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Abstract. Partial electronic conductivity and chemical diffusivity of Li have been measured on the system of
Li3x La2/3−x TiO3 (LLT) with x = 0.13, a prospective Li+ electrolyte, against oxygen activity in the range of
10−22 < aO2 < 0.21 at 557◦, 610◦ and 663◦C, respectively by an ion-blocking polarization technique. It is found
that the electronic conductivity of LLT, which in air is essentially an ionic conductor, varies as a−1/4

O2
to render

it mixed-conductive in reducing atmospheres, say, in aO2 < 10−12. The chemical diffusivity of component Li also
increases from a value of the order of 10−8 cm2/s in air atmosphere up to a maximum on the order of 10−3 cm2/s
as the electronic conductivity increases with decreasing oxygen activity. This is attributed to the variation of the
electronic transference number and the thermodynamic factor with oxygen activity. The latter has been evaluated
to be on the order of 10–103.
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1. Introduction

Since Belous et al. [1] and Inaguma et al. [2] re-
ported on the exciting discovery of unusually high
lithium ion conductivity in titanate-based solid solu-
tions Li3x La2/3−x TiO3 (LLT) with a perovskite-related
structure, these materials have received a considerable
attention due to their potential use as an electrolyte for
solid state ionic devices such as secondary batteries,
chemical sensors and electrochromic displays. Natu-
rally most of the related works have been focused on
the characterization, understanding or improvement of
their ionic conductivity [3–14]. Their partial electronic
conductivity is also an important property to charac-
terize particularly against Li-activity for their applica-
tion as electrolytes. Actually, one drawback of LLT is
known to be the fact that they tend to be reduced at high
Li-activity and increase the partial electronic conduc-
tivity [2]. To the best of our knowledge, nevertheless,
no systematic study has yet been done on their elec-
tronic conductivity.
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We have investigated the partial electronic conduc-
tivity along with the chemical diffusivity on a system of
LLT against oxygen activity by a Hebb-Wagner polar-
ization technique [15–17]. The oxygen activity, instead
of Li-activity, was chosen as the experimental variable
because it is much easier to control experimentally.
Furthermore, a spatial variation or difference of oxy-
gen activity may be regarded as a measure of that of
Li-activity in the system LLT as the rest components
La, Ti and O are practically immobile to remain spa-
tially uniform in distribution [18]. In this paper, we will
report the partial electronic conductivity and chemical
diffusivity of LLT as a function of oxygen activity in
the range of 10−22 < aO2 < 0.21 at 557◦, 610◦ and
663◦C, respectively.

2. Theoretical Background

Since the initiative works by Hebb [15] and Wagner
[16], polarization of a mixed conductor in a semi-
blocking cell has widely been used to study the par-
tial electronic conductivity of mostly ionic conductor
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materials. The transient solutions have earlier been
available to the polarization or depolarization process
only under galvanostatic boundary conditions [19–21].
Recently, Lee and Yoo [17] have proposed more general
transient solutions for the polarization and relaxation
processes under not only galvanostatic, but also poten-
tiostatic boundary conditions even in the presence of
the interference effect between electrons and ions.

High ionic conductivity of the present system LLT
is attributed to the presence of abundant vacancies and
Li+ ion in the A-sublattice of the perovskite structure
ABO3 [22]. One may, thus, reasonably assume that
component La, Ti and O are essentially immobile at
the temperatures of present interest, and consider Li+

cations and electrons to be the mobile charged compo-
nents of the system.

When the electrochemical perturbation leading to a
chemical polarization is small enough, the partial ionic
and electronic conductivities of the system, σLi+ and σe,
respectively, may be regarded as constant. The chemi-
cal polarization and depolarization processes can then
be described in terms of µLi, the chemical potential of
chemical component Li by a simple chemical diffusion
process1 [17]:

∂µLi

∂t
= D̃∇2µLi (1)

with the chemical diffusivity, D̃ defined in accord with
Wagner [23, 24] as

D̃ = RT

F2

σLi+ te
cLi

(
∂ln aLi

∂ln cLi

)
(2)

where te is the electronic transference number, aLi and
cLi the activity and concentration, respectively, of the
chemical component Li, and others have their usual
significance.

For a polarization process, the initial condition is
taken as a uniform distribution of Li or uniform chem-
ical potential µ∗

Li:

µLi = µ∗
Li at 0 < x < L (3)

where L denotes the length of the specimen. The bound-
ary conditions are determined by the polarization mode
employed [17]: For a galvanostatic ion-blocking mode
which will be employed in experiment later on, they
are

JLi+ (x, t) = 0 at x = 0, L (4)

Je(x, t) = −i o/F at x = 0, L (5)

associated with the flux equations for Li+ and electrons

JLi+ = −σLi+

F2
∇ηLi+ (6)

Je = − σe

F2
∇ηe (7)

and the local equilibrium criterion,

∇µLi = ∇ηLi+ + ∇ηe (8)

where i0 is a constant current density passed and ∇ηk

the electrochemical potential gradient of charged mo-
bile component of k-type.

The transient solution to Eq. (1) takes the form [17]

µLi(ξ, ω) = µ∗
Li + i0 F L

σe

[(
ξ − 1

2

)
+ �(ξ, ω)

]
(9)

with

�(ξ, ω) ≡ 4

π2

∞∑
n=1

1

(2n − 1)2
cos{(2n − 1)πξ}

× exp{−(2n − 1)2ω}; ξ ≡ x

L

ω ≡ t

τ
= D̃π2t

L2
. (10)

For the depolarization process from a steady state po-
larization, on the other hand, the initial condition is
the steady state distribution resulting from the polar-
ization process [Eq. (9) as ω → ∞] and the boundary
conditions are

JLi+ (x, t) = 0 at x = 0, L
(11)

Je(x, t) = 0 at x = 0, L

The transient solution then takes the form [17]

µLi (ξ, ω) = µ∗
Li − i0 F L

σe
� (ξ, ω) (12)

One may monitor the polarization or depolarization by
measuring the difference of electronic electrochemi-
cal potential 	ηe or voltage drop 	Ve(= −	ηe/F)
between two potential probes that are appropriately
located along the specimen length. The electronic
electrochemical potential difference is related to the
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chemical potential distribution due to Eqs. (6)–(8) as
[17],

∇ηe = i o F

σ
+ tLi+∇µLi (13)

where tLi+ is the transference number of Li+ ions.
If the two potential probes are positioned symmetri-

cally with respect to the center of a bar specimen (ξ =
1/2) with a separation distance 	ξ , then it can be easily
shown [17] that

	Ve = i o L

[
	ξ

σe
− 2tLi+

σe
�

(
1 − 	ξ

2
, ω

)]
(14)

during polarization, and

	Ve = −i o L
2tLi+

σe
�

(
1 − 	ξ

2
, ω

)
(15)

during depolarization. Obviously, the initial voltage
drops are, respectively,

	Ve,0 = te
i o L	ξ

σe
; 	Ve,0 = tLi+

i o L	ξ

σe
(16)

As t → ∞, on the other hand, Eq. (14) approaches the
steady state polarization potential or

	Ve,∞ = i0L	ξ

σe
. (17)

3. Experimental

Reagents of Li2CO3(4N, Aesar, USA), La2O3(3N,
Aldrich Chemical Company Inc., USA) and TiO2(3N,
Aldrich Chemical Company Inc., USA) were used as
the starting materials. Due to its hygroscopicity, La2O3

was fired at 900◦C for 6 h to remove water and/or carbon
dioxide prior to weighing. A stoichiometric mixture
of these powders, corresponding to the lattice molec-
ular formula Li3x La2/3−x TiO3(x = 0.13), was heated
at 800◦C for 3 h to drive off CO2. After grinding, the
mixture was calcined at 1000◦C for 12 h. Then, the cal-
cined powder was ground, and pressed into pellets of
10 mm diameter and 2–4 mm thickness under the pres-
sure of 150 MPa, which were subsequently sintered at
the temperature of 1150–1300◦C for 6 h, embedded in
the powder of the same composition to suppress lithium
loss. Identification of the crystalline phase of the sin-
tered specimens was later carried out by powder X-ray
diffractometry (XRD).

The as-sintered sample, with a density higher than
95% of the theoretical one, were cut with a low speed
saw into parallelepipeds measuring (1–1.4) mm × (1–
1.4) mm × 9 mm. The ion-blocking electrodes were
prepared by sputtering Pt about one µm thick onto the
both ends of a parallelepiped specimen. As the inner
potential probes, two Pt wires of 0.2 mm diameter were
wound around 2–3 mm apart (= L	ξ in Eq. (14) or
(15)) equidistant from the center of a specimen. In order
to secure a good electrical contact with the inner probes,
a little platinum paste was applied to the surface of the
Pt wires and then they were wound tight through the
grooves which had earlier been made 0.25 mm wide and
0.3 mm deep along a longitudinal edge of the specimen.
The as-prepared ion-blocking cell is schematically il-
lustrated in Fig. 1.

The oxygen activity in the surrounding was con-
trolled by N2/O2 or CO/CO2 gas mixtures, and moni-
tored by a zirconia-based oxygen sensor.

When the specimen was fully equilibrated in a fixed
oxygen activity atmosphere, a constant current was
passed via the sputtered Pt-electrodes by using a cur-
rent source (Keithley 220), and the potential drop, 	Ve,
between the inner probes was monitored using an elec-
trometer (Keithley 196) which was interfaced with a
personal computer. The current was chosen in such a
way that the applied voltages be low enough (less than
100 mV) not to electrolyze lithium out.

The transient voltage drops as measured were finally
fitted to Eq. (14) [or (15) for comparison] to evaluate
	Ve,∞ (Eq. (17)), τ (Eq. (10)) and tLi+as the fitting pa-
rameters and from the first two parameters, in turn, σe

and D̃ were determined. It has turned out that as long as
a polarization process is closely monitored long enough
(so that the corresponding steady state is incipient at
least), the first two can be generally determined pre-
cisely enough. To the contrary, the last is sensitive to
a few data in the very beginning or how fast the data
are acquired (because it is actually determined by the

Fig. 1. Schematic of an electrochemical cell with ion-blocking elec-
trodes.
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initial voltage jump, 	Ve,0, Eq. (16)) and hence, the
evaluated tLi+ is normally subjected to a considerable
uncertainty.

4. Results and Discussion

4.1. Phase Purity

For the nominal composition of Li3x La2/3−x TiO3(x <

1/6), different space groups are found in literature de-
pending on the degree of reliability of the XRD result
refinement [2, 10, 12, 25, 26]. The XRD pattern of our
as-sintered LLT sample is as shown in Fig. 2. Besides
the major peaks for the cubic perovskite cell are ob-
served two types of superstructure reflection lines: (a)
the ordering of La and Li or vacancy along the doubled
c-axis (in triangle); (b) ordering of La, Li and vacan-
cies with a rocksalt arrangement (in closed circle). No
appreciable impurity phase is observed within the res-
olution of the XRD employed and hence, the present
specimens may be regarded as an X-raywise pure cubic
phase.

4.2. Transient Voltage Drop

Figure 3(a) and (b) show the typical polarization and/or
depolarization behavior in air and in a far reduced at-
mosphere of logaO2 = −18.8, respectively. It is noted
that polarization kinetics is extremely sluggish in air

Fig. 2. Typical XRD patterns of LLT.

atmosphere in contrast to that in far reduced atmo-
spheres. This is why the depolarization step could not
be successfully monitored in the air. One can clearly
see in Fig. 3(b) that as described by Eqs. (14) and
(15), an initial voltage drop (Eq. (15)) is followed by
an exponential saturation during polarization and that
(Eq. (15)) by an exponential decay during relaxation.
The time variations of the voltage drops are quite sat-
isfactorily fitted to Eqs. (14) or (15) as depicted by the
solid lines in Fig. 3.

Theoretically, the voltage jumps (or IR drops) im-
mediately after switching on or switching off the cur-
rent should correspond to the total conductivity of the
specimen. As is seen, the part of “IR drop” in Fig. 3(a) is
too small even to discern an “obvious” jump. This indi-
cates that the total conductivity of the specimen LLT is
much larger than the partial electronic conductivity and
hence, a predominantly ionic conductor in air. In the
far reduced atmosphere (Fig. 3(b)), on the other hand,
the part of “IR drop” was appreciably increased to be-
come comparable with the stationary value. It indicates
that the LLT has now become a mixed ionic electronic
conductor (te ≈ 0.7). Nevertheless, the total conductiv-
ities as determined from the initial voltage jumps are
often not so reliable because the voltage value extrap-
olated to the moment of switching-on or switching-
off is normally subjected to a considerable error due
to the limited data acquisition rate of a measuring
instrument employed. In such a case, the AC
Impedance Spectroscopy (IS) technique is often used
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Fig. 3. Typical voltage response under galvanostatic conditions: (a) 610◦C, logaO2 = −0.68; (b) 663◦C, log aO2 = −18.78. The solid and
dashed lines are the best-fitted to Eq. (14) and (15), respectively.

as a good complement to get more accurate σtot. Un-
fortunately, however, the present specimen LLT is too
conductive at the temperatures of present concern and
hence, it was neither trivial to get the total conduc-
tivity values precisely enough by the impedance spec-
troscopy, especially under the far reduced atmosphere.

The temporal variations of voltage drop of the LLT
specimen under different atmospheres are compared in
Fig. 4, where the fitted values for τ are also listed. It is
seen that the relaxation times are all on the same order
of magnitude, but exhibiting a minimum, which will
be considered later on.
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Fig. 4. Temporal variation of the voltage drop across the ion-blocking cell of Fig. 1 at different atmospheres at a fixed temperature.

Fig. 5. Partial electronic conductivity of LLT vs. oxygen activity at different temperatures.

4.3. Partial Electronic Conductivity

The partial electronic conductivities as determined are
shown against oxygen activity at different temperatures
in Fig. 5. The electronic conductivity isotherms, σe(T )

may best be represented as

σe = σe,oa−1/4
O2

(18)

with σe,o = (2.22 ± 0.07) × 10−7, (5.43 ± 0.13) ×
10−7, (1.30 ± 0.04) × 10−6 Scm−1 at 557◦, 610◦ and
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663◦C, respectively, rejecting the three data obtained
in the oxidizing atmospheres (log aO2 > − 5). It should
be reminded that these three had to be evaluated by
fitting only the partial transients that were considerably
off from the steady sate because of the prohibitively
sluggish polarization kinetics (see Fig. 3(a)) in these
oxidizing atmospheres and hence, the fitted values for
	Ve,∞ has to be subjected to a large uncertainty.

The electronic conductivity variation, Eq. (18) may
be understood thermodynamically as follows: For a sin-
gle phase system of LLT under a fixed pressure and
temperature, the Gibbs-Duhem equation is written as

cLidµLi + cLadµLa + cTidµTi + cOdµO = 0 (19)

or in terms of oxide components (LaO1.5 and TiO2)
neglecting oxygen nonstoichiometry

cLidµLi + cLadµLaO1.5 + cTidµTiO2

+ 0.5cLidµO ≈ 0 (20)

where ci denotes the concentration of chemical com-
ponent i . If the concentrations of component La and
Ti remain fixed due to their negligible mobility under
isothermal isobaric condition, one may take dµLaO1.5 =
dµTiO2 = 0 [18] and then,

dµLi = dµLi+ + dµe ≈ −1

4
dµO2 (21)

Across the oxygen activity range in Fig. 5, the ionic
conductivity remains essentially constant indicating
that the irregular structure elements, say, Li•i and V ′′′

La are
in the majority in a hypothetical ideal lattice La2/3TiO3.
Therefore, dµLi+ ≈ 0 and it follows that

n ∝ a−1/4
O2

(22)

However, the detailed defect mechanism leading to Eq.
(22) is not immediately clear. It may involve the precip-
itation of a second phase like the redox equilibrium of
donor-doped BaTiO3 [29], but more systematic study
is yet to be done.

4.4. Ionic Transference Number

In principle, the ionic transference number can be ex-
tracted from the polarization curves via Eq. (14) or (15),
but the results are not sufficiently reliable as described

earlier. So we have employed the total conductivity as
measured by impedance spectroscopy [14] to evaluate
the ionic transference number. The total conductivity
of the present system in air is essentially the ionic con-
ductivity and will remain unchanged over the aO2 range
examined. By combining these ionic conductivity val-
ues and the electronic conductivity of Eq. (18), the ionic
transference number may best be estimated as

tLi+ = σLi+

σLi+ + σe,oa−1/4
O2

(23)

with σLi+ = (4.84 ± 0.01) × 10−2, (5.28 ± 0.02)
× 10−2, (5.37 ± 0.02) × 10−2 Scm−1 at 557◦, 610◦

and 663◦C, respectively. It is illustrated in Fig. 6. One
can clearly recognize that the electrolytic domain (say,
tLi+ ≥ 0.99) is limited to log aO2 ≥ −10.5, −12.0,
−13.0 at 663◦, 610◦ and 557◦C, respectively. Accord-
ing to Eq. (21), the electrolytic domain width of 1 down
to, say, 10−12 of oxygen activity or 	log aO2 = 12 cor-
responds to a Li-activity difference of 	log aLi = 3.
It means that when the Li activity difference imposed
across an LLT electrolyte in a Li-battery is over 3 or-
ders of magnitude at around 600◦C, the electrolyte may
likely fail due to electronic transference. So one has
to further suppress the electronic transference if LLT
is a choice of electrolyte even at room temperature.
It is mentioned that by extrapolating the electrolytic
domain width2 from the three temperatures, one may
expect the electrolytic domain to be log aO2 ≥ −52.
Taking the upper bound as air, then the electrolytic do-
main width in terms of Li-activity is 	log aLi ≈ 13 at
room temperature, which for a Li-battery, corresponds
to an open-circuit voltage of only 0.8 V.

4.5. Chemical Diffusivity

The chemical diffusivities, corresponding to each of
the electronic partial conductivity data in Fig. 5, were
evaluated from the fitted parameter τ to the polariza-
tion processes according to Eq. (14) and shown in
Fig. 7. It should be noted that, the relaxation times
of the polarization and corresponding depolarization
processes are in agreement with each other within
the error bound. For example, the difference between
the relaxation times evaluated from polarization (τp)
and depolarization (τr ) processes is less than 2% at
663◦C in the oxygen activity of log aO2 = −18.8 (see
Fig. 3(b)).
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Fig. 6. Ionic transference number vs. oxygen activity at different temperatures.

Fig. 7. Chemical diffusivity of LLT vs. oxygen activity at different temperatures. Inset: an enlarged view around the maximum chemical
diffusivity. Fitting uncertainty of each datum is no greater than 3%.

It is seen that the magnitude of chemical diffusiv-
ity increases dramatically from, say, ∼10−8cm2/s to
∼10−3cm2/s as the oxygen activity reduces from 0.21
to far reducing atmospheres at all temperatures. The

maximum value of D̃, 5.9 × 10−3 cm2/s is quite com-
parable to that of the oxygen chemical diffusivity of
perovskite BaTiO3 [24, 28], ∼3×10−3 cm2/s. Further-
more, even though it is not so conspicuous as in BaTiO3
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Fig. 8. Thermodynamic factor of LLT vs. oxygen activity at different temperatures.

[24, 28], the chemical diffusivity isotherms also exhibit
a maximum at an oxygen activity of ∼10−17, see the
inset in Fig. 7.

This sort of variation of the chemical diffusivity is
attributed to the variation of the electronic transference
number and thermodynamic factor combined [24, 28]
(see Eq. (2)). As we now know the electronic transfer-
ence number and ionic conductivity of the system, we
can calculate the thermodynamic factor, ∂lnaLi/∂lncLi

via Eq. (2). The result is shown in Fig. 8. The thermo-
dynamic factor takes the values on the order of 10–103.

It appears that the thermodynamic factor will show
a maximum somewhere between log aO2 = − 15 and
−10. The thermodynamic factor becomes maximum
normally at the stoichiometric composition, that is,
δ = 0 for, e.g., Ag2+δS [29] or BaTiO3−δ [24]. It may,
thus, be conjectured that the maximum corresponds to
the stoichiometric composition, Li3x La2/3−x TiO3(x =
0.13) for the present system, but it is yet to be
confirmed.

5. Conclusions

As suspected, the LLT, Li3x La2/3−x TiO3 becomes
mixed-conductive as oxygen activity decreases. Par-

ticularly for the composition of x = 0.13, the partial
electronic conductivity may be estimated as

σe = σe,oa−1/4
O2

(24)

and hence, the ionic transference number as

tLi+ = σLi+

σLi+ + σe,oa−1/4
O2

(25)

with σLi+ = 0.048, 0.053, 0.054 Scm−1 and σe,o =
2.22 × 10−7, 5.43 × 10−7, 1.30 × 10−6 Scm−1 at
557◦, 610◦ and 663◦C, respectively. So one has to
be warned that the LLT as a Li-electrolyte may eas-
ily turn mixed-conductive particularly under the anode
condition.

With increasing electronic conductivity, the chem-
ical diffusivity of Li also increases from ∼10−8 to
∼10−3 cm2/s, exhibiting a maximum around tLi+ ≈
0.8. It is attributed to the variation of the thermo-
dynamic factor (∂lnaLi/∂lncLi) in association with
the electronic transference number in accord with
Wagner’s theory of chemical diffusion. The thermo-
dynamic factor is evaluated to be on the order of
10–103.
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Notes

1. Conventionally, the polarization problem has been solved in terms
of the conventional Fick’s 2nd law by assuming all the transport
parameters, such as partial conductivities and the thermodynamic
factor are constant in the given potentiostatic or galvanostatic
condition. Under the same assumptions, Fick’s 2nd law can be
written equivalently as Eq. (1) and one can again get the same
results therefrom but with much less mathematical difficulty even
for the potentiostatic polarization. Details are referred to Ref. [17].

2. One may estimate, from the data logaO2 = −10.5, −12.0, −13.0
at 663◦, 610◦ and 557◦C, respectively, the lower boundary of
the electrolytic domain, where tLi+ = 0.99, as aO2 = 7.2 ×
108 · exp(−3.6 eV/kT) in the temperature range examined. By
extrapolating this equation, one can estimate the domain boundary
at room temperature.
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