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Abstract

A lithium composite anode (lithium/1-butyl-3-methyl-imidazoleum hexafluorophosphate (BMI+PF6
−)/4-VLZ) for primary lithium/

seawater semi-fuel-cells is proposed to reduce lithium–water parasitic reaction and, hence, increase the lithium anodic efficiency up to
100%. The lithium composite anode was activated when in contact with artificial seawater (3% NaCl solution) and the output was a stable
anodic current density at 0.2 mA/cm2, which lasted about 10 h under potentiostatic polarization at+0.5 V versus open circuit potential
(OCP); the anodic efficiency was indirectly measured to be 100%. With time, a small traces of water diffused through the hydrophobic
molten salt, BMI+PF6

−, reached the lithium interface and formed a double layer film (LiH/LiOH). Accordingly, the current density
decreased and the anodic efficiency was estimated to be 90%. The hypothesis of small traces of water penetrating the molten salt and
reaching the lithium anode—after several hours of operation—is supported by the collected experimental current density and hydrogen
evolution, electrochemical impedance spectrum analysis, and non-mechanistic interface film modeling of lithium/BMI+PF6

−.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

A lithium/seawater battery is an attractive system as a
power source for marine applications. Lithium has a neg-
ative standard electrochemical potential (−3.05 VSHE) and
a high unit mass electrochemical equivalence (3.86 Ah/g)
[1–4]. Seawater is used as the electrolyte and does not need
to be stored in the battery. However, anodic lithium–water
parasitic reactions consume electrons and produce heat and
hydrogen gas. Attempts to slow down or avoid lithium–water
parasitic reactions and reach high anodic efficiency have
been the focus of several research groups over the years
[2–13]. An ion-conductive polymer membrane was used
[4,5,14] to isolate the lithium metal surface from wa-
ter. However, results showed that the polymer membrane
swelled and lost adhesion to the lithium surface while
absorbing water. In this paper, we use an hydrophobic
molten salt, BMI+PF6

−, held in contact with the lithium
metal by a porous membrane; the “composite” system
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is proposed as a substitute for the above polymer mem-
brane. 1-Butyl-3-methylimidazole (BMI+)-based molten
salt with PF6− exhibits excellent chemical stability and
high hydrophobicity. It possesses of an ionic conductivity
of 1.8 mS/cm at 22–23◦C and a density of 1.36 g/cm3 [15].
Its highest water absorption is estimated to be 4%[5].

The hydrophobic BMI+PF6
− is a liquid at room tem-

perature. The wet-ability with lithium metal was not mea-
sured but has a visually good contact. A porous membrane
VLZ-105�m (manufactured by Nippon Kodoshi Corpora-
tion, i.e. NKK) was used to hold the molten salt in contact
with the lithium anode. Although the membrane absorbs wa-
ter, it prevents water leakage if soaked with hydrophobic
BMI+PF6

− overnight before the assembly of the lithium
composite anode. Four layers of the VLZ membrane were
overlapped since the membrane was very soft and thin. A
SEM image of the VLZ membrane is shown inFig. 1.

2. Experimental

The electrochemical cell setup comprised of a lithium/
BMI+PF6

−/4-VLZ composite anode as the working elec-
trode, a nickel wire cathode, and the reference electrode (the
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Fig. 1. SEM image of VLZ.

saturated calomel electrode, SCE), in addition to a hydrogen
gas collector (a burette with an inverted funnel) as shown
in Fig. 2. The nickel wire, wound in circles with the total
surface area of 15 cm2, was able to provide a large enough
cathodic current so the overall cathodic reactions would not
limit the output current of the lithium composite anode.

The lithium composite anode was specially designed
to avoid water leakage. It was assembled in a cylindrical
poly(tetrafluoroethylene) (PTFE) holder in a glove box un-
der an argon atmosphere. The lithium surface area exposed
to molten salt, as well as the membrane exposed to 3% NaCl
solution, was maintained constant and equal to 0.71 cm2.
The synthesis of hydrophobic BMI+PF6

− [5,16] is a very
important process to assure the molten salt purity and high
hydrophobicity.

Once the lithium composite anode was assembled in the
glove box, it was installed in the cell that was submerged in
artificial seawater, 3% NaCl electrolyte. All electrochemi-
cal tests, including potentiostatic polarization and electro-
chemical impedance spectroscopy (EIS), were measured
with a Solatron SI 1280B Electrochemical Measurement
System. An applied constant potential was set at+0.5 V
versus OCP for the potentiostatic polarization. A small ac
potential (10 mV, peak to peak) was applied for the EIS

Fig. 2. Electrochemical cell setup used for electrochemical measurement of the lithium composite anode.

measurement and the sweep frequency ranged from 20 kHz
to 0.1 Hz.

3. Results and discussion

3.1. Potentiostatic anodic polarization of lithium
composite anode

After the lithium composite anode was immersed in artifi-
cial seawater, the open circuit potential (OCP) was measured
to be −2.83 VSCE. Then potentiostatic anodic polarization
was applied at−2.33 VSCE (0.5 V versus OCP). The profile
of the polarization current density is shown inFig. 3. The an-
odic current density was stable at 0.2 mA/cm2 for about 10 h
but then decreased rapidly to 0.05 mA/cm2 and then slowly
decreased to 0.03 mA/cm2 at the 26th hour of polarization.

After the lithium composite anode was disassembled, the
lithium surface was still “shiny” and white LiOH could
not be seen by the naked eye. No hydrogen gas was mea-
surable in the gas collector at any time during the period
of the polarization. The anodic efficiency was considered

Fig. 3. Polarization current density of lithium/BMI+PF6
−/4-VLZ com-

posite anode with polarization potential−2.33 VSCE (before polarization,
OCP= −2.83 VSCE).
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Fig. 4. Nyquist plots in complex plane for the EIS of the lithium composite anode (frequency 20 kHz to 0.1 Hz) (a) before polarization; (b) after polarization.

100% during the first 10 h of the polarization, but dropped
to 90% between the 10th and 26th hour. This affect was esti-
mated from the non-mechanistic interface film modeling of
lithium/BMI+PF6

− in light of the hypothesis of trace water
penetration into the lithium composite anode[11,12]. This
will be explained later in the paper.

3.2. Electrochemical impedance spectrum analysis

The electrochemical impedance spectra of the lithium
composite anode were measured before and again after the
26-h-polarization (respectively, att = 0 and 26 h as shown
in Fig. 3). Before the polarization, the impedance spectrum
showed two processes (Fig. 4(a)). They were a charge trans-
fer process corresponding to the high frequency depressed
capacitive loop and a mass transport process corresponding
to the low frequency sloped line at about a 45◦ angle (in asso-
ciation with diffusion of electroactive species Li+ away from
the lithium surface). After the polarization, the impedance
spectrum presented the disappearance of the sloped line at a
frequency of larger than 0.1 Hz and the depressed capacitive
loop as larger (Fig. 4(b)).

Analysis of the impedance spectra is performed using
Randles equivalent circuit. From the physical characteris-
tics of the lithium composite anode, solution resistance,Rs
(including membrane resistance); diffusion impedance,Wd;
charge transfer resistance,Rct; and interfacial capacitance,
Cinterf; are all considered in the equivalent circuit model
shown inFig. 5. Two constant phase elements (CPEs) were
used, respectively, to represent Warburg impedance,Wd; and
the interfacial capacitance,Cinterf.

Table 1
A comparison of the component values fitted from the Nyquist plots inFig. 4

Parameter Rs (�) Rct (�) Wd = Y−1
0 (jω)−n Z(Cinterf) = Y−1

0 (jω)−n

σ = Y−1
0 (�) n Y0 (�F sn−1) n ω′′

m Cinterf = Y0(ω
′′
m)n−1 (�F)

Before polarization 2453 482 640 0.5 40.6 0.58 2π × 100 2.7
After polarization 1049 7652 62 0.5 8.0 0.83 2π × 5 4.6

Fig. 5. An equivalent circuit model for the lithium composite anode.

A CPE’s impedance is mathematically given by[17],

Z(CPE) = Y−1
0 (jω)−n (1)

The phase angle of the constant phase element impedance
is independent of the frequency and has a value of 90n◦;
so whenn = 1, Z(CPE) is the impedance of a capacitor,
andY0, capacitance. Whenn = 0.5, Z(CPE) is the Warburg
impedance,

Wd(CPE) = Y−1
0 (jω)−0.5 (2)

where Y−1
0 represents the Warburg coefficientσ. A CPE

with the exponentn of 0.5–1.0 is often used in place of a
capacitor to compensate for non-homogeneity in the system.
For example, a rough or porous surface can cause an in-
terfacial capacitance to appear as a constant phase element
[18–20],

Z(Cinterf) = Y−1
0 (jω)−n (0.5 < n < 1.0) (3)

In Eq. (3), Y0 can be converted into capacitanceCinterf
using the following equation[17]:

Cinterf = Y0(ω
′′
m)n−1 (4)
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whereω′′
m is the angular frequency of a maximum value in

the imaginary part of the impedance (Z′′).
The component values in the Randles equivalent circuit

can be determined to best fit the experimental impedance
spectra. The fitted curves are consistent with the experimen-
tal data inFig. 4(a) and (b). The comparison of the com-
ponent values listed inTable 1were applied to identify the
variation of the lithium/BMI+PF6

− interface over the polar-
ization.

The increase of charge transfer resistance,Rct, from 482
to 7652� explains the sharp decrease of current density dur-
ing the potentiostatic polarization. Such increase ofRct is
indicative of the large variation of the charge transfer pro-
cess which could be explained by LiH and LiOH bilayer
films formed on the lithium metal surface resulting from
trace water penetrating into the molten salt and reaching the
lithium surface. It is assumed that the formation of the bi-
layer film slows down the charge transfer process compared
to the process on the active lithium/BMI+PF6

− interface.
The hypothesis of trace water penetration is consistent with
experiment phenomena of no noticeable (by the naked eye)
white LiOH film or no measurable hydrogen evolution.

Solution resistance,Rs, (including membrane resistance)
decreased from 2453 to 1049� over the potentiostatic po-
larization, which is supposed to mainly evolve with increas-
ing conductivity in the molten salt. Because the conductiv-
ity of seawater is high (about 60 mS/cm), the contribution
from the molten salt is dominant to theRs. Corresponding
to the increase ofRs, the conductivity of the molten salt
(2.5 cm thick×0.71 cm2) is calculated to increase from 1.44
to 3.36 mS/cm. The calculated conductivity 1.44 mS/cm
before the polarization is close to the measured conduc-
tivity of BMI +PF6 1.2 mS/cm (a little lower than the lit-
erature value of 1.8 mS/cm). The conductivity (κ) increase
has been attributed to the increase of

∑
i (Di × Ci) =

5.1× 10−11 mol/(cm s) from the increase of ion concentra-
tions,Ci, or diffusion coefficients,Di, of ions in the molten
salt on the assumption that the Nernst–Einstein equation is
applicable to the molten salt[21,22].

κ =
∑

i

(
z2
i F

2DiCi

RT

)
(5)

wherezi is their charge number.F, R, T are, respectively,
the Faraday constant, the gas constant, and the absolute
temperature. Therefore, it is a reasonable postulation that
the dissolution or diffusion of Li+, Cl−, OH− and trace
water into the molten salt increased conductivity of the
molten salt resulting in the decrease of solution resistance,
Rs. Furthermore, the decrease ofRs rules out the possibil-
ity of blockage of LiOH deposit in the VLZ membrane,
becauseRs should increase if LiOH blocks the membrane.
It has shown the high initial solution resistance,Rs, before
the polarization due to the low conductivity of BMI+PF6

−
was exactly the reason of the initially low current density
of the polarization (0.2 mA/cm2).

The Warburg impedance can be explained as the resultant
of desorption and diffusion of the active species Li+ away
from the lithium surface controlling the lithium oxidation
reaction rate at low frequency. The decrease of Warburg
coefficientσ in Table 1is presumably associated with the
increase of Li+ concentration (CLi+ ) and the increase of
its diffusion coefficient (DLi+ ) through the diffusion layer,
where Warburg coefficient is[21],

σ = RT

z2
i F

2

1

CLi+D
1/2
Li+

(6)

Trace water penetration into the molten salt tended to in-
crease the diffusion coefficientDLi+ , since DLi+ is pro-
portional to 1/η (η is viscosity coefficient in the medium)
[21] and BMI+PF6

− has a much greater dynamic viscos-
ity (312 cP [23]) than that of water (0.890 cP[24]). The
increase of Li+ concentration in the molten salt also af-
fected the value of the Warburg impedance that eventually
decreased with experiment time.Fig. 4(b)displays a simu-
lated low frequency sloped line (diffusion tail) close to 45◦
at a very low frequency (<0.005 Hz), indicating the low dif-
fusion impedance of the active species (Li+) away from the
lithium surface.

The value ofn in Z(Cinterf) shows a large deviation from
the value of 1 before polarization. This has been attributed to
the roughness of the lithium surface[18–20]and the tortuous
path of Li+ throughout the molten salt (2.5 cm thick). After
polarization, the porosity of the formed LiOH film brought a
new source of the deviation ofn value from 1,[18,20]while
the surface roughness decreased and ionic conductivity in-
creased in the molten salt. Note that then values of 0.58 and
0.83 are very close to the reported data for rough and porous
surfaces[20]. The value of interfacial capacitance,Cinterf,
increased from 2.7/0.71 = 3.8 to 4.6/0.71 = 6.5�F/cm2.
If the Cinterf after the polarization is assumed to be close
to the space charge capacitance,Csc, in the passive film on
the lithium metal surface by neglecting the Helmholtz ca-
pacitance, the film thickness can be estimated byCinterf ≈
Csc = εε0/d (d is the film thickness;ε, dielectric constant;
ε0, permittivity in free space; 8.854× 10−14 F/cm) [25,26].
If the range ofε value for the film is 10–50 (ε for LiH is
13, ε for LiOH is not available)[24,25], the film thickness,
d, is obtained in the order of 20–100 Å. That is close to the
reported data on the order of nanometers[11,27].

3.3. Stable lithium/BMI+PF6
− interface

When lithium was covered with BMI+PF6
− for 12 h in

a glove box, the lithium surface remained “silvery” to the
naked eye, same as a fresh lithium surface, which appears
to indicate that the molten salt does not react with the
lithium metal. A SEM image of this “silvery” lithium sur-
face (after removing any liquid BMI+PF6

− in a vacuum)
is shown inFig. 6(a). Comparably, a SEM image of a plat-
inum surface covered by BMI+PF6

− (after removing any
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Fig. 6. (a) SEM image of a “silvery” lithium surface covered by BMI+PF6
− (after being removed any liquid in a vacuum); (b) SEM image of a platinum

surface covered by BMI+PF6
− (after being removed any liquid in a vacuum).

liquid BMI+PF6
− in a vacuum) is shown inFig. 6(b). Since

platinum is noble, it is assumed that the BMI+PF6
− does

not have any reaction with the platinum plate. Accordingly,
the image inFig. 6(b)represents the BMI+PF6

− itself. The
lithium surface covered with BMI+PF6

− has a similar struc-
ture to that of the BMI+PF6

− itself, but the former patterns
look more separated, probably because of the formation of
trace LiOH resulting from trace water contamination (from
air when moved out of the glove box to SEM). The im-
age similarity shows that BMI+PF6

− did not react with the
lithium surface and the surface remained “silvery”. Due to
the apparent non-reactivity of BMI+PF6

− with lithium, the
lithium composite anode could output stable current density
for about 10 h, and could hold until lithium consumption, if
nothing contaminated the stable lithium/BMI+PF6

− inter-
face over the time of operation.

3.4. Non-mechanistic interface film modeling of
lithium/BMI+PF6

− in artificial seawater

The interface film modeling of lithium/BMI+PF6 in the
presence of water is shown schematically inFig. 7 [11,13].
Three cases of different presences of water (no water, trace
water, and much water) in contact with lithium/BMI+PF6

−

Fig. 7. Schematic diagram of interfacial reactions that occur at the interface of lithium/BMI+PF6
−.

interface are discussed to explain the variation of the polar-
ization current density and the maintenance of high anodic
efficiency under the potentiostatic discharge of the lithium
composite anode.

When no water contaminates lithium/BMI+PF6
− inter-

face, the interface is stable and the lithium surface maintains
activity. The lithium oxidation reaction directly produces
Li+ ions, which are transported through the molten salt and
4-VLZ membranes to the seawater. Such a process is illus-
trated by the three interface reactions in Case 1 ofFig. 7.
Reaction (I) forms LiLi interstitial; reaction (II) produces
Li+ ion from the interstitial. Reactions (I) and (II) are
lattice-conservative processes; neither reaction results in the
formation of any film. So the sum of these two reactions,
eliminating the interstitial LiLi , is

Li → Li+ + VLi + e− (7)

This reaction corresponds to the lithium oxidation reaction
without forming any film on the lithium surface, which well
explains how the polarization current density of the lithium
composite anode kept stable for about 10 h during the first
period of polarization.

Water penetration through the molten salt and onto the
lithium surface is assumed to be very slow due to the high
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hydrophobicity of BMI+PF6
−. But once trace water reaches

the lithium/BMI+PF6
− interface, reactions (III) and (IV) in

Case 2 ofFig. 7 are activated in addition to reactions (I)
and (II). Reaction (III) is lattice-non-conservative, produc-
ing LiLi interstitial and VH• vacancies. The trace water is re-
duced and produces HH interstitial, shown as reaction (IV).
The addition of these two reactions describes the formation
and growth of a defective inner layer LiH adjacent to the
metal[12,13]

Li + H2O + e− → LiLi + HH + OH− → LiH + OH− (8)

Simultaneously, the OH− from reaction (IV) may directly
combine with the Li+ from reaction (II) and produce LiOH
as the outer porous layer.

The blockage of the lithium surface by the formed LiOH
layer reduces the area available for reactions (III) and (IV).
The formed bilayer film, when water trace reacts at the
lithium interface, is estimated to be very thin. Therefore,
the lithium surface appeared to be “silvery” at the naked
eye. The LiOH film and the really slow water penetration
could not activate reactions (V) and (VI), and accordingly,
no hydrogen gas was produced. The rapid formation of the
bilayer film significantly slows down the kinetics of lithium
dissolution reaction. Reaction (IV) consumes electrons and
decreases the net current. Such facts can explain the quick
decrease of current density inFig. 3. This mechanism can
explain the experimental phenomena that hydrogen gas was
still not measurable after the sharp drop of the polarization
current density.

Because reaction (IV) consumes electrons ejected from re-
action (I) and reaction (III), the anodic efficiency is dropped
below 100%. It was impossible to experimentally measure
the consumption rate of electrons associated with reaction
(IV), but the efficiency loss can be estimated to beic/ia =
10.4%,[11,12], if ia represents the total rate of electron pro-
duction from reaction (I) and reaction (III), andic represents
the rate of electron consumption for reaction (IV). So the
anodic efficiencyη(= 1 − ic/ia) is 89.6% for this case.

If larger amounts of water penetrate the lithium anode
system and reach the lithium/BMI+PF6

− interface, reactions
(V) and (VI) in Fig. 7will be activated in addition to reaction
(I) to (IV). Hydrogen gas is evolved and a thick LiOH layer is
formed. This scenario happened when the lithium composite
anode had cell leakage, or when lithium metal was directly
immersed in the seawater[11,13].

4. Conclusions

A lithium composite anode (lithium/BMI+PF6
−/4-VLZ)

for primary lithium/seawater semi-fuel-cells gave a stable
anodic current density at 0.2 mA/cm2 for about 10 h under
potentiostatic polarization at an overpotential+0.5 V in arti-
ficial seawater. BMI+PF6

− does not react with lithium sur-
faces. Lithium oxidation reaction in the lithium composite
anode produced electrons without forming any film on the

lithium metal surface, and, hence, the stable lithium oxida-
tion reaction generated a stable current density with 100%
anodic efficiency. If the lithium composite anode could keep
such “ideal” discharge state until lithium consumption, an
applicable lithium/seawater battery will be realized.

However, the current density quickly decreased after
about 10-h-polarization, and then decreased slowly. Nev-
ertheless, the anodic efficiencyη is estimated to be 90%.
Trace water penetration onto the lithium surface yielded
the formation of a bilayer film (LiH and LiOH) that signif-
icantly slowed down the lithium oxidation reaction origi-
nally occurring on the active lithium/BMI+PF6

− interface.
The hypothesis of trace water penetration into the lithium
composite anode is consistent with the experimental phe-
nomena of no noticeable white LiOH film or no observ-
able H2 and more importantly, the high hydrophobicity of
BMI+PF6

−. Furthermore, trace water penetration has been
demonstrated to be in agreement with the electrochemical
impedance spectrum analysis and non-mechanistic interface
film modeling of lithium/BMI+PF6

−.
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