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The evolution of nanostructure in sol-gel derived lead zirconate titanate (PZT) and zirconia precursor sols
at different hydrolysis ratios was investigated by small angle X-ray scattering (SAXS). The shape of the
clusters in the zirconia sol could be described by the length-polydisperse cylindrical form factor. The zir-
conia-based clusters were characterized by a cross-sectional radius, ro, of 0.28 nm and a practically
monodisperse length of ca. 1.85 nm. These clusters were probably constructed of zirconia-related tetra-

Keywords: ) meric building blocks. Similar cylindrical structural motifs were observed in PZT precursor sols with
;ie:ciiil;conate titanate [H20]/[Zr + Ti] = 9.26 and 27.6, but the polydispersity in length was much higher. Clear scattering contri-
PZT butions from Ti and Pb centers were not detected, which was interpreted in terms of a homogeneous dis-
Sol-gel tribution of unbound lead ions in solution and the relatively low scattering intensity from any Ti-based
SAXS clusters or oligomers that may have been present in the sols.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Lead zirconate titanate (PbZr,_,TiyO3; PZT) is a technologically
important ceramic material mainly due to its large remnant polar-
ization, low coercive field, and high piezoelectric coefficients. It is
applicable in a wide range of applications, many of which are based
on the use of PZT thin films. Therefore, various thin film fabrication
methods have been extensively studied [1-4]. Most common are
metal-organic chemical vapor deposition (MOCVD) [5,6], sputter-
ing [7,8], and pulsed laser deposition for the deposition of thin
films of PZT [9,10]. On the other hand, chemical solution deposition
techniques (CSD) [11], including the sol-gel routes [12,13], and
metal-organic deposition (MOD) [14,15] have been successfully
employed to fabricate PZT thin films. The sol-gel technique has at-
tracted considerable attention because of its simplicity, low cost,
good compositional control, and its potential for large area film
fabrication [16].

The properties of sols are controlled by the nature of metal-car-
rying reagent, solvent, reagent concentration, water concentration,
method of water addition, catalyst, solution preparation/reaction
conditions, and other factors [11,12]. Typically, PZT sol-gel solu-
tions consist of Ti(IV) and Zr(IV) alkoxides and either Pb(II) or
Pb(IV) carboxylate precursors, solvents, water, and a catalyst.
Acetic acid acts as a key chelating agent, affecting the reactivity
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and promoting esterification reactions that result in many alkyl
acetate esters as byproducts. Metal oxoacetates and/or metal
alkoxy acetates are formed due to (partial) exchange of alkoxy
ligands by acetate [17]. Most metal alkoxides or metal carboxylates
and oxocarboxylates can form oligomeric structures in appro-
priate solvents. Well-known examples are Tig(O'Pr);0(00CCH3)404,
TiG(OiPr)g(OOCCH3)3O4, and Zr40(OPr)1O(CH3COCH2COCH3) [1],12]
Several complexes of Pb and Ti or Zr precursors in similar solvents
have also been reported [18-22]. All of these complexes formed in
the absence of water, that is, without the hydrolysis step that is
typical for initiating sol-gel condensation processes.

In the “classical” sol-gel process, an alcohol, for example, 2-
methoxyethanol, is used as primary solvent for the dissolution
and stabilization of the three elemental metal components. In the
case of PZT, a combined Pb-Ti-Zr alkoxide is known to form
[11,12,16,17,23-26]. Alternatively, in the chelating method, Pb(II)
or Pb(IV) acetate is dissolved in acetic acid prior to mixing with
alkoxides that have been modified by, for instance, 2-methoxyeth-
anol. In this case, acetic acid is also known to chelate metal centers
in alkoxides, leading to the formation of metal oxoacetates [11-
13,17,23,24,27-29]. A derivative of the latter sol preparation meth-
od was utilized in the experiments described in this paper. In par-
ticular, we focused on a PZT model solution that has been used
successfully to imprint PZT nanopatterns with a lateral resolution
below 200 nm by soft lithography [30]. We showed elsewhere that
nanocrystalline ZrO, domains of 2-10 nm develop in drying thin
films of similar PZT model sols [31].
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It is known that the nature of the sol has a profound effect on
the microstructure, orientation, and electrical properties of the
films [12,16,26]. But despite various studies involving nuclear
magnetic resonance [17,27,32-34], Fourier transform infrared
spectroscopy [33,34], gas chromatography-mass spectroscopy
[32], photon correlation spectroscopy [27-29], and small angle
X-ray scattering [27-29], relatively few details are known about
the structural evolution of PZT sols, especially where it concerns
the quantitative microstructural parameters of sols and their rela-
tionship to measurable chemical properties.

Pioneering SAXS studies of alkoxide-carboxylate PZT precursor
sols with a Pb/Ti/Zr ratio of 100:70:30 suggest that rod-like struc-
tures constitute an important structural motif of lead zirconate
titanate and lead zirconate precursor sols [27-29]. The radii of
gyration were determined from fits of the experimental data to
the Guinier approximation and were found to be 4-5nm [28].
Rod lengths were calculated by fitting to a simple Guinier approx-
imation for rod-like particles and were in the range of 6-8 nm
[29]. However, the validity of this analysis depends on the
absence of polydispersity in the rod lengths [28], which cannot
be assumed a priori in such relatively complex solutions. The
absence of clearly linear regions in a number of Guinier plots
[28,29] suggests that the actual structure in solution may be more
complicated than was initially concluded. The authors speculated
on the formation of core-shell structures [29], but no features
of a core-shell morphology were identified in the scattering
curves.

The aim of this study was to investigate the structure of rela-
tively similar sol-gel PZT model solutions on a nanometer-length
scale in more detail. The hydrolysis step was introduced in order
to initiate the structural evolution of sols. We used in situ small
angle X-ray scattering to investigate the evolution of PZT after
hydrolysis in solutions containing stoichiometric ratios of Pb, Zr,
and Ti and compared the results with scattering curves from zirco-
nia precursor sols. We used a length-polydisperse cylinder model
to fit the experimental data and compared them with a Guinier
approximation for rod-like particles.

2. Experimental
2.1. Synthesis of lead zirconate titanate (PZT) precursor sols

Lead(Il) acetate trihydrate (99%, Sigma-Aldrich), zirconium(IV)
n-propoxide (70% w/w in n-propanol, Alfa Aesar), and titanium(IV)
iso-propoxide (99.999%, Sigma-Aldrich) were used as precursor
materials. Glacial acetic acid (99.8%, Acros) and 2-methoxyethanol
(>99.3%, Sigma-Aldrich) were used as solvents, stabilizers, and
chelating agents. Three stock solutions were made, each with a
concentration of 0.60 mol/dm?>. A Pb-acetate solution was prepared
by dissolving lead(Il) acetate trihydrate in acetic acid and subse-
quent refluxing at 105 °C for 8 h to remove all remaining water.
The other two solutions were based on titanium iso-propoxide
and zirconium n-propoxide, respectively, with 2-methoxyethanol
as solvent. They were stirred in a glove box under nitrogen atmo-
sphere at room temperature for 24 h and then stored at room
temperature until further use. Prior to the experiments, the stock
solutions were mixed in the appropriate molar ratios and stirred
for 5-10 min. The Ti and Zr stock solutions were first mixed and
added to the lead acetate solution. The molar ratio Pb/Zr/Ti was al-
ways kept at 100:52:48, yielding a concentration of 0.30 mol/dm?
in the final PZT solution. Solutions of this concentration were used
in all experiments. Hydrolysis was initiated by addition of water
immediately after the three stock solutions had been mixed. Two
hydrolysis ratios were investigated, namely [H,O]/[Ti + Zr] =9.26
and 27.6.

2.2. Synthesis of zirconia precursor sol

Zirconium(IV) n-propoxide (70% w/w in n-propanol, Alfa Aesar)
was used as precursor. Glacial acetic acid (99.8%, Merck) and 2-
methoxyethanol (99.3%, Sigma-Aldrich) were used as chelating
agents, solvents, and stabilizers. Zirconium(IV) n-propoxide was
dissolved in 2-methoxyethanol and stirred in a glove box under
nitrogen atmosphere, yielding a 1.00 mol/dm? stock solution. Then,
the zirconium(IV) n-propoxide stock solution was mixed with ace-
tic acid, yielding a 0.67 mol/dm? solution. Finally, the solution was
hydrolyzed at [H,0]/[Zr] = 5.

2.3. Time-resolved small angle X-ray scattering of PZT and zirconia sols

SAXS experiments were performed on the Dutch-Belgian beam-
line (DUBBLE) BM-26B of the ESRF in Grenoble, France [35]. The
beam was focused at the corner of a 2D gas-filled multiwire detec-
tor in order to maximize the range of accessible g values (scatter-
ing vector values). The beam energy was 16 keV (1 =0.0776 nm).
The samples were placed at a distance of 1.5 m from the detector,
and the intensity was measured in the range 0.13 < q<8.42nm™ .
The raw data were corrected for the pixel-dependent detector sen-
sitivity and integrated for channels with the same g values. To
investigate in situ the evolution of PZT and zirconia precursor sols
at elevated temperatures, SAXS data were collected on sols in lith-
ium borate beryllium oxide glass sealed capillaries (@ = 1.0 mm,
glass no. 14, Hilgenberg, Malsfeld, Germany) that were mounted
into a thermostat (Linkam), which was operated at 60 °C. Measure-
ments were taken with 2-5 min intervals for time periods of
typically 1 h.

3. Analysis of SAXS data

In SAXS experiments, the elastic scattering of X-rays by a sam-
ple that has local fluctuations in its electronic density is recorded at
very small angles. Structural information about entities with
dimensions <50 nm such as colloids and powders can be derived
from the used angular range [36-39]. In a typical SAXS experiment,
the scattering intensity I(q) is plotted versus the scattering vector q
(nm™"), which is related to the scattering angle 20 and the wave-
length 2 (nm) of the incident beam via

q=4mn/Asinf (1)

In general, the scattering amplitude A in a given direction from an
object of electron density p(r) is expressed by Eq. (2) [36,38]:

A = [ pirerdr @)

Hence, the scattered intensity in the direction defined by a scatter-
ing vector is I(q) = AA*, where A* is the complex conjugate of A.

3.1. Guinier approximation for rod-like particles

In the case of rod-like particles of length L and cross-sectional
radius ro, where L >> ry, the scattering amplitude A(q) can be split
into length-related and cross-section-related components [38].
The scattering curve I(q) of a rod-like object is given by Egs. (3)
and (4), where the cross-sectional radius of gyration Rc is related
to 1o via 1o = 21Rc.

I(q) = 1(0)-L -%k(q) (3)
_ 2R
Ic(q) x exp (—quc> (4)
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Fig. 1. In I(q)q vs. g° plots and exemplary linear plots from which cross-section radius of gyration, R., was calculated for: (a) zirconia precursor sol of initial concentration of

0.67 mol/dm?> and hydrolyzed with [H,0]/[Zr] = 5; (b) PZT precursor sol of initial concentration of 0.30 mol/dm® and hydrolyzed with [H,0]/[Ti + Zr] = 9.26; (c) PZT precursor
sol of initial concentration of 0.30 mol/dm? and hydrolyzed with [H,O]/[Ti + Zr] = 27.6.

Eq. (4) is valid when 27/L < q < 1/Rc. The scattering intensity at zero of a particle, N is the number density of particles, and Ap is the dif-
angle is given by I(0) = N(Ap)*V?, where V is the scattering volume ference between the electron density of the scattering particle and
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its surrounding matrix. Eq. (4) is independent of the actual shape of
the cross-section in the applicable g range, provided that the parti-
cle sizes and shapes are sufficiently monodisperse. Thus, if a given
system is composed of rod-like particles of relatively monodisperse
cross-sectional dimension, the plot In I(q)q vs. g* should show a
straight line. Eq. (4) is known as the Guinier approximation for
rod-like particles [36,38].

3.2. Form factor of length-polydisperse cylinders
Egs. (3) and (4) are approximations of more rigorous expres-

sions. For rod-like particles of length L and circular cross-section
radius ro, the cylinder form factor Eq. (5) can be used [40,41].

2
™2 12],(qro sina)]*[sin (qLcosa) |~ .
Pcyl(q7r0,L)—/0 { grosina } TqLcosa sinoda, (5)

where J;(x) is the first order Bessel function and o is the angle be-
tween the long axis of the cylinder and the primary beam. In most
systems, the polydispersity must also be taken into account. In the
case of polydisperse cylinders of z-average form factor P,(q,ro,L), the
volume distribution w(L) is included as in Eq. (6) [42-45]:

_Jo L-w(L) - Peyi(q, 1o, L)dL
Pel@.ro,l) =B
I(q) =1(0) - P.(q,70,L)

Due to its convenient parameterization, the Zimm-Schulz-Flory
distribution Eq. (7) is used in the present work. This distribution
has often been employed to analyze scattering data from ladder-like
or worm-like polymers [43-45].

Here, L,, is the weight-averaged length of the cylinders, L, is the
number-averaged length, and z '=L,/L,—1. The z-averaged
length-polydisperse cylinder form factor as defined by Egs. (5)
and (6) can be partially solved analytically with respect to dL when
it is combined with the Zimm-Schulz-Flory distribution, w(L), of
Eq. (7). The relevant equations are derived in the Supporting Infor-
mation file.

The In I(q)q vs. g° plots were made based on Egs. (3) and (4) to
evaluate the shape of the particles and to determine values for R¢
from appropriate linear regression fits. Then, based on these repre-
sentations, the more advanced polydisperse cylinder models were
employed. Egs. (5)-(7) were used to fit all experimental data using
the well-known Levenberg-Marquardt algorithm [46,47]. Sets of
parameters I(0), ro, Lw, and z were calculated for all individual scat-
tering curves, providing more detailed information about the
dimensions and polydispersity of the particles.

4. Results and discussion
4.1. Time-resolved SAXS experiments

Fig. 1A shows plots of In I(q)q as a function of ¢? of the zirconia
precursor sol. Fig. 1B and C shows similar data of PZT precursor sols
with hydrolysis ratios [H,0]/[Ti + Zr] = 9.26 and 27.6, respectively.
The insets on the right-hand side of Fig. 1A-C show linear fits to
the first and last scattering curve from each series in the range
20 < g2 < 40, where Eq. (4) is valid.

The linear ranges in this Guinier representation for rod-like par-
ticles In I(q) q versus g2 in Fig. 1 indicate that all three sols con-
sisted of anisotropic, elongated scatterers and that the scatterers
in all three sols had identical cross-sectional dimensions. The
cross-sectional radius of gyration Rc was calculated using Eq. (4).
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Fig. 2. Evolution of R. as a function of time for zirconia precursor sol of initial
concentration of 0.67 mol/dm>® and hydrolyzed with [H,0]/[Zr] = 5; PZT precursor
sol of initial concentration of 0.30 mol/dm® and hydrolyzed with [H,0]/
[Ti +Zr] =9.26; PZT precursor sol of initial concentration of 0.30 mol/dm*® and
hydrolyzed with [H,O]/[Ti + Zr] = 27.6. The parameter values were derived from
data presented in Fig. 1.

Under the assumption that the scatterers have a circular cross-sec-
tion, the factor 2'/2Rc is plotted as a function of time in Fig. 2.

The scattering particles in the zirconia precursor sol had a con-
stant value of 2'/R¢ of ca. 0.27 nm throughout the experiment. The
PZT precursor sol with [H,O]/[Ti + Zr] = 9.26 had a similar value of
0.24-0.27 nm, and the PZT sol with [H,O]/[Ti+ Zr]=27.6 had a
lower value of ~0.13 nm for 2'?Rc. The similar values and trends
in Rc for the zirconia sol and the PZT precursor sol with [H,0]/
[Ti +Zr] = 9.26 may indicate that these two sols contain very sim-
ilar species in terms of dimensions and shape. Differences between
the respective values are discussed below. The smaller values of R¢
of the PZT sol with [H,O]/[Ti + Zr] = 27.6 suggest that another kind
of species was formed in the precursor solution at higher hydroly-
sis ratio.

A more detailed analysis was carried out by fitting the experi-
mental data with a length-polydisperse cylinder model using Eqs.
(5)-(7). Different form factors were attempted in the fitting rou-
tines, such as cylinders with elliptical cross-section, elongated
ellipsoids, and core-shell variations of these form factors. These
analyses confirm that a cylinder form factor described the investi-
gated structures best. The data sets of all three sols are shown on
the left side in Fig. 3. Experimental data of two selected scattering
curves and their best fits are presented on the right-hand side in
Fig. 3.

For each scattering curve, a set of four fit parameters was deter-
mined, namely ry (radius of cylinder), L,y (mass-averaged cylinder
length), z (a measure of the polydispersity in the length of a set
of cylinders), and I(0), the scattering intensity in the limit toward
zero scattering angle. It is noted that all scattering curves were fit-
ted independently from each other.

Figs. 4-6 show fitted values of r, Ly, and z, respectively. The lat-
ter two parameters are directly related to the polydispersity index
(PDI), defined here as PDI = L,,/L, =z~ ! + 1. The inset in Fig. 7 shows
the evolution of I(0) as a function of time of the same sols. Due to
the fact that all three samples were measured in capillaries with
slightly varying dimensions, and the SAXS patterns of the PZT
and zirconia sols were measured using different calibrations of
the experimental setup, the intensity is shown in arbitrary units.
The values of I(0) can therefore only be compared within a single
measurement series, and only trends can be interpreted. However,
since I(0) = NV2(Ap)? and V ~ r2L,,, the mass-averaged product of
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Fig. 3. Time-resolved in situ SAXS data of the investigated exemplary fits with the model from Eqs. (5)-(7); (a) zirconia precursor sol of initial concentration of 0.67 mol/dm>
and hydrolyzed with [H,0]/[Zr] = 5; (b) PZT precursor sol of initial concentration of 0.30 mol/dm® and hydrolyzed with [H,0]/[Ti + Zr] = 9.26; (c) PZT precursor sol of initial

concentration of 0.30 mol/dm® and hydrolyzed with [H,O]/[Ti + Zr] = 27.6.

particle number density and squared electron density difference
(N(Ap)?), can be expressed as

((Ap)*N)y, = OV ), ~ (I(O)L,ro*),, 8)
The graph in Fig. 7 presents the factor (I(0)L,?ry*) of all three sols as
a function of time. Since it contains only N and Ap as variables,

(I(0)L,?r3%) is a measure of the number density of particles when
Ap can be assumed to remain constant.

4.2. Interpretation of experimental data

The SAXS patterns of the zirconia sols shared some typical char-

acteristics with the patterns of the PZT precursor sols at g > 2 nm™!,

where part of I(q) scaled with ¢g~'. We may therefore assume that

the zirconium alkoxide and PZT sols also share similar structural
species.

In general, no directly detectable contributions from Pb or Ti
were present in the PZT SAXS patterns. The absence of a Pb signa-
ture is indicative of the very limited reactivity of lead ions under
these conditions. Pb%* ions are very soluble at low pH and do not
condense or precipitate easily from solution until the pH increases
considerably. Homogeneously dissolved Pb?* ions in solution are
not detectable by SAXS.

The scattering power of Ti is comparatively smaller than that of
Zr due to its smaller electron density. Contributions from Ti-rich
scatters might therefore be shielded by the stronger signals arising
from Zr-rich scatterers. While the formation of mixed Zr/Ti
alkoxoacetate structures has been reported [48], it is known that
pure Ti alkoxides in an excess of acetic acid form oligomeric com-
pounds with stoichiometry TiO(CH5COO), [49]. Such oligomers
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would yield SAXS patterns with characteristics of fractal-like
agglomerate morphologies, constructed from spherical primary
scatterers [50-52]. Such patterns are quite distinct from the pat-
terns observed in the present study.

Several small zirconium complexes have been reported. Jutson
et al. conjectured from SAXS experiments the cylindrical shape of
ziconia clusters and the constancy of their radius [53]. Toth et al.
investigated the properties of hydrous zirconium(IV) tetramers
[54]. They observed discrete [Zr4(OH)sg(H20)6]%" units derived from
Zr(NOs), at high pH. Zirconia tetramers as building blocks of oligo-
meric structures were already proposed several decades earlier by
Clearfield [55-57]. The authors reported an Rg of 0.46 nm and sug-
gested that these structures have a cylindrical shape as found by
SAXS. However, the accuracy of the experimental data was limited
compared to today’s standards. Another SAXS study on a system of
zirconyl chloride revealed the coexistence of tetrameric [Zr4(OH)g
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Fig. 6. Evolution of z parameter as a function of time for zirconia precursor sol of
initial concentration of 0.67 mol/dm® and hydrolyzed with [H,0]/[Zr]=5; PZT
precursor sol of initial concentration of 0.30 mol/dm? and hydrolyzed with [H,0]/
[Ti+Zr] =9.26; PZT precursor sol of initial concentration of 0.30 mol/dm® and
hydrolyzed with [HO]/[Ti + Zr] = 27.6. The parameter values were derived from the
model based on Egs. (5)-(7).

(H50)16Cl6]*" and octameric Zrg(OH ),0(H>0),4Cl1 5 species at a given
pH-dependent equilibrium [58], with radii of gyration of 0.37 and
0.50 nm, respectively. Growth and aggregation of zirconium hy-
drous polymers were extensively studied under various experimen-
tal conditions with SAXS by Singhal et al. [59] and Riello et al. [60].
Both groups found that cylinder-shaped particles of constant
cross-sectional radius formed in early stages of sol development.
An analogous polydisperse cylinder model was used to analyze data
[60], yielding comparable results as we obtained here. The measured
radius of the cylinder cross-section equaled 0.46 nm.

The structure of a hydroxylated zirconium tetramer was also
determined by crystallographic methods and modeled by Carr-
Parinello Molecular Dynamics [54,55,61]. The average Zr-Zr dis-
tance in a tetramer is equal to ca. 0.38 nm. It is the distance be-
tween the apexes of a square. Finally, in a SAXS study of
hydrolyzed zirconium acetate xerogels, it was proposed that the
primary units were cylindrical, containing either three or four cyc-
lic tetramer units in a single plane, stacked on top of each other in
the direction perpendicular to the plane [62]. Such structural mo-
tifs may be stacked into several layers forming larger cylindrical
objects. Thus, our choice of length-polydispersed cylindrical form
factor Eq. (5) seems to be reasonable, as this geometrical shape is
a recurring structural feature of zirconia-based structures at sev-
eral length scales as outlined above. If we assume that (1) a tetra-
meric unit constitutes a primary building block and (2) larger
structures are composed of stacked tetramers, then a cylinder with
a tetramer inscribed in its base would have a radius of ca. 0.27 nm
(ro =2'2.0.38/2 nm, see Fig. 8A), which is in close agreement with
the values of 2'/2Rc in Fig. 1A, and the r, parameters of the inves-
tigated zirconia sols in Fig. 4.

Zirconium is a relatively heavy element, and therefore, the scat-
tering contrast between the organic solvent medium and the scat-
tering entities is large. The scattering contrast between the solvent
medium and the external organic ligands coordinated to zirconium
is probably negligible, as they are very similar to the solvent med-
ium. The electron density of these ligands will therefore not con-
tribute significantly to the scattering intensity of the complex.
Thus, only the central Zr-based framework contributes to scatter-
ing contrast. This may explain why the cross-sectional radius ob-
served by us is lower than in studies where zirconia chloride,
nitrate, and sulfate salts were synthesized [59,60].
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Fig. 7. Evolution of I(0) divided by a mass-averaged volume of a particle as a function of time for zirconia sol, with initial concentration 0.67 mol/dm?, [H,0]/[Zr] = 5; PZT sol
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the model based on Egs. (5)-(7). All values are normalized with respect to I(0) at t=5 min. Inset on the right-hand side presents I(0) as a function of time for three

investigated sols.

Fig. 8.

Fig. 5 shows the evolution of the mass-averaged length of cylin-
ders in time. In the zirconia sol, L,, increased only slightly from
1.79 to 1.85 nm. Simultaneously, the z parameter increased from
~3 to a plateau at ~13 in Fig. 6. This implies that the polydispersity
decreased, finally reaching PDI=1.08. The evolution of
(1(0)rz*L,2),, in Fig. 7 shows that the mass-averaged product
(N(Ap)*) slightly increased and then reached a plateau. Since
the electron density of the scattering Zr-based complexes remains
virtually constant (Ap is constant), the trend suggests that the

.

Schematic representation of (a) zirconium oxo tetramer and (b) zirconium oxo dimer.

number of particles N in the zirconia sol increased initially and be-
came constant after 15 min of reaction. The high final value of z
shows that polydispersity was low and indicates that only one
length of cylindrical particles remained in the system by that time.

The hydrolyzed 0.3 mol/dm® PZT sols showed different trends.
For the sol with [H,O]/[Ti + Zr] = 9.26, the circular cross-section ra-
dii 2'2Rc and 1o, determined from the Guinier approximation in
Fig. 2 and the cylinder model in Fig. 4, were 0.24-0.27 nm and
0.24-0.28 nm, respectively. L,, increased from 1.3 to 1.5 nm before
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leveling off (Fig. 5). On the other hand, the z parameter decreased
from 6.3 to 1.2, yielding PDI = 1.83, that is, a substantially higher
polydispersity than found in the zirconia sol. The evolution of these
parameters suggests that the initial structure resembled the struc-
ture of the zirconia sol. However, due to hydrolysis and the pres-
ence of Pb and Ti-containing species, not only their length but
also their cross-sectional dimensions increased during growth.
The normalized plot of (I(0)ry*L,?),, in Fig. 7 shows a gradual de-
crease. Reduction of this parameter indicates reduction of the over-
all extent of scattering. Since its value is proportional to N(Ap)?
and Ap is probably constant, it follows that N probably decreased
in the course of reaction, possibly due to agglomeration and
growth of particles.

The PZT sol with [H,0]/[Ti + Zr] = 27.6 has a smaller radius of
cross-section, 2'/?Rc = 0.13 nm, as found from Eq. (4). The scatter-
ing intensity was low due to the small dimensions of the scatterers.
The particle shape and an approximate value of Rc could be ex-
tracted from the experimental data, but the absolute values should
be interpreted with some care. The ry values obtained from the
length-polydisperse cylinder model are more accurate. ro varied
from 0.145 to 0.175 nm in the first 30 min of reaction. These values
are smaller than found in the zirconia and other PZT sol. This indi-
cates that the nature of the scatterers may be different at high
hydrolysis ratio, although their shape was also cylindrical. Rao
et al. reported dimeric [Zry(OH)y(H,0)15]%* and trimeric [Zr3(OH)3
O(H,0)15]”* in a computational study [63]. A cylindrical structure
consisting of dimers stacked in the direction perpendicular to the
cyclic Zr,(OH), plane would have a radius ro=0.18 nm, and stack-
ing of dimers in their respective planes would yield a smaller rq
(essentially a chain of Zr-O-Zr surrounded by ligands). Similar
stacks of tetramers along their respective planes would yield a
structure analogous to the structure of stacked zirconia dimers.
However, in such a case, one would expect more a ribbon (or stiff
lamella) rather than pseudo-cylinder in rotation. It is not possible
to distinguish between these two situations at such small dimen-
sions or Rc.

For the corresponding trimer-based cylinder, ry = 0.20 nm. The
simulations indicated that trimetric units are less stable than di-
mers or tetramers. The actual Zr-Zr distance is strongly dependent
on the surrounding ligands in the dimer structure, as shown by
EXAFS [64]. The Zr-Zr distance in Zr(IV) iso-propoxide and
n-butoxide modified with acetylacetone (acac) was 0.353 nm,
independent of [Zr]/[acac] ratio. When these alkoxides were mod-
ified with acetic acid, the distances decreased to 0.335-0.339 nm
at [Zr]/[CH3COOH] = 0.5 [64]. These dimensions are similar to the
experimental values of ry = 0.145-0.175 nm obtained in this study
(Fig. 8B).

The L,, parameter ranged from 1.7 to 2.3 nm, without reaching
an obvious upper limiting value. The z parameter decreased from
2.5 to 0, yielding PDI > 10, which is typical for systems with a high
degree of polydispersity. Thus, a clear structural reconfiguration
toward a polydisperse system of cylindrical scattering entities oc-
curred upon hydrolysis. The plot of (I(0)rg*L,?),, in Fig. 7 shows
that the mass-averaged number of particles decreases. All data
suggest that condensation and/or agglomeration processes take
place in the solution, yielding a broad mass distribution. So while
not being detectable directly, the presence of Ti and Pb affects
the growth of the Zr-based phase, as reflected in the decrease of
(I(0)rg*L,2),, and the decrease of z in both PZT sols.

In a previous study on the microstructure of as-dried PZT pre-
cursor thin films, we found that the films contained nanocrystal-
line Zr-rich spherical domains of 2-10 nm diameter embedded in
an amorphous matrix of Zr, Ti, and Pb [31]. Electron energy loss
spectroscopy (EELS) showed that these nanocrystals contained no
or a very low concentration of Ti. Probably, the cylindrical Zr-based
structures that were observed in the present study are the starting

nuclei for these zirconia domains. The dimensions of the scattering
entities that we extracted from our data in the present study, that
is, 2'”Rc < 0.5 nm and Ly, <.5 nm for all samples, suggest that sub-
stantial agglomeration of Zr-rich entities takes place during or after
the stage in which the sol is dried as a thin film. This implies that
the Zr-rich domains in as-dried films were formed in a process that
was relatively isolated from the condensation of the amorphous
solid phase that contained Pb, Ti, and Zr.

5. Conclusions

Cylinder-shaped particles constitute one of the primary build-
ing blocks of zirconia and lead zirconate titanate precursor sols.
SAXS curves from these systems were modeled with a length-poly-
dispersed cylinder form factor. In the zirconia sol, the particles had
a radius of ca. 0.27 nm and a length L, of ca. 1.8 nm. Such a struc-
ture can be explained in terms of a stack of cyclic zirconia tetra-
mers. Similar structural motifs were also present in the PZT sols
with [H,0]/[Ti + Zr] = 9.3-27.6. These sols contained anisotropic
particles with L,, values of 1.4-2.3 nm and 2"R.<0.3 nm. The
number of particles in the PZT sols decreased in the course of time,
while the zirconia sol seemed to converge to a stable and monodis-
perse state after some time. This suggests that condensation and/or
agglomeration processes take place in the PZT solutions, yielding
broad mass distributions of cylindrical particles based on zirco-
nia-related structures. No direct evidence for the presence of Pb-
and|/or Ti-related structures was found in the investigated PZT sols.
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