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1. Introduction

The synthesis of nanostructured ferroelectric materials has been a subject of increasing interest
for more than a decade due to their possible applications as nonvolatile/dynamic random ac-
cess memories (NVRAMs/DRAMs), tunnel effect capacitors for high frequency microwave ap-
plications, infrared detectors, micro-electromechanical systems (MEMs) and electro-optical
modulators among others. These materials, when fully integrated into appropriately designed
micro-systems, are promising candidates for robotics sensing and for future medical proce-
dures requiring an in situ, real time and nondestructive monitoring with very high sensitivity.

As a logical consequence, the quest for nanostructured ferroelectric materials has also led to
modify the synthesis routes usually considered for obtaining conventional bulk materials and
thin films. One of those routes, the sol-gel method, overcomes the inherent limitations of the
conventional powders-based synthesis routes when dealing with molecular homogeneity
and, therefore, it has been extensively studied and applied in different scenarios in order to
obtain not only thin films, nanotubes or nanorods, but also submicron grains due to the dis-
tinctive dielectric and ferro/piezoelectric features that are associated with size related effects
when average grain size is well below 1 um [1]-[5]and because of the potential use of these
materials in a plethora of nanodevices [6].

One of the backbones of the ferroelectrics industry is the Lead zirconate titanate [PZT:
Pb(Zr,_,Ti,)O;] ceramic system, a well-known ABO; perovskite with a wide range of industri-
al applications since the early 1950s of the 20th century. Its dielectric and electromechanical
properties have made possible to develop and implement a myriad of devices such as under-
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water sonar systems, sensors, actuators, accelerometers, ultrasonic equipment, imaging devi-
ces, microphones and multiple active and passive damping systems for the car industry.

The sol-gel synthesis of PZT ceramics has evolved a lot since it was first reported in the
mid-1980s of the last century [7]-[9]; thermal treatments, precursors, additives, diluents and
stabilizers have been incorporated and/or modified in order to achieve less hydrolysable,
more stable, compounds to suit a specific need. In the case of the synthesis of thin films,
nanotubes or nanorods, sol-gel routes have been used in many different ways: from the
well-known spin-coating method to the electrophoretic deposition on a given substrate [10]
or the insertion on nanoporous templates [11]. Submicron and nanosized PZT particles are
also important in the fabrication of highly dense bulk ceramics which, even nowadays, com-
prise almost the entirety of the electroceramics market. In this particular case, several works
have been published in which PZT powders are synthesized first via sol-gel and then put to
sinter for densification [12]-[15]. In this procedure, sintering temperatures tend to lower and
densification attains notably high values mostly due to a higher Gibb’s free energy per unit
surface area while some material properties strongly dependent on grain size are also en-
hanced [16].

Accordingly, in this chapter we will be devoted to analyze the feasibility of a 'customized' syn-
thesis of PbZr, ,Ti,O; [PZT (1-x)/x] nano/submicrometric structures by using a sol-gel based
colloidal dispersion as a precursor solution. This study will be done on the basis of a ‘bottom-
up' approach as it will take into account (i) Synthesis route, (ii) Properties of colloidal disper-
sions and (iii) Final crystallization. We will try to thoroughly illustrate every synthesis step
while paying special attention to the physicochemical depiction of some phenomena that not
always are sufficiently described or explained. It has to be pointed out that most of the main
procedures, discussions and results contained herein could be easily extrapolated to a wide
range of materials, not exclusively PZT-based ones.

2. Sol-gel based synthesis route

The complexity of the intermediate reactions, one of the few handicaps of the sol-gel meth-
od, makes almost mandatory a step by step study of the synthesis method. The chemical re-
activity of precursors is a well-known key feature determining the nature of the
intermediate organic ligands and the control of the hydrolysis rate in the final sol-gel. Sever-
al studies have been made for particular synthesis routes both theoretical and experimental
and many possible reaction pathways have been proposed and dissected. Particularly, the -
chemistry of metal alkoxides has been intensively studied by Sanchez et al. [17] and Sayer
and coworker [18]. It is our purpose here to analyze the different reaction steps and inter-
mediates involved in the PZT (1-x)/x sol-gel synthesis using propoxides as starting metal
alkoxides.

2.1. Synthesis

The followed sol-gel route was the acetic acid, acetylacetone and 2-methoxyethanol pro-
poxy-based sol-gel method as illustrated in Figure 1. Starting reagents for the sol-gel PZT (1-
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x)/x solutions were: (1) lead(II) acetate trihydrate (Pb(OAc),#3H,0, Mallinckrodt Baker, Inc.,
99.8% pure), (2) glacial acetic acid (HOAc, Mallinckrodt Baker, Inc., 99.7% pure), (3) acetyla-
cetone (AcacH, Sigma-Aldrich Co., 99% pure), (4) 2-methoxyethanol (2-MOE, Mallinckrodt
Baker, Inc., 100% pure), (5) zirconium(IV) propoxide (Zr(OPr),, Sigma-Aldrich Co., 70 wt.%
in 1-propanol), and (6) titanium(IV) propoxide (Ti(O'Pr),, Sigma-Aldrich Co., 97% pure).

First, lead acetate was dissolved in acetic acid with a 1:3 molar ratio while stirred and re-
fluxed at 115 °C during 3 h for dehydration and homogeneity purposes. After this step, a
thick transparent solution was obtained which will be referred hereafter as solution A. On a
separate process, stoichiometric amounts of zirconium and titanium propoxides were mixed
with acetylacetone on a 1:2 molar ratio in order to avoid fast hydrolysis of reactants. This
mixture was stirred and refluxed at 90 °C during 4 h forming a clear yellow solution refer-
red hereafter as solution B. When this solution cooled down, the precipitation of several nee-
dle shaped crystals was verified. In order to keep stoichiometry unaffected, we then
repeated the solution B procedure to isolate and characterize some of those crystals by sin-
gle crystal XRD.

PbAc-3H-O HO A Zr Propoxide Ti Propoxide | Acetylacetone
D Sy —
Refl. 115°C/3h Refl. 90°C/4h
¥ ¥
S0l A - 2-MOE Sol. B J
¥
Stirr 24h
L 4

0.4 M PZT Sol-Gel

Figure 1. Flow chart depicting the basic experimental procedure followed in order to obtain a 0.4M PZT (1-x)/x sol-
gel based precursor.

Solutions A and B were then mixed together as appropriate amounts of solvent (2-MOE)
were slowly added for complete dilution of the precipitated crystals and for controlling the
PZT concentration on the final solution. Afterwards, a light yellow solution was obtained af-
ter stirring for 24 h at room temperature.

It must be stated here that we devoted our work to several Zr:Ti molar ratios that are com-
monly used in practical applications: (i) PZT 25/75, (ii) PZT 53/47, (iii) PZT 60/40, (iv) PZT
80/20 and (v) PZT 95/05. Besides, we also tried to cover a relatively wide concentration range
for every PZT (1-x)/x sol-gel precursor under study: from 0.05 M to 0.4 M. Due to these facts,
we will only focus on the discussion of representative samples instead of discussing irrele-
vant data of samples that showed no significant discrepancies between each other. As de-
picted in Figure 1, this section will analyze the synthesis of a 0.4 M PZT 53/47 precursor
solution.
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2.2. Experimental techniques

Every reactant and intermediate product was analyzed using FT-IR and Raman spectroscop-
ies. As was described earlier, single crystal XRD was also carried out for the solution B acic-
ular precipitates.

2.2.1. Raman spectroscopy

Raman characterization was made on an Almega XR Dispersive Raman spectrometer equip-
ped with an Olympus microscope (BX51). An Olympus 10x objective (N.A. = 0.25) was used
both for focusing the laser on the sample, with a spot size ~ 5 um, and collecting the scat-
tered light in a 180° backscattering configuration. The scattered light was detected by a CCD
detector, thermoelectrically cooled to -50 °C. The spectrometer used a grating (675 lines/mm)
to resolve the scattered radiation and a notch filter to block the Rayleigh light. The pinhole
of the monochromator was set at 25um. The Raman spectra were accumulated over 25 s
with a resolution of ~ 4 cm™ in the 100-2000 cm™ interval. The excitation source was a 532
nm radiation from a Nd:YVO, laser (frequency-doubled) and the incident power at the sam-
ple was of ~ 8 mW.

2.2.2. FT-IR spectroscopy

FT-IR analysis was carried out on a Thermo Nicolet Nexus 670 FT-IR in transmission mode
with a resolution of ~ 4 cm™ in the 400-2000 cm™ interval. The excitation source was a Heli-
um-Neon laser light incident on a KBr compact target containing ~ 0.5 % in weight of the
sample of interest.

2.2.3. Single crystal XRD

Single crystal XRD experiments were carried out for selected specimens. A Bruker SMART
APEX CCD-based X-ray three circle diffractometer was employed for crystal screening, unit
cell determination and data collection. A Van Guard 40x microscope was used to identify
suitable samples and the goniometer was controlled using the SMART software suite. The
X-ray radiation employed was generated from a Mo sealed X-ray tube (Ka= 0.70173 A with
a potential of 50 kV and a current of 30 mA) and filtered with a graphite monochromator in
the parallel mode (175 mm collimator with 0.5mm pinholes).

2.3. Solution A

Figure 2 shows, from bottom to top, the IR and Raman spectra of starting acetic acid and
lead acetate as well as the final product, solution A, after stirring and refluxing. There are
several features in common between these spectra due to the organic nature of ligands. Basi-
cally, bands corresponding to the CH, and CH; groups in the 1300-1400 cm™ interval as well
as in the low frequency range [19].

The glacial acetic acid spectra reveal several representative peaks found at 619 cm™ (RA:
Raman active), 889-893 cm™ (RA, IRA: Infrared active), 1294 cm™ (IRA), 1410 cm™ (IRA), 1668
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cm™? (RA), 1716 cm™ (IRA) and 1757 cm™ (IRA) for this molecule. Those peaks correspond,
respectively, to the 1(C-C=0), v(C-C), 85(CHy;), 0,(CHj;), v(C=0), v(C=0)4imer and v(C=0),,on0-
mer Vibrations [20],[21]. The clear splitting detected for the C=O dimeric and monomeric
stretch vibrations somewhat evidences the presence of some small amounts of water in the
acidic medium that, for the purpose of our study, will not be taken into consideration.

Sol. A

FT-IR

Raman

Transmission / Raman Intensity (a.u.)

I L} L I T L) I T
200 400 600 800 1000 1200 1400 1600 1800 2000

Wavenumbers / Raman Shift (cm'1)

Figure 2. Infrared and Raman spectra of the reactants involved in solution A formation.

On the other hand, the lead(Il) acetate trihydrate spectra also feature some representative
peaks located at 216 cm™ (RA), 615-617 cm™ (RA, IRA), 665 cm™ (IRA), 934-935 cm™ (RA,
IRA), 1342-1346 cm™ (RA, IRA), 1417-1420 cm™ (RA, IRA) and 1541-1543 cm™ (RA, IRA) re-
lated to the v(Pb-O), o(COO), d5(COO), v5(C-C), d5(CH,;), v4(C-O) and v,(C=0) vibrational
modes, respectively [20],[22]. It is well known that the acetate ligands can complex a metal
ion in three different ways (monodentate, bidentate chelating and bridged) and that, un-
fortunately, none of these can be uniquely identified by symmetry considerations. Tradition-
ally, the various types of bonding have been identified by the magnitude of the difference
between symmetric v5(C-O) and asymmetric v,(C=0) vibrations. In our case, this difference
is 122 cm™ indicating a bidentate chelating coordination for the acetate-metal complex that
has been widely accepted for lead(II) acetate even though the Av criterion has led sometimes
to incorrect conclusions [20],[22].

Solution A vibrational spectra shown in Figure 2 evidences the expected dilution of lead(II)
acetate in acetic acid: there are no new vibrational modes and a strong band overlapping is
seen. There is some band shift due to the overlapping and is worth to notice the weakening
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of the lead acetate Raman active Pb-O band at 216 cm™ when in solution. Unfortunately, a
noticeable fluorescence in the Raman spectrum could not be avoided and this fact made
very difficult to carry on an appropriate analysis with useful data.

Nevertheless, and according to our results, the formation of Solution A could be fairly de-
scribed by the following equation:

T~115°C +

24+ N
Pb(0Ac), -3H,0,) + BHOAC(, ) ————> Pl ) +3aH 0, ) +(2+3a)OAc(, ) +

1

+3(1-a)HOAc, )

Where « is the HOAc dissociation degree under our experimental conditions and where we
have also assumed, on the simplest approach, neglectable losses due to evaporation of H,0O
and HOAc during the whole process.

2.4. Solution B

FT-IR spectra for Solution B precursors, Figure 3, showed some features like the ones dis-
cussed above. A Raman spectra based analysis for these compounds could not be completed
due to the strong fluorescence exhibited by the zirconium and titanium alkoxides at our
tixed operating laser wavelength.

The titanium propoxide IR spectrum exhibit sharp bands at 1377-1464 cm™ corresponding,
respectively, to the stretching and bending vibrations of the aliphatic CH; groups. A distinc-
tive single peak at 1011 cm™ corresponds to the propoxy- Ti-O-C vibration and a similar be-
havior is found for zirconium propoxide with Zr-O-C vibrations located at 1142 cm™[18].

The acetylacetone vibrational spectrum shows the main features attributed to the most prob-
able staggered conformation of this compound. This conformation has some typical weak IR
active vibrations in the low frequency range, as it is shown. Modes at 509, 554 and 640 cm™
correspond to the in plane ring deformation (A ring), out of plane ring deformation (I' ring)
and A ring + o(CH;) modes, respectively [23].

As described above, when reaction took place, some crystals precipitated short after solution
B reached room temperature; IR spectra of these single crystals are also shown in Figure 3.
Unlike solution A, a reaction is now verified by the shifting and/or reinforcement of bands
associated to reactants vibrations. A discussion of several mechanisms for this kind of reac-
tion has been reviewed by several authors taking into account, primarily, the mixing condi-
tions, the reactivity of metal alkoxides and the Acac/Alkoxides molar ratio [17],[18],[24].

2.4.1. Single crystal XRD characterization

At this stage, a suitable colorless parallelepiped 0.356 mm x 0.162 mm x 0.066 mm was chos-
en from a representative sample of crystals of the same habit. After the determination of a
suitable cell, it was refined by nonlinear least squares and Brava is lattice procedures. The
unit cell was then verified by examination of the (h k 1) overlays on several frames of data,
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including zone photographs, and no super cell or erroneous reflections were observed. A
search performed on the Cambridge Structural Database and updates using the program
Conquest afforded 77 coincidences within 1% of the longest length of a monoclinic C-cen-
tered cell whose lattice parameters and reported structure are shown in Figure 4(a). Two en-
tries, those with ACACZR and ZZZADD CCD reference code, in addition, revealed
chemical coincidences (both in composition and stoichiometry) for the compound tetra-
kis(acetylacetonate-O,0’)-zirconium(IV) or Zr(Acac),.

Single
Crystals
— AcacH
=
&,
C
o
3 Ti(O'Pr),
=
[7p]
c
o
|_
Zr(OPr),
— 7T r 1 * T ' T * T % T Tt T T
400 600 800 1000 1200 1400 1600 1800 2000

Wavenumbers (cm™)

Figure 3. Infrared spectra of the reactants involved in solution B formation. The IR spectra for the resultant precipitat-
ed single crystals are also shown.

According to these data, the Zr(Acac), structure was simulated using the Accelrys Materials
Studio 3D visualizer environment [25]as shown in Figure 4(b). In this case, the acetylacetone
reaction with the Zr propoxide results in the formation of an oxo cluster where the metallic
atom changes its coordination number from 4 to 8 which is the highest possible value for
zirconium. Metallic cations are now bonded to the acetylacetonate chelating ligand giving
rise to a less hydrolysable organic complex.

In the case of the titanium propoxide reaction, and taking into account our experimental
conditions, it is not a bad assumption to consider the formation of a fully chelated organo-
metallic complex, just as it was described for zirconium. Given the maximum coordination
number of 6 for titanium, a Ti(Acac),(OPr), compound will be the most likely to expect as is
also confirmed by earlier reports that consider the multiple chelation routes for titanium
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propoxide [18],[20]. Figure 4(c) shows a very simple Materials Studio 3D modeling for the
most probable configuration of Ti(Acac),(OPr), as determined by the Forcite package [25] on
a single step relaxation and energy minimization routine.

Accordingly, bands located at 1280, 1370-1440 and 1530-1595 cm™ in the crystals spectrum,
shown in Figure 3, can be assigned to the v(C-CHj;:Acac), 8(CH;:Acac) and v(C-C) + v(C-
O:Acac) vibrational modes, respectively [26].

Formula
C20M28%%"

Compound Name

Space Group:  C2lc
Space Group No.:

Cell: a=21.665 b=8.3578 c=14.107
(A,%) ©=90.00 B=116.739 7= 90.00

A

(a; M\

Figure 4. Fully chelated metal-acetylacetonate complexes. (a) Zr(Acac), as reported by single crystal XRD charateriza-
tion, (b) Zr(Acac), structure simulated by Materials Studio (MS) according to its crystallographic data and (c)
Ti(Acac),(OPr), simulated by MS according to its most probable configuration.

2.4.2. Chemical reaction

As seen before, solution B can be thought as the resulting chelated metal complexes mixed

with residual isopropanol. In this case, an appropriate chemical equation for the reaction
could be:

T~90°C i
——>2HO Pr(Aq)+ er(Acuc)

Aﬂ) t~4hrs.

0.5327(0" Pr)

+ 0,47:ri(o" Pr) ( ©*

4( Aq

+ 2 AcacH
) (

4 Aq)

+(1-2y)Ti( Acac), (of Pr) ot (053 —y)Zr(Oi Pr) " +(2y —0.53)Ti(o" Pr)
2(Aq 4(Aq

)

4 Aq

where we have assumed that all the acetylacetone reacts with the alkoxides thus forming the
chelated organometallic complexes. As we see, there is still a fraction of nonchelated reac-
tants due to the insufficient amount of acetylacetone needed for that purpose. Let us find
now the exact amount of acetylacetone required for obtaining fully chelated organometallic
complexes without any further byproducts. We could rewrite equation [2] as:

T~90°C i
) + (2 + A)AC(ZCH(AV]) ——)(2 + A)HO Pr(Aq)"’

t~4hrs.

0.53Zr(o" Pr) + 0.47Ti(o" Pr)

4 Aq 4( Aq

. : ®)
+053Zr ((Acac), +0.47T1(Acac)2(O Pr)( :
2( Aq
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Now, it is obvious that A =1.06 implying an alkoxides: acacH molar ratio of 1:3.06 for full che-
lation of metallic centers. Equation [3] can now be written for any given Zr:Ti ratio (1-x)/x:

+2(2 - x)AcacH,, —€ 322 - x)HO' Pr )+

t~4hrs.

(1- x)Zr(o" Pr) . xTi(o" Pr)
4(Aq

4(Aq

(4)

+(1- x)Zr(Acac)4 + xTz'(Acac)2 (Oi Pr)

(s) 2(Aq)

This equation represents an extension for the initially proposed sol-gel based route in order
to obtain fully chelated and no hydrolysable precursor solutions for PZT based ferroelectric
materials. It allows us to synthesize PZT at any Zr:Ti ratio while maximizing solution stabili-
ty and offering a noticeable repetitiveness for both small and large scale manufacturing and
processing.

On the following section we will analyze some features of different sol-gel based PZT (1-x)/x
precursors when synthesized using the universal 1:2(2-x) alkoxides: acacH molar ratio al-
ready discussed above.

3. Some properties of the PZT precursors

In the final step of the synthesis, when mixing Solutions A and B with 2-methoxyethanol,
the dissolved lead acetate complex can react with 2-MOE forming a very stable acetate—me-
thoxyethoxy lead complex [27] that, along with the chelated metal complexes already
formed, may lead to turn this final solution into a hydrophobic sol, poorly hydrolysable
and, therefore, very stable.

Stability issues tend to be crucial when using sol-gel based precursors in research, small
scale applications and industry. Therefore, it is very important to keep control over some
parameters that affects the solution stability and, most of all, the average particles size. Par-
ticularly, particles size can be an indicator of some undesirable processes that could be tak-
ing place in the sol: aggregation, flocculation and sedimentation; aggregation, even though
is a reversible process, is a good indicator of instability since the other two processes, which
are not reversible, generally follows after some time.

In this respect, the aging time dependences of some physical parameters directly related to
the stability of colloidal dispersions must be explored and discussed. Two of the most im-
portant parameters that should be taken into account are pH and the average particles size.
The first one is determinant for fixing the thickness of the ionic layers surrounding any giv-
en charged colloidal particle (Stern layers) while affecting, at the same time, the Zeta poten-
tial, the electrophoretic mobility and the aggregation mechanisms as well as the apparent
hydrodynamic particle size. As a consequence, the average particles size is the final result of
the conjugate action of all the physicochemical variables hardly mentioned before. It is also
the definitive experimental variable on which any post processing technique should be
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based on as it explicitly defines the size range of the so called “building blocks” for bottom-
up studies or applications.

Currently, there are no known extensive reports in the literature directly concerned to the
study of the time dependence of the average particles size or pH in a PZT precursor sol. It
must be noted that, in the case of magnetic nanoparticles, some studies have been carried
out [28]-[30]and all of them stress the strong correlation between the size of the colloidal
particle and the final properties of the conceived structure, whether it will be nano- or not.

3.1. pH

For this study, we synthesized PZT (1-x)/x precursor solutions by using the same route de-
scribed in 2.1 with the only difference being the propoxides: acacH molar ratio. In this case,
and for the rest of our text, that ratio will be 1:2(2-x) for full chelation of the metal alkoxides.

As it was stated earlier, we will avoid again showing and discussing irrelevant data of sam-
ples that showed no significant discrepancies between each other and, because of this, this
section will analyze the pH vs. Concentration vs. aging time behaviors of several PZT 53/47
precursor solutions with concentrations ranging from 0.05 M to 0.37 M in a time interval of
up to 4 months of stocking.

As can be seen in Figure 5, the acidity/basicity of the solutions clearly shows a tendency
with both sols concentration and aging time. Figure 5(a) shows the measured pH vs concen-
tration for the studied sols at several aging steps and, as expected, the more concentrated
sample implies the more acidic medium which is consistent with the chemical reaction pro-
posed for sols synthesis.

Figure 5(b), on the other hand, shows the measured pH vs. time behavior. As a general ten-
dency, sols pH dependency with aging time can be divided in three stages which are high-
lighted in the graph: (i) pH increases notably in the first days after which (ii) it decreases to
values somehow close to the initial ones. In this moment, (iii) pH starts to rise again but
with a slower time gradient than on stage (i). In our opinion, for the understanding of the
pH vs. aging time behavior, we have to take into account the coexistence of different com-
petitive processes right after sols were prepared. In this way, a qualitative description could
be done as follows [31]: (i) Remnant unreacted acetic acid evaporates during the first days
implying a decrement on the acidity of sols. At this point, (ii) particles are less positively
charged and are able to aggregate via condensation reactions followed by the formation of
small portions of alcohol (1-propanol) and thus implying a more acidic environment as seen
in Figure 5. The number of polyanions per aggregate chain must be limited, however, by the
high chemical stability of the chelated metal complexes and that is why the aggregation
process does not imply polymerization and/or gelation as it has been reported for more hy-
drophilic sols. Shortly after condensation rate vanishes, (iii) it is possible for the residual al-
cohols to evaporate as solutions age thus allowing pH to rise slowly, as seen in Figure 5 for
the more aged solutions.

At this scenario, however, hydrolysis is not expected due to (a) the complete chelation of the
metal complexes, (b) to the short lengths of the already formed polymeric chains and, there-
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fore, (c) to the small amount of alcohol that could be formed afterwards. After 4 months of
aging, no noticeable changes in pH values were detected. Moreover, the stability of these
solutions could be eye inspected by verifying neither the absence of sedimentation nor pre-
cipitation of single particles or aggregates after almost 1 year of stocking.

7.0 7.0
1 Legend 1 (iii) Legend
6.8 [m as prepared sol 6.8 H}g = gg? m
1 o 1 ——-C=0.35
66 o 1: gays ageg SO: 6.6 - —0—C=031M
6] : ays aged so 1 ~0-C=027TM
] v ,— 4 months aged sol 6.4 5-C=020M
62 62 0-C=015M
] 2] —0-C=0.10M
6.0+ 6.0 4 J\M%S M
jg:_ 5.8 4 :E- 58 ]
>8] 56-
5.4 )
] 5.4
5.2 i
] 5.2 4
5.0 4 1
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(a) Concentration (M) (b) Aging Time (days)

Figure 5. a) pH vs. concentration dependencies for the PZT 53/47 samples understudy measured at different time in-
tervals. Semi-log fittings to guide the eye are also drawn. (b) Aging effects on pH for the same samples. Three distinc-
tive stages were detected and are highlighted in the graph.

3.2. Mean particle size

3.2.1. Experimental technique

Particles size measurements were carried out by means of the dynamic light scattering
(DLS) technique in a Zetasizer Nano ZS90 manufactured by Malvern Instruments Ltd.
equipped with a HeNe laser source. Approximately 1.5 ml of as synthesized sols were stor-
ed in polystyrene cells (DTS0012 cells) provided by the same manufacturer and then size
distributions curves were recorded from the very first day until 125 days after synthesis. For
this purpose, several solvent parameters were needed for further processing of dispersed
light intensity, namely viscosity (1o ~ 1.5410 cP), dielectric constant (&, 0r ~ 16.9) and re-
fraction index (n,\op ~ 1.33) [32]. After each measurement, a nonlinear least squares fitting
(NLLSF) was made to the experimental data according to a log-normal distribution function:

foB) =+ 11(sz )
(x,B) =B, + —exp| ———1In| —
1 ep x| 252 (A,

Where f; are fitting parameters. It must be stressed that this fitting was carried out only for
size intervals where unimodal distribution curves were measured.
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3.2.2. Concentration dependence

Figure 6 shows the results obtained for particles size distribution for two concentrations un-
der study (a PZT 53/47 precursor) after different time lapses that are also shown in the figure.

According to what is shown, an appropriate discussion relaying on the acidity/particles size
dependence cannot be easily established: oscillations in the pH values, see Figure 5, during
aging are not followed by oscillations in the mean particles size values. Even though this
feature is not fully understood, it may be due to the short lengths of the oligomeric chains
present in the solution and to the weak sensitivity of the completely chelated metal com-
plexes to the ionic strength of the solvent medium. Another possible explanation could be
given in terms of the irreversibility associated to the formation of these chains when the sol-
vent medium is not acidic enough to break the corresponding bonds and/or coordinations.

As can be seen, as prepared sols featured multimodal distributions with some small percent
of particles that could even have sizes higher than 1um. As solutions are aged, these distri-
butions tend to be unimodal featuring a mean particles size well below 10 nm. We consider
that this is a remarkable result of this work as it shows that there is no rule of thumb closely
related to the need of using fresh, as prepared solutions for synthesizing several kinds of
nanodimensional systems by means of electrophoretic deposition(EPD) or simple template
immersion, [33]-[36]. Moreover, in this case we could have chosen solutions aged for 20 days
or more for bulk, thin films or nanostructures synthesis due to the better homogeneity re-
garding particles size distribution in both cases under study.
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Figure 6. Particles size distribution functions for the analysed PZT 53/47 precursor solutions and for several aging
times in the whole measurement range. Log-normal fittings for the more populated size intervals are also depicted.

This behavior could be explained, in principle, on the basis of the chemical reaction which
was described for obtaining what we called solution B, see Section 2.4. As we stated, by the
end of this step we observed the crystallization of the compound Zr(Acac),. Such crystalliza-
tion does not occur after mixing solutions A and B in the presence of 2-MOE which can be
attributed (I) to the higher acidity of the final A+B+2-MOE solution, (II) to the solubility of
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Zr(Acac), in 2-MOE, (III) to a dilution process while mixing A+ B, or (IV) to a combined ef-
fect of all of the above. Must be noted that the less acidic solution (C = 0.20M) possesses, at
the same time, the less unimodal distribution function which is an expected result in con-
cordance to the relationship between ionic strength and particles size.

Thus, it seems plausible to assume solution B as a dispersion containing the Ti(Acac),(OPr),
compound at molecular level and submicrometric aggregates of Zr(Acac), that do not pre-
cipitate; these are redissolved afterwards when mixed with the acetate rich solution A and 2-
MOE. After stirring the resultant sol for one day, the size of some percentage of the
Zr(Acac), aggregates still ranges between 100 and 1000 nm; after 20 days, however, size is
well below 10 nm. From these results, and somehow confirming our previous discussion,
we can also see that the less concentrated solution features a considerable amount of parti-
cles with sizes well above 50nm even after 100 days of stocking. For this reason, we will fo-
cus our attention from now on in precursor solutions with 0.35 M aged during the first 30-35
days, a time period that, according to our results, seems to be critical in the colloidal stability
of as synthesized sols.

3.2.3. Aging time dependence

As it was said before, all samples under study featured a noticeable stabilization when aged
for about 1 month. Figure 7 shows this aging behavior for two PZT (1-x)/x precursor solu-
tions concentrated at 0.35 M. In all cases, it could be observed a similar time evolution as the
one described earlier for Figure 6.
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Figure 7. Aging behavior, as depicted by the time evolution of particles size distribution curves, for two PZT (1-x)/x
precursor solutions concentrated at 0.35 M: (a) PZT 25/75 and (b) PZT 60/40.

On the other hand, Figure 8 shows the whole dataset of the measured mean particles size for
the synthesized solutions. Fitting curves shown here were determined by considering a time
dependence given by <d>= C;t® Y+ C, that, according to the classical Smoluchowski theory
in the van Dongen-Ernst approximation, describes appropriately a nongelling system of dis-
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persed clusters. Moreover, in the same approximation, the small values of A(A<<I) are usual-
ly associated with a Brownian diffusion limited aggregation process vastly dominated by
collisions between larger clusters with smaller ones [31].

Another view of the aging process could be illustrated by means of the dimensionless nor-
malized distribution curves, not shown here. In that representation, the broadening of the
distribution curves with aging is an indicator of very likely aggregation processes and some-
how will help to complete the kinetic analysis that we have been through in this section.

In a way of summarizing our results, it could be said that, just after synthesis, several popu-
lations of particles were detected until homogenized a few days later; then particles tend to
grow very slowly with time according to an almost linear law (corresponding to that de-
scribing a nongelling system) and aggregation is expected. Moreover, these cases fit very
well in the Brownian diffusion limited aggregation type where smaller clusters stick to big-
ger ones when they collide. The slow but evident increase in the mean cluster size, as well as
the noticeable broadening in the distribution peaks, must warn us about an undesirable and
irreversible precipitation process for, hypothetically, t — co.

The high stability shown by our samples even after 4months of stocking and the small val-
ues for mean particles size (well below 10 nm) are good indicators that the complete chela-
tion of the organometallic compounds plays a key role in keeping short, and poorly reactive,
oligomeric chains. An aggregation process dominated exclusively by Brownian motion is
highly desirable when solution stability needs to be maximized.
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Figure 8. Mean particles size vs. aging time dependence for the systems under study. Fitting curves obeying a "' -
Vscaling law are depicted.
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Our samples were also characterized by the High Resolution Transmission Electron Micro-
scopy (HR-TEM) technique. A few drops of the synthesized sols were deposited on copper
grids, evaporated afterwards and put under a JEOL JEM2200 microscope with Omega filter
and a spherical aberration corrector; some of the obtained images are shown in Figure 9 for
a PZT 95/05 precursor solution. As expected, particles are likely to coalesce as the solvent
evaporated prior to characterization, see Figure 9(a) and (b), and some of those nanoparti-
cles are shown in higher magnification images in Figure 9(c) and (d). Most of the features
regarding particle size that were discussed earlier were corroborated by means of this tech-
nique for all the precursor solutions.

At this point, and considering what has been discussed until now, it must be highlighted
that a rigorous control of the chelation rate, pH and aging time could give us a chance to
“tune” the average nanoparticles size and/or the colloidal stability as desired. By looking
back at Figure 5 through Figure 8 one may feel free to choose to explore several “working
points” according to our research or technological needs for every (1-x)/x Zr:Ti ratio in the
PZT system.

Figure 9. HR-TEMimages at different magnifications for a PZT 95/05 precursor solution, with C=0.35 M and aged for
2 months.
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This, in fact, is a powerful tool provided by the physicochemical phenomena and mecha-
nisms previously discussed and, generally speaking, could be extended to other material
systems of technological interest at a moderate cost.

4. Crystallization route

The final A + B + 2-MOE solutions were dried at 100°C for several days and, after that, they
were thermally treated in order to analyze the phase evolution from the amorphous PZT
sol-gel network to the expected final Perovskite structure. Due to fundamental similarities
among the different samples we will be discussing only the case where Zr:Ti ratio is 53/47,
concentrated at 0.35 M and aged for 2 months.

4.1. Experimental techniques

Crystallization was monitored by means of FT-IR and Raman vibrational spectroscopies, see
Sections 2.2.1 and 2.2.2, and by X-Ray Diffraction (XRD) and Scanning Electron Microscopy
(SEM) techniques after treating the samples for 12 hours at certain temperatures that were
previously chosen. For the sake of clarity, we decided to divide the crystallization study in
two temperature intervals: (i) 100 < T <510°C and (ii) 550 < T < 900°C. At this point, it is im-
portant to say that, for powders heated at 850°C and 900°C, the treatment was carried out for
just 2 hours due to the high volatility of lead for 850°C and beyond.

Scanning Electron Microscopy (SEM) was carried out on fine ground powders in a Leica
Cambridge Stereoscan 440 microscope and the X-Ray powder diffraction patterns were re-
corded over a 20-60° 20 range on a Bruker D8 Advance diffractometer with filtered CuKa
radiation. In this technique, the identified phases were indexed by comparing the resulting
diffraction patterns with those of similar compositions reported in the International Union
of Crystallography (IUCr) JCPDS-ICDD database.

4.2.100<T <510 °C

In this temperature range the material goes through very noticeable phase transformations;
the initial amorphous powder starts to show some crystallinity for about 500°C, right after
the combustion of the remaining organic species. Figure 10 shows these first crystallization
stages as recorded by the Raman (a) and FT-IR (b) vibrational spectroscopies. The vibration-
al modes associated to the remnant organic compounds coexisting after heat treating at 100
°C are also highlighted in this graph, Figure 10(b), and it must be noticed that they corre-
spond, basically, to the lead acetate and to the completely chelated organometallic com-
plexes. More explicitly, numbered modes in Figure 2(b) have been assigned to:
(1)Pb(OAC),:0(COO), (2)Pb(OAC),:05(COO), (3)Pb(OACc),:vs(C-C), (4)Ti(OPr),(Acac),:Ti-Acac,
(5)Zr(Acac):Zr-Acac,(6)Pb(OAc),:04(CH,), (7)Ti(OPr),(Acac),/Zr(Acac),:0(CH;:Acac) +
Pb(OAC),:vs(CO)and (8)Ti(OPr),(Acac),/Zr(Acac),:[v(C-C) + v(C-O:Acac)] +
Pb(OAC),:v,(C=0)[26],[37].
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Figure 10. Phase transformations for 100 °C= T< 510 °C as registered by Raman (a) and FT-IR (b) vibrational spectros-
copies; in this case, remnant vibrations due to the presence of acetate and chelated metal complexes are highlighted.

Until 225°C, IR spectra showed no variation; the intensity ratios between the detected modes
are almost the same and, on the other hand, Raman spectra featured no signal given the
strong presence of m-bonded organic species. Afterwards, IR spectra revealed the almost
complete decomposition of acetates and a decrement of Metal:Acac complexes while any no-
ticeable Raman signal is still absent. Just after T = 450°C the active Raman modes normally
assigned to a PZT 53/47 started to show up. After treating at this temperature, the FT-IR
spectra reveals the formation and definition of the A1(3TO) vibrational mode (~600 cm™)
which is also characteristic for this compound [38]-[41].

Another view of the whole process in this temperature range could be given, as seen in Fig-
ure 11, by means of XRD characterization. XRD patterns clearly illustrate the phase transfor-
mation exhibited by an amorphous material turning into crystalline; as for the Raman
spectra, crystallinity starts to get noticed at T = 450°C. However, these patterns revealed the
existence of well defined peaks near 28" that disappear almost entirely at 510°C.

These maxima are usually associated to an intermediate metastable phase belonging to the
Fluorite crystal system (F) which is mainly characterized by the spatial disarrangement of
the oxygen atoms, vacancies and metal cations while coexisting with some carbonates
and/or oxides that still remain in the material. Afterwards, when carbonates and oxides re-
act, a new metastable phase is formed but this new arrangement tends to be more ordered
than the previous fluorite. This intermediate phase is considered as belonging to the Pyro-
chlore crystal system (P or Pyr) and consisting of a 2 x 2 x 2 ordered fluorite cell with oxygen
and metallic vacancies or, from another point of view, consisting of a 2 x 2 x 2 non stoichio-
metric Perovskite (Per) cell. This rigorous differentiation between Fluorite and Pyrochlore is
not always considered in literature and it can be subtle sometimes, especially when working
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with a well known compound as PZT is. Anyway, in Figure 11 we have denoted by F (Fluo-
rite) and P (Pyrochlore) the diffraction maxima associated with each of these phases and ac-
cording to the indexed cubic structures reported in reference [42] (a = 5.25 A) and in
reference [43] (a =10.48A), respectively.

Up to this point, we have seen the almost complete elimination of organic ligands with heating
as well as the amorphous/crystalline phase transformation going through two intermediate
metastable phases. In the next subsection we will carry on a similar study for higher tempera-
tures while exploring the formation of pure Perovskite phase with morphological quality.
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Figure 11. Thermal evolution of PZT 53/47 precursor powders when100 °C< T< 510 °C as recorded by XRD patterns.

4.3.550< T <900 °C

Figure 12 shows Raman (b) and FT-IR (b) spectra for heat treated powders in the 550 — 900
°C range. Unlike the previously studied temperature range, vibrational spectra did not show
drastic or very noticeable changes. The FT-IR spectra features the only IR active band for
aPZT-R3m in the 400-1500 cm™ range (A1(3TO)); this band, associated to the extensional vi-
brations of the Perovskite BO, octahedra, shifts slightly to higher frequencies while gets nar-
rower as temperature increases. This shifting suggests a more compact octahedral structure
while a narrower band could be the evidence of a better ‘environment” around the octahe-
dron or, in other words, a better local stoichiometry [44] that seems to be minimum for T =
800°C, an indicative of an optimum crystallization. Raman spectra featured vibrational
modes that tend to define better as temperature increases.
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Figure 12. Phase transformations for 550 °C< T< 900 °C as registered by Raman (a) and FT-IR (b) vibrational spectros-

copies.
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Figure 13. Thermal evolution of the powders under study when 550 °C = T < 900 °C as evidenced by XRD patterns in
the 20 - 60 deg. 20 interval. Regions where the most intense Pyr peak showed up are denoted by P.
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XRD patterns depicted in Figure 13 allow us to notice the temperature evolution of the dis-
tinctive Perovskite diffraction peaks. Peaks indexing has been done according to a PZT
53/47, Fraimy sym: R3m. Besides, regions where the most intense Pyr peak showed up (~28.5)
are denoted by P; the Pyr phase is present in a small percentage (%Pyr ~ 1 %) except for
powders treated at T = 800°C which must be chosen as the appropriate crystallization tem-
perature for this material. The final Perovskite phase homogenizes and tends to be predomi-
nant as temperature increases until lead losses become noticeable.

The rest of the PZT compositions that were chosen for this study, PZT (1-x)/x with C = 0.35
M and 2 months aged, were also treated at 800 °C in order to obtain the appropiate Perov-
skite phase; Figure 14 shows the corresponding XRD patterns for each one of them. As seen
in the graph, all samples attained a perfect crystallization in the corresponding phase and
the proper pattern indexing as well as the phase indentification are also shown.

v T
PZT 60/40

= o
] PZT 25/75 2
Tetragonal Phase [F.; sym: P4mm] s Rombohedral Phase [FR(HT); sym: R3m]
e B
8 8
> >
5 o 5 -
5 N 5 &
£ = = S
pt A
g g z o &
T ~ S o =
5 : E
j\ i
T T T T T T T T
20 30 20 30 40 50 60
(a) 20 (degree) (b) 20 (degree)
T T T T T T T T T T
S PZT 80/20 8 PZT 95/05
§ Rombohedral Phase [FR(LT); sym: R3c] § Orthorhombic Phase [A ; sym: Pbam]
g
3 Bl
© ©
= =
‘@ ‘@
g g 8 8
£ I = ° o
3 = S <
L] ~ o S S
< S g )
8 in 3
1 - R 88
T T T T T T T 1 T
20 30 40 60 20 30 40 60
(C) 20 (degree) (d) 20 (degree)

Figure 14. XRD patterns for PZT (1-x)/x under study: (a) PZT 25/75, (b) PZT 60/40, (c) PZT 80/20 and (d) PZT 95/05.
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On the other hand, Figure 15 shows SEM micrographs of crystallized PZT (1-x)/x powdered
samples. As illustrated, a granular structure of fair morphological uniformity is found in all
cases along with a remarkable submicrometric average grain size. Another interesting fea-
ture is the low porosity found in all compositions, somehow resembling the granular struc-
ture of sintered bulk samples, which certainly favors the formation of a high density

ferroelectric material.

As it was said at the beginning of this chapter, this kind of sub-micron granular structures,
or nanoceramics, allows the technological exploitation of dielectric and ferro/piezoelectric
size related features. It is not shown here, but that very same samples have been resynthe-
sized a couple of times with starting reactants being bought to different companies and final
results showed almost the same granular and morphological quality. Repetitiveness is also a
bonus when working with chemical routes of synthesis that tend to be less straightforward,

even though cheaper, than physical ones.

(a) PZT 25/75(b) PZT 60/40
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Figure 15. SEM micrographs showing the morphological quality of the PZT (1-x)/x powders when crystallized at 800
°C: (a) PZT 25/75, (b) PZT 60/40, (c) PZT 80/20 and (d) PZT 95/05.
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5. Chapter remarks

Through this chapter, we tried to expose some relevant results directly concerned with a fea-
sible ‘universal’ controlled synthesis of nano/submicrometric grain-sized PZT (1-x)/x piezo-
electric structures that, technically speaking, potentially enhance the performance of current
commercially bulk based devices by exploiting the size effects related phenomena that arise,
as is commonly accepted, for grain sizes below 1 um. Under the light of this study, the tenta-
tive bottom-up “design” of any desired nano/submicrometric PZT (1-x)/x structure seems to
be a plausible and successful task that, methodologically at least, could be expanded to more
complex materials systems.

Further reading regarding the work that has been shown here can be found in references
[45]-[48]. On the other hand, references [49]-[60] will also provide the reader with very re-
cent research papers in this field that undoubtedly extend the applicability and versatility of
what has been discussed.
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