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Abstract: “Bottom-up” methods to
obtain nanocrystals usually result in
metastable phases, even in processes
carried out at room temperature or
under soft annealing conditions. How-
ever, stable phases, often associated
with anisotropic shapes, are obtained in
only a few special cases. In this paper
we report on the synthesis of two well-

um oxide—in the nanometric range, by
a novel route based on the decomposi-
tion of peroxide complexes of the two
metals under hydrothermal soft condi-
tions, obtaining metastable and stable
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phases in both cases through transfor-
mation. High-resolution transmission
electron microscopy analysis reveals
the existence of typical defects relating
to growth by the oriented attachment
mechanism in the stable crystals. The
results suggest that the mechanism is
associated to the phase transformation
of these structures.

studied oxides—titanium and zirconi-

Introduction

It is generally understood that, in the synthesis of nanomate-
rials, many metastable structures appear to be stable in the
nanometric range, without the addition of dopants or con-
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striction by a matrix.'' A typical case is the synthesis of
TiO, polymorphs, anatase, brookite and rutile.”’ While sev-
eral papers report on the synthesis of nanocrystalline ana-
tase,®® few report, for example, on nanocrystalline
rutile.”'% However, several papers state that the formation
of rutile passes through the three metastable phases and it
has been established that rutile is the most stable TiO, poly-
morph  (observations of micrometric anatase are
scarce).!1114]

Another case commonly reported is the synthesis of nano-
crystalline zirconium oxide in the tetragonal phase. Al-
though tetragonal zirconia appears stable only over 1175°C,
early reports confirm the stabilization of the phase below
10 nm without applied tension, and stabilization below
40 nm in a constricted matrix.""'® In fact, few reports exist
on monoclinic zirconia in the nanometric range, except in
the 15 nm-range."” Pitcher and co-authors discussed this
transition in detail® based on calorimetric surface energy
enthalpy measurements, showing that the average surface
energy of the tetragonal phase is lower than that of the
monoclinic phase. Keeping in mind that the stability of a
given nucleus or small cluster is given by the balance be-
tween the free energy of formation (favorable to the nucleus
formation) and the work given by the new surface (unfavor-
able), it is clear that lower surface energies will favor the
formation of these metastable crystals in lower sizes.
Garviel™ used this argument to explain the tetragonal stabi-
lization of nanocrystals at room temperature, developing a
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thermodynamic approach to determine a critical size for the
phase stabilization.

However, the application of thermodynamic approach to
titania crystals is problematic. In principle, anatase is meta-
stable in relation to rutile at any temperature,! although
the energetics of anatase to rutile transformation can be es-
timated for a given temperature.*'” However, to the best of
our knowledge, no one has managed to apply Garvie’s ap-
proach!™ successfully to determine a critical size of this
transformation. Gribb and Banfield® experimentally ob-
served a critical size of 14 nm for the stability of anatase
crystals, but phase transformation occurred at larger sizes
and the resulting rutile nanocrystals grew relatively faster.
In fact, anatase nanocrystals are commonly observed in sizes
below 15nm,?! although several sizes, from 15 to
50 nm,"™*?¥ have also been reported in the literature, a fact
that is explained by the dependence of anatase stabilization
of several parameters, such as starting material, synthesis en-
vironment and temperature.

An interesting generalization of the discussion is to
assume that phase stability depends on global thermody-
namic parameters, that is, the total surface energy of the
particle as a function of the volume. Barnard and
Zapol 3142728 and Barnard et al.”>" engaged in similar dis-
cussions, obtaining a general expression for the free energy
G? of an arbitrary nanoparticles, taking in account the bal-
ance of surface energy as a function of the exposed crystal-
lographic planes, as follows:

G = G 4 2 (1-eg 3 firdT) o

where the first term is defined as the standard free energy
of formation, G™* = AGX(T), and the second term is ex-
pressed in terms of surface energy y; for each i plane on the
surface and molar surface area A—which can be described
using the relations of density of the phase x(p,), molar mass
M, the volume dilation of the nanoparticle e (negligible in
several cases), the surface to volume ratio g and f;, a weight
factor of the facets i in the crystal (Xf,=1). In the above for-
mulation, the expression takes into account the crystallo-
graphic alignment of the properties and, indirectly, the
shape. We can sum, in this formulation, the contributions of
factors as the interaction with ions in surface (counterions,
surfactants, etc.) as a way to minimize energy in specific
crystallographic planes.

Thus, the growth mechanisms of nanocrystals can play an
important role in phase transformation. Many works associ-
ate the growth of nanocrystals to the Ostwald ripening
mechanism,®3"%2 which is a dissolution-reprecipitation
growth mechanism.” In this mechanism the particles tend
toward an isotropic growth, generating particles with regu-
lar, almost spherical shapes. Hence, variations in the weight
factor f; of the facets are not expected. However, recent in-
vestigations into oriented attachment crystal growth(-3+3
have demonstrated that this mechanism favors the forma-
tion of anisotropic nanocrystals by the coalescence of two or
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more nanocrystals.”**”! Previous theoretical works***"! em-
phasized that the mechanism is faster than the diffusional
mechanism, particularly in the early stages of growth. Thus,
one can assume that the fast growth and the anisotropic
shapes obtained can give rise to other phenomena relating
to shape and size, such as spontaneous phase transforma-
tion. In this work, we show that the phase transformation of
two well-known oxide systems—titania and zirconia—is fol-
lowed by crystal growth by the oriented attachment mecha-
nism. To this end, we used a hydrothermal route under soft
conditions, which enabled us to correlate the growth mecha-
nism and the phase transformation. These results can shed
further light on the discussion about phase transformation
and stability in nanocrystals, highlighting the importance of
growth mechanisms and underpinning synthetic strategies
and technological applications.

Results and Discussion

The characterization of TiO, nanocrystals morphology is
shown in Figure la. The rod-like rutile crystals are largely
identified, in contrast with a few bipyramidal particles char-
acteristic of anatase phase, dispersed in small crystals. In
general, the rutile crystals (shown in details in Figure 1b and
¢) have no determined diameter or length, as can be seen in
distribution presented on Figure 2 (taking in account only
the rod fraction, that is, rutile nanoparticles). Notably the
average diameter of these rods is around 10 nm, which is
below the stability size for the anatase phase reported in the
literature®™”! of 14 nm—even for a colloid treated for
longer than 48 h. A substantial fraction of the overall distri-
bution (~10%) presented a particle size of less than 10 nm,
maintaining the rod-shape. In fact, the shape factor of the
particles is almost constant, I/ ~5, showing that the
growth mechanism governing the larger particles was proba-
bly the same as that in the smaller ones. From Figure 2 it is
also evident that the evolution of the crystal size was prefer-
entially longitudinal.

An analysis of Figure 1b and c reveals several line defects
along the length of the particle, which are characteristic of
the oriented attachment mechanism and evidence of growth
by this mechanism (see white dotted arrows). The twin
boundaries visible in Figure 1c illustrate the growth mecha-
nism oriented longitudinally. Apparently, the mechanism
acts preferentially on longitudinal growth, causing the nano-
rod to grow to [110], although lateral growth is not unusual,
as indicated in Figure 1c, which illustrates the statistical
nature of the oriented attachment. In Figure 1d a detailed
view of the nanorod reveals the side attachment of a 6 nm
nanorod, which gives evidence for the role of the growth
mechanism in the formation of large nanorods. This result is
consistent with the apparent constant shape factor of the
particles as discussed earlier.

Following the calculations of Barnard and Zapol,!® the
(110) are the lower energy planes in rutile, which is consis-
tent with their suggested predominance, minimizing the
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Figure 1. TEM and HRTEM images of TiO, nanoparticles obtained by
PCT gel decomposition: a) BF image of the particles; b) rutile nanorod
showing twin boundary in the length; c) rutile nanorod showing several
characteristic defects of oriented attachment growth mechanism; d) inset
of ¢) showing a side-coalesced nanorod.
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Figure 2. Length and diameter () distribution of rutile nanorods. Only
the nanorod fraction was estimated.

total surface energy of the rod (the nanorods sides are
(110), as seen in Figure 1). Importantly the weight factor [as
defined in Eq. (1)] of (110) planes is approximately the
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same for any nanorod, since the shape factor is assumed to
be constant.

Figure 3 shows TEM and HRTEM images of ZrO, nano-
crystals obtained here. Acicular nanoparticles (needle-
shaped) were generally observed (white dotted arrows),
with a lateral size ~5 nm and variable length, and some ran-
domly dispersed near-spherical particles (white arrows). The
acicular morphology is similar to that found in rutile nano-
crystals, but the particles appear as coalesced in one termi-
nal, unlike what is observed in TiO, nanoparticles. The dis-
tance upon planes (3.2 A) in the length is consistent with
(111) of baddeleyte phase (monoclinic), and in the diameter
(5.1 A), with (100), identifying the growth direction of the
particle as [100] in length and [111] in diameter. Since the
surface is not orthogonal to the growth direction, the major-
ity surface plane is not necessary (111); in fact, the majority
plane is (111) (2.85 A), as indicated in Figure 3d.

Figure 3. TEM and HRTEM images of ZrO, nanoparticles obtained by
degradation of PCZ gel: a) BF image of the particles, showing several
tetragonal (white arrows) and monoclinic (white dotted arrows) particles;
b) an isolated tetragonal nanoparticle; c) a coalesced tetragonal nanopar-
ticle, with eight pristine nanoparticles; d) an isolated monoclinic nanopar-
ticle. The black arrow shows a stress line.

In near-spherical particles, as depicted in Figure 3b, the
surface planes are identified as (111) tetragonal phase
2.9 A). Despite the congruence, these data are not conclu-
sive, since it can be identified with (111) badelleyte phase.
However, according to Garvie,!™! the average size of these
particles (=6 nm) is below the critical size expected to tet-
ragonal phase (10 nm), and we can assume these particles to
be tetragonal ZrO, phase. Notably this phase is minor as in-
dicated in Figure 3a.

These particles clear undergo coalescence to form larger
particles, as indicated in Figure 3c. In principle, the growth
itself may be solely responsible for the phase transformation
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(tetragonal to monoclinic); however, the agglomerate in Fig-
ure 3c remained in the tetragonal phase, indicating possible
constraining effects (interfacial discordances) due to defects
associated to oriented attachment mechanism. Similarly,
other coalesced particles are visible in Figure 3a (white
arrows). However, a closer examination of Figure 3d reveals
the same characteristic defects that are visible in monoclinic
nanoparticle. The size distribution (length and diameter,
Figure 4) is uniform, like that observed in rutile nanoparti-
cles, with an average diameter size ranging from 4 to 5 nm,
that is, smaller than the reported critical size.
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Figure 4. Length and diameter () distribution of monoclinic neddle-like
nanoparticles.

These results are very consistent with the calculations of
Barnard et al.’ for several ZrO, nanocrystal shapes. The
authors identified an “optimized” nanomorphology for the
tetragonal phase that can be identified with the near-spheri-
cal tetragonal nanoparticles. The results revealed the highest
transition sizes (12.7 nm) for this structure, compared with
the anisotropic shapes. In fact, the calculations also show
that a “optimized” monoclinic
nanocrystal—close to a bipyra-
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be considered the average value of the entire sample.
Figure 5 shows the XRD patterns for phase formation in ti-
tania and zirconia synthesis. Anatase nanocrystals appears
as preferential only in shorter treatment times, and the
rutile formation is predominant in the sample treated over
24 h, as seen in Figure 5. The synthesized zirconia nanocrys-
tals showed a well-formed baddeleyte phase (monoclinic),
while the tetragonal phase was not detect even after short
thermal treatment times. This is consistent with Figure 3 and
is in accordance with the Ostwald step rule.!!

Figure 5. X-ray diffraction of as-synthesized nanocrystals (TiO, and
Zr0,), treated over 24 h. v: baddeleyite, 0: rutile, @: anatase.

The particles sizes were estimated using Scherrer’s formu-
1a"Y for each identified crystallographic plane in the diffrac-
tion patterns, as indicated in Table 1. Note the congruence
of the calculated data and the TEM images in Figures 1 and
3: the rutile nanoparticles were estimated in 14.5 nm in
[110]; this value is lower than that estimated as the average
length, but is a good indication of the size of primary rutile
nanocrystals. The difference between the calculated values
(from 9.8 to 29.1 nm) shows the system’s anisotropy. The
values calculated for the remnant anatase nanocrystals are
consistent with those reported in the literature. For zirconia
nanocrystals, the data are in surprisingly good agreement
with the statistical size (Figure 4), /=15 nm (corresponding
to [100] and ¥ =5.2 nm (corresponding to [111]).

As determined by Christensen and Carter,”! the lower
energy planes in monoclinic zirconia are (111), which are
predominant. Following the authors, the Wulff construction
of the tetragonal crystal predicts the predominance of {111}

Table 1. Particle size in function of crystallographic coherence according Scherrer’s formula.

mid shape, a anisotropic

. t Anatase Rutile Monoclinic
shape—can be stable with size 20 Size [nm] 20 Size [nm] 20 Size [nm]
“_4 nm, as observed in o 25 82 [110] 28 145 [100] 17 15.0
Figures 3 and 4. [200] 48 122 [101] 36 29.1 [110] 24 71

Our X-ray diffraction data [111] 41 22.3 [111] 28 52
merit a general discussion, B;g} ;“7‘ ?281 Eé(l)} ;11 2'27

since the values obtained can
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facets, which is actually visible in Figure 3. Since the marten-
sitic tetragonal — monoclinic transformation is a dislocation
event,'"7 it is expected that #{111} facets are converted into
m{111} and m{111}, because these are parallel planes. How-
ever, m{111} is the most stable plane, and not m{111}. There-
fore, their predominance in facets may be the main reason
for the needle-like shape, since the growth mechanism
would not favor sideway growth.

Based on this argument, it is clear that the phase transfor-
mation in zirconia occurred after successive coalescence
events of tetragonal nanoparticles in [100], although coales-
cence in other directions is not impossible, as indicated in
Figure 3c. However, the phase change only occurs if the
total surface energy of the coalesced nanocrystal is favora-
ble for the transformation, which is more probable in aniso-
tropic nanocrystals, as predicted by Equation (1). This is
consistent with the preferential coalescence of the monoclin-
ic nanocrystals observed in the terminals, with few lateral
coalescence events. Finally, Figure 3d shows a stress line
(black arrow) near the defects associated with oriented at-
tachment, which may have resulted from the transformation
in the crystals formed here.

In the case of rutile nanocrystals, this discussion is more
complex since the anatase to rutile transition is known as a
nucleation—growth process.”!l In this case, it is difficult to
state that the phase transformation occurs after the coales-
cence event, or that the attachment acts by stabilizing some
randomly formed “unstable” rutile nanocrystals. Zhang and
Banfield™®*! suggested that the mechanism of the anatase
to rutile phase transformation is dominated by interface nu-
cleation in temperatures below 873 K. This suggestion is
consistent with the kinetic study of Shannon and Pask,?!
who reported on the surface nucleation of rutile in coarsely
crystalline anatase. It is therefore logical to assume that
rutile phase nucleation begins during coalescence events, by
interfacial nucleation at the common boundary of the coa-
lesced particles, in which case the growth process should
play a decisive role in stabilizing the desired phase. This
proposition still requires an in-depth investigation to vali-
date it.

Finally, it is obvious that phase stabilization via surface
energy is highly dependent on the particles morphology and
plane surface distribution. It is common to describe phase
transformation as a crossover in free energy—diameter size
of the particles of the two phases, defining a critical size."!
These results demonstrate the importance of the crossover
in total surface energy per volume, which is the characteris-
tic size of the phases. It should be noted that the role of ori-
ented attachment is to modify the area/volume relation in
the formed particles, favoring or not the phase transforma-
tion according the exposed crystallographic planes after the
event. In fact, previous works have demonstrated highly ani-
sotropic metastable phases, demonstrating this possibility.**]
Thus, in the case of nanorods/needle-like particles, the char-
acteristic size can be assumed to be the length. Keeping in
mind that the contribution of the side planes will increase
with the length, and assuming these planes are less energet-
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ic, the surface energy to volume ratio will decline continu-
ously with the length, stabilizing the phase even in thin di-
ameters (below the reported critical size) as observed in this
study.

Summary

The two cases of phase stability in nanometric range ob-
served in this work show that phase stability is strongly de-
pendent on the minimization of the total surface energy.
This minimization can be attained by tailoring highly aniso-
tropic crystals, favoring planes with low energy. This goal is
also achieved in systems in which counterions or surfactants
can stabilize some surfaces, reducing the effective surface
energy. The oriented attachment mechanism can interfere
by forming anisotropic particles, particularly in cases where
growth occurs preferentially in the high energy planes. The
phase transformation will then occur by a lattice distortion
process: the case of tetragonal — monoclinic transformation
in zirconia, or by a nucleation-growth process. In cases
where interfacial nucleation is preferable, as in anatase —
rutile transition, the common boundary between the two at-
tached particles can be a nucleation site. This information is
important to establish the role of oriented attachment in
phase stability: stabilization of metastable phases probably
relies on methods to prevent growth by oriented attach-
ment, whereby the stabilization of stable phases in nanomet-
ric range can be accelerated by inducing oriented attach-
ment on the particles’ high energy planes.

Experimental Section

Titanium and zirconium oxides were synthesized by the hydrothermal
treatment of the peroxo complexes of titanium (PCT) and zirconium
(PCZ) gel solution. The PCT gel was prepared from a titanium(IV) iso-
propoxide (Ti(OCH(CH,),),, Aldrich, USA) and H,0, (Mallinckrodt
Baker, USA, 30 % in volume). In a typical synthetic process, titanium iso-
propoxide (2.84 g) was added slowly to a H,O, solution (11.3 g of a solu-
tion 30wt% H,0,) (10:1% mol H,0,/Ti) under vigorous stirring in an
ice bath. The final volume of the solution was then adjusted using dis-
tilled water (100 mL), and poured into a round-bottomed flask. The flask
was connected to a reflux apparatus to prevent water evaporation and al-
lowed to release O, produced by the decomposition of excess H,O,. The
solution was kept under reflux at 80°C for 15 min, resulting in a transpar-
ent yellow gel. The PCZ gel was obtained following a similar procedure:
zirconyl(IV) nitrate (1.16 g ZrO(NO;),-xH,0O, Acros) was added to a
H,0, solution (2.55 g of a 30 wt % solution) (15:1 % mol H,0,/Zr), result-
ing in a colorless, slightly viscous solution without any refluxing process.
The solution was kept under vigorous stirring for 15 min to allow for the
release of O,.

Both the gels (10 g) were dissolved in water (90 g) and the resulting solu-
tion (with pH 3) was poured into a bottle with an autoclavable screw cap.
The bottle was then placed in a regular laboratory oven and subjected to
a constant temperature (95°C for PCT gel and 130°C for PCZ gel) for
48 h.

The morphology and particle size distribution of both systems were char-
acterized using a 300 kV transmission electron microscope (JEOL 3010,
LNLS facility). The particle size distribution was estimated based on the
measurements of TEM images of at least 200 particles. The TEM samples
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were prepared by wetting carbon-coated copper grids with a drop of the
colloidal suspensions for 20 s, followed by drying in air. The X-ray dif-
fraction patterns were carried out in a Rigaku D-Max 2500 diffractome-
ter with CuKa radiation, in a scanning routine of 1°min~", to define the
peak position and width.
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