3. In situ observation of lithium deposition in PCrrLiClO . a4
Ž .morphology of deposited lithium b morphology of deposited lithium 10

s later.

deposition, the tip moved to the right as a result of growth
from the base without any change in the tip shape. How-
ever, the growth mechanism is still unclear, because we
cannot observe the base of the whisker directly.

Ž .2 The lithium whiskers begin to grow after some
induction time then they stop growing suddenly. The
whisker growth region on the lithium electrode moves
from time to time. These phenomena are in good agree-
ment with that of a proper whisker induced by stress.

Ž .3 Kinks also observed in the whisker as with a proper
whisker.

Ž .4 The diameter of the whisker seems to remain the
same during growth. This evidence supports the suggestion
of lithium extrusion through a hole in the protective film.

Ž .5 Particle-like or amorphous lithium depositions were
w xobserved experimentally at kinks 3 .

Ž .6 There is a tendency for a higher discharge current to
improve the life cycle on the basis of an experimental

w xresult on our AA-size cell 1 . This corresponds to the
theory that when the dissolution current is large, a larger
amount of lithium dissolves from the tip and kink points
resulting in the creation of less dead lithium.

Fig. 4. Coordinates of lithium surface.

Ž .7 It is usually accepted that the protective film is not
broken by the lithium deposition from the SEI model

w xproposed by Peled 30 .

5. Some considerations related to lithium surface ten-
sion

Proper whiskers grow from arrays of dislocation loops
which form spirals or helices. It is important to discuss the
dislocation mechanism to understand the whisker growth
mechanism. However, this mechanism is not easy to con-
sider because it may vary for different materials. There is
another approach for dendritic structures which focuses on
surface tension. These structures are observed at the inter-
face of two immiscible fluids with different viscosities,
confined between two parallel closely positioned plates,

w xwhen pressure is applied to the less viscous fluid 31 . The
structure varies depending on the amount of applied pres-

Ž . wFig. 5. Surface shape of deposited lithium calculated from Eq. 4 . Initial
Ž . XŽ . xcondition: y 0 s5 mm, y 0 sy1 .
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Ž .Fig. 6. Three dimensional image of the solution of Eq. 4 with the condition D Prgs0.

sure. A fluid dynamics mathematical model describes the
interfacial dynamics of pressure at a boundary induced by
the surface tension of two fluids.

As lithium is a soft metal and deforms easily, we tried
to examine the effect of surface tension. We calculated a
possible morphology for the lithium under the boundary
condition that the pressure induced by surface tension is
the same throughout the lithium surface. If the lithium is
deposited on a flat lithium substrate, the pressure must be
zero, because it is the same throughout the lithium surface.
The calculation is therefore only useful for deposition on a
different solid metal. Although it is an estimation of the
steady state after deposition, it will have some meaning as
a first step in studying lithium morphology.

If we suppose that lithium is deformed as a result of a
Ž .pressure difference on the lithium surface D P caused by

the surface tension, the following equation applies:

D Psg 1rR q1rR 1Ž . Ž .1 2

Žwhere g is the surface tension on a lithium surface or
.surface energy , and R and R are principal radii of1 2

curvature of the surface. If the lithium surface is symmet-
Ž .ric around the x-axis Fig. 4 , we can describe the lithium

surface by the distance between the surface and the x-axis;
Ž .ys f x . In this case, R and R are expressed as follows1 2

w x32 ;

3r221q d yrd xŽ .
R sy 2Ž .1 2 2d yrd x

1r22R sy 1q d yrd x 3Ž . Ž .2

Ž . Ž .From Eqs. 1 – 3 , we have

d2 yrd x 2

3r22 2yD Prg 1q d yrd x q 1q d yrd xŽ . Ž .
s

y

4Ž .

Ž .Eq. 4 shows that if the parameter D Prg increases by a
factor of n, the lithium surface shape is similar but with a
radius of curvature smaller by a factor of 1rn.

w xy1The dimension of D Prg is L . If we use mm for x
and y, the dimension of D Prg is mmy1. We will use
D Prg as a parameter, because any value can be used for

Ž .D P. We need two initial conditions to solve Eq. 4 . We
used the contact angle of the deposited lithium to the

w XŽ .xsubstrate y 0 , and the position where the lithium sur-
w Ž .xface comes into contact with the substrate y 0 as shown

Žin Fig. 4. Gravity was assumed to be negligible See
.Appendix A .

Ž .A numerical calculation was undertaken from Eq. 4
Žusing a personal computer PowerBook Duo 230 Macin-

. Žtosh and the Mathematica calculation program NDSolve
. Ž .by Wolfram Research . The initial condition was y 0 s5

XŽ .mm and y 0 sy1. We have three different kinds of
solution depending on the D Prg value. The results are
shown in Fig. 5.

Ž . Ž .1r2 y1 Ž Ž .wi D Prgs 2 r5 mm general value is 2ry 0 1
XŽ .2 x1r2 .qy 0 . The surface is a part of a sphere with a

Ž .1r2radius of 5 2 mm. We can easily expect the surface to
Ž .be a sphere with a radius of 2grD P from Eq. 1 .
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Ž .Fig. 7. Example solution for Eq. 4 obtained by a combination of the
solutions shown in Fig. 5. All the curves satisfy the condition D Prg s0.3

-1 Ž . Ž . Ž .mm . Curve a is a circle with a radius of 2r0.3 mm. Curve b is that
Ž . -1shown in Fig. 4. Curve c is similar to D Prg s0.2 mm in Fig. 4 but

with a radius of curvature smaller by a factor of 2r3. Lithium is in the
hatched area.

Ž . Ž .1r2 y1ii D Prg) 2 r5 mm . The solution of D Prgs
0.3 mmy1 is shown in Fig. 5. The surface does not have
solution near ys0.

Ž . Ž .1r2 y1iii D Prg- 2 r5 mm
Two solutions for D Prgs0.1 mmy1 and D Prgs0.2

mmy1 are shown in Fig. 5. Here too, the surface has no
solution near ys0. There is a numerical solution for

wŽ . xD Prgs0; ysAcosh xqB rA , where A and B are

w xconstants 33 . A three dimensional image of yscos x
Ž .y2-x-1 is shown in Fig. 6. The image was calcu-

Žlated using ParametricPlot3D of Mathematica Wolfram
.Research .

We can make various shapes by combining three solu-
tions within the condition D Prgsconstant as shown in
Fig. 7. As mentioned above, if the parameter D Prg

increases by a factor of n, the lithium surface shape is
similar but with a radius of curvature smaller by a factor of
1rn. This means we can change the D Prg value easily.

Ž .However, we have to fix the point or line to a position as
indicated in Fig. 7. If the point is free, the shape changes
to a sphere.

6. Introduction of the fixed point

It is reported that the creep strength of bulk lithium is
Ž 5 y2 .60 psi 4.1=10 Nm for 2.2 h and the tensile strength

Ž 5 y2 .of lithium is 84 psi 5.8=10 Nm at room temperature
w x 5 y234 . D P must be larger than 4.1=10 Nm to make a
mass transfer of lithium. Therefore, if D P becomes smaller
than 4.1=105 Nmy2 at some area, the lithium does not
deform. That area acts as a fixed point.

In general, a highly crystallized material has a higher
creep strength than the non-crystallized stage of the same
material. Therefore, a lithium whisker has a higher creep
strength than bulk lithium. Let s be the creep strength ofc

Ž 5 y2 .the whisker s )4.1=10 Nm .c

When the lithium is extruded through holes in the
protective film, the surface tension may act to maintain the

Fig. 8. Three dimensional figure of the whisker growth expected from our discussion.
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Fig. 9. A possible lithium deposition mechanism when the surface tension is large enough to deform the whisker.

hole size. In other words, the protective film seems not to
be strong enough to deform the lithium because the film is
thin and made of Li O, Li CO , LiOH etc. If the diameter2 2 3

of the lithium whiskers is about 2 mm, the surface shape
near the hole may be the shape for D Prgs0.2 mmy1

shown in Fig. 5 and the lithium may be extruded along the
x-axis towards the right side of the figure. The lithium
moves through the bottle-neck near xs4 and after passing
through the point, it may maintain its rod-like shape
because of its high crystallinity. A three dimensional figure
of the expected whisker growth is shown in Fig. 8. The
bottle-neck will not expand because of D P which is
caused by the surface tension. D P must be larger than
4.1=105 Nmy2 and smaller than s . Therefore, g)2.05c

Nmy1. There is no data available on lithium surface
tension at room temperature, however it may be around 0.2
Nmy1, because the surface tension of lithium is 0.22

y1 Ž . ŽNm 220 dynrcm at 10008C gs425.2–0.16 T, T :
. w xtemperature K for 922–13078C, g :dynrcm 35 . It is

probably possible to increase the surface tension to higher
than 0.2 Nmy1 through the effect of the protective film.
The surface tension can be an apparent surface tension

Žincluding the effect of the protective film surface tension
.of the protective film and change in volume during the

reaction to create the film.
In order to maintain the shape of the whisker, s mustc

be larger than the pressure caused by the surface tension.
Therefore, the following relation has to be satisfied; s )c

Ž .D PsgrR R:whisker radius . To date, we have not seen a
lithium whisker with a diameter smaller than about 0.3
mm. If 0.3 mm is the critical radius, we have the following
equation.s s 3.3 = 106g Nmy2 )6.8 =106 Nmy2 If thec

surface tension is larger than s , the whisker created byc

the extrusion is not stable. A model for such a deposition
is shown in Fig. 9. At first, the lithium surface may be
deformed by local non-uniform stress in the lithium. The
surface shape may approximately follow the solution of

Ž .1r2 y1 ŽD Prg - 2 r5 mm whose general value is
� Ž .w XŽ .2 x1r24 y1 .2r y 0 1qy 0 mm . Such a deformation can-

not be avoided by modifying the surface tension to make it
Ž .very high, because D Prgs0 this means D Ps0 is one

of the solutions. From this consideration, we think that a
very high surface tension may not result in flat deposition
but particle-like deposition.

Basically, we should limit our discussion to the shape
after deposition. The internal pressure is different when

lithium is moving because the pressure difference is the
force required to move the lithium. Therefore, for example,
the shape in Fig. 8 may be correct if the internal pressure
is equalized at any location by annealing after the deposi-
tion.

7. Conclusion

From studies on tin whisker growth and the in situ
observation of lithium dendrite growth, we found that
lithium dendrites are whiskers and they may grow from
their base during electrochemical deposition. We proposed
a lithium deposition mechanism in which whisker growth
occurs from the base. The deposited lithium may break the
protective film and lithium whiskers may grow as extru-
sions through the resulting holes. To discuss our model
precisely, we calculated the possible lithium morphology
with the boundary condition that the pressure induced by
surface tension is the same throughout the lithium surface.
The shape corresponds to a steady state after deposition.
Our calculation provided three types of shape depending
on the value of the surface tension and the internal pres-
sure. If we suppose that the pressure caused by surface
tension must be larger than the creep strength, the solution
is useful for explaining lithium deposition.

The following is currently the most possible conclusion
while part of the conclusion is difficult to prove experi-
mentally. ‘On the basis of our model, we believe that
lithium is deposited as particles when the surface tension is
large enough to deform lithium whiskers’. We expect this
work to stimulate discussion on the theoretical approach to
describing the lithium deposition mechanism and through
the various discussions, our simulation method will be
improved after scientifically necessary changes have been
completed.
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Appendix A. Gravity-neglecting approximation

If we wish to calculate the shape to a maximum height
of z m, the change in pressure difference D P caused by
gravity is less than r gz where r is lithium density
Ž 2 y3. Ž5.34=10 kg m and g is gravity acceleration 9.8 m

y2 .s . As regards the solutions shown in Fig. 5, D Prg is
larger than 0.1 mmy1. There is no data on lithium surface

Ž .tension g at room temperature. So, we assume g is
larger than 0.1 Nmy1.Then, r gzs5.23=103z Nmy2 ,
D P)0.1=106g Nmy2 )104 Nmy2 .Because r gz must
be negligible compared with D P, this approximation is

y2 Ž .useful for zs about 10 m 10 000 mm . This z value is
sufficient for the actual calculation.
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