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a  b  s  t  r  a  c  t

Lead  zirconate  titanate  (PZT)  nanoparticles  with  chemical  composition  Pb(Zr0.52Ti0.48)O3 hold  many
promising  current  and  future  applications,  such  as PZT ink  for  3-D  printing  or  seeds  for  PZT  thick films.
One  common  method  is hydrothermal  growth,  in  which  temperature,  duration,  or  mineralizer  concen-
trations  are  optimized  to  produce  PZT nanoparticles  with  controlled  size  and  distribution.  In this  paper,
we  present  a modified  hydrothermal  process  to fabricate  PZT nanoparticles.  The  novelty  is  to  employ
a  high  ramping  rate (e.g.,  20 ◦C/min)  as  well  as a fast  cooling  rate  (e.g.,  5 ◦C/min).  The  former  generates
abrupt  supersaturation  to promote  burst  nucleation  of  PZT  nanoparticles,  and  the  latter  provides  a con-
trolled  termination  of  crystal  growth.  As  a  result,  PZT  nanoparticles  with  a size  distribution  ranging  from
200  nm  to  800  nm  are  obtained  with  good  morphology  and  crystallinity.  The  chemical  composition  and
ydrothermal synthesis
amping and cooling rates
xcess lead

crystal  structure  of the  PZT nanoparticles  are  confirmed  through  use of  energy  dispersive  X-Ray  spec-
troscopy  (EDS)  and  X-ray  diffractometry  (XRD).  A  cubic  morphology  is  also  confirmed  via SEM  images.
The hydrothermal  process  is further  modified  with  excess  lead  (from  20 wt.%  to 80  wt.%)  to  significantly
reduce  amorphous  phase  and  agglomeration  of  the PZT  nanoparticles.  Finally,  an  expedited  hydrothermal
manufacturing  process  was developed  to substantially  reduce  the  fabrication  time.
. Introduction

Lead zirconate titanate (PZT or Pb(Zr0.52Ti0.48)O3) nanoparticles,
ranules, or powder hold many promising current and future appli-
ations. For example, PZT powder can be suspended in solvent to
orm PZT ink [1–5], which can be used for various applications, such
s 3-D printing. PZT nanoparticles can also be suspended in PZT sol
o serve as seeds to lower sintering temperature of sol-gel derived
ZT films [3]. PZT in granular forms can be pressed and sintered
nto specific shapes, such as disks and benders [6]. PZT nanoparti-
les can be embedded in silica or silane matrix to form sensors and
ctuators [5,7,8].

To enable these applications, the first task is to secure a large
uantity of high-quality PZT nanoparticles. The nanoparticles must
ave narrow size distribution. Moreover, the size of the nanoparti-

les should be relatively insensitive to fabrication parameters. The
ize of the particles must be large enough (e.g., >200 nm)  to ensure
ood piezoelectric properties. On the other hand, the size of the

∗ Corresponding author. Tel.: +1 206 543 5718; fax: +1 206 685 8047.
E-mail address: ishen@u.washington.edu (I.Y. Shen).

ttp://dx.doi.org/10.1016/j.sna.2014.04.018
924-4247/© 2014 Elsevier B.V. All rights reserved.
©  2014  Elsevier  B.V.  All  rights  reserved.

nanoparticles cannot be too large (e.g., <1 �m);  otherwise, they
may precipitate in PZT ink fabrication or clog 3-D printer nozzles.
The PZT nanoparticles should have accurate stoichiometric com-
position (Ti/Zr mol  ratio of 0.48/0.52), uniform morphology, and
proper nano-crystal structures to ensure good piezoelectric prop-
erties. Since a large quantity of PZT nanoparticles is needed, the
fabrication process must be simple and easy to control in order to
achieve a high production rate.

Currently, there are two approaches to make PZT nanoparticles.
The first way  is a top-down approach often used in the industry
[6,9]. In this approach, a large amount of PZT aggregates is fabri-
cated by calcination and then milled down to the desired size. There
are several major problems. First, the cubic morphology of PZT is
damaged during the milling process; see Fig. 1. Second, the size
and morphology of PZT particles vary widely. Also, contaminates
are often introduced during the milling process. Therefore, the top-
down approach does not generate high-quality PZT particles with
good piezoelectric performance [10].
The second method is a bottom-up approach that is still under
active investigation by various researchers. In this approach, PZT
particles are grown and prefabricated from sol via a hydrothermal
process, for example [11–17]. Size and quality of PZT nanoparticles

dx.doi.org/10.1016/j.sna.2014.04.018
http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sna.2014.04.018&domain=pdf
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Fig. 1. SEM image of PZT particles from a top-down approach (×10,000).

re controlled by various process parameters, such as temperature,
ime, and mineralizer concentration [11–15,17].

Although these hydrothermal processes have successfully
esulted in functional PZT nanoparticles, they are not readily trans-
ational to real applications for several reasons. Some fabricated PZT
articles do not have the desirable size (e.g., 5 �m for Harada and
unn [14] and 25 nm for Das and Pramanil [16]). Other fabricated
ZT nanoparticles heavily rely on mineralizer concentration to con-
rol the particle size. As a result, the particle size is very sensitive to

ineralizer concentration and a uniform particle size becomes dif-
cult to achieve [11,13,15]. In some cases, process time is as long as
4 h with long ramp-up and cool-off periods [13]. There is a strong
eed for a new hydrothermal process that is fast and easy to control
he resulting particle size.

Motivated by these needs and applications, we present in this
aper an effective way to produce PZT nanoparticles by controlling
amping and cooling rates of the hydrothermal process. The nov-
lty of the paper is three-fold. First, we employ a high ramping rate
o promote nucleation of PZT nanoparticles and follow up with a
ast cooling rate to stop crystal growth. As a result, PZT nanoparti-
les with a precise size distribution ranging from 200 nm to 800 nm
re obtained with good morphology and crystallinity. Second, we
emove amorphous phase and reduce aggregation and agglomera-
ion of PZT nanoparticles by adding extra lead in the hydrothermal
rocess. Third, we develop an expedited hydrothermal process
o reduce process time. In the expedited process, a furnace is

aintained at the process temperature, whereas autoclaves con-
aining PZT sol are placed in and out of the furnace to control
he ramp-up and cooling rates. This setup eliminates an extremely
ime-consuming step of ramping up and cooling down the furnace,
hus saving tremendous amount of process time making fabrication
f a large amount of PZT nanoparticles possible.

Using the ramping and cooling rates to control size and dis-
ribution of PZT nanoparticles is also theoretically sound. Fig. 2
llustrates how solute concentration varies with respect to time
uring a hydrothermal process for high and low ramping and cool-

ng rates [10]. In general, there are three regions in a hydrothermal
rocess. Initially, there is no nucleation before the concentration
eaches the minimum requirement saturation level (cf. Region I).
nce nucleation starts, growth starts as well (cf. Region II). When
he concentration falls below a critical concentration, nucleation
tops but growth continues (cf. Region III).

By increasing the ramping rate, a super-saturation state is
uickly achieved resulting in a very narrow region II; see the solid
Fig. 2. Illustration of the process of nucleation and subsequent growth where region
II  is nucleation zone and region III is growth zone (dash line: lower ramping; solid
line: higher ramping rate).

line in Fig. 2. Higher ramping rate means higher initial supersatura-
tion and larger number of nucleation sites. This promotes formation
of larger number yet smaller size of nuclei for a given solute con-
centration. Moreover, higher initial supersaturation means higher
nucleation rate, as illustrated in Fig. 2. Therefore, nucleation will be
dominated over growth in region II [10]. As a result, all nucleation
would occur at the same time (high nucleation density) but with
very limit time for growth, which subsequently leads to a smaller
particle size and narrow size distribution.

By increasing the cooling rate, the concentration can be brought
to a thermodynamic equilibrium very quickly to stop the crystal
growth thus controlling the final particle size and morphology.
Soon after the primary stage of the growth (region III in Fig. 2), Ost-
wald ripening occurs, leading to the secondary stage of nucleation
and growth. In the secondary stage, aggregation process dominates
leading to agglomeration and coagulation of the particles [18]. For
hydrothermal processes, crystal growth highly depends on con-
vective mass transfer of the dissolved part of the substance [19].
Increasing the cooling rate can significantly slow down the convec-
tive mass transfer and shorten the secondary stage, thus controlling
the final particle size and improve the morphology effectively.

For the rest of the paper, we  will first demonstrate how size
and morphology of PZT nanoparticles can be controlled via ramp-
ing and cooling rates. We  then demonstrate how excess lead in
PZT feedstock improves morphology of the resulting PZT nanopar-
ticles. Finally, an expedited hydrothermal process was  developed
and its process parameters are optimized for the chosen processing
temperature of 200 ◦C.

2. PZT nano-particles via rate control

2.1. Feedstock preparation

The chemicals used to prepare the feedstock were tetra-
iso-propylitanate (aka titanium isopropoxide, Ti[OCH(CH3)2]4,
denoted as TTIP), acetylacetone (C5H8O2, denoted as AcAc),
zirconium n-propoxide solution with 70% w/w  in n-propanol
(Zr[O(CH2)2CH3]4), and lead acetate trihydrate (Pb(C2H3O2)2
× 3H2O, denoted as Pb(OAc)2 × 3H2O).

The feedstock preparation procedure was modified based on
work of Su et al. [11]. TTIP was  mixed with AcAc and the mix-
ture was continuously stirred under room temperature for 4 h.
Zr[O(CH2)2CH3]4 was  then added into the mixture of TTIP and AcAc.

The mixture was dropped into 1-M potassium hydroxide (KOH)
solution. White zirconia-titania (theoretically Zr0.52Ti0.48O) precip-
itation was  formed during this process. Centrifuge was used to
separate out the precipitation. Then, the precipitation was washed
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y centrifuge with DI water till the precipitation is pH neutral.
he white gel was mixed with Pb(OAc)2 × 3H2O and added into
ineralizer solution, which functions as a pH adjusting agent.

Mineralizer is very critical in the hydrothermal synthesis,
ecause its concentration not only affects the particle size, mor-
hology, and purity of the final product, but also controls processing
ime required to complete the synthesis [13,18,19]. In our study,
otassium hydroxide (KOH) is chosen as the mineralizer solution.
ince it is a very sensitive parameter, its concentration is adjusted
o optimize the final product as the research progresses in stages
e.g., control of ramping and cooling rates, use of excess lead, and
xpedited hydrothermal process).

.2. Hydrothermal synthesis

Hydrothermal synthesis of PZT suspension was  carried out by
utogenous pressure created in a 25-ml autoclave (Parr Pressure
essel Model 4749). The autoclave was filled with 10 ml  of PZT

eedstock and the process temperature was set up to be 200 ◦C
n a furnace (Barnstead Thermolyne Model 48000 Furnace). After
he resulting PZT suspension was cooled down to room tempera-
ure, the suspension was centrifuged, washed with DI water till pH
eutral, and then the PZT particles were oven-dried.

In the hydrothermal synthesis, combinations of various
rocessing time and mineralizer concentration were tried because
hey could also affect the size and morphology of PZT nano-
articles. In general, processing time varied from 1 to 3 h, and
ineralizer concentration from 2 M to 5 M.
Three ramping rates were used for the hydrothermal process:

◦C/min, 10 ◦C/min, and 20 ◦C/min. In contrast, four cooling rates
ere used in this study: approximately 1.5 ◦C/min (very slow),

.8 ◦C/min (medium), 3.6 ◦C/min (fast), and 5 ◦C/min (very fast). The
ooling rate of 1.5 ◦C/min was achieved when the autoclave was
ooled inside of the furnace with the door closed (i.e., with no air
irculation). The cooling rate of 2.8 ◦C/min was achieved when the

utoclave was cooled inside of the furnace with the door closed
i.e., with no air circulation) for 12 min  and then with the door
pen (i.e., with natural air circulation) afterwards. The cooling rate
f 3.6 ◦C/min was achieved when the autoclave was cooled inside

ig. 4. SEM images of ramping trials for benchmark mineralizer concentration (2 M), proc
center) or 20 ◦C/min (right).
Fig. 3. XRD pattern of ramping trials for benchmark mineralizer concentration (2 M),
processing time (3 h), and very fast cooling rate.

of the furnace with the door closed (i.e., with no air circulation)
for 5 min  and with the door open (i.e., with natural air circulation)
afterwards. The cooling rate of 5 ◦C/min was achieved when the
autoclave was  removed from the furnace immediately to cool under
the room temperature. These cooling rates are approximate; they
are estimated by measuring the temperature of the autoclave using
a thermal couple over a period of time. For the rest of the paper,
they will be referred as very slow (vs), medium (m), fast (f), and
very fast (vf) cooling rates, respectively.

2.3. Effects of ramping rates

In studying the effects of ramping rates, we use a benchmark
hydrothermal synthesis as follows: mineralizer concentration of

2 M,  processing time of 3 h, and very fast cooling rate (5 ◦C/min).
Moreover, test results are labeled using following notation A-B-C-
D, where A is the processing time in hour, B is the ramping rate in

essing time (3 h), and very fast cooling rate. Ramping rate: 5 ◦C/min (left), 10 ◦C/min
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ig. 5. XRD pattern of cooling trials for benchmark mineralizer concentration (5 M),
rocessing time (1 h), and high ramping rate (20 ◦C/min).

C/min, C is the mineralizer concentration in M,  and D is the cooling
ate (e.g., “vf” for very fast cooling rate).

Fig. 3 shows X-ray diffractometry (XRD) measurements of PZT
anoparticles produced under the benchmark condition with three
amping rates. The XRD patterns are compared with a PZT database
sing JADE7.0 to confirm that the resulting product is indeed
b(Zr1 x Tix)O3, and all major peaks are labeled in Fig. 3. Even
hough all XRD measurements show PZT composition and have
he same peak locations (which means that overall similar crystal
tructure), the high ramping rate (20 ◦C/min) sample shows rel-
tively small intensity in the secondary phases while the lower
amping rate samples (5 ◦C/min and 10 ◦C/min) contain readily sec-
ndary phase. For example, lower ramping rate samples (5 ◦C/min
nd 10 ◦C/min) contain obvious PbTiO3 phase (around 2� ∼ 32◦). At
ower 2� region, split peaks of (0 0 1) and (1 0 0) is observed indi-
ating the presence of both rhombohedral (PbZrO3) and tetragonal
PbTiO3) phases [20]. These two peaks both have higher intensity
han the database. It may  be contributed by different composition
f Pb(Zrx,Tix−1)O3, such as Pb(Zr0.8Ti0.2)O3. All of them have board
eaks at (0 0 2) and (2 0 0) which are contributed by PbTiO3 forma-
ion. The broadened peak may  be contributed by PbZrO3 phase [14].
n addition, the intensity and sharpness of the XRD shown in the
igh ramping rate sample indicates increasing in crystallinity [13],
hich is an evidence of better PZT quality.

Fig. 4 also shows SEM images (magnification 10,000×) of
he three samples with ramping rate 5 ◦C/min, 10 ◦C/min and

0 ◦C/min. The sample with the 5 ◦C/min ramping rate presents

arge aggregates and severe agglomeration. The sample with the
0 ◦C/min ramping rate shows large aggregates, and the sample
ith the 20 ◦C/min ramping rate has smaller aggregates. Although a

ig. 6. SEM images of cooling trials for benchmark mineralizer concentration (5 M),  proce
ery  slow, medium, fast, and very fast.
Fig. 7. XRD patterns for lead concentration trials with benchmark mineralizer con-
centration (2 M),  processing time (3 h), ramping rate (20 ◦C/min), and cooling rate
(very fast).

higher ramping rate could reduce aggregation, it cannot completely
eliminate the aggregation. Aggregation needs to be removed via
other methods in order for these PZT nano-particles to be useful.

Fig. 4 also shows SEM images (magnification 30,000×) of PZT
nano-particles produced under the two  ramping rates: 10 ◦C/min
and 20 ◦C/min. (The SEM 30,000× image for the sample with the
5 ◦C/min ramping rate could not be obtained due to the severe
agglomeration.) As shown in Fig. 4, PZT sample produced under the
ramping rate of 10 ◦C/min consists of very fine particles with size
around 100 nm and their morphology is more spherical. In contrast,
PZT produced under the ramping rate of 20 ◦C/min has particle size
ranging from 200 nm to 600 nm.  Also, morphology of the PZT nano-
particles is clearly cubic. This indicates that the high ramping rate
has a significant effect on the morphology.

The SEM images in Fig. 4 clearly proves that high ramping rate is
favorable in achieving the desirable cubic morphology and particle
size while reducing aggregation at the same time.

Controlling growth of PZT nano-particles via hydrothermal syn-
thesis is indeed a fairly complex task because multiple process
parameters are involved. In Fig. 4, we  see a dramatic effect of the
ramping rate given the benchmark parameters above. The effect
of the ramping rate, however, may  not be as dramatic under other
process parameters (e.g., if a very slow cooling rate of 1.5 ◦C/min is
used).

2.4. Effects of cooling rates

In studying the effects of cooling rates, we use a benchmark

hydrothermal synthesis as follows: mineralizer concentration of
5 M,  processing time of 1 h, and high ramping rate (20 ◦C/min). Four
cooling rates are used as defined earlier. The same notation A-B-C-D
is used to denote these four process parameters.

ssing time (1 h), and high ramping rate (20 ◦C/min). Cooling rate from left to right:
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ig. 8. SEM images on excess Pb samples (×1000) with benchmark mineralizer con
ast).

Fig. 5 shows the XRD of the samples under the four cool-
ng rates. From Fig. 5, peak locations do not change much with
espect to the cooling rates. This implies that the cooling rates
o not affect the chemical composition significantly. Nevertheless,
econdary phases such as PbTiO3 appear when the cooling rate
s lower. For example, for the medium cooling rate (2.8 ◦C/min),
econdary phases of PbTiO3 are found (1 0 0) at the low-angle
ange, (1 1 0) and (0 0 2) at the mid-angle range, and (2 1 1) in

he high-angle range. This shows that PbTiO3 dominates when
ooling rate is slow. This occurs because lower energy is needed
n forming a tetragonal structure (e.g., PbTiO3) [14]. Note that
he sample with very slow cooling rate (1.5 ◦C/min) has poor

ig. 9. SEM images for excess Pb (×10,000) with benchmark mineralizer concentration (2
ation (2 M),  processing time (3 h), ramping rate (20 ◦C/min), and cooling rate (very

crystallinity and result in lower peak intensity for all major
peaks.

For the case of fast and very fast cooling rates, secondary phases
are more difficult to identify because many peaks that correspond
to the PbTiO3 tetragonal phases overlap or merged with PbZrO3
rhombohedral phases [14]. Nevertheless, the high intensity (1 1 0)
peak of PbTiO3 is not present, implying that there is no or low
secondary phases.
Fig. 6 shows SEM images (magnification 30,000×) of the PZT
nano-particles under the four cooling rates. The sample with very
slow cooling rate (∼1.5 ◦C/min) has severe agglomeration. There-
fore, the particle size cannot be determined by the SEM image.

 M),  processing time (3 h), ramping rate (20 ◦C/min), and cooling rate (very fast).
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Fig. 10. SEM images for the excess Pb samples (×30,000) with benchmark mineralizer concentration (2 M),  processing time (3 h), ramping rate (20 ◦C/min), and cooling rate
(very  fast).

Table 1
Effects of various lead concentrations.

Excess lead (wt.%) Particle size (nm) Aggregate size (�m) Observation

0 N/A >10 • Few particles around 1 �m
•  Large amount of aggregates

10  300 ± 100 1–10 • Few particles around 1 �m
•  Large amount of aggregates

20  400 ± 100 1–6 • Few particles around 1 �m
1–2

1–2

T
i
i
m
r

40  650 ± 200 

80  800 ± 200 

he sample with the medium cooling rate (∼2.8 ◦C/min) results

n high degree of agglomeration but the morphology is signif-
cantly improved as the cubic structure starts to appear. The

edium cooling rate results in particle size in 600 nm to 800 nm
ange. The sample with the fast cooling rate (∼3.6 ◦C/min) has
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gates that are chemically bonded thus increasing overall particle
size. As the cooling rate increases further, the overall particle size
decreases to a range of 200 nm to 400 nm for very fast cooling rate
(∼5 ◦C/min).
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Fig. 12. Raw data of one ED

In conclusion, the SEM images in Fig. 6 shows that the cooling
ate is an effective way to control the size of PZT nano-particles.

. Removal of agglomeration and amorphous phase

Although we have successfully demonstrated that control of
amping and cooling rates is an effective way to control the size
f PZT nano-particles in the range of 200 nm to 600 nm with a
ubic crystal structure, there are two remaining problems. One is
gglomeration and aggregation of the PZT nano-particles. The other
s presence of amorphous phase in the PZT nano-particles. Use of
xcess lead could significantly alleviate both problems. It is very
ommon that lead deficiency occurs in the beginning of the hydro-
hermal process. Therefore, supply of excess lead can effectively
ompensate the lead deficiency [15,17].

For example, Gersten [18] shows that agglomeration can be
ignificantly reduced, if the mineralizer concentration (KOH) is
etween 2 M and 4 M and the lead concentration is between 0.5 M
nd 0.6 M.  Traianidis et al. [15] uses excess lead to reduce amor-
hous phase. The lead deficiency causes the Pb/(Ti, Zr) molar ratio
o fall below 1, which is required for PZT formation, thus lowering
on activities. Excess lead can ensure the required Pb/(Ti, Zr) molar
atio and high ion activities, resulting in improved crystallinity and
educed amorphous phase [15].

Based on Gersten’s finding, we use the following benchmark
arameters to study removal of the aggregation and amorphous
tate. The mineralizer concentration is 2 M,  the processing time
s 3 h, the ramping rate is 20 ◦C/min, and the cooling rate is
ery fast (∼5 ◦C/min). Moreover, samples with 5 different lead
oncentrations are prepared: 0.38 M (0 wt.% lead excess), 0.41 M
10 wt.% lead excess), 0.45 M (20 wt.% lead excess), 0.53 M (40 wt.%
ead excess), and 0.68 M (80 wt.% lead excess). The process tem-
erature is 200 ◦C. For the samples that contained excess lead, the

ZT precipitation was washed with DI water (as indicated earlier
n Section 2.2) and 10 vol.% acetic acid to remove remaining unre-
cted lead source and other lead byproducts. Then PZT particles
ere washed with DI water again to bring the pH back to neutral.

able 2
lemental molar ratio of PZT nanoparticles from EHP based on EDS measurements.

O Pb Ti Zr

1 3 1 0.4746 0.5170
2  3 1 0.4831 0.5169
3  3 1 0.4796 0.5204
Avg. 3 1 0.4797 0.5181
asurement as an example.

Fig. 7 shows XRD measurements from samples processed under
the benchmark condition. Five samples with excess lead of 0 wt.%,
10 wt.%, 20 wt.%, 40 wt.%, and 80 wt.% are measured. The XRD pat-
terns are very consistent, indicating that the presence of excess
lead does not affect crystal structures (e.g., crystal shape and lattice
parameters).

The SEM images, shown in Figs. 8–10, demonstrate improve-
ment of agglomeration, amorphous phases, and morphology when
extra lead is introduced into the system. Five SEM images are shown
in each figure from samples with 0 wt.% to 80 wt.% of excess lead.
Fig. 8 (magnification 1000×) focuses on overall characteristics of
the samples. It shows removal of amorphous regions (white cloudy
regions in SEM images) as the excess lead concentration increases.
At the same time, size of aggregates is reduced from more than
10 �m (0 wt.%) to 1–2 �m (>40 wt.%). Moreover, the size of the
aggregates is much more uniform and not clustered together as
the excess lead concentration increases.

Fig. 9 (magnification 10,000×) reveals structural changes of the
aggregates. As lead concentration increases, the structure changes
from complicated, folded cubes to simpler and more isolated cubes,
which agrees with Geresten’s results [18]. The degree of agglomer-
ation is inversely proportional to the amount of excess lead used.
Also, the amorphous phase is completed removed when the extra
lead is above 40 wt.%.

Fig. 10 (magnification of 30,000×) demonstrates the change in
particle size. For the sample with no extra lead, the particle size
is difficult to be determined due to severe agglomeration. When
the excess lead is present, the particle size increases from 300 nm
(10 wt.% sample) to 800 nm (80 wt.% sample). Note that PZT parti-
cles of the 80 wt.% sample are almost free of agglomeration. Even
though particle size increases with extra lead in the system, it still
remains in the sub-micron range. For practical applications, it is
better to have larger particles with less agglomeration than other-
wise. Table 1 summarizes the effects of lead concentration on the
particle and aggregate sizes.

4. Expedited hydrothermal process

In summary, the recipe we  have developed thus far uses 80 wt.%
excess lead and 2 M of KOH mineralizer concentration. The hydro-
thermal process includes high ramping rate 20 ◦C/min, process

temperature 200 ◦C, process time of 3 h, and very fast cooling rate
(∼5 ◦C/min). This recipe reduces the presence of amorphous phases
and the degree of agglomeration while maintaining desirable cubic
morphology and correct chemical composition. For the rest of the
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Fig. 13. SEM images (×5000) of OH

aper, a process with these parameters is called the “optimal hydro-
hermal process” (OHP).

The OHP, however, has a major drawback—the overall time
or the production of PZT nano-particles is very long. The bottle-
eck is the ramp-up of the furnace from the room temperature,
ecause cooling of the furnace to the room temperature from a
rior batch takes a long time (roughly 2 to 3 h). Also, 80 wt.% excess

ead would increase manufacturing costs due to excess material and
aste handling. Therefore, an expedited hydrothermal process is
eveloped to reduce the overall process time while minimizing the
xcess lead contents. The detail procedure is described as follows.

First, no ramping is involved, and the furnace is maintained at
00 ◦C all the time. Second, the feedstock contains 2.5 M KOH min-
ralizer as well as 50 wt.% excess lead. Third, the autoclave with the
eedstock is placed directly in the furnace and goes through hydro-

hermal growth for 2 h. Then the autoclave is removed from the
urnace to cool down in the air under the room temperature. The
rocess is repeated till the feedstock is used up. For the rest of the

Fig. 14. SEM image (×30,000) of EHP
ple (left) and EHP sample (right).

paper, this process is called the “expedited hydrothermal process”
(EHP).

This process could potentially be used in a continuous manner in
production lines. For example, a conveyor belt could continuously
carry autoclaves into a furnace to perform hydrothermal growth.
The duration of the hydrothermal growth inside the furnace could
be controlled via the speed of the conveyor belt. Therefore, a large
amount of nano-particles produced continuously with uniform
properties.

Fig. 11 shows XRD patterns with the sample from OHP and EHP.
The top black pattern is the sample with OHP (i.e., 80 wt.% excess
lead) as a baseline, and the rest is from the samples with the EHP.
There are several issues worth noting. First, peaks from all sam-
ples appear at the same location. This implies that all samples have
similar chemical composition. Second, relative ratios of peak inten-

sity are similar for all samples. This implies that crystal structures
and crystallinity are similar for all samples. Note that peak inten-
sity itself does not play a key role, because many other factors than

 samples from various batches.
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expertise includes PZT thin-film micro-sensors/actuators and spindle/rotor dynam-
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rystal structures can affect the peak intensity. In contrast, relative
ntensity is a better way  to identify variations among samples.

We have also confirmed the actual stoichiometric composition
f the PZT nanoparticles using an energy dispersive spectrometer
EDS). Since XRD measurements show tiny sample variation, we
hereby show EDS measurements of only one sample to save space.
irst of all, multiple particles are randomly picked from the sample
or EDS measurements. Fig. 12 shows one measured spectrum as
n example. The measured composition is then averaged. Table 2
hows the molar ratio of lead, titanium, and zirconium converted
rom the EDS measurements. Oxygen is balanced chemically. As
he data shown, the overall chemical composition has the ratio
f Zr/Ti = 0.52/0.48. Hence, PZT fabricated through EHP is indeed
b(Zr0.52Ti0.48)O3.

Fig. 13 (magnification 5000×) compares the results from OHP
nd EHP samples. The aggregates in the EHP sample are slightly
arger but all around 1 �m with little agglomeration. Also, the EHP
ample shows no amorphous regions. These images demonstrate
hat ramping removal does not significantly affect the degree of
gglomeration, aggregate size, and particle size. This is consistent
ith the observation that excess lead with greater than 40 wt.% will

ompletely remove the amorphous state [18].
Fig. 14 (magnification 30,000×)  shows EHP samples from vari-

us batches. Note that different batches may  have some variations
n mineralizer concentration due to difficulty in controlling precise

eight of KOH (mineralizer) pellets. We  estimate that the miner-
lizer concentration could at most vary between 2.5 M and 3.5 M
rom batch to batch. Nonetheless, all samples show low degree of
gglomeration, 1–2 �m in aggregate size, and 300–600 nm in par-
icle size. All the EHP samples do not contain amorphous regions
nd have good morphology. The EHP samples are quite uniform
nd are not sensitive to the change in mineralizer concentration.
ll evidence indicates that EHP is a very stable and reliable process.

. Conclusions

The studies in this paper lead to the following conclusions.

1) The size, distribution, and morphology of PZT nano-particles
can be controlled effectively via ramping and cooling rates.

2) A fast ramping rate results in sudden supersaturation and pro-
motes nucleation with high density of nuclei. Consequently,
small PZT nano-particles with narrow size distribution can be
obtained.

3) A fast cooling rate slows down crystal growth significantly. As a
result, morphology of PZT nanoparticles is improved from large,
non-uniform aggregates to small cubic particles with minor
aggregation.

4) Excess lead in feedstock reduces the degree of amorphous
phases and agglomeration when the lead concentration is
above 0.5 M.

5) The best result occurs when the following process parame-
ters are used: 80 wt.% excess lead, 2 M of KOH mineralizer
concentration, fast ramping rate (20 ◦C/min), process temper-
ature of 200 ◦C, process time of 3 h, and very fast cooling rate
(∼5 ◦C/min). The resulting PZT nano-particles present almost no
amorphous phase or agglomeration, while maintaining desir-
able cubic morphology and correct chemical composition. The
resulting particle size falls within 600 nm to 1000 nm.

6) A simple expedited hydrothermal process is developed to
boost the production rate without sacrificing the quality of
PZT nanoparticles. The resulting PZT nanoparticles have a size
between 300 nm to 600 nm,  correct PZT composition, no amor-

phous phase, and a cubic crystal structure. Also, the quality
of the resulting PZT nanoparticles is fairly consistent, as the
mineralizer concentration varies within the window of 2.5 M
to 3.5 M.
ators A 214 (2014) 111–119 119
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