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The Li/Li™ couple in propylene carbonate electrolytes
and poly(methyl methacrylate) gels

A. M. CHRISTIE, C. A. VINCENT

Centre for Electrochemical and Material Sciences, School of Chemistry, University of St. Andrews, St. Andrews,

Fife KY16 9ST, Scotland

Received 15 May 1995; revised 5 July 1995

Kinetics and mechanisms for the electrodeposition of lithium from propylene carbonate and PMMA
gelled electrolytes were studied using chronoamperometric, cyclic voltammetric and chronopotentio-
metric methods at a nickel microelectrode. Nucleation and crystal growth models have been proposed
for three salt systems. Exchange current densities, coulombic stripping efficiencies and lithium corro-

sion rates were evaluated.

1. Introduction

Development of a polymer electrolyte-based recharge-
able lithium battery has remained a challenge since the
discovery of conducting films of lithium salts in poly-
(ethylene oxide) in the 1970s [1, 2]. Such electrolytes
have poor ambient temperature conductivities, which
are generally in the range 107 /—10"*Scm™ [3]. The
gelled electrolyte alternative, consisting of a solid
phase in which a conventional nonaqueous electrolyte
is immobilized by a polymer matrix, offers liquid-like
values for the conductivity. By varying the amount of
added polymer, the viscosity of the gel may be altered
to provide mechanical properties similar to that of the
solid polymers, while maintaining liquid-like electrical
behaviour [4-7]. High conductivity alone is not, how-
ever, sufficient for an electrolyte to be acceptable for
rechargeable battery applications, and electrode/elec-
trolyte interface and kinetic factors must also be con-
sidered.

Propylene carbonate (PC) has been used for many
years as a component of liquid lithium battery electro-
lytes [8]. Recently, gelling agents such as poly(acrylo-
nitrile) (PAN) and poly(methyl methacryiate)
(PMMA) have been added to lithium electrolyte solu-
tions containing PC as a main component [4—7, 9—14].
Although many electrochemical studies have been
made on propylene carbonate electrolytes at conven-
tional sized electrodes [15, 16] and microelectrodes
[17, 18], very little work, other than on transport prop-
erties, has been performed on gels [13, 14]. The work
presented here attempts to provide an insight into
the electrochemical kinetics and mechanisms for
lithium deposition at a microelectrode in such sys-
tems. Lithium hexafluorophosphate (LiPFg) is com-
pared with the salt complexes lithium bis(diglyme)
hexafluorophosphate (LiPF.2DG) [19] and lithium
(pentamethyldiethylene triamine) hexafluorophos-
phate (LiPF¢.PMDETA) [20, 21]. Both of these com-
plexes have been proposed as possible alternatives for
LiPF; as useful electrolytes since they have improved
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purity, thermal stability and conductivity in non-
aqueous solution [23]. Similar studies on these systems
have been performed in liquid and solid polyether
media [22].

2. Experimental details

Propylene carbonate (PC) (Aldrich, 99% +) was pur-
ified using a 90 plate column Fischer HMS 500C still
at 107> mbar. After refluxing for at least 1h, the sol-
vent was collected at a rate of approximately
25cm*h™!, and the middle 60% cut was kept for
use and transferred to a glove box. Poly(methylmetha-
crylate) (PMMA) of nominal average molar mass
120000 (99% +, Aldrich Chemical Co.) was charac-
terized by gel permeation chromatography. The
mass average was 134000 and the number average
was 67000, giving a polydispersity index of 2. The
scan showed no evidence of significant quantities of
monomer or low molar mass oligomers, so that the
only purification treatment for the PMMA was drying
at 80 °C under vacuum for 12 h. Lithium hexafluoro-
phosphate (LiPFy) (98%, Aldrich Chemical Co. Ltd)
was used as received. The complexes used in this
work, kindly made available by The Associated Octel
Company Ltd, were lithium-bis(diglyme)-hexa-
fluorophosphate (LiPF4.2DG) and lithium-penta-
methyl-diethylene triamine-hexafluorophosphate
(LiPF¢.PMDETA). These were synthesized using the
route described in their patent [20].

Transparent gels were prepared by dissolving
approximately 30wt % PMMA in PC solutions of
LiPFg, LiPF¢.2DG and LiPFs, PMDETA and casting
between polished aluminium sheets heated to 90 °C.
The resulting gel compositions were LiPF¢ (5.23)/PC
(64.77)/PMMA  (30.00), LiPFs2DG (13.46)/PC (56.54)/
PMMA (30.00) and LiPFs.PMDETA (11.42)/PC (58.58)/
PMMA (30.00) by weight which were equimolal in
lithium.

All experiments on the Li/Li™ couple were carried
out in two-electrode, one compartment cells. The
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working electrode was prepared by rapidly collapsing
glass onto a 25 um diameter nickel wire, followed by
cutting to reveal the microdisc. The glass seal was
checked for selected samples by SEM. The electrode
was polished first with alumina of decreasing sizes
(1, 0.3 and 0.05 um) suspended in water. Polishing
was repeated in an argon filled dry box using
0.05 ym alumina suspended in propylene carbonate
on chemically resistant polishing cloth (Beuhler), fol-
lowed by rinsing with propylene carbonate. A lithium
metal wire placed directly into solution was used as a
counter-reference in the liquid systems and a lithium
disc pressed onto a stainless steel contact was used
with the solid samples. An EG&G PARC potentiostat
(model 273A), controlled by an IBM compatible PC
under software control (EG&G PARC electrochemi-
cal software), was used to collect the voltammetric
and chronoamperometric data. Chronopotentiometry
experiments were performed using a Solartron 1286
potentiostat driven by an IBM compatible PC under
software control (Corrware).

To study the stability window and purity of the sol-
vents, cyclic voltammetric studies were undertaken
using a nickel microelectrode and a counter-reference
electrode consisting of a lithium wire (Aldrich Chemi-
cal Co.) inserted into a glass tube containing a solu-
tion of LiClO4 (1moldm>)/propylene carbonate
which was closed with a Vicor glass frit attached
with heat shrinking Teflon. The experiments were
undertaken with a Solartron 1286 potentiostat under
software control (Corrware).

3. Results and discussion
3.1 Solvent stabilities

Solvents without added electrolyte may be charac-
terised using microelectrodes. Several workers have
previously studied the propylene carbonate system,
suggesting that solvent reduction occurs cathodic of
+1V vs Li/Li*™ [24-26]. Figure 1 shows voltammo-
grams of distilled PC at a 25um diameter nickel
microelectrode (sweep rate = 200mV s™). On sweep-
ing cathodically initially (a), no cathodic process was

evident and at —5V the current density was less
m (a) than 1mAcm 2. Similar results were obtained at
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Fig. 1. Cyclic voltammograms for distilled PC at a 25 ym diameter
Ni microelectrode vs Li/Li™ . Initial sweep direction is (a) cathodic
and (b) anodic. Sweep rate: 200mV s~
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Fig. 2. Cyclic voltammograms for PC/PMMA (30 wt %) at a 25 um
diameter Ni microelectrode vs Li/Li* . Initial sweep direction is (a)
cathodic and (b) anodic. Sweep rate: 200mV s~



THE Li/Li* COUPLE IN PROPYLENE CARBONATE ELECTROLYTES

257

platinum microelectrodes (10 and 25 um diameter).
This supports the suggestion of Pletcher e al. [17]
that the cathodic peak seen by others at approxi-
mately + 1V is attributed to reduction of trace water
or some reaction product of the water with PC. Camp-
bell et al. [25] have shown that a cathodic wave still
exists when the water content is > 15p.p.m. It may
therefore be assumed that the water content of our
PC is well below the detectable range. A small anodic
peak was observed commencing at + 2V due to nickel
oxide formation. Anodic breakdown of PC started at
+4.5V at Ni, more than 1V lower than at Pt, agreeing
well with previous literature values [17]. Sweeping
anodic to +6V initially (b), resulted in a cathodic
wave in the return sweep commencing at + 2V, which
did not exist when the anodic limit was lowered to
+3V. This can be attributed to the reduction of the
oxidation products formed during anodic breakdown.
Again, at the cathodic limit the current density was
very low. Figure 2 shows voltammograms recorded
for a nickel microelectrode in pure PC gelled with
PMMA (30wt %). On sweeping cathodic initially
(a), a cathodic current started at approximately
+1V, possibly as a result of PMMA reduction or
that of trace water as the impurity in the polymer.
As in pure PC, a peak corresponding to nickel oxide
formation was observed above + 2V followed by ano-
dic breakdown of the solvent. A difference occurred
on sweeping anodically first (b). The reduction wave
observed in curve (a) was not seen in curve (b), sug-
gesting that if trace water was the cause of the current
then all of it was used in the formation of the passivat-
ing film and/or was involved with the electrochemical
process during anodic breakdown of the solvent. The
higher currents at the anodic limit of curve (b) may
provide further evidence for this.

3.2. Potentials positive of bulk lithium deposition

On adding a lithium electrolyte a quite different 7/E
response was observed at potentials positive of 0V
vs Li/Li*. Figure 3 shows three cycles of a typical vol-
tammetric response for lithium electrolytes over a
potential range of +2.5V to 0V at Ni. In the first
cycle several peaks were observed during the cathodic
sweep at (a) +1.44, (b) +1.39, (c) +0.59 and (d)
+0.33 V. The anodic scan reveals two peaks at ()
+0.92 and (f) +2.07V. Peak (a) has been shown by
others [13, 17] to be due to trace water reduction,
evidently introduced by the added electrolyte. Koch
et al. [26] showed that the reduction of the AsFg anion
occurred at approximately -+ 1V suggesting the possi-
bility of the PF¢ anion breakdown giving rise to peak
(b). Peaks (c) and (d) have been attributed to the
underpotential deposition (UPD) of lithium from an
insoluble mixed lithium hydroxide/carbonate film pre-
sent at the surface of the electrode [17, 27]. It has been
shown by Aurbach et al. [24] that the lithium electrode
surface also becomes passivated by reduction pro-
ducts of propylene carbonate in the presence of Li
cations, and in particular by lithium alkyl carbonates.
Peak (e) seems likely to correspond to the stripping of
lithium from such an UPD layer, or from a lithium-
nickel alloy also formed during the cathodic sweep.
Reversing the sweep direction at + 0.8 V, before the
onset of UPD and alloy formation, results in the
absence of peak (e) confirming the correlation
between these two processes. Cathodic peaks in the
range +0.6 to +0.3V with a coupled anodic peak
have also been observed in polyether systems [23].
Nickel oxide formation results in peak (f), as seen in
the pure solvent systems. Further cycles indicate
that the water content has greatly diminished with a

cycle 1
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E/Vvs Li/Li™ (1 m)

Fig. 3. Cyclic voltammogram of LiPFs.PM-
DETA/PC/PMMA (30wt %) at a 25 ym dia-
meter Ni microelectrode vs Li/Li*. Sweep
rate: 10mVsL )
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Fig. 4. Cyclic voltammogram of the lithium plating and stripping at a 25 um diameter Ni microelectrode vs Li/Li* from (a) LiPFg

0.5molkg™") and (b) LiPFs.2DG in PC. Sweep rate: 10mV s,

corresponding decrease in peaks (c), (d) and (e) as the
quantity of lithium passivating products formed
decreases. It appears that as the water content of the
electrolyte increases, the amount of lithium available
for UPD also increases and the corresponding vol-
tammetry peaks become more pronounced.

3.3. Kinetics of the Li/Li™ couple

Figure 4 shows voltammograms of (a) LiPF4 and (b)

1.2

LiPF¢.2DG both at 0.5 mol kg™ in PC at a 25 um dia-
meter Ni microelectrode against Li/Li*, recorded
between +0.5 and —0.2V at 10mVs~'. In each case
the current density is very low until a sufficient over-
potential has been reached for lithium nucleation to
take place. The current then increases rapidly as
growth of the lithium deposit occurs. This deposition
process continues during the reverse scan until the
equilibrium potential at 0V has been reached, after
which oxidation of the freshly deposited lithium layer
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Fig. 5. Multicycle voltammogram of lithium
plating and stripping from LiPFs.PMDETA/PC
(0.5molkg™") at a 25 ym diameter Ni microelec-
trode vs Li/Li*.
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proceeds with a corresponding anodic stripping peak.
The current densities obtained are comparable with
those obtained by Pletcher and coworkers [18] for
LiAsF¢ in propylene carbonate. The LiPFs, PMDETA
complex in PC seems to produce much lower current
densities, of the same order of magnitude as in solid
polyethers [22]. Figure 5 shows multicycle voltammo-
grams for LiPF,,PMDETA/PC (0.5molkg ™). The
first cycle is complicated by the factors discussed
above. As UPD occurred, the electrode surface
became conditioned for successive cycles and the
stripping efficiency increased from 29.9% in the first
cycle to 97.3% in the third. Lithium plating and strip-
ping was also performed on 30 wt % PMMA gels con-
taining the three electrolytes. The I/E response for
each system is shown in Fig. 6(a)—(c) swept between
+0.5 and —0.3V at 10mVs~!. The characteristic
parameters of each electrolyte in both PC and

3
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Fig. 6. Cyclic voltammogram of the lithium plating and stripping at
a 25 ym diameter Ni microelectrode vs Li/Li* from (a) LiPF, (b)
LiPFs.2DG and (¢) LiPFs.PMDETA in PC/30wt% PMMA.
Sweep rate: 10mVs~!. Cathodic limit: —0.3 V.

PMMA gels are listed in Table 1. The stripping effi-
ciencies decreased in the order LiPFys (77%) >
LiPF.2DG (65%) > LiPF.PMDETA (30%) for
the first cycle in propylene carbonate, while the gels
decreased in the order LiPF¢.2DG (75%) > LiPFq
(61%) > LiPFc.PMDETA (26%). The values in PC
are comparable with those obtained in other lithium
systems [18]. On moving the cathodic limit to
—0.5V, the ratio of lithium stripped to plated
increased in each case to LiPF4.2DG (81%) > LiPF,
(80%) > LiPFs.PMDETA (40%). This would suggest
that a passivating layer formed by corrosion of freshly
deposited lithium is of finite thickness. As the lithium
layer becomes thicker the quantity of lithium used to
form this layer becomes less significant relative to the
quantity deposited. The efficiencies observed with
these gels are higher than those seen by Scrosati
et al. [13] in EC:PC/PAN gels at a large nickel
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Table 1. Some electrochemical parameters obtained at a 25 ym Ni microelectrode vs Li/Li" by cyclic voltammetry

Sweep rate v = 10mVs™!, T =298K.

Electrolyte Nucleation Cathodic current  Exchange current  Transfer Peak potentials  Stripping
overpotential  density at density coefficients efficiency
Solvent Salt n/mV 7 =200mV IjmA cm™2 (na)4 E4/mv (Ist cycle)
I'mA cm™
PC LiPF; 103 18.5 1.06%Y 0.48 203 71.0
(0.5molkg ™) 1.21%
LiPF.2DG 103 31.5 2.348Y 0.53 151 65.0
(0.5molkg™) 0.901%
LiPFs.PMDETA  91.0 0.654 0.0428Y 0.45 224 29.9
(0.5molkg™!) 0.041*
PC/PMMA  LiPF 107 0.593 0.0290%" 0.53 274 60.6
30wt % (0.5molkg™! PC) 0.0377%
LiPF,.2DG 115 0.782 0.05798Y 0.50 274 75.3
(0.5molkg™! PC) 0.0622"
LiPF, PMDETA 120 1.43 0.1505Y 0.59 155 26.4
(0.5molkg™! PC) 0.138-

BV = Values calculated from a NLLS fit to Butler—Volmer curve.
L = Linear part of CV at low overpotentials.

electrode. Nucleation overpotentials decrease in the
order LiPFg, LiPF4.2DG > LiPFs.PMDETA in PC
and LiPF¢.PMDETA > LiPFs.2DG > LiPF¢ in the
PMMA gels. This reversal of order from PC to gel
suggests that the polymer interacts with the cation
and more significantly with the complexed cation.
However, once the appropriate overpotential has
been reached, the rate of deposition was more rapid
for each of the complexes than for the simple salt.
Exchange current densities were calculated from non-
linear least squares (NLLS) fitting of the reverse
sweep of the voltammograms to the Butler-Volmer
equation. Figure 7 shows typical NLLS fits to (a)
the reverse sweep and (b) the Tafel slopes of the vol-
tammogram for LiPF¢/PC/PMMA. The exchange
current densities determined in this way were com-
pared with those obtained from a linear approxima-
tion to the Butler—Volmer equation at very low
overpotentials, defined previously [22].
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The kinetics of the Li/Li* couple were studied
further by performing a series of potential-step experi-
ments. A cathodic potential step was applied
(—150mV: LiPF¢/PC, —150mV: LiPF¢2DG/PC,
—300mV: LiPF,.PMDETA/PC/PMMA, -300mV:
LiPF¢/PC/PMMA, —-250mV: LiPFs.2DG/PC/
PMMA and -250mV: LiPF<.PMDETA/PC/
PMMA), passing approximately 0.5 C cm~2 of charge,
to deposit a layer of lithium. The potential was then
stepped to an anodic potential in the range +75 to
+300mV. A set of transients for the anodic polariza-
tion of a freshly deposited lithium layer from LiPF¢/
PC is shown in Fig. 8. After application of the anodic
step the lithium oxidizes at an approximately uniform
rate until the layer is depleted. Reactivation, or pit-
ting, of the deposit at higher overpotentials results in
the current transient passing through a peak. By vary-
ing the cathodic deposition potential over the range
=75 to —400mV and applying for 5s, the current

0
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In 7 /mA em™

1 1 | A i

-6

=200 -100 0 100 200
E/mv

Fig. 7. (a) Reverse sweep and (b) Tafel slopes of the voltammogram for LiPF¢/PC/PMMA at 10mV s~ The solid lines represent the NLLS

fit to the Butler—Volmer equation.



THE Li/Li* COUPLE IN PROPYLENE CARBONATE ELECTROLYTES

261

10

-150 mV
(180s.)

+200 mV

ov

I /mA cm™

+150 mV

+100 mV

—+y mV

200.

300 400

/s

transients reach steady state plateaux corresponding
to thickening of the lithium layer. The steady-state
current plateau from each of the polarization curves
can be used to construct a Tafel plot. The Tafel plots
for the PC solutions and PMMA gels are shown
Fig. 9(a) and (b), respectively. Straight lines are
observed in each case corresponding to charge-
transfer control. Deviations from the Tafel slopes at
very low overpotentials indicate the lower limit to
which the limiting form of the Butler—Volmer expres-
sion can be used. The currents deviate from the Tafel
line at high overpotentials where mass transport con-
trol dominates. The transfer coefficients and exchange
current densities were determined from the slopes and
intercept of the lines extrapolated to the equilibrium
potential. Table 2 lists the results of this analysis.
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Fig. 8. Anodic polarization of deposited lithium from
LiPFe/PC at a 25 um diameter microelectrode vs Li/
Li* after deposition of 0.5Ccm™2 charge at
—150mV.

500

Taking into consideration the different method for
lithium deposition, the values obtained compare well
with those determined from the cyclic voltammetric
experiments.

3.4. Nucleation and growth of the lithium deposit

Any electrochemical phase transformation generally
involves either two or three-dimensional nucleation
processes during the early stages [28, 29]. The number
of nuclei and rate of formation is strongly dependent
on the overpotential applied. Chronoamperometry
involves the application of a potential-step while
recording the current transient, analysis of which
can provide an insight into the morphology of the
deposit growing at the electrode surface. Figure 10

A
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Fig. 9. Tafel slopes obtained from steady-state current transients of freshly deposited lithium at a 25 yum diameter Ni microelectrode vs
Li/Li*. Data points represent (@) LiPF, (() LiPF4.2DG and (A) LiPFs, PMDETA each in (a) PC and (b) PC/30 wt % PMMA.
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shows a set of experimental current transients for
propylene  carbonate  containing LiPF¢.2DG
(0.5molkg™"). As the electroactive area of the deposit
grows, the current rises and approaches a steady state
value where continuous thickening of the layer takes
place. On increasing the value of the potential step
the lithium is deposited at a higher rate and the rise
time to the steady-state plateau decreases. The general
appearance of the I/7 transients have the features of a
three-dimensional nucleation and growth process. At
longer time scales the current rises once more indicat-
ing a further increase in the surface area, likely to be
due to growth of the deposit over the glass surrounds
of the microelectrode [30]. At potential-steps lower
than the nucleation overpotentials listed in Table 1
rising transients were not observed on the experimen-
tal time-scale.

The initial rising transient follows a function of #”,
where n depends on the type of nucleation, the geome-

Table 2. The exchange current densities and transfer coefficients for
PC and PMMA gelled electrolytes, obtained from Tafel plots

Electrolyte Iy (na)e  (na)y
/mA cm™>

Solvent Salt

PC LiPF¢ 1.08 0.14 0.24
LiPF4.2DG 2.82 0.29 0.36
LiPF,. PMDETA 0.146 0.19 0.29

PC/PMMA  LiPFg 0.134 0.22 0.24
LiPF,.2DG 0.0700 0.26 0.37
LiPF¢. PMDETA  0.483 0.13 0.39

Fig. 10. Current transients for the nucleation and
500 growth of lithium from LiPF¢.2DG/PC (0.5 mol kg"l)

at a 25pm diameter microelectrode vs Li/Li™. The

overpotentials applied are indicated in the Figure.

try of the nuclei and the rate determining step of
nuclei incorporation into a growing cluster. It has
been shown previously [22, 23] that nonlinear least-
squares fits to prolonged current-transient expressions
were preferable in comparison with a simple linear fit
of the rising section to the appropriate function of .
The equations describing three-dimensional nucleation
can be simplified, as shown before [22], to

I =a{l —exp (br*)} (1)

I =af{l —exp(ct*)} (2)

for kinetic controlled growth of cones or hemispheres
following three-dimensional instantaneous and pro-
gressive nucleation, respectively, where [ is the current
density and ¢ is the time; and

[:\%{1 —exp (et)} (3)
I- \—"/1-5{1 —exp (/1%)} )

for diffusion controlled growth of hemispheres follow-
ing three dimensional instantaneous and progressive
nucleation, respectively. The parameters a—f are arbi-
trary variables calculated during each fit.

Figure 11 shows the NLLS fit at each potential as
solid lines, clearly indicating the close correlation
between the experimental data and the model for
instantaneous nucleation followed by kinetic con-
trolled growth of cones or hemispheres. A clear differ-
ence between the instantaneous and progressive
nucleation models can be observed, where a simulation
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Fig. 11. Current transients at various overpoten-
tials for LiPF.2DG/PC at a 25 um diameter
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of progressive nucleation does not follow the
experimental transient. The decay time of the char-
ging currents in the gel electrolyte systems were com-
paratively long, resulting in distortion of the I/t curves
during the early stages. This resulted in a difficult
analysis which relied on well formed transients after
the decay of the charging current. A typical curve is
shown in Fig. 12 for the deposition of lithium from
LiPF4.2DG/PC/PMMA with the corresponding
NLLS fit. All the electrolytes, in both PC and PC/

microelectrode vs Li/Li™ . The solid lines indi-
cate NLLS fits for instantaneous nucleation fol-
lowed by kinetic controlled growth of cones or
hemispheres.

PMMA gels, appear to undergo instantaneous three-
dimensional nucleation followed by kinetic controlled
growth. In some cases, at very high overpotentials, the
transients pass through a small peak before reaching
their steady-state values. This is most likely due to a
contribution of linear diffusion, similar to that seen
at a conventional sized electrode, since a pure
hemispherical diffusion zone does not exist on the
time-scale of the experiments at a 12.5um radius
microdisc.
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Fig. 12. Current transient at —200mV for

t/s

LiPF¢.2DG/PC/PMMA at a 25um diameter
microelectrode vs Li/Li*. The solid lines indicate
5 the NLLS fit for instantaneous nucleation fol-
lowed by kinetic controlled growth of cones or
hemispheres.
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3.5. Lithium reactivity and passivation

A typical current reversal chronopotentiogram is
shown in Fig. 13 obtained from LiPF¢.2DG/PC/
PMMA at a Ni microelectrode, where the applied
cathodic (forward) and anodic (reverse) currents
were both 4nA (0.81mAcm™2). Current reversal
chronopotentiometry (CRC) involves the application
of a galvanostatic cathodic pulse for a time # to
deposit a layer of lithium at the nickel surface before
reversing the pulse. On application of the anodic pulse
the lithium is uniformly stripped until the surface con-
centration becomes zero, and the potential moves
rapidly positive until reaching another anodic process.
The time taken to reach completion of lithium oxida-
tion is termed the reverse transition time 7. The ratio
7./t; provides a useful means of determining galvano-
static stripping efficiencies, and any departure of this
ratio from unity indicates a following chemical reac-
tion of the lithium [31, 32], assuming there is no signif-
icant diffusion away from the electrode surface.

The effect of electrode passivation may be estab-
lished by applying a series of CRCs without repolish-
ing the electrode between cycles. Figure 14 shows (a) a
multicycling E/¢ transient for LiPF¢/PC, and (b) a plot

80

of the calculated current efficiencies against cycle

number for the propylene carbonate solutions. In
each case the efficiency increases after the first cycle,
suggesting that a significant quantity of lithium is
used to condition the nickel surface via anodic film
and lithium—nickel alloy formation. Successive cycles
for LiPFg show that after reaching a stripping
efficiency of approximately 76%, the quantity stripped
begins to decrease steadily after the 4th cycle to
63% in the 9th, indicating passivation or loss of
lithium. The LiPF,PMDETA efficiency increases

100  Fig. 13. Current reversal chronopotentiogram for

LiPFs.2DG/PC/PMMA at a 25um diameter
microelectrode. iy = i, = 4nA (0.81mA cm’z).

rapidly to over 78% in the 4th cycle, remaining
approximately constant thereafter. After increasing
to 58% after the Ist cycle, the efficiency of stripping
from LiPF¢.2DG decreased to a steady value of
approximately 55% after cycle 5. When gelled, the
performances of LiPF and LiPF¢.2DG improved sig-
nificantly to above 90% stripping efficiency, while the
LiPF¢.PMDETA complex remained below 70%. The
corrosion current I, was determined as before [22]

using
Zf - T 1 -7 /If
Loorr = Iappl (Fé) = Iappl (TTZ/Z; (5)

where I,p,p, is the applied current density. When the

ratio 7./t; remains constant at different #;, the rate of

lithium corrosion (in mol cm ™2 sfl) is given by
I
k — COrr 6
=2 (©)

Table 3 shows the calculated values of the rate of
lithium loss k. In general, the rate of lithium loss
was significantly lower with the gels than with the
liquid PC.

It has been generally accepted that lithium is

Table 3. Rate of lithium corrosion, k;, obtained from CRC

Electrolyte Rate of lithium loss, k; Ly
/mol s~ em™? /mA cm™>
Solvent Salt
PC LiPF, 1.06 x 10~ 0.81
LiPF,.2DG 221 x 107° 0.81
LiPF,.PMDETA 9.93 x 1071° 0.81
PC/PMMA LiPF; 3.50 x 1071° 0.81
LiPF¢.2DG 435 x 1071 0.81
LiPFg.PMDETA 1.73 x 107° 0.81
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unstable in the presence of propylene carbonate solu-
tions, forming insoluble films at the surface of the
lithium, the composition of which can be electrolyte
dependent [33, 34]. This passivation behaviour of
the freshly deposited lithium was investigated by the
measurement of the coulombic stripping efficiencies
following periods on open-circuit. A double potential-
step was applied in each case to deposit a lithium

layer (charge passed was approximately 0.5 Ccm 2.
A controlled delay between the cathodic and anodic
pulses allowed the cell to rest at open-circuit before
stripping the lithium off the electrode at +150mV
in each case. Figure 15 shows a plot of the coulombic
stripping efficiencies against time on open-circuit for
all prepared electrolytes. The efficiencies of LiPF4/
PC and LiPF¢.PMDETA/PC remained steady at
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Fig. 15. Plot of coulombic stripping efficiency
0 . i . i L 1 . vs time on open circuit of freshly deposited
lithtum from (@) LiPF/PC, (M) LiPF¢.2DG/
PC, (A) LiPFePMDETA/PC/PMMA, (O)
0 100 200 300 400 LiPF¢/PC/PMMA, (0) LiPF,2DG/PC/
PMMA and (A) LiPF<PMDETA/PC/
Time on open-circuit /s PMMA.
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approximately 80% and 35-40%, respectively,
indicating that any surface films were formed rapidly.
The profile of the LiPF¢.2DG/PC plot, however, indi-
cates continuing reaction of the deposited lithium
using the majority of the available deposit suggesting
that the film was either soluble in the solvent medium
or extremely thick. The passivating nature in the
LiPFs/PC/PMMA gel was found to be similar to
that in PC, but here the stripping efficiency increased
to approximately 92%. The diglyme complex
appeared to be more stable in the gel, with stripping
efficiencies around 80% and stable over a longer per-
iod. This highlights the considerable differences
between the passivating films formed. Although the
efficiency of the PMDETA complex in the PC/
PMMA gel was initially approximately 60%, growth
of the passivating film reduces this value to about
40%, similar to its performance in PC. This may be
simply showing the difference in the rates of growth
of essentially similar films.

4. Conclusions

Although trace impurities such as water will be a com-
mon feature in the manufacture of real battery elec-
trolytes, it is important to identify the role played by
such contaminants. Evidence given here for the catho-
dic stability of pure propylene carbonate at a nickel
microelectrode, without added electrolyte, confirms
the suspicions of Pletcher [17] that the cathodic
wave or peak observed by others [24-26] is more
than likely due to the presence of water and/or oxy-
gen. Cyclic voltammetric studies at potentials anodic
of bulk lithium deposition revealed several peaks
thought to be due to the underpotential deposition
of lithium by reduction of lithium ions in the passivat-
ing layer.

The cyclic voltammetry and potential-step experi-
ments show the kinetics of the Li/Li™ couple to be
fast in both propylene carbonate and propylene car-
bonate gelled with poly(methyl methacrylate). The
ligands evidently play an important role by increas-
ing the currents observed in both PC and the gels.
Results from cyclic voltammetry clearly show that
a crystallization process occurs in each case at the
nickel microelectrode surface with varying deposi-
tion rates, resulting in different stripping efficiencies,
all well below 80%. Chronoamperometry measure-
ments showed that all the systems essentially follow
the same three-dimensional nucleation and growth
models, although the gels not surprisingly suffer
from long decay times of the charging currents dur-
ing the early stages of the transient. Galvanostatic
and double potential-step experiments indicate that
the LiPF¢PC/(30wt %) PMMA and LiPF¢.2DG/PC/
(30wt %) PMMA gels have high stripping efficiencies
above 90%. The high viscosity of these gels may be
sufficient to hinder dendritic growth, normally
present in the liquid cell where growth of the deposit
has more freedom, thus making more lithium avail-
able for electrochemical oxidation. The differences

between the stripping efficiencies obtained by cyclic
voltammetry, chronopotentiometry and potential-
step experiments may be attributed to the morphol-
ogy of the deposit caused by variations in deposition
rate. In cases where stripping was inefficient, the
deposit may consist largely of dendrites or needles
which are unavailable for anodic dissolution.
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