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We report on impedance measurements of nano- and microcrystalline composites of the
Li ion conductor L,O and the ionic insulator B; as well as their interpretation in

the frame of percolation models. In the experimental part, besides the dc conductivity
and its dependence on composition and temperailgeits activation energy) also the

ac conductivity and its dependence on composition, temperature and frequendiie
conductivity exponent) are presented. Striking differences between the nanocrystalline and
the corresponding microcrystalline composites were found. Deviations of the ac from the
dc results can be explained by the fact that the experiments probe ion dynamics on
different time and thus length scales. In the theoretical part, a continuum percolation
model, a brick-layer type bond percolation approach and a Voronoi construction are
alternatively used to model the dc behaviour. Based merely on the largely different
volume fractions of the interfaces between ionic conductor and insulator grains in the
nano- and microcrystalline composites, good overall agreement with the experimental dc
results is obtained. The high critical insulator content above which the experimental con-
ductivity vanishes in the nanocrystalline composites suggests the presence of an additional
Li diffusion passageway of nanometer length in the interface between nanocrystalline
insulator grains.
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1. Introduction

Nanocrystalline materials are compagtedlycrystalline materials with crys-
tallite sizes in the range of typically 5 to 50 nm [1-3]. They often show en-
hanced diffusivity when compared toelih coarse grained counterparts [4—6].

In ionic materials, the enhanced diffusy leads to an increased ionic conduc-
tivity which is attractive with respect to possible applications in battery sys-
tems, fuel cells or sensors. Here we are interested in hanocrystalline composite
materials, where in addition to the interfaces between like grains interfaces
between unlike grains exist, which can lead to the formation of ionic space
charge layers and thus to an even more enhanced conductivity [7—10]. Besides
the variation of the grain size the changing of the composition of such materi-
als offers an additional degree of freedtartailor the macroscopic properties

of these composites. This was shown for the dc conductivity of nanocrys-
talline (1 — x)Li,O : xB,0O; composites where (except farclose to one) the
increased conductivity of the interfaces between unlik®©Land BO, grains

leads to an enhancement of the overall dc conductivity by a factor of about
10 compared to pure LD [11]. In this paper we compare the dc and ac con-
ductivity of such composites to get more insight into the short-range motion
of the Li ions and to elucidate the influence of the morphology of the net-
work of fast diffusion pathways formed by the different interfaces in these
samples. Furthermore, we present various theoretical approaches, by which
the dependence of the dc conductivity on the composition of these materi-
als can be described, and discuss tteaatages and disadvantages of these
models.

2. Sample preparation and experimental setup

The nanocrystalline oxides J® and BO; were prepared by high-energy ball
milling from the coarse grained source tedals [12, 13]. All preparation steps
were done in dry argon atmosphere to prevent contact of the samples with
water or CQ. The air tight sample holder for the conductivity measurements
was loaded with the sample and sealed in a glove box filled with dry argon.
X-ray diffraction and transmission electron microscopic measurements show
that milling for 8 h is sufficient to reduce the grain size down to about 20 nm.
Differential thermal analysis showed that the nanocrystalline materials are sta-
ble at temperatures up to about 500 K. Aglér temperatures grain growth sets

in. For comparison we also prepared the microcrystalline counterparts from
the unmilled source materials. The composites were prepared by mixing the
appropriate amounts of the two components and compacted under uniaxial
pressure of 1 GPa. Contacts for conduttineasurements were pressed from
platinum powder to the pellets with the same pressure. The cylindrical samples
had a diameter of 8mm and a thickness of typically 1 mm. The ac conduc-
tivity of the composites was measureith a HP 4192 impedance analyzer in
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Fig. 1. Real part of the conductivitys. frequency for nanocrystallin€l — x)Li ,O : xB,03
for x =0.6. The corresponding temperatures are 489K, 478K, 468K, 457K, 446K,
436 K, 425K, 414K and 404 K (top to bottom).

the frequency range from 5Hz to 13 MHz at temperatures between 300K and
500 K.

3. Experimental results

Fig. 1 shows the real part of the conductivity of nanocrystallibe x)Li,O :

xB,0; for x = 0.6 in the frequency range from 5Hz to 1 MHz for tempera-
tures between 404 K and 489 K. The characteristic features of these spectra
which are common to all samples &ji¢ a plateau at low frequencies which
reflects the dc conductivity of the samples dijla dispersive region at high
frequencies where the conductivity can be roughly described by a power law

o(w) x " 1)

with 0 < n < 1. Both regions are separated by a cross-over regime. This overall
behaviour has been found for many ionic conductors and is discussed in detalil
in, eg., [14-19]. In the following we study how the dc conductivity. (ex-
tracted from the low-frequency plateau) and the ac conductiyityextracted

at a frequency = w/27 = 100 kHz) depend on the composition. Isotherms for
433 K are displayed in Fig. 2, whesg, ando,. are plotted as a function of both
insulator mole content and insulator volume fractiop; p andx are related by

p = ax/(1— X+ aX) wherew is the ratio of the mole volumes of the insulator

and the ionic conductor (about 1.91 here). For each composition, the measure-
ments were done on two independently prepared samples. For comparison, we
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Fig. 2. Dc (circles) and ac (squares) conductivities of microcrystalline (full symbols) and
nanocrystalline (open symbol&) — x)Li,O : xB,O; compositesss. insulator volume frac-

tion at 433 K. Dashed lines are drawn to guide the eye. The arrows indicate the composi-
tions where the dc conductivity of the micro- and nanocrystalline materials show a sharp
drop and fall below the detection limit.

also performed measurements on the corresponding microcrystalline samples.
The data points in the graphs show the weighted average with weighted error
bars. The dashed lines are guides to the eye.

Let us first concentrate on the dc conductivity. For purgd,ii.e. X =
p =0, the dc conductivity of the microcrystalline and the nanocrystalline
samples coincide. When 10 is successively substituted by®;, the two
systems behave very different. In the microcrystalline samples, the dc conduc-
tivity decreases monotonically with, while in the nanocrystalline samples,
the dc conductivity first increases and reaches a maximurra0.6 where
the conductivity is about one order of magnitude larger than that of pu Li
Further increase of the insulatoortent leads to a decrease of the conduc-
tivity. At x = 0.95, finally, the conductivity has dropped below the detection
limit. We have shown before [11, 20], that the overall behaviour (including the
differences between nano- and microcrystalline samples) can be explained by
the assumption of an enhanced conductivity at the interfaces between unlike
grains. Even more remarkable than therease of the dc conductivity with in-
creasing insulator content is the facathstarting from the pure insulator®;,
only a tiny volume fraction of LiO is needed to obtain a dc conductivity which
is considerably higher than the dc conductivity of purglLi
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Next we consider the ac conductivity,, which is represented by the
squares in Fig. 2. For the nanocrystalline samptgsshows roughly the same
behavior asry, but the increase af,. at small insulator content is more pro-
nounced than the increase @f. Of courseo,. is always abovery. For the
microcrystalline samples, in contrast, both quantities behave very different.
While o4, decreases monotonically, falling below the detection limit above
X = 0.5 resp.p = 0.65, 0, diminishes only slightly betweex= 0 andx =0.1.
Betweenx = 0.1 andx = 0.7, o, is roughly constant, ancedreases slightly for
X approaching 1.

The different behavior o&,. and oy in the microcrystalline system can
be understood by percolation theoB4]. The dc conductivity is a result of
the long-range motion of the ions, which can take place only when a percolat-
ing conductive cluster exists. Hence,. is zero when, above the percolation
threshold, this cluster no longer exists. On the other hagdrobes the ionic
motion on shorter length scales, and thus is not connected with the existence
of a percolating conductive cluster. As a resul, depends only slightly on
the composition and shows a remarkable decrease only at very large insulator
contents.

Next we discuss the behavior of the activation ener§igswhich describe
the temperature dependencesgf andoy.. In general, the activation energy is
related to the conductivity by the Arrhenius relation

ol = Aexp(—ki—A> (2)

where A is the pre-exponential factokg the Boltzmann constant an the
temperature. Fig. 3 shows,, for both the dc and ac conductivities of both
micro- and nanocrystalline samples, as a function of the insulator content.
Again, the data points represent the average of two samples with equal com-
positions. For both the dc and ac conductivity, the activation energies of the
nanocrystalline samples show only a weak dependence on the insulator con-
tent, with ER%°~ 1 eV for the dc conductivity an&;%2= 0.6...0.7 eV for the
ac conductivity. This is in contrast with the behaviour of the microcrystalline
samples where the activation energyogf increases fromE}'4° ~ 0.9 eV at
x=0to Em'cro 1.2 eV atx = 0.5 and the activation energy of. decreases
from Em'crO ~0.75eV atx = 0 to Exse ~ 0.4 eV atx ~ 0.95. The fact that in
all cases the activation energy of the ac conductivity is lower than that of the dc
conductivity again reflects that the ac conductivity probes dynamics on shorter
time and thus length scales.

Fig. 4 finally shows the effective conductivity exponenfsee Eq. (1)) of
the micro- and nanocrystalline samples, extracted from the dispersive region,
as a function of the insulator contextIn the microcrystalline samples,in-
creases wittx, i.e. the dispersion becomes stronger withThis reflects the
behavior seen in Fig. 2 where the difference between the ac and the dc conduc-

Bereitgestellt von | Technische Informationsbibliothek Hannover
Angemeldet
Heruntergeladen am | 10.11.17 19:36



94 S. Indriset al.

insulator mole content x

0.0 0.1 02 03 04 06 08 1.0

T \ I S R B N R
1.4+ |
1.2}~ § e 1
1-0*"--::é-'-’-"—@:"@-"Q"-@"o--@-g“',

3 089/i
= e 0-0-0-z-7
< i::::n@::::é---%---@——D—— &
& 060w = T---M - |
—
-
0.4+ E - |
0.2+ |
00 02 04 06 08 1.0

insulator volume fraction p

Fig. 3. Activation energies of the dc (circles) and ac (squares) conductivity of microcrys-
talline (full symbols) and nanocrystalline (open symbaglk)- x)Li,O : xB,0O; composites
vs. insulator volume fraction.
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Fig.4. Exponentn (cf. Eq. (1)) for the ac conductivity of microcrystallindlljf and
nanocrystalline [(J) (1— x)Li,O : xB,O; compositesss. insulator volume fraction.
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(a) (b)

Fig.5. Continuum percolation model with insulating spheres (radiygispersed in an
ionic conductor (conductivityog) and a highly conducting interface (conductiviby,
thickness)), after [23]. The figures show the two critical insulator contents where (a) in-
finite highly conducting pathways are formed and (b) these pathways are disrupted.

tivity increases withx. In the nanocrystalline samples, in contrastiecreases
slightly with x again in accordance with Fig. 2 where the difference between ac
and dc conductivity decreases with

4. Models
4.1 Continuum percolation model

The increase of the ionic conductivity at intermediate insulator contents for
the nanocrystalline composites clearly shows that the interfaces between the
two components are responsible for tlomductivity enhancement. To describe
the dependence of the dc conductivity of the composites on the insulator con-
tent p, we first employed a continuum percolation model [22, 23] which is
sketched in Fig. 5. The insulating particles are represented by spheres with ra-
dius R. Around these insulating partidea highly conducting interface with
width A and ionic conductivityo, is created. The remaining volume repre-
sents the ionically conducting phase which has a conductsgtyWe con-

sider an enhancement facter= o,/0g of 100 and an interface thickness

A =1nm. The grain radiiR have been determined by transmission elec-
tron microscopy and X-ray diffraction [12, 13] and are roughlyrd for the
microcrystalline composites and 10nm for the nanocrystalline composites.
The overall conductivity of the system was then calculated by an effective
medium approximation [11]. The results are shown in Fig. 6, where they are
also compared with the experimental results for the dc conductivity. A good
overall agreement is found. However, the effective coordination nunmibers
used in this approach as fit parametéo reproduce the experimental re-
sults ¢ =7 for the microsystem and= 59 for the nanosystem) can hardly

be rationalized.
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Fig. 6. Results of the continuum percolation approach (dashed lines) compared to the ex-

perimental results for the dc conductivity at 433K, after [11]. The arrows indicate the
compositions where the dc conductivities fall below the detection limit.

4.2 Brick-layer type percolation model

In an attempt to understand the expegntal results on a more microscopic
basis, we have considered a brick-layer type model where both, micro- and
nanocrystalline composites are treated on the same footing [20]. In the model,
we start with a cubic box of sizie® that is divided into a large number of small
cubes with equal volume®. Each of the small cubes is regarded as a grain of
the composite. With a given probabilify the cubes are supposed to be insu-
lating B,O; grains. Thus the volume fraction of the,O grains is + p. By
definition, conducting grains are connected when they have one corner in com-
mon. Fig. 7(a) shows the largest cluster of@igrains that connects opposite
faces of the large box close to the percolation threshol@,=a0.9. Again we
assume a highly conducting interface of widtlbetween insulating and ion-
ically conducting particles. Next we regge the small cubes in Fig 7(a), that
represent the LD grains, by a bond lattice sketched in Fig. 7(b). The bonds
represent the ionic conductidii) inside the grain X,), (ii) along the inter-

face areaX;) and(iii) along the interface edgeX{). The length of each bond

is a/2. The cross section each bond representsis)? for the X, bonds,

(a— M)A for the ¥; bonds andi? for the ¥, bonds. Having this in mind,

the conductance of each bond can be calculated easily. We assun(i¢ ithat

the bulk of the insulating BO; grains, the specific conductivity is zero, that
(i) in the bulk of the conducting LO grains as well as in the interfaces be-
tween them, the specific conductivityag, and thadiii) Li,O grains in contact

with a B,O; grain share a highly conducting interface with specific conduc-
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Fig.7. (&) The largest cluster of insulating particles for the brick-layer type model in
three dimensions at the critical concentration. (b) A single grain and the bonds assigned
to conduction in the interior of the grains, along the sides and along the edges of the
grain [20].

tivity oa = tog. The enhancement facteris assumed to be of the order of
107 - 10°

Finally, for calculating the total conductivity of the composite we map
the problem onto the corresponding d#fon problem by defining appropri-
ate jump rates (proportional to the bond conductances) along the bonds. For
given values ofr, a, A and p, we then determine the mean square displace-
ment(r2(t)) of many random walks as a function of tirhen the largest cluster
of each model system, average over all of them, and obtain the diffusion co-
efficient D = lim_, .. (r2(t)) /6t, which is related to the dc conductivity by the
Nernst—Einstein equation (seg. [24])
g~ D

ke T ° ®)

Here,q is the ion charge,V is the number density of mobile ionkg is the
Boltzmann constant ant the temperature.

The numerical results for the dc conductivity. insulator volume content
p are shown in Fig. 8 for various grain sizasand enhancement factots
In all model calculations, we assumed a fixed interface thickaessl nm.
The figure shows that this microscopic model, which treats nano- and mi-
crocrystalline samples in exactly the same way (the only difference is the
size of the grains) is able to reproduce all qualitative features of the experi-
mental resultsdf. Fig. 2). One feature cannot be reproduced by the model,
however, namely the very high insulator concentration where the conductiv-
ity drops to zero. We will come back to this point at the end of the next
section.

Odc =
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o(p)/o(0)

Fig.8. Numerical results of the normalized dc conductivityp)/o(0) vs. insulator vol-
ume fractionp in the brick-layer type percolation model for different grain sizeand
enhancement factors = o, /0. In all cases the interface thickness=1nm is fixed.
Nanocrystalline grainsA a=10nm, T = 200; 0 a= 10nm, r = 100; ¢ a=20nm,
7 =200; Vv a=20nm,t = 100; Microcrystalline grains® a=10um, r =200; M a=
10pm, r = 100; ¢ a=20pum, r = 200; v a= 20pm, v = 100 [20].

Fig. 9. Polycrystalline composite material created by Voronoi construction in two dimen-

sions. Dark grey areas represent the ionic conductor grains and light grey areas represent
the insulator grains.

4.3 Voronoi construction

To get a more realistic structure dfig composites in our model descrip-
tion (compared to the over-simplified cubic arrangement) we used a Voronoi
approach [25], see Fig. 9 for a two-dimensional sketch. 2000 seeds which rep-
resent the centers of the grains have been placed randomly inside a volume of
15C lattice sites. The borders of the grains are defined by the planes perpen-
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Fig. 10. The distribution of (a) grain volumes and (b) coordination numbers found for
a Voronoi system on a lattice of 15Mttice sites with 2000 Voronoi cells. The volumes
are given in units of the volume of an elementary lattice cell. The solid lines represent
fits with a log-normal distribution of grain volumes (Eq. (4)) and a normal distribution of
coordination numbers (Eq. (5)), respectively.

dicular to the connection line betweemo neighboured seeds intersecting this
line exactly in the middle between both seeds. By this a fully compacted struc-
ture of irregular polyhedra is created. The shapes of the individual grains differ
significantly and thus the number of edges of a crystallite does also change
which results in a locally varying coordination number. Furthermore the par-
ticles are not mono-disperse but show a distribution of grain sizes.

Figs. 10(a) and (b) show the distriimns of grain volumes and local coor-
dination numbers, respectively, of the Voronoi system. The distributions can be
fitted by a log-normal distribution of grain volumes

No (InV —=In Vo)2>
V)= —exp| ———————— 4
) = e —enp( - @
and a normal distribution of coordination numbers
No ( (k—ko)2>
flk) = ——exp| ————— | , 5
k) ror p 207 (5)

respectively. The volumes are given in units of the volume of an elementary lat-
tice cell. The overall number of cell$,, is equal to the number of seeds, and
the fit yieldsV, = 1474 andsy = 0.49. The average coordination number was
found to bek, = 15.6 and the standard deviation was= 4.41.

The structure created by the Voronoi construction (see Fig. 9) seems to
represent quite nicely a real polycrgine material (though pores are not in-
cluded). The cells in Fig. 9 can now be regarded as insulating with probability
p and as ionically conducting with probabilith — p), irrespective of their
size.

It is clear that the dc conductivity will show a similar behavior as in the
two models before. The main question that arises is whether the more real-
istic Voronoi construction is able toedcribe the conductivity close o= 1
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Fig. 11. The percolation probability?(p) of the ionically conducting particlegs. insulator
volume fractionp in the three-dimensional Voronoi system shown as white spheres. The
black squares represent the case where Liions can pass al@ggEBO; interfaces being
shorter than the average grain diameter.

in a better manner than the previous models. To this end, we determined the
percolation probabilityP(p) for ionically conducting particles to percolate the
system. The result is shown in Fig. 11. One can see that the critical concen-
tration p. above which the conducting paths get disrupted is close @86,

being even smaller than the value we obtained for the brick-layer model in the
foregoing section.

A reason for this underestimation @f might be that Li ion transport is
also possible in the interface between insulating nanocrystalline grains, rep-
resenting an additional Li diffusion psageway of nanometer length. Indeed,
the percolation threshdlincreases to about®B (see Fig. 11) if BO3;/B,0;
interfaces are considered to be permeable for Li ions (thus linking two non-
directly connected LIO grains) if the length of these interfaces is smaller
than the average particle diameter. In the brick-layer model, the assump-
tion of such a ‘nanometer-passaggwdiffusion’ yields a threshold close
to 0.95 [20].

5. Discussion

Summarizing the experimental results of the micro- and nanocrystalline com-
posites we can conclude that they behave different in the following points:
(i) The dc and ac conductivities of the microcrystalline samples decrease
monotonically with insulator content whereas they go through a maximum

for the nanocrystalline sample@i) The dc and ac activation energies of the
nanocrystalline samples show essentially no dependence on the insulator con-
tentx whereas they increase and decreasspectively, with increasing for

the microcrystalline material§ii) The conductivity exponemtincreases with
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Fig. 12. Potential landscape for the movement of the Li ions. The ac conductivity probes
dynamics on shorter length scales and thus gives lower activation energies than the dc
conductivity.

x for the microcrystalline samples whereas it decreases for the nanocrystalline
samples.

The fact that the activation energies of the nanocrystalline samples show
no dependence on the insulator conteiiEig. 3) proves that the maximum in
the dc and ac conductivity (Fig. 2) is not caused by a reduced activation energy
but by an enhanced concentration of charge carriers. The fact that the activation
energies for the ac conductivity are smaller than those for the dc conductiv-
ity in all cases suggests that the bins are moving in a potential landscape
similar to that sketched in Fig. 12. The ac conductivity represents the short-
range movement of the Li ions and therefore they have to overcome only the
local activation barriers. For the long-range movement which is probed by dc
conductivity measurements the Li ions have to overcome larger barriers. In
general, the potential landscape will be time dependent [14].

NMR measurements on the same samples have shown that in the nanocrys-
talline composites two species of Li ions can be discriminated which have
different mobilities whereas in the microcrystalline composites only the slower
species is present [26,27]. It can be concluded that in the nanocrystalline
composites the Li ions with the higher mobility are located in the interfaces
between the crystallites whose volume fraction is negligible in the microcrys-
talline composites. This has been corroborated in a further NMR study on the
analogous composite systeét— x)Li,O : XAl ,O5 [28].

6. Conclusion

Ac and dc conductivity measurements are able to show up the differences in
short-range and long-range ionic motion in nano- and microcrystalline com-
posites of a Li ion conductor and an insulatifferent theoretical approaches
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have been presented which are suited to reproduce the dependence of the
dc conductivity on(i) the composition andii) the grain size as well as the
percolation thresholds. Both the d¢omuum percolation model and the brick-
layer type bond percolation approach yield the conductivity enhancement for
the nanocrystalline composites and the monotonic decrease for the microcrys-
talline samples. Essential is an enhanced conductivity at the interfaces between
the two components. The modelling of polycrystalline material by a Voronoi
construction leads to the right distribution of grain sizes and a reasonable aver-
age coordination number. Assuming that the Li ions in the nanocrystalline
composites are able to move not only in thgQigrains and in the interfaces
between hetero-phases but also isOB/B,0; interfaces if these are shorter
than the average grain diameter, the correct percolation threshold for the dis-
ruption of the very last conducting pathways is obtained.
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