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Abstract The electrolytic conductivity and viscosity of
lithium perchlorate in bis-1,4-dioxapentyl sulfate (IV)
[0S22] and 1,4,7-trioxaoctyl sulfate (IV) [OS32] were
determined as a function of salt concentration (0.00005—
2 M) and temperature (286-318 K). At 298 K, the
highest conductivity (k=2.77x107 Q' em™") was
achieved for OS22 based solutions containing 1-2 M
LiClO,4. Formation of electrically neutral ion pairs ap-
peared to be the main reason for a continuous decline in
the molar conductivity (A) observed in dilute solutions
with increasing salt concentration. Additionally, an in-
crease in the dynamic viscosity (1) accounted for a de-
crease in the mobility of charge carriers with increasing
length of the oxaalkyl chain in the podand molecules.
The temperature dependence of the conductivity and
viscosity was found to be of the Arrhenius type for both
systems investigated, while the activation energies, E,”
and E,,#, varied in parallel with the degree of interionic
aggregation. CVs obtained on a polycrystalline Pt elec-
trode indicated the electrochemical stability of OS22 in
the potential range between —0.8 V and 4.7 V versus
Li"/Li. A linear current density—potential dependence,
with the same slope for the anodic and cathodic branches
proved the reversibility of lithium electrodeposition and
re-dissolution at the Pt/1 M LiClO4+ OS22 interface.
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Introduction

Bis-oxaalkyl sulfates (IV), a novel group of recently
synthesised podand compounds [1] have been recognised
as effective complexing agents for alkali metal and
alkali earth metal cations. Our previous spectroscopic
investigations [2] revealed that Li™ cations are almost
quantitatively coordinated to the ether oxygens of
bis-1,4-dioxapentyl sulfate (IV) [OS22] and/or 1,4,7-tri-
oxaoctyl sulfate (IV) [OS32], producing 1:1 complexes.
The '3C- and "Li NMR spectra provided evidence for
a fast fluctuation of Li™ cations between all the oxygen
atoms in an open ring-like channels formed by the
oxaalkyl chains of podand molecules studied.

The above mentioned features along with a chemical
stability and fire resistance have stimulated our interest
in the bulk and interfacial electrochemical behaviour of
bis-oxaalkyl sulfates (IV). Recently, upon development
of lithium batteries it has been found that solubility and
dissociation of lithium salts in aprotic low-molecular
and polymeric solvents, as well as consequently the
conductivity level of the resulting electrolyte systems,
may be enhanced by introducing various oxo- and
aza(oxo)-ligands, such as crown ethers, cryptands or
calixarenes [3 and refs. therein, 4, 5, 6]. Up to now,
however, the relevant data for podands have been very
scarce [7, 8, 9]. This paper reports results of a study of
the effect of salt concentration, temperature and the
oxaalkyl chain length on the conductivity and viscosity
of the OS22 and OS32 based LiClO,4 solutions. Fur-
thermore, the resistance of OS22 based electrolyte
against electrooxidation at high positive potentials and
the kinetics of lithium deposition-dissolution is charac-
terized by cyclic voltammetry.

Experimental

Bis-1,4-dioxapentyl sulfate (IV) and 1,4,7-trioxaoctyl sulfate (IV)
were synthesised and purified according to the procedures given in
the previous work [1]. According to the Karl Fischer titration, the
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water content of the purified solvents was less than 0.01%. LiClO4
was re-crystallised twice from water and dried at 393 K in a vac-
uum oven prior to use. All electrolyte preparations as well as
transfer of solvents and solutions into the experimental cells were
performed in an inert atmosphere dry box.

The resistance of solvents and electrolyte solutions was mea-
sured in a glass cell with two slightly platinized Pt electrodes,
using a precise a.c. conductance bridge with a sinusoidal gener-
ator GFT 73 ZDZ-Warsaw (3—10 kHz). The cell constant was
repeatedly determined prior to each series of measurements using
KCl aqueous solutions of known conductivity. The relative per-
mittivity (e¢) of the solvents was determined with the use of an
impedance analyser Solatron 1260 (3—100 kHz). Ubbelohde visc-
ometers were used to determine the dynamic viscosity coefficients
(7). The relative 5 values were determined in comparison with the
standard value of 0.8937 cP for H,O and 2.513 cP for PC at
298 K [10]. The density of solvents and solutions (d) was mea-
sured with a pycnometer. The temperature of the systems under
investigation was controlled at £0.01 K.

The voltammetric behaviour of the OS22 based 1 M LiClOy4
solution was tested in a one compartment glass cell with a poly-
crystalline Pt sheet of 0.85 cm? geometric area as a working elec-
trode and a Pt wire of ~10 cm® geometric area as a counter
electrode. A reference Li*/Li electrode in the same electrolyte
solution was equipped with Luggin capillary [11]. A standard vol-
tammetric apparatus consisted of a potentiostat (Elpan EP20), a
wave generator (Elpan EG20) and a X, Y recorder (endim 620.02).
The pre-treatment procedure included activation of the working
electrode in 0.5 M H,SO, by cycling (1 V s™") between 0.05 V and
1.5 V until a stationary voltammogram was obtained. Next, the
roughness factor of Pt (rf=3.5) was determined from the charge
corresponding to the reductive adsorption and/or oxidative
desorption of hydrogen, assuming that a hydrogen monolayer re-
quires 0.210 mC cm™2 [12].

Results and discussion
Conductivity and viscosity

Figure 1 shows the concentration dependence of the
conductivity (x) of LiClO4 solutions in 0OS22
(d=1.143 gecm™, €=20.1 at 298 K) and OS32
(d=1.171 gecm™, e=19.4 at 298 K). Starting from the
LiClO4 concentration (c¢) of 0.00005 M, an increase in
the amount of ionic carriers results in the conductivity
increase in both systems investigated. Then the value of
K of OS22 based solutions achieves a maximum at about
1 M LiCIO4 and remains constant up to ~2.5 M at the
level of 2.77x107* Q™' em™'. When OS32 is used as the
solvent, it decreases from the maximum value of
1.46x107° Q' em™! with the LiClO4 concentration
increasing above 1.5 M. The data in Fig. 1 demonstrate
that the conductivity of the OS22 is about two times
higher than that of the OS32 based solutions over the
whole concentration range investigated.

As evidenced in Fig. 2, the molar conductivity (A) of
both OS22 and OS32 based electrolyte continuously
decreases with increasing amount of LiCIO,4. For dilute
solutions (¢ < 3.2x1077¢* M at 298 K [13], where ¢ de-
notes the relative permittivity of the solvent) the plot of
the experimental A values versus the square root of the
salt concentration is linear, with the slope greater than
expected on the basis of the Onsager equation for
completely dissociated electrolytes [14]. This behaviour
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Fig. 1 Conductivity as a function of LiClO4 concentration in (1)
bis-1,4-dioxapentyl sulfate (IV) [0S22] and (2) 1,4,7-trioxaoctyl
sulfate (IV) [0S32]; T=298 K
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Fig. 2 Molar conductivity as a function of the square root of
LiClO4 concentration in (1) bis-1,4-dioxapentyl sulfate (IV) [0S22]
and (2) 1,4,7-trioxaoctyl sulfate (IV) [0S32], T=298 K

can be rationalised in terms of a successive formation of
uncharged ion pairs and thus a suppression in the
number of ionic carriers with increasing salt concentra-
tion because of increasingly stronger mutual interactions
between ClO,~ anions and Li™ cations accommodated
in channels between the oxaalkyl chains of the podand
molecules (P).

Upon assumption that the Li™ cations coordinated
to the ether oxygens within the oxaalkyl chains exist in
equilibrium with uncomplexed Li* cations and neutral
interionic clusters:

Li*+P + ClO; 2 (Li'P) + CIO; = (Li'PCIO;) (1)



the experimental equilibrium constant (K) between the
uncharged and ionic species is related to the formation
constant of the complex between Li* cations and sol-
vent molecules (K;) and to ion pairs association constant
(K,) according to the expression: K=K, {1/[1+(1/
Kics)]}. The symbol c¢g denotes the concentration of the
complexing agent. Because for the systems investigated
(1/(Kges) <1 [15] and thus K=K, analysis of the
experimental data based on the Fuoss—Krauss equation:

F2)JA = 1Mo + AP [A2F(2)] 2)

and the tabulated F(z) function values [13] permits
evaluation of the ion pairs association constant K, along
with the limiting molar conductivity A,. The corre-
sponding linear plots are depicted in Fig. 3. Using the
numerical method, upon assumption of 1 M as a stan-
dard concentration, we obtained K,=256+3 and
Ag=28.5+0.1 Q' cm? mol™' for the LiClO4/0S22
system, while K,=2270+30 and A,=19.5+0.1 Q' -
cm” mol~! was calculated for the LiClO,/OS32 system.

According to the K, values determined, the relative
fraction of ClO,4 anions interacting with the complexed
Li" cations strongly enough to promote a formation of
ion pairs, appears to be considerably higher in OS32
than in OS22 solutions. The reason might be a weaker
repulsive interaction between CIO4  anions and the
sulfate group of the podand molecule with Li" cations
coordinated to the ether oxygen sites in 4 and 7 positions
than in 1 and 4 positions. Therefore, the counter-ions
would be liable to come near the Li" cations in OS32
based solutions.

Since the e value was proved to be almost the same
for both solvents, it is plausible that the difference in
mobilities of charge carriers, and consequently in x and
A, is mainly caused by an increase in the solvent vis-
cosity with increasing length of the oxaalkyl chain in the
podand molecules. This conclusion is supported by the
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Fig. 3 Plots of F(z)/A versus [cAfZ/F(z)] for diluted LiClO4
solutions in (1) bis-1,4-dioxapentyl sulfate (IV) [OS22] and (2)
1,4,7-trioxaoctyl sulfate (IV) [OS32]
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fact that the conductivity ratio of the OS22 and OS32
based solutions (see Fig. 1) corresponds well to the vis-
cosity ratio. At 298 K, the coefficient of dynamic vis-
cosity (1) was found to be equal 2.05 cP and 5.09 cP for
pure OS22 and OS32, respectively. Additionally, a lower
conductivity of LiClO4+ OS32 solutions than that of the
LiClO4+ OS22 solutions may be also connected with a
larger effective radius of the solvated Li™ cation in the
former system.

It is worth noting that up to the LiCIO4 concentra-
tion of 0.05 M, the corrections for viscosity changes in
the OS22 and OS32 based solutions can be neglected.
However, specific interionic interactions of higher order
than pairwise become appreciable for more concentrated
electrolyte solutions, which is manifested as a continu-
ous rise in the # value. For the LiClO4 + OS22 system at
298 K we have found 1=2.90 cP, 4.52 cP and 6.48 cP at
salt concentrations of 0.5 M, 1 M and 1.5 M, respec-
tively. Measurements for 1 M LiClO,4+ OS32 solution
revealed 17 =16.49 cP.

An increase in dissociation degree of ion multiplets
should be expected with increasing temperature. In fact,
the viscosity of solutions decreases with increasing
temperature, while the opposite effect is observed for the
conductivity. As shown in Figs. 4 and 5, changes in the
conductivity and viscosity of the solutions studied over
the temperature range 286318 K satisfy the Arrhenius
equation. The corresponding activation energies are
listed in Table 1. It is characteristic that an increase in
the degree of interionic aggregation with increasing salt
concentration and/or replacement of OS22 solvent with
0OS32 results in higher activation energy of both con-
ductivity and viscosity. One can state that independently
of the length of the oxaalkyl chains in the podand
molecules, the activation energies obtained from the
viscosity data (En#) at fixed salt concentration are by
about 20 kJ mol~' higher than those calculated from
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Fig. 4 Temperature dependence of the conductivity (x/Q~" cm™)
for solutions: (1) 0.05 M LiClO,+0S22, (2) 1 M LiClO4+ 0OS32,
(3) 1 M LiClO4+ 0822, (4) 1.5 M LiClO4+ 0822
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Fig. 5 Temperature dependence of the coefficient of dynamic
viscosity (n/Poise) for solutions (1) 0.05 M LiClO4+ OS22, (2)
1M LiClIO4+0S822, (3) 1.5M LiClIO4+0S22, (4) 1 M Li-
ClO,+ 0832

the conductivity data (E,*). A similar effect was earlier
observed in concentrated aqueous solutions of LiBr and
NH4Br [16]. Thus, it seems plausible that the viscous
flow is determined mainly by the movement resistance of
ion pairs and multiple ion aggregates, while the charge
transport in the LiClO4+0S22 and LiClO4+ OS32
systems occurs, at least in part, by hopping of individual
Li" cations between neighbouring solvent clusters. As
follows from the A value obtained for OS22 based 1 M
LiClO,4 solution, the sum of the cations and anions
mobilities is equal to 25x107°cm?s™' V7!, Conse-
quently, assuming the potential difference of 3 V across
a 0.3 cm thick layer of the solution between the elec-
trodes, typical of lithium cells, the rate of charge trans-
port should be of about 3 um s™'. On the molecular
scale it means that the Li* cation passes about 10*
solvent molecules per second. In view of the actual state
of knowledge about the electrolytes indispensable for the
lithium batteries [3,17, 18, 19, 20, 21, 22, 23, 24, 25, 26],

Table 1 Activation energies of conductivity (E.”) and viscosity
(E,) for 0822 and OS32 based LiClO, solutions

Solution EZ (k] mol™) E} (kJ mol™)
0.05 M LiClOy4 in 0S22 9.9+0.4 28.6+ 0.9
1 M LiClOy in 0OS22 154409 33.8+0.4
1.5 M LiClOy4 in 0822 17.54+0.7 36.0+£0.9
1 M LiClOy in OS32 223404 43.6+0.3

some improvement in the conductivity can be expected
by reducing the viscosity and/or the degree of electrolyte
association through a combination of OS22 or OS32
with appropriate organic co-solvents and/or lithium
salts.

Voltammetric characteristics

Not only the conductivity but also the electrolyte sta-
bility is of primary importance for the long life charge
and discharge performance of the secondary batteries
[3,17,18, 27, 28, 29]. Information on the electrochemical
reactivity of the OS22 based 1 M LiClO,4 solution was
obtained in a series of potentiodynamic experiments at a
polycrystalline Pt electrode. As expected, the represen-
tative CVs in Fig. 6 indicate an excellent cyclability of
the system over a wide potential window between —0.8 V
and 4.7 V versus Li" /Li, without any reductive or oxi-
dative decomposition of OS22. The lithium electrode-
position and re-dissolution, both starting close to
E=0 V versus Li"/Li, appear to be the only processes
giving rise to the cathodic and anodic current, respec-
tively, in the corresponding potential ranges: —0.8 V to
0 Vand 0 V to 0.8 V. The fact that the charge related to
the lithium dissolution is almost equal to that of the
lithium deposition proves an excellent stability of OS22
against any electroreduction. Further, after removal of
lithium from the Pt surface, being reflected in CVs as the
anodic current peak with the maximum at about 0.6 V,
there is no other evidence for any charge transfer up to
the onset of a Pt surface oxidation, manifested by a
small anodic current at E=4-4.7 V. Taking into ac-
count the corresponding charge densities, there is no
doubt that the cathodic current peak around 2.55 V
upon the following negative sweep corresponds exclu-
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Fig. 6 Cyclic voltammograms of a polycrystalline Pt electrode in
1 M LiClO4+ OS22 with the anodic potential limit of 5.2 V. Inset:
lithium deposition and dissolution upon cycling between —0.8 V
and 0.4 V; v=0.01 Vs~'; T=298 K



sively to the electroreduction of a Pt oxide layer. This
conclusion is supported by the observation that such a
cathodic peak was absent in CVs when the anodic po-
tential limit was restricted to Ex~3 V. A progressive
growth of the anodic current, due to an irreversible
OS22 electrooxidation, is found only at the electrode
potentials higher than 4.7 V.

Note that, in contrast to OS22, the reductive
decomposition of the solvents actually often used in
practical lithium batteries, such as ethylene carbonate
(EC) and dimethyl carbonate (DMC), occurs on a
graphite electrode with ethylene evolution already at
E<0.8 V [30, 31]. Various hydrocarbons (CH,4, C,Hg,
C;3;Hg and C;Hg) are generated, along with a surface
layer containing lithium alkyl carbonates, lithium alk-
oxy species and/or insoluble lithium salts, from the
mixed solvents: propylene carbonate (PC), ethylmeth-
ylcarbonate (EMC) and diethyl carbonate (DEC) [32,
33, 34]. On the other hand, these compounds do not
undergo electrooxidation up to comparable or even
somewhat higher positive potentials than OS22 [17, 18,
21, 22, 27, 35, 36, 37] depending on the electrode
material.

It should be emphasised that the lithium electrode-
position and re-dissolution at the Pt/1 M LiCIO,4+ OS22
interface occurs reversibly under potentiodynamic con-
dition. This is clearly evidenced by the linear current
density (j) versus potential (E) relationship with the same
slope of the anodic and cathodic branches in successive
cycles (see CVs in Fig. 6 and inset to Fig. 6) indepen-
dently of the sweep rate (up to 100 mV s™'). A similar,
purely resistance behaviour, within the potential range
much greater then that predicted by the Volmer—Butler
equation, has been also reported for the Li*/Li elec-
trode in SOCI, [38] and PC [34, 39]. The reason for such
behaviour can be a super-imposition of the deposition/
dissolution of lithium with the formation/dissolution of
a superficial surface layer that may be composed of both
inorganic and organic compounds, including polymeric
molecules.

In earlier works on the charge—discharge perfor-
mance of Li in electrolytes with alkyl carbonates and
ethers, it has been shown by the electrochemical and
spectroscopic techniques that a surface layer with pro-
tective properties is formed on the metal surface in-
stantly upon contacting the solution as well as later by
the electroreductive decomposition of the solvent and/or
the anion of the electrolyte [33, 34, 40, 41, 42 and refs.
therein]. Evidence has been given that the chemical
nature of the surface layer, dependent on the electrolyte
composition, strongly affects the cyclability of Li elec-
trodes, which was manifested among others by changes
in their characteristic upon cycling in opposite directions
[33, 34, 42]. In contrast, in our studies of the Pt/Li sys-
tem in 1 M LiClO4+ OS22 solution we have not ob-
served any hysteresis of the j—E curves recorded during
the negative and positive sweep (Fig. 6). This fact to-
gether with a relatively low value of the reaction resis-
tance obtained from the j—E plot (R, =65.3+0.4 Q cm?)
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suggests that the surface layer at the Pt/Li electrode is
highly conductive for Li" cations. The corresponding
exchange current density is equal to j,=RT/
FR,=0.393+0.003 mA cm 2. Further studies should
clarify the chemical nature and morphology of the Pt/Li
surface in the OS22 based electrolyte solutions as well as
the cycling performance of this electrolyte with respect
to the electrodes commonly used in practical lithium
batteries.

Conclusions

As proved by the above discussed bulk and interfacial
behaviour, bis-1,4-dioxapentyl sulfate (IV) appears to be
a suitable electrolyte solvent or co-solvent for battery
applications. This compound satisfies the requirements
of a high solubility of LiCIO4 and ensures an almost
constant conductivity of 2.77x107° Q' em™" at a salt
concentration of 1-2.5 M. While the lithium electrode-
position and re-dissolution occur reversibly at the Pt/
electrolyte solution interface, OS22 itself is immune to
any electrochemical reduction or oxidation in the po-
tential range —0.8 V to 4.7 V versus Li " /Li.
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