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Abstract

The present short overview focuses on the renovation of solid state processes toward phase pure and well-crystallized
complex oxides centered on the electroceramic materials. Elevation of the reactivity and preservation of stoichiometry
of the starting mixture or precursor are of universal importance. Mechanical activation, being considered as versatile,
may also need reconsideration in view of contamination and process rationalization. After briefly reviewing mecha-
nochemical processes for direct synthesis of complex oxides, solid state processes toward well crystallized fine partic-
les of complex oxides are discussed by starting from mechanochemically derived precursors with subsequent optimized
calcination. Case studies were cited from literatures for complex oxides, including author’s own experimental studies
mainly with BaBi,Ta,O, (BBT), Ba(Mg, ,Ta,,;)O, (BMT) and KNbO, (KN). The substances discussed are mostly asso-
ciated with ferroelectric materials, with a few exceptions of iron-containing magnetic materials.
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1. Introduction

Being in the era of increasing energy and cost cons-
ciousness of materials production, much effort is paid to
fabricate functional complex oxides via environmentally
more benign processes.' A conventional solid state cera-
mic process, on the other hand, is more advantageous than
competing alternatives via solution or vapor phases, due
primarily to high productivity, affordability and scalabi-
lity. To overcome well known shortcomings of inhomoge-
neity, low reactivity and associated necessity of high tem-
perature, we need to start from better dispersed and more
homogeneous reaction mixture. Appropriate choice of the
starting species of cationic ingredients may not be undere-
stimated either.

It is quite common to use ball mills to obtain a ho-
mogeneous powder mixture. Related to the demands for
nanoparticles, various mills appeared to give highest pos-
sible energy density. Indeed, mechanochemical synthesis,
often coined as mechanosynthesis, became common to
obtain the end product simply by co-milling appropriate
stoichiometric powder mixture. The process is well estab-
lished, not only in the genre of metallic alloys, but also

complicated oxide systems.® However, this does not al-
ways match the present purpose from the viewpoints of
crystallinity and particle size distribution. High intensity
milling is quite often hazardous, due chiefly to serious
contamination and stoichiometry loss. In such cases, it is
important to exert mechanical stress as sparingly as pos-
sible by controlling what is absolutely beneficial by virtue
of mechanical stressing, and combining with subsequent
thermal processes. Importance and charm of the mechani-
cal stressing under these concepts are recognized and coi-
ned as soft-mechanochemical processing.”®

With further demanding requirements from the
viewpoints of microelectronics, it is further needed to ob-
tain well-crystallized, and yet fine particulate materials.
For this purpose, simple mechanical activation of the star-
ting materials is not always adequate, since it often ends
up with undesirable grain growth. To fulfill those de-
mands, we have to think about larger number of nuclea-
tion sites and shorter diffusion paths for the crystal growth
upon heating the homogeneous precursors, as we have
discussed in the case of BaTiO3.'7'19

The objectives of the present short review are to elu-
cidate the mechanochemical processes needed to obtain
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complex oxides, to adapt the requirements mentioned
above. For this purpose, the review will start from some
representative mechanochemical synthesis processes by
citing several representative studies. Subsequently, the
principles and examples of soft-mechanochemical proces-
ses are discusses, based mainly on the author’s own expe-
rimental studies. The compounds cited in the case studies
are mostly related to the ferroelectric materials, with a few
exceptions of iron-containing magnetic materials.

2. Mechanochemical Syntheses
of Complex Oxides

Rojac et al. paid efforts to describe the conditions
for the mechanochemical synthesis of perovskites by cor-
relating the ball-impact energy with the weight-normali-
zed cumulative kinetic energy released in the system.?
They further studied the mechanochemical reactions bet-
ween Na,CO, and transition-metal oxides (V,0,, Nb,O,
and Ta,0,), to elucidate the reaction mechanisms inclu-
ding the formation of amorphous carbonato complex, fol-
lowed by their decomposition and the crystallization of
the final perovskite.”!

More complicated, multi-component perovskite,
(K,Na,Li)(Nb,Ta)O,, KNLNT, was also prepared by mec-
hanochemical synthesis,22 where they examined the ef-
fects of stress components, i.e. impact and impact + fric-
tion. As shown in the Fourier transform infrared (FTIR)
spectra in Figure 1, the characteristic splitting of the n,
and the appearance of the n, vibration, an indication of the
carbonato complex formation, was observed by the mil-
ling regime of “impact + friction”. In contrast, pure “fric-
tion” did not result in the splitting. It is therefore obvious
that the “impact” stress component is indispensable for
the mechanochemical synthesis of KNLNT.? As they cal-
cined the 10 h activated mixture at 800 °C and subse-
quently sintered in air at 1080 °C for 2 h, they obtained a
homogeneously sintered body of KNLNT ceramics.*

Stojanovic et al. synthesized single phase BaTiO,
from mixed oxides comprising BaO and TiO,.** They attri-
buted their success in the mechanochemical synthesis to
the nucleation of nanocrystallites and subsequent growth
of a highly activated oxide matrix. Lazarevic et al. succee-
ded in the mechanochemical synthesis of Bi,Ti,O,, by co-
milling a mixture of Bi,0, and TiO,.” They observed the
fine structure of the product, in which Bi,Ti,O,, (BIT) cry-
stallites were embedded in an amorphous phase of bismuth
titanate. They extended the mechanochemical synthesis to
the bi-layered structured ferroelectric materials, i.e. BIT
and barium-bismuth titanate, BaBi,Ti,O,5 (BBT).*

Sepelak et al. prepared nanostructured fayalite (o-
Fe,Si0,) with a large volume fraction of interfaces via
single-step mechanochemical synthesis from a mixture of
20-Fe, 0, + 2Fe + 3Si0,.”” The non-equilibrium state of
the as-prepared silicate was characterized by the presence
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Figure 1. Infrared (IR) spectra of non-activated mixture (0 h) and af-
ter activation in the Zzimpactlfriction” milling regime for 5, 10, 15,
and 20 h. The spectra of the mixture prepared by activation in the
Zzfriction” milling regime and by activating the initial powders sepa-
rately are also shown. Note that n,, n,, and n, denote CO32’ vibra-
tions.” Reproduced by permission of American Ceramic Society.

of deformed polyhedra in the interface/surface regions of
nanoparticles. The ’Fe Mossbauer sextets, corresponding
to a-Fe,O, and Fe, collapsed and were gradually replaced
by a central doublet characteristic of Fe?* ions.?” It indica-
tes that the milling generates a complex series of hetero-
geneous solid-state formation, by the scheme, 20.-Fe,O,
+2Fe + 3Si0, = 3Fe,Si0,, which are completed after 4 h.

By the same token, they synthesized nanostructured
bismuth ferrite (BiFeO,) via a mechanochemical route
from a mixture, 0-Fe,0, / Bi,0,.%® *’Fe Mossbauer spec-
troscopy, together with high-resolution transmission elec-
tron microscopy (TEM) and X-ray diffractometry (XRD),
revealed a non-uniform structure of mechanochemically
synthesized BiFeO, nanoparticles, consisting of a crystal-
line core surrounded by an amorphous surface shell. As a
consequence of canted spins in the surface shell of nano-
particles, the mechanically synthesized BiFeO, exhibits
an enhanced magnetization, an enhanced coercivity, and a
shifted hysteresis loop.

Mechanochemical synthesis is in most cases facile,
solvent free and often times very quick.”’ However, the
process is not always free from contamination.’*>*' The
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problem is suppressed when the milling media are coated
by the reacting powders.*

3. Concept of Soft-Mechanochemical
Synthesis

Concept of a soft-mechanochemical process is ba-
sed on the bridging bond formation across the grain boun-
dary of the dissimilar oxide or hydroxide particles.” Mec-
hanisms of such bridging are two-fold, i.e. an acid-base
principle®® and a radical recombination.'” Bridging bond
formation between a typical acidic oxide, SiO, with surfa-
ce silanol groups and a typical basic hydroxide, Ca(OH),,
was demonstrated by 2°Si cross-polarization (CP)/ magic
angle spinning (MAS) nuclear magnetic resonance
(NMR) spectra,'’ which preferentially demonstrate the
states of silicon atoms near surface silanolic proton. As
shown in Figure 2, the Q, peak for silanol groups of pure
silica is predominant in a mixture without milling. The Q,
peak for a standard SiO, unit was completely missing.
This implies that most of the silicon atoms near the surfa-
ce of SiO, particles link to silanolic OH groups. When a
mixture is milled for 3 h, however, the Q, peak overlaps
with Q,. After 12 h, the Q, peak grows to be predominant,
while Q, almost disappears. It is to be noted that the Q,
peak in both MAS and CP/MAS NMR increase with mil-
ling time, with a preferential decrease in the Q, peak, whi-
le Q, is observed only by MAS NMR. From these obser-
vations, it seems safe to assume that the short-range orde-
ring corresponding to calcium silicates is formed near a
proton, since Q,, is mainly attributed to hydrated calcium
silicates.

(©)CaS-12

(3)CaS-0

35100 <150
Chemical shift/ ppm

Figure 2. *Si CP/MAS NMR spectra of physically mixed (CaS-0)
and milled samples (CaS-3,12), where -t indicates milling time in
hours."! Reproduced by permission of Elsevier B.V

The bridging bond, Si-O-Ca, can also be formed via
a radical recombination:

mechanical dehydration
Ca(OH),:OH "+ OH - H,+ O™ + O (Ca-0O")

oxygen adsorption
—H,+ 03

(1

These oxygen radicals can be formed even if mecha-
nochemical dehydration takes place simultaneously.
Meanwhile, the peroxy radicals can be formed by the fol-
lowing scheme:

mechanical activation

$i0;: =Si-0-Si= - =8i-0- + =8i-

oxygen ada«urptiﬂn (2)

— =5j- + =8i-0-0- (H).

Those bridging bonds like Si-O-Ca, mentioned abo-
ve can be formed with many other complex oxide sys-
tems, by replacing Si with Ti, and Ca with Mg or Sr, and
serve as nucleation points for the complex oxides.'*'*
These are also confirmed by simple simulation stu-
dies.'>'® A model of the CaO/SiO, interface between two
model clusters, CaO *?~ and SiO,* (Figure 3A), is
adopted to calculate the electron density distribution of
the cluster and the overlap population analysis. A self-
consistent charge method,* which creates a Coulomb po-
tential around a molecule by combining spherical atomic
potentials, was used to obtain the Coulomb potential of
the Ca(OH),* and SiO,H,> clusters. They were brought
into contact, and the overlap population between the oxy-
gen atom from Ca(OH), and the hydrogen atom from sila-
nol was examined. When an O atom from the SiO 44’ clu-
ster comes close to a Ca atom in the Can(z"’Z)’ cluster, the
population density, PD, between Ca and O increases with
decreasing coordination number (CN) for Ca down to x =
3. This was combined with a simultaneous decrease in the
PD between Si and O, as shown in Figure 3B. Decreasing
in the coordination number is highly expected during the
mechanochemical process, due to the introduction of oxy-
gen vacancies.**

Molecular dynamic (MD) simulation was also used
to elucidate the atomic rearrangement at the early stage of
solid-state mechanochemical reaction at Ca(OH), — SiO,
interface in order to take the relaxation process into ac-
count. MD calculation was carried out by using a code
MXDORTO.* Verlet algorithm was employed in order to
calculate atomic motions.*® A Ca—O bond, being fairly io-
nic, is represented by a Born—-Mayer-Huggins (BMH) po-
tential function, while for Si—O bond, we introduced an
additional attractive term of the Morse potential to the
BMH. Finally, to account for the O-H bonds, we added an
extra three-body type potential. We derived inter-atomic
forces from these potential energy functions within 1.5-2
nm around an atom by using a cell model of such a dimen-
sion.* Figure 4 represents time-resolved atomic configu-
ration at the Ca(OH), — SiO, interface. Between 8 and 10
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ps, a hydrogen atom from SiO-H jumps into the surface
of Ca(OH), to attach to an oxygen atom of the group. No-
te that the principle described above is general so that it
remains valid when Ca is replaced by Mg or Ba, and Si
with Ti or Zr. Corresponding electroceramic materials are
plenty, represented by BaTiO,.

72-71- (a) 02 (600 () 00

Figure 3. (A) CaOx*2~Si0,* cluster calculated for the CaO-Si-
0,, (B) Ca(OH)64’—SiO4H22’ cluster calculated for the Ca(OH),—Si-
O, interface: (a) the difference in the Z coordinates, Z2-Z71, is 0.2
nm, (b) Z2-Z1 is 0.0 nm. (c) Ca(OH) *>"-SiO,H,* cluster after
the dehydration at Z2-Z1 is 0.0. A Ca—O-Si bond is formed.'® Re-
produced by permission of American Chemical Society.

4. BaBi,Ta,0, (BBT) and
Ba(Mg, ;Ta, ;,)O, (BMT)

Preparation of ferroelectric relaxors with simple or
layered perovskite structures, BBT and BMT, was exami-
ned by a solid-state reaction via a soft-mechanochemical
route.”” For BBT, a stoichiometric mixture of BaCO,,
Bi,0, and Ta,O, was milled with in a vibratory mill and
calcined for 1 h in air at temperatures between 850 and
1000 °C. As for BMT, BaCO, and Mg(OH), were used as

b
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Figure 4. Configurations of Ca(OH), -SiO, interface at 300 K, 0.1
MPa, representing a scheme of proton transfer from silanolic OH to
O atom of Ca(OH)Z.16 Reproduced by permission of Elsevier B.V

Ba and Mg sources, and either Ta, O, or Ta,O, - 3.8H,0
was used as a Ta source.

Fully crystallized, fine particulate BBT was obtai-
ned by calcining the mechanically activated starting mix-
ture at 900 °C. The resultant particles are rather uniform
with their average grain size as small as 400 nm. In the ca-
se of BMT, in contrast, a similar success was only reached
by using hydrated sample, Ta,O, - 3.8H,0, in place of
anhydrous Ta,O. As shown in Figure 5, the second phase,
BaTi,O,, was almost disappeared, if not completely, by
using mechanically activated mixture with Ta,O; -
3.8H,0. The remarkable effect of milling is obvious, by
comparing the calcined products starting from the intact
mixture with Ta,O; - 3.8H,0.

Oxygen 1s X-ray photoelectron spectrum (XPS)
profiles are shown in Figure 6A for (a) Ta,O,-derived
mixture, (b) sample (a) after milling for 3 h, (¢) Ta,O; -
3.8H,0 -derived mixture, (d) sample (c) after milling for 3
h, and (e) BMT obtained by calcining sample (d) at 900
°C, respectively. A second peak, appeared in curves (c) at
the lower binding energy, ascribed to the hydrated water,
disappeared after milling. We attributed this to the con-
sumption of hydrated water due to the formation of brid-
ging bonds, Ba—O-Ta and Mg—O-Ta across the boundary
of dissimilar particle species.

The difference in the Ta4f XPS, shown in Figure 6B
is particularly noteworthy. The profile of the curve (d),
after milling the Ta,O, - 3.8H,0O-derived mixture is very
close to that of well crystallized BMT (curve (e)), impl-
ying that the electronic state of Ta in the mechanically ac-
tivated precursor was already very close to that of the fi-
nal product.

Auvailability of pure-phase BBT and BMT is diffe-
rent, due to the difference in the easiness of bridging bond
formation under mechanical stressing. BBT is a layered
perovskite, in which (Bi202)2+ and (BaTa209)2‘ layers
align along c-axis, and the bonds between two dissimilar
metals abridged by oxygen in BBT perovskite structure
are mainly Ta—O-Ba. BMT, on the other hand, is a com-
plex perovskite in which Ba occupies the A site and Mg
and Ta, the B sites. In this case, Ta—O-Ba and Ta—O-Mg
bonds coexist within the perovskite unit cell. In view of
the acid—base reaction across the boundary of solid partic-
les, Ta—O-Ba is easier to form than Ta—O-Mg, because of
the higher basicity of Ba than Mg.

6. KNbO, (KN)

As we examined a soft-mechanochemical synthesis
of KNbQO,, another lead-free piezoelectric perovskite, we
first compared the two potassium sources, KHCO, and
K,CO;, both starting from a mixture preliminarily vibro-
milled for 1 h.*® No significant differences in the XRD
profiles were observed between the starting potassium
sources, but the particle size was significantly different,
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Figure 5. X-ray powder diffractograms for BMT calcined at varying temperatures derived from the mixtures containing (a) Ta,Os, milled for 3 h,
(b) Ta,O; - 3.8H,0 milled for 3 h and (¢ and b) Ta,O; - 3.8H,0 without milling. 3 Reproduced by permission of Elsevier B.V

i.e. KHCO, brought about much smaller KN particles. 01s . Nb3d  ~ Kp

When KHNO, agglomerates were preliminarily disinte- @ @ o~

grated, the product KN, became significantly smaller be- (@

ing close to that of the starting Nb,Os. © © o
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for potassium less than a few ym. By starting from

Figure 7. XPS profile of O 1s, Nb 3d and K 2p. Common keys: (a)
KHCO,, (b) Nb,Oy, (c) KHCO, + Nb,O, as hand mixed, (d) the
mixture after vibro-milling for 3 h.* Reproduced by permission of
Elsevier B.V.

K,CO,, we observe the high concentration area of potas-
sium with its linear size more than 20 pm, as shown in Fi-
gure 8. The difference is ascribed to the severer agglome-
ration of K,CO,.

XPS profiles are shown in Figure 7 for the samples
with KHCO,. It is noteworthy that the Nb 3d signal wea-
kened after vibro-milling, while the intensity of the K 2p
signal increased, so that the effect of milling was quite op-
posite between Nb 3d and K 2p. In order to elucidate the-
se changes, we observed the particle morphology under
the scanning and transmission electron microscopes,
equipped with energy dispersive X-ray spectroscopy
(EDXS). A line scanning of the Nb-L, Nb-K and K-K
signals clearly revealed the high concentrations of potas-
sium in the near surface region and of niobium in the inte-
Fivure 6. EPMA o the vibromilled mixture. start rior of the particle, as shown in Figure 8.

igure 0. mapping ot the vibro-mulied mixture, starting This explains the structure of the core—shell, i.e.
from (a) KHCO, and (b) K,CO,. Two rows represent two different Nb, OS-COI'C eIII)V(ﬂOpe d by the KHC 03 shell. The changes

spots on the same sample. The entire width of each image is ca. 100 . ’ . o, - X
mm.* Reproduced by permission of Elsevier B.V. in the XPS signals by vibro-milling are quite compatible
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Figure 8. A TEM image of the precursor. B: Line profile of Nb and
K by EDXS.* Reproduced by permission of Elsevier B.V.

with the present microscopy, coupled with the EDXS
analysis. Before vibro-milling, the finer Nb,O, particles
simply cover the surface of KHCO,. Therefore, the near
surface Nb concentration is relatively higher than the ave-
rage stoichiometry. During vibro-milling the mixture,
KHCO, deformed plastically, surrounding the harder
Nb,O; particles and increasing the relative intensity of K
2p signals in the near surface region. Thus, the core—shell
structure has most likely been formed under the shear
stress exerted by a vibromill due to the substantial diffe-
rence in their plasticity.

7. Summary

In the present short review, the author focused on the
charm of formation of bridging bonds across the boundary
between dissimilar particulate species by co-milling pow-
der mixtures via a mechanochemical route. Mechanoche-

mical synthesis of complex oxides is one of its direct ma-
nifestations. This was demonstrated in Section 2 with re-
presentative case studies. Combination of the mechanoc-
hemical process with a subsequent thermal process enab-
les wider variation of the product complex oxides and
their crystalline and granulometrical properties. The prin-
ciple of these processes, coined as soft-mechanochemical
processes was explained in Section 3. The mixture just af-
ter mechanical activation was defined as a precursor. For-
mation of potentially reactive precursors enables forma-
tion of the complex oxides at lower temperatures and hen-
ce smaller particle size with sufficiently high crystallinity.
Subsequent 3 sections displayed case studies carried out
in the author’s own laboratory. The substances treated are
all associated with the phase pure synthesis of lead-free
ferroelectric materials, i.e. BaBi,Ta,O, (BBT), Ba(Mg, ,
Ta,;)O, (BMT) and KNbO, (KN).

We know that most of the cutting-edge functional
materials for better utilization of renewable energy and
temporal energy storage are complex oxides, whose fabri-
cation strategy needs to be more affordable and scalable.
Since the method employed in this short review is based
on the basic principle of the electronic and atomic transfer
across the boundary among dissimilar solid species under
mechanical stressing, it could be extended to many other
systems beyond those introduced above.
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V preglednem ¢lanku so obravnavani procesi v trdnem stanju, ki vodijo do fazno ¢istih in dobro kristaliziranih komplek-
snih oksidov elektronske keramike. Povecanje reaktivnosti in ohranjanje stehiometrije reakcijskih meSanic ali prekur-
zorjev sta sploSnega pomena. Pri mehanokemijski aktivaciji sta izpostavljena kontaminacija reagentov in racionalizaci-
ja procesov. Po kratkem pregledu mehanokemijskih procesov, ki omogocajo direktno sintezo kompleksnih oksidov, so
v ¢lanku obravnavani procesi med mehanokemijsko aktiviranimi prekurzorji, ki potekajo v trdnem stanju. Opisanih je
nekaj primerov sinteze kompleksnih oksidov iz literature, vkljucene so tudi avtorjeve raziskave BaBi,Ta,0, (BBT),
Ba(Mg,;Ta,,;)O, (BMT) in KNbO, (KN). Ve¢inoma gre za feroelektri¢ne materiale, nekaj je tudi magnetnih materialov,

ki vsebujejo Zelezo.

Senna: Solid State Mechanochemical Processes



