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Lead zirconate (PZ) nanopowders were synthesized by the treatment of pre-
cursors with high-energy ball milling for a relatively short time. The effects of
ball milling time and rotational speed on the produced nanomaterial were
investigated. The calcination temperature of the ball-milled powder was
determined from the thermogravimetric analysis (TGA) and the differential
scanning calorimetry (DSC) results. The structural properties of the calcined
nanoparticles were studied by Fourier transmission infrared (FT-IR), x-ray
diffraction (XRD), and transmission electron microscope (TEM). Well-crys-
tallized PZ nanopowders were obtained after heating at 800�C for 3 h. The
diffraction data were refined by the Rietveld method to accurately determine
the crystallographic information.Williamson-Hall, Halder-Wagner, and size-
strain plot methods were employed to investigate the average crystallite size
and lattice microstrain in the prepared samples. The XRD and TEM images
confirmed the formation of nanoparticles with an average size in the range of
20–43 nm. The band gap of the nanopowders varied from 3.11 eV to 3.28 eV as
established by diffuse reflectance measurement.

INTRODUCTION

Oxide ceramics are widely used in modern tech-
nologic applications such as micro-actuators, high-
energy storage capacitors, and infrared detectors.
PbZrO3 is a well-known antiferroelectric (AFE)
material with a Curie temperature of 230�C. These
materials lack piezoelectricity because of the pres-
ence of a centre of symmetry, which distinguishes
this class of materials from ferroelectrics (FE) and
affords them the name antiferroelectrics (AFE).1

When the AFE phase is subjected to an electric
field or heating, phase transitions from AFE to FE
or paraelectric (PE) can occur. These transitions
from AFE to either FE or PE are always accompa-
nied by significant growth in the volume (V). The
maximum strain is always achieved near the AFE–
FE transition temperature, where AFE and FE co-
exist. Therefore, like the piezoelectric effect at the

morphotropic phase boundary (MPB) in FEs, AFEs
with a composition close to MPB would also enhance
the generated strain. This conclusion has been
supported by experimental data that are widely
available in the open literature,2–4 where a maxi-
mum longitudinal strain of 0.3–0.4% has been
achieved.

The formation of nanocrystalline materials is now
a practical approach of great interest in different
fields of theoretical and industrial research because
of their unusual properties. The production of
nanopowders with precise stoichiometry depends
on many factors such as the starting substances,
temperature, and processes. PZ nanomaterials have
been prepared by several chemical methods such as
homogeneous precipitation, oxidant-peroxo,
hydrothermal, and sol–gel techniques.5–8 These
methods are generally aimed at minimizing the
crystallite size and preparation temperature with
reliable homogeneity and stoichiometry.9 High-en-
ergy ball milling is one of the available techniques
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for the production of nanosized powders and
enhancing the phase transformation in the material
with the advantage of using simple equipment and
cheap precursors.10–12

X-ray diffraction patterns of individual phases of
ball-milled samples are partially or completely
overlapped as a result of several polymorphous
transformations and the amount of contamination
that might emerge from grinding media. Conse-
quently, without a reliable profile fitting method,
incorrect information could be extracted regarding
full width at half maximum (FWHM), integrated
intensity, etc., of individual profiles by any tradi-
tional x-ray method for particle size and strain
analysis. Based on these considerations, the Riet-
veld method is one of the best methods for
microstructural refinement as well as for quantita-
tively estimating multiphase materials.13

Although there are numerous publications on
antiferroelectric PbZrO3, there are insufficient
investigations available that focus on the
microstructural aspects, which is critical to under-
stand the AFE-FE transition. In the present work,
nano-PbZrO3 was synthesized and characterized by
different techniques such as x-ray powder diffrac-
tion (XRD), transmission electron microscope
(TEM), thermal analysis, x-ray fluorescence spec-
troscopy (XRF), and UV–Vis absorption spec-
troscopy. The effect of ball milling rotational speed
and time on the microstructure was studied by
applying both conventional and advanced XRD line-
broadening analysis methods.

EXPERIMENTAL

Nano lead zirconate, PbZrO3, ceramics have been
synthesized by processing raw materials with high-
energy ball-milling (HEBM). The stoichiometry
ratios of PbCO3 and ZrO2 fine powders with 99.8%
purity (Loba Chemie, Mumbai, India) were weighed
using a high-precision electronic balance. A small
amount of stearic acid was added to the raw
materials and then mixed thoroughly for approxi-
mately 5 min. The mixture was then ball milled for
different times and at different rotational speeds
using a high-energy ball mill (Resch EMax) under
air atmosphere at room temperature. A set of two
grouped powder samples was synthesized. The first
group consists of three samples processed at differ-
ent rotational speeds of 300 rpm, 350 rpm, and
400 rpm for a constant 2 h milling time, hereafter
called (PZ1, PZ2, and PZ3). Similarly, the second
group contains the PZ1 sample along with two
samples processed at different milling times for 1 h
and 3 h at a constant rotational speed of 300 rpm,
hereafter called (PZ4 and PZ5). To cool down the
system and maintain the temperature stability, the
milling process was stopped for 5 min after every
20 min of milling. The ball-to-powder (BPR) weight
ratio, total ball and powder weight were 5:1, 20 g,
and 4 g, respectively.

The behaviour of the ball-milled powder was
analysed by TGA and DSC (LINSEIS STA PT-
1000), in which approximately 25 mg of the mate-
rial was heated at a rate of 10�C/min to 900�C. The
milled powder was then heated at 800�C under
static air for 3 h. X-ray powder diffraction was
recorded using Cu Ka (k = 1.5406 Å) radiation for
the synthesized samples with a Philips PW 1710
diffractometer system. The step-scan data with step
size of 0.02� and a scan rate of 0.05� min�1 were
recorded for the angular range of 20�–90�. A profile
analysis (LeBail method) of the XRD patterns was
performed. The extracted data were then used to
evaluate the crystallite size and lattice microstrain.
Rietveld structural refinement was employed to
accurately determine the structural parameters of
the obtained powders. The Fourier transmission
infrared (FT-IR) spectra of the prepared samples
were recorded using a JASCO FT-IR 4100 spec-
trometer in the wavelength range 400–4000 cm�1.
The morphology of the powder was studied using a
JEOL, JEM 1010 transmission electron microscope
(TEM). The compositional analysis of the synthe-
sized powders was carried out by x-ray fluorescence
spectroscopy (XRF). Optical studies were performed
using a (JASCO V-670, UV–VIS-NIR) spectropho-
tometer in the wavelength range of 200–1000 cm�1.

RESULTS AND DISCUSSION

TGA and DSC analysis

Thermogravimetric analysis (TGA) and differen-
tial scanning calorimetry (DSC) were carried out to
study the thermal decomposition process of the ball-
milled powder. Figure 1 displays the TGA/DSC
spectra of the ball-milled powder for sample PZ1
up to 900�C at a heating rate of 10�C/min in air. It is
clearly visible that there are three main stages of
weight loss in the temperature range up to 850�C.
The first small notable loss in the temperature
range up to 250�C may be attributed to the removal

Fig. 1. TGA and DSC spectra of ball-milled powder for sample PZ1.
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of residual water and decomposition of stearic acid.
It is also observed that the weight becomes almost
constant above 400�C up to 850�C with a slight
change, which shows an enhancement in the crys-
tallization of the powder. The main weight loss
(about 20%) occurred in the range from 250�C to
400�C, which may correspond to the decomposition
of the raw materials and formation of the pure
phase. The changes in the DSC curve are observed
as exothermic and endothermic peaks in the related
temperature range. Based on the DSC, there are
two exothermic peaks at 340�C and 400�C and one
endothermic peak at 90�C. According to the TGA/
DSC, the weight becomes almost constant above
400�C, which indicates the formation of the PbZrO3

compound above this temperature.

Structural properties of PZ nano-powder

XRD spectral analysis

Supplementary Figure S1 (refer to online supple-
mentary material) shows the XRD pattern of the
calcined PbZrO3 nanopowders. The diffractogram
showing the (1 1 2), (0 4 0), (2 4 0), (3 2 2), (0 0 4), (0
4 4), and (2 0 2) peaks indicates that the major
phase in this composition had orthorhombic sym-
metry.4 The peaks were indexed in space group (SG)
Pbam [QualX card number: 00-200-3149]. There are
two small extra peaks of trace amounts of PbO at
28.34� and 29.16�, which could be eliminated by
increasing the calcination temperature.14,15 To
assess the crystallographic information associated
with PbZrO3 nanocrystalline powders considering
all permitted reflections from the XRD patterns of
highly overlapping reflections, it is important to fit
the experimental pattern with a profile fitting
function based on the structural information.16

Thus, a profile refinement (LeBail fit)17 was carried
out using the FuLLProf18 software package.

Almost all possible parameters were changed in
the fitting process by means of the least square
procedures.19 The pseudo-Voigt function was
deployed as a peak profile function. The structures
obtained by S. Teslic and T. Egami (COD entry ID
2003149)20 were used as initial parameters
(a = 5.8808 Å, b = 11.7703 Å, c = 8.2539 Å, SG =
Pbam, IN = 55). The background was adjusted as a

linear interpolation between a set of manually
chosen points. The refinement was continued until
a reasonable matching between the observed and
calculated patterns achieved with the best possible
values for conventional R parameters [Rp (profile
error), Rwp (weighted residual error), and Rexp
(expected error)].

The conventional fitted profile parameters for the
PZ nano-crystallite heat-treated at 800�C for 3 h are
shown in supplementary Table SI. It is noticed that
the goodness of fit (GOF) parameters are close to
one and the v2 is low, which indicates good agree-
ment between the fitted and the calculated profile.
The obtained cell constant parameters of the PZ

powder samples are listed in supplementary
Table SII. The average values of the cell parameters
are a = 5.85869 ± 0.00029 Å,
b = 11.74552 ± 0.00058 Å, and
c = 8.21778 ± 0.00039 Å, which is in close agree-
ment with the reported values for PZ ceramics21 and
well matched with (JCPDS card no. 20-608 and 35-
739). The occurrence of well-crystalline PbZrO3 as
confirmed from the XRD patterns is fully consistent
with the TGA/DSC analysis.

Crystallite Size and Lattice Strain

Accurate estimation of crystallite size is essential
when the produced material crystallite size is
< 100 nm. Although transmission electron micro-
scopy is an effective method for estimating particle
size, it has some restrictions. Since its images
represent a local region, many samples and images
are required to provide average information for the
entire sample. Additionally, its sample preparation
is time consuming. The x-ray powder diffraction
technique is a suitable and accurate approach for
the determination of crystallite size by precisely
quantifying the peak broadening. The Scherrer
equation, Williamson-Hall (WH), Halder and Wag-
ner (HW), size-strain plot (SSP), and Rietveld
methods are examples of methods that are based
on that principle.22

Scherrer’s formula can be written as,23

D ¼ Kk
b cos h

ð1Þ

where D is the average crystallite size (nm), K is
related to the shape (here, K = 0.91), k is the
wavelength of the x-rays (k = 1. 54056 Å for Cu
Ka), h is the diffraction angle, and b is the width of
the diffraction peak determined at FWHM. The
most intense peaks—(1 2 0), (0 4 0), (1 2 2), (2 0 2), (2
4 0), (0 0 4), (1 6 2), (3 2 2), (0 4 4), and (2 4 4)—were
employed for the determination of crystallite size
and lattice strain by different methods used in the
study. The FWHM calculation was performed by
considering the instrumental broadening by using
the following equation:24

bhkl ¼ ðb2
measured � b2

instrumentalÞ
1=2 ð2Þ

where bmeasured and binstrumental are the observed
FWHM and FWHM of a well-crystallized reference
material. In the present study, Si (silicon) standard
(supplied along with the XRD instrument) was used
to determine the instrumental broadening.

The Williamson-Hall formula is a modification of
Scherrer’s equation considering the contribution of
the lattice strain in the peak broadening. The WH
equation can be written as follows:25–27

B ¼ 1

L
þ 2eS ð3Þ
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where B = 2 b cos H/k and S = 2 sin H/k. The WH
plot is a very useful diagnostic tool for learning the
type(s) of profile broadening and determining
approximate values of crystallite size and strain.28

A plot of x = 2 sin H/k versus y = 2 b cos H/k is
presented in Fig. 2. The size and strain values were
extracted from the intercept and slope of the
straight fitted line.

The modified WH method (Halder and Wagner29)
was used to estimate the strain and crystallite sizes.
Based on the assumptions that the Lorentzian and
Gaussian components of b are solely due to the size

and strain effects, respectively, the modified equa-
tion can be written as,28

b
tan h

� �2

¼ Kk
D

b
tan h sin h

� �
þ 16e2 ð4Þ

In the Halder–Wagner (HW) plot, y = (b/tan h)2 is
plotted against x = b/(tan hsin h). Then, the slope
and y intercept of the resulting straight line afford
Kk/D and 16 e2, respectively. Figure 3 shows the
HW plot for the PZ samples. Despite the approxi-
mations and assumptions used in the derivation of

Fig. 2. WH plots for a PZ1, b PZ2, c PZ3, d PZ4, and e PZ5 synthesized nanopowders.
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Eq. 1, the HW method has the advantage that the
reflection peaks at lower angles have more weight
than those at higher angles, which are often less
reliable. Furthermore, Eq. 4 does not contain a
factor (2), unlike Eq. 3, which is another advantage
of the HW plot over the WH plot.28

The WH plot assumes that the strain-induced
peak broadening is basically developing in a mate-
rial with isotropic nature, wherein the strain is
uniform in all crystallographic directions and the

material properties are independent of the measur-
ing direction. This indicates that the diffraction
domains are isotropic and that there is also a
uniform microstrain induced.30,31 It is also possible
to estimate the size and strain by considering the
size-strain plot method. In this SSP method, less
statistical weight is assumed for the data of the
high-angle reflection peaks, where more statistical
fluctuations are generally observed. It is also
assumed that the ‘‘crystallite size’’ profile is

Fig. 3. HW plots for a PZ1, b PZ2, c PZ3, d PZ4, and e PZ5 synthesized nanopowders.
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explained by a Lorentz function and the ‘‘strain’’
profile of a Gaussian.32,33 The equation used was as
follows:34

dhklbhkl cos hð Þ2¼ K

Dv

� �
d2
hklbhkl cos h

� �
þ e

2

� �2
ð5Þ

The term (dhklbhkl cos h)2 is plotted with respect to
(dhkl

2 bhkl cos h) for the ten most intense orientation
peaks. In this case, the crystallite size and strain
were evaluated from the slopes of the straight fitted

line and the intercepted line, respectively.34 The
size strain plot for the PZ samples is shown in
Fig. 4.

Table I summarizes the results of the estimated
crystallite size and lattice microstrain estimated by
the methods. It is observed that the crystallite size
calculated from the Scherrer equation in most
samples is smaller than those estimated by the
HW method and larger than those obtained by the
SSP method. It should be mentioned here that some
available literature accepts the results of the

Fig. 4. Size-strain plots for a PZ1, b PZ2, c PZ3, d PZ4, and e PZ5 synthesized nanopowders.
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Scherrer equation for strain-free materials.35 In
addition, an acceptable agreement between the
results of TEM and XRD analysis, with applications
that consider strain broadening, has been reported
for some materials. For example, the Scherrer and
Rietveld approaches were compared to TEM obser-
vations for nanocrystalline TiO2.36 Likewise, an
agreement was published among the Scherrer, WH,
and TEM.37 Furthermore, a study of Scherrer, WH,
and SSP methods was applied to CdS nanoparticles,
wherein nearly similar values were observed.24

However, several publications reported significant
differences in the estimated values from one method
to another. For example, the crystallite size and
microstrain evaluated by Williamson-Hall and War-
ren–Averbach are not the same as in a previous
report.35 It is also clear that the obtained crystallite
size calculated by various approaches is increased
by increasing the ball milling time and rotational
speed as well. On the other hand, the obtained
strain values by different applied methods increase
by increasing the ball milling process time and the
rotational speed. A similar behaviour was observed
in a previously reported work.38,39

Rietveld Refinement

Rietveld refinement was performed using the
FULLPROF program to confirm the phase forma-
tion as well as to obtain crystallographic parame-
ters. In the Rietveld method, a simulated diffraction
pattern is established with the structural informa-
tion, peak profile, background function, space
group, lattice parameters, and any other related
information. Consequently, the position and the
intensity of all hkl reflections are calculated, and
then they are refined by the least squares method
until the matching occurs between the experimental
and simulated ones. The simulated pattern was
initially built up using the computer program based
on the lattice parameters, space group, and atom
coordinates of the well-matched pattern that was
obtained from the crystallography open database
(COD) (entry ID 2003149)20 listed in supplementary
Table SIII. The reader is advised to refer to these
studies40–42 for more information about the atomic
coordinates.

The background points were chosen manually and
adjusted using a linear interpolation between the
points during the refinement. The used peak shape
was a pseudo-Voigt (pV) function. A number of

Table I. Crystallite size and strain values using the Scherrer, WH, HW, and SSP methods

Sample Time (h)/Speed (rpm)
Scherrer

WH HW SSP

Dsh Dwh e Dhw e Dss e

PZ1 2/300 40.44 27.32 0.0009 44.23 0.00053 23.66 0.0008
PZ2 2/350 40.53 40.32 0.0019 54.98 0.00087 33.33 0.0013
PZ3 2/400 41.43 47.39 0.0023 57.22 0.00090 30.61 0.0014
PZ4 1/300 34.11 32.68 0.0015 48.18 0.00075 25.77 0.0012
PZ5 3/300 42.71 51.28 0.0024 61.49 0.00096 32.90 0.0015

Fig. 5. XRD Rietveld refinement patterns for PZ powders.
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consecutive refinements to the zero shift and struc-
tural and microstructural parameters were applied.
After a reasonable pattern was obtained, the refine-
ment continued with background points, instru-
mental parameters, and atomic coordinates to
advance the matching between the calculated and
experimental values. Thereafter, a total of about 20
parameters, including the scale factor, lattice con-
stants, structure factor, zero shift, occupancy,
instrumental parameters, background points, etc.,
were refined. To achieve a good refinement model,
the peak positions and intensities were generated
and monitored from time to time. Figure 5 clearly
shows that the experimental and simulated pat-
terns are in good agreement. The red solid line
represents the best Rietveld fit, Icalc, the squares are
the observed data, Iobs, the vertical bars are the
calculated angular Bragg positions of the reflec-
tions, and the green line is the difference curve
between the calculated and the observed intensities
Icalc � Iobs. The fit converges to residual values
v2 � 1 and Rwp � 15% with the independent varia-
tion of 20 parameters. The goodness of fit (GOF) of
the refinement patterns was measured in terms of
the profile R-factors. The relatively lower values of
Rp and Rwp are usually used as a criterion for good
Rietveld profile fit. Structural parameters and con-
ventional R-factors are listed in supplementary
Table SIV. The retrieved values of conventional R-
factors are generally < 15%, and the agreement
between the experimental and simulated patterns
confirmed the goodness of refinement43

The obtained cell parameters of the PZ nanopow-
der samples are summarized in supplementary
Table SV. The obtained Rietveld lattice constants
are almost the same as those obtained by the Lebail
profile fit. The average values for the cell parame-
ters are a = 5.86113 ± 0.00041 Å,
b = 11.74352 ± 0.00081 Å, and

c = 8.22000 ± 0.00034 Å, which agrees with the
reported values for PZ powders.21 The parameters
a, b, c, and cell volume remained almost the same
for all PZ samples.

FT-IR Study

Supplementary Fig. S2 illustrates the vibrational
spectra of the calcined powder (FT-IR) obtained in
the wavenumber range from 4000 cm�1 to
400 cm�1, which is most useful for chemical char-
acterization of organic and inorganic materials.44,45

The spectrum shows three main broad vibrational
bands. The first broad band was observed in the
range of 500–580 cm�1, which is evidence for the
development of the perovskite structure of the PZ
compound at the calcination temperature (800�C),
which is due to metal oxide binding.8,46 The second
characteristic absorption band was in the range of
1380–1430 cm�1, which was assigned to the sym-
metric stretching vibration of C-O, which means
that the stearic acid reacted with the raw materials
during the ball-milling process.47 Moreover, the
broad vibrational band centred at 3450 cm�1 could
be assigned to the hydrogen O-H stretching band,
while that at 1640 cm�1 is related to –COO–
stretching modes. The FT-IR observations confirms
the development of perovskite type structure, which
corroborates our XRD and TGA/DSC studies.

Elemental Analysis and TEM

A representative XRF pattern in Fig. 6a for the
calcined powder PZ1 brings about a homogeneous
composition of the expected stoichiometry. Further-
more, there is no evidence of impurities due to wear
debris that might be advanced into the specimens
from the milling process. The morphologic evolution
of the powders was revealed, as shown in Fig. 6b. In
general, the grains were agglomerated and showed

Fig. 6. (a) XRF and (b) TEM for PZ1 calcined powder.
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an irregular shape distribution, with a large vari-
ation in size. The powders consist of primary
particles of nanometres in size, where the smallest
particle size observed in the micrographs using an
imaging computer software was approximately
20 nm.

Optical Properties

Diffuse reflectance spectra were measured (sup-
plementary Fig. S3) in the wavelength range of
300–850 nm for the calcined nano PZ samples. The
Kubelka–Munk function48 given below was used to
evaluate the band gap of the prepared nanopowder
samples by means of reflectance.

FðR1Þ ¼ K

S
¼ ð1 � R1Þ2

2R1
ð6Þ

where R1 is the diffuse reflectance emanated by an
infinitely thick sample and is related to the absorp-
tion coefficient (K) and scattering coefficient (S).
Supplementary Fig. S4 shows the plot of [F(R)hm]1/2

versus hm, from which the band gaps of the PZ
nanocrystalline powders were evaluated by extrap-
olating the linear portions of the curves. PZ nano-
powders with crystallites in the range of 50–90 nm
possess a gap of 3.11 eV, 3.18 eV, 3.28 eV, 3.13 eV,
and 3.27 eV for PZ1, PZ2, PZ3, PZ4, and PZ5,
respectively. Figure 7 shows a plot of the gap energy
with respect to the rotational speed. It is clear that
the band gap increased linearly with increasing
rotational speed. On the other hand, the optical gap
values were almost the same for the 1 h and 2 h
samples, while it increased as the time increased to
3 h. It is reported that the exponential absorption
edge and the gap energy are controlled by the
degree of structural disorder.49 Therefore, the
change in the estimated values of the optical band

gap energy could be attributed to structural
disorder.50,51

CONCLUSION

The PbZrO3 nanoparticles were successfully syn-
thesized using high-energy ball milling and charac-
terized by TGA/DSC, XRD, TEM, and XRF.
Conventional and advanced techniques of XRD peak
profile analysis, namely the Williamson-Hall (WH),
Halder and Wagner (HW), size-strain plot (SSP),
Lebail, and Rietveld methods, were applied to calcined
ball-milled nano-lead zirconium oxide. A notable vari-
ation in the resulting crystallite sizes and micro-
strain was clearly observed in the obtained results of
various methods. The sizes calculated by the SSP
technique are considerably smaller than those of the
other applied approaches. Crystallite sizes obtained
from the Scherrer, WH, and HW procedures were
nearly the same. Moreover, the values of microstrain
obtained from the WH, SSP, and HW methods are of
the same order of magnitude. The estimated crystal-
lite size and microstrain slightly increased with the
increase of the rotational speed and ball milling time
process. Moreover, the band gap energy increased
significantly with the rotational ball milling speed.
The TEM and XRF results showed the nanosize and
purity of the prepared powder. The FT-IR analysis
confirms the development of the perovskite structure.
Furthermore, the nano-powder could be obtained
efficiently by 1-h ball milling at a rotational speed of
300 rpm by utilizing high-energy ball milling.
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Fig. 7. a, b Band gap energy versus time of ball milling and rotational speed, respectively.
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ELECTRONIC SUPPLEMENTARY
MATERIAL

The online version of this article (https://doi.org/
10.1007/s11837-020-04296-0) contains supplemen-
tary material, which is available to authorized
users.
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