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Rechargeable lithium cells with dendrite-free electrodeposited
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P. Suresha, A.K. Shuklaa, S.A. Shivashankarb, N. Munichandraiahc,∗
a Solid State and Structural Chemistry Unit, Indian Institute of Science, Bangalore-560 012, India

b Materials Research Center, Indian Institute of Science, Bangalore-560 012, India
c Department of Inorganic and Physical Chemistry, Indian Institute of Science, Bangalore-560 012, India

Received 10 September 2003; accepted 7 January 2004

Abstract

The dendrite-free cathodic deposition of lithium on an aluminium substrate and its anodic stripping are found to occur reversibly within
±0.1 V versus Li/Li+ in an aprotic electrolyte. It is possible to envisage a novel route to realise rechargeable Li (Al)–LiCoO2 and Li
(Al)–LiMn 2O4 cells. Several rechargeable Li (Al)–LiCoO2 and Li (Al)–LiMn2O4 cells of varying capacities up to 65 mAh have been
assembled in-house, and evaluated at different charge–discharge rates as well as at various temperatures. Consistent capacity values are
obtained with these rechargeable cells over about 50 cycles.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Non-aqueous batteries with lightweight lithium metal are
desirable for electric vehicles due to their high energy and
power densities in relation to the present-day lithium-ion
cells. Several studies have been reported[1,2] on recharge-
able non-aqueous batteries with lithium as the negative
electrode. Although primary cells have been realised com-
mercially, secondary cells employing Li-metal are beset
with problems such as surface passivation, dendritic growth
of Li, internal shorting, build-up of cell pressure during
repeated cycling, electrical isolation of active Li, increase
in internal resistance, thermal instability, cell explosion,
etc. [3,4]. Consequently, research and development efforts
have been expended to investigate alternate anode materi-
als, such as carbon, which could act as a host for insertion
and extraction of Li+-ions reversibly. In recent years, the
commercialisation of Li-ion cells employing carbon-based
insertion electrodes has constituted a break-through in
the area of rechargeable batteries[5]. The capacity value
of carbon-based anodes, namely C6Li, in Li-ion cells is
only about 380 mAh g−1 against a capacity value of about
3800 mAh g−1 for Li metal [6]. The capacity of the C6Li is
therefore only 10% of the capacity expected for metallic Li.
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Accordingly, a Li metal-based negative electrode, free from
the aforesaid problems, would provide enhanced capacity
and facilitate the development of rechargeable Li cells with
specific energy values that would be substantially higher than
Li-ion cells.

Recently, we have studied the electrochemical stability of
Al in an aprotic electrolyte, generally used in Li-ion cells,
over a wide potential range[7]. It was observed that while
Al is stable up to 3.5 V versus Li/Li+ in the positive poten-
tial (anode) direction, its electrochemical stability decreases
at potentials beyond 3.5 V versus Li/Li+ due to the an-
odic breakdown of the surface passivating film. In the neg-
ative potential (cathode) direction, a smooth, uniform and
non-dendritic electrodeposition of Li occurs on Al. Both the
cathodic deposition of Li and its anodic stripping have been
found to be reversible in the potential range close to the re-
versible potential of Li/Li+ couple[7], which suggests that
a Li deposited Al electrode (hereafter referred to as a Li
(Al) electrode) could be used as the negative electrode for
rechargeable Li cells.

In the present study, Li (Al)–LiCoO2 and Li (Al)–LiMn2O4
cells of varying capacities have been assembled, and char-
acterised electrochemically. The cells have been subjected
to several charge–discharge cycles without any noticeable
decline in their capacities. The study signifies the applica-
tion of Al as the negative electrode substrate for high-energy
rechargeable Li batteries.
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2. Experimental

Ethylene carbonate (EC), dimethyl carbonate (DMC),
LiBF4, LiCoO2, LiMn2O4, and Li (0.75 mm thick) metal
were purchased from Aldrich. The solvents (EC and DMC)
were distilled, mixed in equal volumes, and percolated
through molecular sieves of grade 4 Å. The solid compounds
were dried at 100◦C prior to their use.

Aluminium sheet of 0.2 mm thick was used for the nega-
tive electrode as well as for the substrate of the positive elec-
trode. It was polished, using successive grades of emery, to
a smooth surface, then washed with a detergent, rinsed with
distilled water, dipped in acetone, air-dried and stored in a
vacuum desiccator. For the purpose of making the positive
electrode, 65 wt.% LiCoO2 (or LiMn2O4), 25 wt.% acety-
lene black and 10 wt.% polyvinylidene fluoride were mixed
usingn-methyl-pyrrolidinone to form a homogeneous paste,
which was spread on to a pre-treated Al foil followed by
drying at 80◦C under vacuum. The spreading of the mix and
drying steps were repeated three times and the electrodes
thus obtained were finally dried at 80◦C under vacuum for
about 12 h. The electrolyte was a 1 M solution of LiBF4 dis-
solved in the mixed solvents.

Small cells were assembled in airtight glass containers,
whereas rectangular polypropylene containers were used for
the assembly of larger cells. For cells of 10 mAh and higher
capacities, the size of the electrodes was 3 cm×2 cm with a
geometrical area of 12 cm2. The electrodes were stacked to-
gether by sandwiching the positive and negative electrodes
using a microporous polypropylene (Celgard 2400) separa-
tor. A Li strip was introduced into each cell and was used as
the reference electrode. The electrolyte was added and the
container was closed using an airtight lid.

Preparation of the electrolyte and assembly of the cells
were conducted in an argon atmosphere (MBraun Dry Box
Model Unilab) with both the moisture and oxygen levels
less than 10 ppm. Galvanostatic charge–discharge cycling
was performed using a circuit that comprised a regulated dc
power supply, a high resistance, and an ammeter in series
with the cell. For performing experiments in the temperature
range between 0 and 40◦C, a refrigerator-cum-heater (Ju-
labo Model-F25) was employed. At each temperature, the
cells were equilibrated for 3 h prior to the measurements.
All the measurements were repeated and found to be repro-
ducible. The X-ray diffraction (XRD) pattern of the Li (Al)
specimen was recorded using a powder X-ray diffractome-
ter (Scintag Model XDS 2000) and the surface morphology
was examined by a scanning electron microscope (SEM,
Jeol Model JSM 5600LV).

3. Results and discussion

Electrodeposition of Li from the non-aqueous electrolyte
was studied on Al as well as Li substrates for the sake of
comparison. Galvanostatic charging (cathodic deposition)

and discharging (anodic stripping) were carried out repeat-
edly at a current density of 10 mA cm−2, and the potentials
of Li and Al were monitored while observing the nature of
the surface on the substrate. An in situ physical examina-
tion under an optical microscope revealed that the deposi-
tion of Li on a Li substrate is dendritic within the first few
cycles, subsequently changes to a porous bulky mass, and
some of it becomes detached from the substrate while some
of it grows towards the auxiliary electrode which is kept
several mm apart. By contrast, the deposition of Li on Al
substrate is found to be uniform, non-dendritic and adherent
to the substrate over a large number of cycles. The potential
values measured during the charging and discharging pro-
cesses indicate that the potential of the Al substrate is within
±0.1 V versus Li/Li+ as compared with a value near 0 V
versus Li/Li+ for the Li substrate.

A Li (Al) electrode, which was subjected to several cycles,
was separated from the electrochemical cell in a discharged
condition and examined by XRD and SEM[7]. The elec-
trode surface was grey in colour even after anodic striping
of Li, and subsequent washing with water. It was expected
that the metallic Li present on the surface, if any, could be
removed by oxidation with water. Persistent appearance of
grey colour thus suggested that it is not due to metallic Li on
the Al surface, but due to Li, which has penetrated into Al
and caused the formation of Al–Li alloy. This was confirmed
by comparing the XRD patterns of unused Al and grey Al
formation (Fig. 1). The XRD pattern of Al specimen matches
with the standard pattern of Al (Fig. 1(a)). There are, how-
ever, additional peaks at 2θ values of 24.2, 40.1, 47.5, 58.1,
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Fig. 1. XRD patterns of (a) Al and (b) Li–Al alloy. Reflections marked
(∗) correspond to Al–Li alloy.
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Fig. 2. Electron micrograph of cross-section of Li (Al) electrode after 50
cycles.

63.8 and 79.9◦ (Fig. 1(b)), which correspond to the Al–Li
composition[8]. The surface of the Al specimen was exam-
ined with a scanning electron microscope[7]. Micro cracks
were present which were distributed uniformly over the en-
tire surface due to stresses that are caused on insertion of Li
into Al that results in the formation of the Al–Li alloy. Fur-
thermore, an examination of SEM micrographs (Fig. 2) over
a cross-section of the grey Al specimen suggests that only a
surface layer of about 100�m in thickness is alloyed with Li.
It is thus inferred that the Al–Li formation is limited to the
outer layers of the Al electrode and does not progress to the
bulk Al during prolonged cycling. It has been known that Li
and Al form two[9] or three[10] alloys. The Li-rich phase is
known as the�-phase and the Al-rich phase with a nominal
composition of Li–Al is known as the�-phase. The XRD
pattern shown inFig. 1(b) corresponds to the composition
of the Al–Li alloy [8], which suggests that insertion of ex-
cess Li into Al does not occur under the present experimen-
tal conditions. It is noteworthy that Li–Al alloys have been
extensively studied[11,12]as possible anodes to replace Li.
These approaches have not been successful, however, most
probably due to the low diffusivity of Li in Li–Al alloys.

The morphology of an electrodeposited layer generally
depends on the nature of the substrate. It is known that both
Li and Al substrates are covered with surface passive films,
irrespective of the pre-treatment procedure adopted before
using them for the experiments[13,14]. The passivating lay-
ers on these two metals possess different properties relative
to their composition, thickness, porosity, density, conduc-
tivity, etc. It is inferred from the present study that the Al
surface is more conducive to nondendritic deposition of Li
than the Li substrate.

The Li (Al)–LiCoO2 and Li (Al)–LiMn2O4 cells were
present in their discharged state and their open-circuit volt-
ages were between 0.3 and 0.5 V on assembling them with Al
as the negative electrode. The cells were subsequently sub-

jected to galvanostatic charging, and the electrode potentials
along with the cell voltage were monitored. Typical charge
and discharge data exhibiting the variation of electrode po-
tential and cell voltage for a Li (Al)–LiCoO2 cell of about
30 mAh capacity are shown inFig. 3(a) and (b), respectively;
similar data for a Li (Al)–LiMn2O4 cell of capacity about
25 mAh are shown inFig. 3(c) and (d), respectively.

The electrode reactions for the cells are as follows.
At the Al negative electrode:

Al + Li+ + e− charge
�

discharge
Li (Al ) (1)

At the LiCoO2 positive electrode:

LiCoO2

charge
�

discharge
Li1−xCoO2 + xLi+ + xe− (2)

At the positive electrode of the Li (Al)–LiMn2O4 cell:

LiMn 2O4

charge
�

discharge
Li1−xMn2O4 + xLi+ + xe− (3)

The charging of the cells was continued until the poten-
tial of the positive electrode attained 4.2 V versus Li/Li+.
By charging up to this value of potential, it is known[15]
that nearly 50% of Li initially present in the LiCoO2 is ex-
tracted, i.e.,x ≈ 0.5 in reaction (2). The potential of the Al
electrode was within±0.1 V versus Li/Li+ soon after com-
mencing the charging process, which indicates the deposi-
tion of Li on Al according to the forward process for reac-
tion (1). After termination of charging, the cells attained a
stable open-circuit voltage close to 3.75 V. During the dis-
charge of the cells, the reverse processes for reactions (1)–(3)
occur. The discharge was continued until the potential of
the negative electrodes reached a value of about 1.5 V ver-
sus Li/Li+. The voltage drop at the beginning of the dis-
charge of the cell provided an internal resistance of less than
0.8� for the cells. At the C/5 rate of charge–discharge cy-
cling, the nominal capacity value of the Li (Al)–LiCoO2
cell was 30 mAh while it was 25 mAh for Li (Al)–LiMn2O4
cell. Li (Al)–LiCoO2 and Li (Al)–LiMn2O4 cells of sev-
eral capacity values up to 60 mAh were assembled and cy-
cled for about 50 cycles. In all these cells, discharge capac-
ities of about 110 mAh g−1 for both LiCoO2 and LiMn2O4
were obtained, which compare well with the literature val-
ues reported for LiCoO2 (∼140 mAh g−1) and LiMn2O4
(∼110–120 mAh g−1) [16–23].

The cells were evaluated for their discharge capacities
at several discharge rates betweenC and C/5. The cor-
responding discharge curves for Li (Al)–LiCoO2 and Li
(Al)–LiMn 2O4 cells are shown inFig. 4(a) and (b), respec-
tively. At all discharge rates, the major component of the
discharge capacity is achieved in the voltage range between
4 and 3 V. The discharge capacity obtained at theC/5 rate
is taken as the nominal capacity of the cells. Typically for
the Li (Al)–LiCoO2 cell, there is a decrease of about 17%
in capacity on increasing the discharge rate fromC/5 to C.
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Fig. 3. (a) Typical cell charge data for 30 mAh capacity Li (Al)–LiCoO2 cell and (b) its discharge data. (c) Typical cell charge data for 25 mAh capacity
Li (Al)–LiMn 2O4 cell and (d) its discharge data atC/5 rate at 25◦C.
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Fig. 4. Typical discharge curves at 25◦C (a) for Li (Al)–LiCoO2 cell and (b) for Li (Al)–LiMn2O4 cell at: (i) C/17; (ii) C/11; (iii) C/7; (iv) C/5; (v)
C/4; (vi) C/3; and (vii) C rates. Variations of coulombic efficiency with cycling rate are shown in the inset.
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On the other hand, there is an increase of about 47% in ca-
pacity on decreasing the discharge rate fromC/5 to C/15.
At low discharge rates, the coulombic efficiency of the cells
is nearly 100%, but there is a decrease in coulombic effi-
ciency with an increase in the discharge rate (insetFig. 4(a)
and (b)). For instance, the coulombic efficiency values are
about 98.8% at theC/15 rate and about 78.6% at theC
rate for the Li (Al)–LiCoO2 cell. The decrease in capacity
(Fig. 4) and in coulombic efficiency with increasing dis-
charge rate is most likely due to the decreased utilisation
efficiency of the negative electrode.

Both Li (Al)–LiCoO2 and Li (Al)–LiMn2O4 cells were
subjected to cycling at different temperatures between 0 and
40◦C. The discharge capacity data for the cells versus tem-
perature are shown inFig. 5. There is a decrease in capacity
with decreasing temperature similar to the variation of ca-
pacity of Li-ion cells[24]. For instance, there is a decrease
in capacity of the Li (Al)– LiCoO2 cell from 30 mAh at
ambient temperature to about 15 mAh at 0◦C. On the other
hand, there is an increase in capacity to about 45 mAh at
40◦C. The low capacity values are attributed to poor kinet-
ics for electrode reactions at sub-ambient temperatures. The
cells were subjected to an extended cycle-life test, and the
data for three different cells are shown inFig. 6. The dis-
charge capacities are fairly stable over 50 cycles carried out
for both types of cells.

Some of the discharged cells were opened after 50 cycles
and the Li (Al) electrodes were examined by both XRD and
SEM. The XRD pattern is similar to the data shown inFig. 1,
which confirms the formation of Al–Li alloy[8]. The alloy
formation was limited to the outer surface layer and did not
extend to the bulk of the Al electrode, even after 50 cycles.
The mechanical stability of the Li (Al) negative electrode is
thus ensured.
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Fig. 5. Discharge capacity vs. temperature of cycling of (�) Li
(Al)–LiCoO2 cell and (�) Li (Al)–LiMn 2O4 cell.
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Fig. 6. Variation in discharge capacity values of (a) 30 mAh capacity Li
(Al)–LiCoO2 cell; (b) 25 mAh capacity Li (Al)–LiMn2O4 cell; and (c)
65 mAh capacity Li (Al)–LiMn2O4 cell over 50 cycles tested at ambient
temperature.

It is noteworthy that akin to the present study, cells em-
ploying Ni as the substrate for Li negative electrode have
been assembled and evaluated[25]. Nickel is, however, both
expensive and heavier than Al. From the above results, it is
evident that Al could be an attractive substrate for the neg-
ative electrodes in rechargeable Li batteries. Although sev-
eral other aspects, such as a longer tests of cycle-life than
that reported in this study need to be investigated, it is an-
ticipated that the dendrite-free growth of the Li deposit dur-
ing cycling would ameliorate the performance of the cells.
Furthermore, by using Al instead of Li as the substrate, the
quantity of the reactive Li would be reduced substantially.
In the discharged state, metallic Li is virtually absent in the
cell. Thus, it is likely that Li (Al)-based rechargeable cells
would also be safer. A copper substrate is presently used for
making carbon-based negative electrodes in Li-ion batteries.
By employing a lighter Al substrate, there would be a defi-
nite reduction in the mass of the substrate. As a consequence,
the mass of the negative electrode would be reduced, and
also its fabrication would be both easier as well as cheaper.

These aspects, combined with the higher capacity of Li
in relation to carbon, would help to enhance the specific
energy of rechargeable Li (Al) batteries from the present
120–140 Wh kg−1 value for Li-ion batteries[26].

4. Conclusions

Dendrite-free cathodic deposition of Li on a Al substrate
results in a novel Li (Al) negative electrode which could
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be employed for fabricating rechargeable Li (Al)–LiCoO2
and Li (Al)–LiMn2O4 cells. Lithium rechargeable cells of
up to about 65 mAh have been assembled and tested over
50 cycles with consistent capacity outputs. This indicates
the possibility of employing Al as substrate for negative
electrodes in high-energy lithium rechargeable cells.
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