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We study ionic transport in nano- and microcrystalline (1 — x)Li,0:xB,0; composites using standard
impedance spectroscopy. In the nanocrystalline samples (average grain size of about 20 nm), the ionic
conductivity o4, increases with increasing content x of B,O; up to a maximum at x = 0.5. Above x =
0.92, o4, vanishes. By contrast, in the microcrystalline samples (grain size about 10 wm), 4. decreases
monotonically with x and vanishes above x = 0.55. We can explain this strikingly different behavior
by a percolation model that assumes an enhanced conductivity at the interfaces between insulating and
conducting phases in both materials and explicitly takes into account the different grain sizes.

PACS numbers: 61.82.Rx, 05.40.—a, 05.70.J, 66.30.Dn

Nanocrystalline materials are polycrystals with a grain
size of a few nanometers [1]. In recent years nanocrys-
talline ceramics have attracted considerable attention due
to their broad potential applications as advanced materials
with controlled chemical, mechanical, electrical, magnetic,
and optical properties[1,2]. Many of the properties can be
attributed to the enhanced fraction of grain boundaries in
these materials: The fractions of atoms being located in
these boundaries can be up to 50% [2].

By reducing the grain size, the conductivity of some
ionic conductors could be raised, for example in nanocrys-
talline CaF, [3]. However, the experiments were done so
far only for nanocrystalline monophase materials. Grain
boundaries with an enhanced ionic conductivity are known
to occur also in microcrystalline diphase systems, where
an insulator is added to a poorly conducting material [4].
These systems are called dispersed ionic conductors (DIC).
The enhanced ionic conductivity may have different ori-
gins (see, e.g., [5-7]) and can lead to a pronounced maxi-
mum in the total ionic conductivity as a function of the
insulator content [4—10].

These dispersed ionic conductors are prepared by melt-
ing the ionic conductor and adding the insulator (mainly
Al,O3) to it. In this paper, we study diphase micro- and
nanocrystalline materias, which are prepared by mixing
the two different powders and pressing them together to a
pellet, combining both aspects of nanocrystalline as well
as of DIC materials. This enables us to modify the grain
size of the ionic conductor as well as of the insulator
(i) independently, and (ii) over 3 orders of magnitude (from
micrometers to nanometers). We find that in the nanocrys-
talline systems the conductivity can be increased strongly
by adding the insulator, while in the microcrystalline mix-
tures the conductivity decreases monotonically. The acti-
vation energy remains almost constant in both cases. We
can explain the surprising result by a continuum percola-
tion model that explicitly takes into account the effect of
the different grain sizes on the ionic conductivity.
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The source materials of our samples were Li, O (99.5%,
Johnson Matthey) and B,O; (99.9%, Johnson Matthey)
powders, where the grains have an average diameter of
about 10 um. In the composite samples, the former rep-
resents the conductor (Li being the charge carrier) and the
latter the insulator. The microcrystalline samples were
prepared from the original powders by carefully mixing
and then compressing them under 1 GPa uniaxia pressure
at room temperature (300 K). The nanocrystalline pow-
ders were produced in a high energy ball mill (Spex 8000)
by milling the microcrystalline powders for 16 h (Li,O)
and 8 h (B,03). The line broadening of x-ray diffraction
(XRD) patterns (Fig. 1) indicates that the milling results
in an average grain size of about 20 nm for both materials.
To achieve a good mixing of the nanocrystalline powders,
the two materials were milled together in the ball mill for
15 min. The resulting nanocrystalline powders were then
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FIG. 1. XRD diffraction patterns of pure Li,O on the left side
and B,0O; on the right side. The upper curves belong to the
microcrystalline materials and the lower curves show the line
broadening in the nanocrystalline materials due to the reduced
grain size (angle 26 refersto Cu K« radiation).
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pressed to pellets like the microcrystalline samples. In al
cases the electrical contacts were pressed from platinum
powder. The cylindrical samples typically have a diameter
of 8 mm and a thickness of about 2 mm. All preparation
steps were performed in argon atmosphere.

Experimental difficulties arise from the nature of the ma-
teridls: Li,O is unstable in air, the nanocrystalline mate-
rials tend to anneal (leading, e.g., to grain growth), and
the two substances Li,O and B,O; react together, yield-
ing lithium borate with various stoichiometries, at higher
temperatures. For these reasons, we have performed dif-
ferential thermal analysis (DTA), XRD, and annealing ex-
periments to detect a suitable temperature range for our
impedance spectroscopy studies. The results show that be-
low a temperature of 500 K no irreversible changes occur
in the samples. Besides these difficulties, the advantage of
our samples is that the diffusivity of Li can be examined
directly using standard NMR techniques [11,12].

The impedance measurements were carried out in an ar-
gon atmosphere using a standard HP 4192A impedance
analyzer in the frequency range from 5 Hz to 13 MHz,
for temperatures in the range from 300 to 500 K. Fig-
ure 2 shows typical conductivity spectra of the measured
samples, here, as an example, for pure nanocrystalline
Li,O. At low frequencies, al samples show a very dis-
tinct plateau which represents the dc conductivity of the
material, oq.. At higher frequencies, the spectra exhibit a
strong dispersion due to the restricted motion of the Li ions
in the disordered structures. From the data, we can extract
the activation energy E,.., defined by the Arrhenius be-
havior o4 = o exp(— BE,e), With B = 1/kgT, which
turns out to scatter around 1 eV, E,.c = (1.0 = 0.2) eV,
for al x.

Although the activation energy remains almost constant,
the ionic conductivity of the nanocrystalline samples rises
strongly asthe content x of B, O3 isincreased. Asisshown
in Fig. 3 for three different temperatures, the conductivity,
plotted versus insulator concentration p [13], reaches a
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FIG. 2. Conductivity spectra of pure nanocrystalline Li,O in
the temperature range from 418 to 497 K showing the dc plateau
and the dispersive region at higher frequencies.
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maximumat x = 0.5 (p = 0.7) and decreaseswith further
increasing B,Os; content. Above x = 0.92 (p = 0.96),
the dc conductivity becomes smaller than 10~° S/cm and
cannot be detected by our impedance apparatus. It is re-
markable that, contrary to the conventional DICs, a tiny
volume fraction (=0.04) of the ionic conductor is suffi-
cient to obtain a dc conductivity that is higher than that of
the pure ionic conductor. The figure also shows that the
behavior of the nanocrystalline samples differs drastically
from the behavior of the microcrystalline samples, where
the conductivity decreases monotonically with increasing
B,0O; content. In this case, the decrease of the conduc-
tivity is much faster than the decrease of the charge car-
rier concentration, suggesting that the mobility of lithium
ions is decreased by adding the insulator. Above x =
0.55 (p = 0.7), the dc conductivity becomes smaller than
10~ S/cm, for all temperatures considered. The differ-
ences between micro- and nanocrystalline composite ma-
terials are quite remarkable in view of the fact that for
micro- and nanocrystalline pure Li,O materials the con-
ductivities are approximately equal [14].

To explain these surprising experimental observations,
we assume that, similarly to dispersed ionic conductors,
(i) B,O; acts as an insulator for the lithium ions, (ii) the
mobility of the Li ions along the diphase boundaries be-
tween ionic conductor and B,O; is larger than in the bulk
lithium oxide, and (iii) the thickness A of this highly con-
ducting interface is independent of the grain size.

The experimenta results shown in Fig. 3 strongly sug-
gest the existence of two different percolation thresholds
for the conduction paths, p. = 0.7 for microcrystalline
samples and p. = 0.96 for nanocrystalline ones, above
which the dc conductivity of the composite vanishes.
These different thresholds can be understood by simple
geometrical arguments. In the case of microcrystaline
samples, the highly conducting region at the interface
between B,O; and Li,O grains does not play a role
since its width is negligible compared to the grain sizes,
and conducting paths can open up only when two Li,O
grains get in direct contact to each other. Qualitatively,
we can expect a percolating conducting path when the
Li,O concentration gets larger than 0.3 (i.e,, p = 0.7),
which is between the percolation threshold of spheres in
athree-dimensiona continuum percolation model (=0.28
[15]) and the percolation threshold of sites in the simple
cubic lattice (=0.31 [15]). In the case of nanocrystalline
samples, however, the situation is quite different since
the width of the highly conducting interface becomes
comparable to the grain sizes. In this case, the highly
conducting region can act as a bridge between two Li,O
grains not in direct contact to each other, opening up
additional paths for Li ions. A percolating conducting
path can be disrupted at much higher concentrations of
B,O; than for micrometer sized grains. Again, we expect
the critical value to be between that of site percolation
(pe = 0.90) and overlapping spheres (p. = 0.97) [15].
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FIG. 3. Plot of the dc conductivities of the micro- and nanocrystalline composites vs insulator volume fraction p at three different
temperatures. (8) T = 433 K, (b) T = 453 K, and (c) T = 473 K. The conductivity of the nanocrystalline samples (open circles)
shows an enhancement up to a maximum at p = 0.7 (x = 0.5), while the conductivity of the microcrystalline composites (full
circles) decreases monotonically. The lines show the dc conductivities obtained from the continuum percolation model discussed in

the text.

To describe the dependence of the dc conductivity of
Li,O:B,0; composites, o4.(p), on the insulator concen-
tration p, we employ a continuum percolation model simi-
lar to that studied earlier for dispersed ionic conductors
[10]. Inthismodel, the size of dispersed particlesisconsid-
ered explicitly and the conductivity is estimated by means
of the effective medium approximation (EMA), yielding
an anaytical expression for o4.(p). Denoting by Po(p),
PA(p), and Pg(p), the concentrations of the insulator, the
highly conducting diphase boundaries, and the ionic con-
ductor, respectively, oq4.(p) is given within EMA by

1
-2

X [=A + (A2 + 27[z = 2 — zPo)'?], (D)

O'dc(P) = OB

where A = 7(1 — zPA/2) + (1 — zPgp/2), z is a pa
rameter determining the percolation threshold p. at
which o4. = 0, and 7 = oa/op is the enhancement
factor, defined as the ratio between the conductivities
of the highly conducting interface and of pure Li,O,
respectively. It is natural to assume, as suggested by the
experiments, that both o5 and o are thermally activated,
e, oa = o exp(—BEs) and o = o exp(—BE),
where E5 and Eg denote the corresponding activation
energies.

In the present model, the concentrations of the
three components are given by Pyo(p) = p, Pp(p) =
(1 — p)", and Pa(p) = 1 — p — Pg(p), with

R+ A
= 2
Ui R 2
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where R is the radius of the particles (R = 10 nm for the
nanoparticles and R = 5 um for the microparticles) and
A is typically between 0.5 and 1 nm [2]. According to
Eg. (1), the percolation threshold for the disruption of con-
ducting paths, p.,isgivenby p. = (z — 2)/z. Thus, from
our previous discussion, we expect that for nanocrystalline
samples, p. = 0.97, obtaining z,ano = 59, while in the
microcrystalline case p. = 0.70 and zpjcro = 7.

The remaining parameters, except for the value of the

interface conductivity aff), can be easily estimated from
the measurements of o4, for pure Li,O, yielding Eg =
1 eV and 01(30) = 1.5 X 10* S/cm. Further, we assume
that Eo = 1 eV, as suggested by the Arrhenius behavior
of o4c(p), andtake R = 10 nmfor the nanoparticles, R =
5 pum for the microparticles, and A = 1 nm for the width
of the highly conducting region.

The theoretical results, obtained for the reasonable
choice o = 1.5 X 10° S/cm, are displayed in Fig. 3,
where they are compared with the experimental data at the
three different temperatures considered. The agreement
between experimental and theoretical results is remarkably
goad in view of the simplicity of the model employed.

The choice of aff) depends on the value for E5. For
dlightly smaller values of E 4, considerably smaller values
of a/(f)/al(go) (eg., aff) 01(30) =~ 10 for Ex = 09 &V)
are needed to obtain similarly good agreement with the
experimental data.

In summary, we have presented measurements of
the ionic conductivity of micro- and nanocrystaline
Li,O:B,05; composites. We found that the ionic con-
ductivity depends drastically on the grain size of both
components. For microcrystaline samples, the conduc-
tivity decreases monotonically with the B,O; content,
while for the nanocrystalline samples, the conductivity
shows a maximum at about 50% of B,O; content. In
both cases, the conductivity seems to vanish above certain
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thresholds. We can explain this striking behavior by a
percolation model that takes into account the different
sizes of the grains and the enhanced conductivity at the
interface between conducting and insulating components.
We expect that similar effects will show up also in other
two-component composites suggesting a rather generic
behavior for this type of heterogeneous materials.

We are grateful to the Deutsche Forschungsgemein-
schaft for financia support.
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