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Fast diffusion in nanocrystalline ceramics

prepared by ball milling
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Nanocrystalline materials can show enhanced diffusivity compared to their microcrystalline
counterparts due to the large fraction of atoms or ions located in interfacial regions. In the
case of ceramics, resulting properties with potential applications are, e.g., fast ionic
conductivity, high mechanical creep rate and increased catalytic activity. Different
nanocrystalline ceramic materials were prepared by high-energy ball milling of coarse
grained source materials. The samples were characterized by XRD, TEM, BET method and
IR spectroscopy. These measurements show that the primary crystallites form larger
agglomerates with internal interfaces and that the reduction of the crystallite size is
accompanied by a structural degradation of the surface zone. An example is the partial
amorphization observed for LiBO, by IR spectroscopy. The diffusivity and ion conductivity
in these materials was studied by NMR relaxation, NMR line shape and impedance
spectroscopies. It was possible to discriminate between highly mobile ions in the interfacial
regions and immobile ions in the grains. In general diffusion in the nanocrystalline systems
was found to be fast compared to that in the corresponding microcrystalline source
materials. © 2004 Kluwer Academic Publishers

1. Introduction

Nanocrystalline powders consist of crystallites with an
average size of typically 5 to 50 nm [1, 2]. This entails an
enhanced surface area which is an important parameter
for applications, e.g., in catalysis. Furthermore, when
nanocrystalline powders are compacted they have an in-
creased concentration of grain boundaries which may
form fast diffusion pathways for atoms or ions [3, 4].
Fast diffusion of ions is synonymous with a high ionic
conductivity which is interesting concerning applica-
tions in battery systems, fuel cells or sensors.

A key for understanding the structure-mobility rela-
tions in nanocrystalline ceramics is to clarify the mi-
croscopic structure of the grain boundaries and also the
morphology of the grain boundary network including
residual pores and so-called triple junctions. Therefore
the present studies of ion diffusion with the two com-
plementary methods of impedance spectroscopy and
NMR relaxation techniques have been accompanied by
comprehensive structural characterization of the nano-
crystalline samples, and the results have been compared
with those of the coarse grained and amorphous coun-
terparts.

2. Sample preparation
There are two basic routes to prepare nanocrystalline
materials. The first is to assemble the nanocrystals from
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single atoms or molecules from solution or the gas
phase. The other way is to start with coarse grained
(microcrystalline) powders and to reduce the average
grain size to about one thousandth by mechanical attri-
tion. This has been done in our case by high-energy ball
milling [5, 6]. Besides grain size reduction, also phase
transformations or, in case that more than one phase
is milled, chemical reactions can occur [7-10]. In par-
ticular the latter process, however, was not wanted in
the present study and precautions were taken to avoid
it [5]. We used source materials with an average grain
size of some um, a shaker mill SPEX 8000 and an alu-
mina vial with a single alumina ball. The ball-to-powder
weight ratio was typically 2:1. The powders were com-
pacted with an uniaxial pressure of 1 GPa resulting in
pellets with a density of about 85% of that in the single
crystals.

Following this procedure we prepared nanocrystal-
line samples of the Li ion conducting oxides LiBO,
and LiNbO;3; and the anion conductor BaF, as well
as of TiO,, which is interesting for catalytic applica-
tions. Furthermore we prepared a composite material of
nanocrystalline Li; O (Li ion conductor) and Al,O3 (ion
insulator).

The corresponding microcrystalline counterparts
taken from the unmilled source materials served as
reference samples. In the case of LiBO, and LiNbO;
also the amorphous counterparts were obtained by
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Figure 1 Average grain sizes vs. milling time for some oxide ceramics:
LiBO; (), LiNbO3 (V¥), Li;O (+), @-Al,03 (0) and TiO; rutile (x).

quenching from the melt and by a sol-gel method, re-
spectively [11, 12].

3. Sample characterization

The different nanocrystalline powders were character-
ized by X-ray diffraction (XRD), transmission elec-
tron microscopy (TEM), surface area analysis (BET),
differential thermal analysis (DTA) and infrared spec-
troscopy (IR). With increasing milling time the XRD
patterns show an increasing peak broadening which can
be used to determine the average crystallite size [13].
Fig. 1 shows results for LiBO,, LiNbO3, Li; O, a-Al, O3
and TiO; (rutile) after various milling times. All mate-
rials exhibit a similar behaviour with two different time
regimes. For milling times of up to about 5 h the av-
erage crystallite size decreases with increasing milling
time. By this it is possible to adjust the average crys-

tallite size in the range from the um to the nm regime
by choosing of the appropriate milling time. For longer
milling times all samples show a saturation behaviour
with a final average grain size of about 20 nm.

We performed TEM measurements to check the re-
sults for the crystallite sizes. An example is shown in
Fig. 2 for TiO, (rutile) ballmilled for 4 h. One can see
crystallites with sizes of 20 to 30 nm which is in good
agreement with the XRD results. The lattice spacing
found in this micrograph is 2.3 A which is equaltoa/2
in the tetragonal rutile structure.

The BET surface area of the powders was measured
using nitrogen adsorption. The results are shown exem-
plarily for TiO, (anatase and rutile) in Fig. 3. For both
materials the surface area increases monotonically with
increasing milling time and shows again a saturation
behaviour which corresponds to that of the crystallite
sizes (cf. Fig. 1). The increase in the specific surface
area (by a factor of about three in the case of rutile) is
much weaker than the decrease in the crystallite sizes
(by about three orders of magnitude). This shows that
ball milling produces many internal interfaces and not
necessarily open surfaces. This is corroborated by the
TEM micrographs where agglomerates of nanocrystals
are visible.

A phase transformation could be observed during
milling of LiBO5. Fig. 4 shows IR spectra of ballmilled
LiBO; in comparison with the unmilled sample and
the glassy material [11]. The source material consists
of the two crystalline phases ¢-LiBO; and y-LiBO;.
The characteristic peaks of different vibration modes of
the crystalline phases (e.g. at 634cm™! for a-LiBO,;
700 cm~! and 775 cm~! for y-LiBO,) disappear with
increasing milling time and the overall spectra of the

Figure 2 TEM micrograph of TiO, (rutile) which has been milled for 4 h resulting in an average grain size of about 40 nm.
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Figure 3 BET surface area of TiO; (rutile (@) and anatase (O)) vs.
milling time.
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Figure 4 IR spectra of nanocrystalline LiBO, ballmilled for various
times in comparison with glassy LiBO;.

nanocrystalline samples become very similar to that of
the glassy material. This shows that, at least in this ma-
terial being a good glass former, the reduction of the
crystallite sizes is accompanied by a phase transforma-
tion during milling. The kinetics of the phase transfor-
mation is tracked via the dependence of IR intensities
at 634 cm™! (crystalline phase) and 930 cm™! (glassy
phase) on the milling time. In Fig. 5 these intensities
are compared with the intensity of a certain peak in the
XRD patterns (at 27.9°20 for CuK,, see [11]) repre-
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Figure 5 Kinetics of phase transformation in LiBO, during ball milling:
(0) XRD intensity at 27.9° 26, (¥) IR intensity at 634 cm~', (A) IR
intensity at 930 cm ™!, (M) fraction of recrystallization according to DTA
at 710 K. Data points are interconnected as guide to the eye. Dashed lines
are exponential fits.

senting the crystalline phase. Furthermore, in Fig. 5 the
milling time dependence of the intensity of an exother-
mic peak found in DTA measurements is shown which
has been ascribed to recrystallization of the ballmilled
samples and thus represents the amount of the glassy
phase produced by the milling process [11]. The vanish-
ing of the crystalline phase seems to be faster than the
production of the amorphous phase which may hint at
the existence of an interface as transition stage between
both phases. However, LiBO, nanocrystals embedded
in the amorphous matrix seem to be present up to the
longest milling time.

4. Experimental methods

We used conductivity measurements as well as NMR
relaxation techniques to study the long-range and short-
range transport, respectively, of ions in the nanocrystal-
line materials. The dc conductivity oy, is directly related
to the diffusion coefficient DY and thus to the long-
range transport of charge carriers (charge ¢, number
density N) via the Nernst-Einstein relation

ks T
Ddc — O'(;i]qu . (1)

T is the temperature and kg the Boltzmann constant.
When more than one charge carrier is involved dis-
crimination of the different contributions to the overall
conductivity has to be done.

Measurements of the NMR spin-lattice relaxation
rate Tl_1 and NMR lineshape as a function of tem-
perature give access to average residence times t of
specific ions and the activation barriers for single ion
jumps [3, 14]. The diffusion coefficient can then be
calculated from the Einstein-Smoluchowski relation

62

D=—
67

2

where £ is the average jump length which can be esti-
mated from the lattice parameters of the crystals.

The temperature dependence of the diffusion coeffi-
cient can often be described by an Arrhenius relation

E
D = Dyexp <_—k » ) 3)
B

with a pre-exponential factor Dy and an activation en-
ergy Ea. It has to be noted that the activation energies
derived from measurements of the dc conductivity can
differ from those derived from NMR measurements.
This is due to the fact that in general NMR techniques
are probing the short-range motion of the ions and the
activation energy represents the barriers for single ion
jumps. In contrast to that the dc conductivity describes
the long-range motion of the ions where they have to
overcome larger barriers on their diffusion pathways.
The NMR measurements on 'Li and '°F were per-
formed on a solid-state NMR spectrometer (Bruker
MSL 100) in combination with a field variable cry-
omagnet. Temperatures of up to 1000 K were cov-
ered with a home-built high-temperature probe. The
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Figure 6 Conductivity of nanocrystalline LiBO; milled for 12 h (0),
24 h (O), 48 h (A) in comparison with coarse grained (@) LiBO [15].
The lines represent fits with an Arrhenius relation.

conductivity measurements were done with a standard
impedance analyser (HP 4192A) in the frequency range
from 5 Hz to 13 MHz. From these the dc conductivity
was extracted by comparison with simple equivalent
circuits.

5. Experimental results

In this section we present some case studies of ion
diffusion in different nanocrystalline ceramic materi-
als. LiBO; is a Li ion conductor. The dc conductivity
of nanocrystalline LiBO, prepared by ball milling is
shown in Fig. 6 for temperatures between 350 and 600 K
together with that of coarse grained LiBO, [15]. The
conductivity of the nanocrystalline LiBO, increases
with increasing milling time and thus decreasing grain
size. Finally, the conductivity of the sample ballmilled
for 48 h is enhanced by more than three decades in
comparison with the coarse grained source material.
All samples show Arrhenius behaviour and the activa-
tion energy is only slightly reduced in the nanocrystal-
line samples (0.71 eV... 0.77 eV) with respect to the
microcrystalline material (0.80 eV). Therefore the en-
hancement of the conductivity is caused by an enhanced
concentration N of mobile ions (cf. Equation 1) and/or
by an enhancement of the pre-exponential factor Dy
(cf. Equation 3).

Fig. 7 displays the "Li NMR line width of microcrys-
talline, nanocrystalline and amorphous LiNbOj3 in the
temperature range from 130 to 1000 K [12, 16, 17]. At
low temperatures all samples show a broad line with
a width of about 8 kHz (full width at half maximum)
which is due to the different spin environments of the
Li ions causing different local magnetic fields at the
sites of the Li nuclei and thus different resonance fre-
quencies. When the temperature is increased the ions
start moving and the average local magnetic field they
are sensing on the time scale of the inverse Larmor
frequency becomes equal for all ions which results in
the so-called motional narrowing of the line [3]. It
sets in for microcrystalline LiNbO3 at about 800 K.
For the nanocrystalline and the amorphous material
the narrowing starts at much lower temperatures (at
about 300 K) indicating much faster Li diffusion in
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Figure 7 Motional narrowing of the Li NMR line in microcrys-
talline (O), nanocrystalline (@) and amorphous (CJ) LiNbO3 obtained
at 78 MHz. The lines represent fits yielding activation energies [12].

these samples. The temperature dependence of the line
width yields activation energies which are similar for
the nanocrystalline and the amorphous sample (about
0.4 eV) and larger for the microcrystalline sample by a
factor of about three (1.2 eV) [12]. This indicates that
the diffusion pathways of the Liions in the grain bound-
aries of nanocrystalline LiNbO3 have amorphous-like
structure. This result also corresponds to the findings
for ballmilled LiBO, (cf. Section 3).

An enhancement of the diffusivity is also found for
nanocrystalline BaF, which is an anion (F~) conduc-
tor, see Fig. 8. The !°F spin-lattice relaxation rates Tl_1
of micro- and nanocrystalline BaF, are plotted versus
inverse temperature. At low temperatures (<650 K for
microcrystalline BaF, and <300 K for nanocrystalline
BaF;,) both samples show a background relaxation rate
which has only a weak temperature dependence. At
higher temperatures the low-temperature flank of a dif-
fusion induced Tfl (T) peak is visible in each case. The
maximum of TI_I(T) is expected when the jump rate
t~! of the F ions approaches the Larmor frequency,
i.e. when wpt & 1 [14]. The maximum of the peak is
not accessible since the nanocrystalline sample is only
stable for temperatures up to about 600 K. In the micro-
crystalline sample the maximum is expected at temper-
atures above 1000 K which were not covered here. Af-
ter correction for the background spin-lattice rates the
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Figure 8 19 NMR spin-lattice relaxation rates Tl_l for micro- (0) and
nanocrystalline (A) BaF; vs. inverse temperature measured at 78 MHz.
The full symbols represent the diffusion induced relaxation rates obtained
after correction of the data for the background relaxation rate.
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low-temperature flanks of the two maxima show Arrhe-
nius behaviour and yield activation energies of 0.32 eV
for nanocrystalline BaF, and 1.02 eV for microcrys-
talline BaF,. The facts that in the nanocrystalline ma-
terial the activation energy is much lower and that the
diffusion induced flank is shifted to lower temperatures
indicate considerably enhanced diffusivity of F ions
in nanocrystalline BaF, and are consistent with earlier
results on nanocrystalline CaF, [18], which, however,
was not prepared by ball-milling but by inert gas con-
densation.

NMR spin-lattice relaxation was also studied on 7Li
in nanocrystalline composites of Li, O and Al,O3 [19].
In contrast to monophase nanocrystalline materials, in
composite systems we have, in addition to interfaces
between like grains, also interfaces between unlike
grains of the two different components. This gives ad-
ditional possibilities to modify the network of the in-
terfaces by variation of the composition and the grain
sizes of the composites. So functional properties may
be tailored by variation of these properties. The pres-
ence of interfaces between the two components can
lead to surprising effects in the overall conductivity of
such composites [20, 21]. The "Li magnetization tran-
sients in nanocrystalline Li,O:Al,O3; composites show
bi-exponential behaviour.

M(t) = MO, fast[l - exp(_t/Tl,fast)]
+ M(), slow[1 - eXP(—t/Tl. slow)] (4)

in contrast to the microcrystalline composite where the
magnetization behaviour can be described by a single
exponential function

M(1) = Mo[1 — exp(—t/T1)]. &)

M, is the equilibrium magnetization in the applied mag-
netic field. The two relaxation rates TleLst and lesllow in
the nanocrystalline composite can be ascribed to two
different species of Li ions. This is consistent with
NMR lineshape measurements on the same composites
which also show two contributions [19]. Fig. 9 shows

the two relaxation rates versus inverse temperature to-
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Figure 9 Discriminated ’Li NMR spin-lattice relaxation rates at
58 MHz of fast ((J) and slow (O) Li ions in nanocrystalline Li; O: Al, O3 in
comparison with the coarse grained material (A) where only one species
of Li ions is present. The lines represent fits with an Arrhenius relation.

gether with the relaxation rate found in the microcrys-
talline composites. One can see that the slower rate
in the nanocrystalline composites is practically identi-
cal to that of the microcrystalline material and hence
the faster Li ions can again be ascribed to the interfa-
cial regions whose volume fraction is orders of mag-
nitude larger in the nanocrystalline than in the micro-
crystalline material. It is remarkable that the activation
energies of the fast and the slow Li ions in the nano-
crystalline composite are equal within the experimen-
tal errors (0.30 &= 0.02 eV). This is also true for pure
nanocrystalline Li,O [22] but differs from the results
on nanocrystalline LiNbO3 described above. Therefore
the higher diffusivity of the fast ions in the Li;O:Al,O3
composites has to be explained by an enhanced pre-
exponential factor which may indicate a higher concen-
tration of structural defects and thus accessible sites for
the Li ions in the interfacial regions.

6. Conclusion

Ball milling is suitable for preparing many different
nanocrystalline ceramic materials. Highly agglomer-
ated powders are produced which allow the investi-
gation of interfacial diffusion. Phase transformations,
in particular amorphization, have to be taken into ac-
count and will influence the microstructure of the inter-
facial regions. As studied both by NMR and impedance
spectroscopies, in general the diffusion of mobile ions
is much faster in the nanocrystalline than in the cor-
responding microcrystalline samples. NMR measure-
ments reveal the presence of fast and slow ions in the
nanocrystalline ceramics resulting from the heteroge-
neous structure with ordered crystallites and highly dis-
ordered interfacial regions. In contrast to that, in the
microcrystalline counterparts only the slower species
of ions is present. Therefore the fast ions in the nano-
crystalline samples have to be located in the interfacial
regions.
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