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Abstract

In attempt to search for an improved material preparation technique, Y,NiMnO, dielectric
material is prepared by a one-step thermal decomposition route where a solution of stoichiometric
mixtures of metal acetates is directly heated. Structural characterization by X-ray diffraction and
electron diffraction shows that the samples were successfully prepared at relatively low temperature
comparing to a standard solid state synthesis. Results from several techniques including thermal
analysis, electron microscopy, and X-ray absorption are used to investigate compound formation. It
is revealed that metal acetates decompose at 300-350°C resulting in mixture of several metal oxide
intermediates which continue to react to form the desired product. Y,NiMnO, nanoparticles are first
obtained at 800°C. Later, these nanoparticles agglomerate and grow at higher temperature and/or
longer heating time to give larger particle size and more crystallinity. Although the starting reagent
contains Mn in 2+ oxidation state, X-ray absorption (XANES) analysis indicates that the obtained
Y,NiMnO, contain Mn and Ni in 4+/3+ and 2+ oxidation states, respectively. Ceramic sample
shows large dielectric constant of about 6000-7000 at 30-120°C at 1kHz. Dielectric constant and
dielectric response of the sample are consistent with those reported in other works where different
synthetic techniques were used. The activation energy of dielectric relaxation is similar to the
energy required to transfer electrons between Ni’" to Mn", thus the observed large dielectric
constant is intrinsically related to electronic ferroelectricity due to charge ordering of Ni’" and

4+

Mn .
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Abstract In attempt to search for an improved material
preparation technique, Y,NiMnOg dielectric material is
prepared by a one-step thermal decomposition route where
a solution of stoichiometric mixtures of metal acetates is
directly heated. Structural characterization by X-ray dif-
fraction and electron diffraction shows that the samples
were successfully prepared at relatively low temperature
comparing to a standard solid state synthesis. Results from
several techniques including thermal analysis, electron
microscopy, and X-ray absorption are used to investigate
compound formation. It is revealed that metal acetates
decompose at 300-350 °C resulting in mixture of several
metal oxide intermediates which continue to react to form
the desired product. Y,NiMnOg nanoparticles are first
obtained at 800 °C. Later, these nanoparticles agglomerate
and grow at higher temperature and/or longer heating time
to give larger particle size and more crystallinity. Although
the starting reagent contains Mn in 24 oxidation state,
X-ray absorption near edge structure analysis indicates that
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the obtained Y,NiMnOg contain Mn and Ni in 4+/3+ and
2+ oxidation states, respectively. Ceramic sample shows
large dielectric constant of about 6,000-7,000 at
30-120 °C at 1 kHz. Dielectric constant and dielectric
response of the sample are consistent with those reported in
other works where different synthetic techniques were
used. The activation energy of dielectric relaxation is
similar to the energy required to transfer electrons between
Ni’" and Mn4+, thus the observed large dielectric constant
is intrinsically related to electronic ferroelectricity due to
charge ordering of Ni** and Mn*".

1 Introduction

Double perovskite oxides with general formula A,BB’Og¢
exhibit various properties as a result of B and B’cation
interaction through oxygen in octahedral site. Recently,
RoMnNiOg family, R = rare-earth and Y, especially
La,MnNiOg has gain more attention due to its high ferro-
magnetic Curie temperature, unique dielectric characteris-
tics, and giant dielectric tunability [1-4]. Although fewer
studies have been done on other members in the group
besides La,MnNiOg, some have proved that they also
exhibit interesting properties [5—7]. In 2011, Tang et al. [8]
reported the giant dielectric tunability effect in bulk
Y,MnNiOg where low electric field of 5 V bias voltages
was enough to reach 84 % tunability at 10 kHz around
room temperature. Based on theoretical calculations,
Kumar et al. [9] also predicted the multiferroicity in
Y,NiMnOg which draws even more attention to the com-
pound. Most studies on R,MnNiOg have focused on solid
state synthesis which usually involves very high tempera-
ture (1,200-1,400 °C) [8, 10, 11]. Although slightly lower
temperature was used to obtain single phase samples in
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some cases, several intermediate grindings were required
[12]. In some case, single phase compound is not achieved
even after being calcined for more than 10 times at
1,000 °C [13]. In addition, Re,O; impurity where
Re = rare earth, is often observed in solid state synthesis
of this compound and its family [14] Nevertheless, appre-
ciable acceleration of the preparation process as well as
reduction of energy used is preferred in industrial appli-
cations. There are some reports on sol-gel synthesis of
R,MnNiOg [15-17] but information on other wet chemistry
synthetic methods are still scarce.

Here we report on synthesis of Y,NiMnOg via a thermal
decomposition of metal acetate solution. The method is
simple, fast, cost effective, and has been successfully used
to prepare many oxides at relatively low temperature [18,
19]. To probe the formation of Y,NiMnOg at various
synthetic conditions, the samples were characterized by
powder X-ray diffraction (PXRD), transmission electron
microscopy (TEM), thermogravimetric analysis (TGA),
differential thermal analysis (DTA), and X-ray absorption
near edge structure (XANES) analysis. Using the obtained
results from each technique, effects of synthetic conditions
on phase formation and oxidation states of cationic com-
ponents were established. Dielectric properties of the pre-
pared ceramic were also investigated.

2 Experimental details

Polycrystalline samples of Y,NiMnOg were prepared by a
simple thermal decomposition. First, a solution was prepared
by dissolving 0.007 mol of stoichiometric mixture of metal
acetates; Y(CH3;COO);-xH,0, Ni(CH;COO),-4H,0, and
Mn(CH;COO),-4H,0, in deionized (DI) water. Acetate
mixture to DI water ratio of 1:7.5 (weight:volume) was used.
The mixtures were stirred at room temperature for 2 h to
yield homogeneous solution. Polycrystalline samples were
obtained by heating the prepared solution in air at various
conditions. In order to probe the formation of Y,NiMnOg
phase at different heating temperatures and heating times,
two sets of samples were prepared. The first set was prepared
by heating the solution at 600—1,000 °C for 6 h and the other
was obtained by heating the solution at constant temperature
of 800 °C but with different dwelling time.

To monitor thermal decomposition of the prepared
solution, TGA/DTA were performed from 25 to 1,000 °C
at 10 °C/min on the solution preheated at 200 °C. PXRD
data were collected at room temperature with Philips
X’pert MPD diffractometer using Cu Ko. TEM images and
selected area electron diffraction (SAED) from TEM (FEI,
Tecnai G> 20, The Netherlands) were used to investigate
the morphology and crystallinity of the samples as well as
to confirm phase formation of the calcined powders. To
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investigate the valence states of Ni and Mn, XANES
measurements were performed. Both Mn-K and Ni-K edges
XANES were carried out on polycrystalline samples in
transmission mode in air. All measurements were con-
ducted on Beamline 8 at Synchrotron Light Research
Institute (SLRI), Nakhon Ratchasima, Thailand. Mn foil,
MnO, Mn,03;, MnO,, Ni foil, and NiO were used as
standard in the measurements for Mn and Ni, respectively.
Ceramic sample was prepared by pressing and sintering
polycrystalline sample at 1,000 °C for 10 h. Dielectric
properties was measured on the polished and electroded
pellet using Hewlett Packard 4194A impedance gain phase
analyzer over wide range of frequency (10°-~10" Hz) and
temperature(30—150 °C) at the oscillation voltage of 1.0 V.

3 Results and discussion
3.1 Syntheses and characterizations

Powder X-ray diffraction patterns of the obtained samples
are shown in Fig. 1. The desired Y,NiMnOg phase starts to
form at 800 °C as a major phase. Single phase Y,NiMnOgq
was obtained at 1,000 °C where all except two small dif-
fractions at 38° and 63° could be indexed based on
monoclinic structure with space group P2;/n (JCPDS No.
01-076-7889) as reported in [12]. The two diffractions
might belong to some impurities; however, they were also
observed in [8] and indexed as Y,NiMnOg phase. More
analysis is required to clarify this.

Y,NiMnOg structure consists of Ni and Mn in octahe-
dral site of double perovskite with 1:1 ordering resulting in
rock salt sublattice. Similar ordering is observed in many
compounds especially when two types of B cations have
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Fig. 1 Powder X-ray diffraction patterns of samples prepared by
thermal decomposition at different temperature
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Fig. 2 Powder X-ray diffraction patterns of samples prepared by
thermal decomposition at constant temperature for different heating
time

large difference in charge and ionic radii [20]. The crys-
tallite size of the samples as estimated from Scherrer’s
equation were 42, 55, 91 nm for samples prepared at 800,
900, and 1,000 °C, respectively. In order to probe the
formation of Y,NiMnOg, other series of samples were
prepared by heating the solutions at 800 °C for different
amount of time. As shown in Fig. 2, the XRD patterns
suggest that Y,NiMnOg was formed as major phase after a
short heating of only 3 h at 800 °C. Crystallite sizes of the
samples were estimated from peak broadening of XRD
patterns to be 29, 47, and 80 nm for samples heated for 3,
6, and 12 h, respectively.

More information on thermal decomposition of starting
solution is obtained from TGA/DTA analysis. As shown in
Fig. 3, the precursor started to lose 25 % of its weight at about
80-100 °C. Studies have shown that acetate hydrates of Y, Ni,
and Mn lose crystallized water at around these temperatures.
As dehydration of each specie occurs at different temperature
with different rate, the close-up plots of TGA/DTA (Fig. 3
inset) show at least 3 different endothermic processes occur-
ring at slightly different temperature. Based on many works
[19-21] on decomposition of Y, Ni, and Mn metal acetates, no
other change occurs below 200 °C and after step 1, the sample
consists of  Y(CHsCOO)s, Ni(CH5COO),, and
Mn(CH;3COQ),-0.5H,0. The major weight loss accompanied
with the exothermic DTA curves is observed at about 300 °C.
According to the study of Farjas et al. [21], decomposition of
the metal acetates is endothermic. However, such decompo-
sition results in gaseous organic species, which in the presence
of O,, combust and gives an overall highly exothermic pro-
cess. Interestingly, decomposition of this precursor seems to
happen at lower temperature than previously reported. One
possible explanation is that the precursor was prepared as a
solution thus all metal acetates should have much smaller

0 200 400 800 800 1000
Temperature (°C)

Fig. 3 TGA/DTA analysis of the preheated starting precursor and the
close-up at low temperature region (inset)

particle which accelerate the decomposition process. After
step 2, all acetates have burnt out resulting in MnCOs3,
Y(OH);, Y5(COs3)3, NiO, and some carbon-rich residues [21—
23]. The last step with small weight change is due to the loss of
CO,, H,0, and organic residues. Based on the previous studies
[21-23], the final products of metal acetates decomposed
separately in air are Y,0s3, NiO, and mixture of Mn oxides.
While there is no change in weight loss after step 3, it is
difficult to conclude from TGA/DTA if Y,NiMnOg sample
has formed or not. The percent of weight retained for
Y,NiMnOg (32.9 %), and mixture of Y,0O5, NiO, Mn oxides
(31.6-33.0 % depending on types of Mn oxides) are similar
and close to the weight retained observed from TGA (32.5 %).
However, powder XRD data show that temperature as high as
800 °C is required for Y,NiMnOg formation. XRD data of
samples prepared at 600 and 700 °C show indication of Y,03
and NiO as major phases. The broadening of the peaks indi-
cates small particle and/or some amorphous phase. As dif-
fractions of Mn species are not observed, it is believed that Mn
in these samples is in the form of mixtures of oxides with
various compositions and may be amorphous. Nevertheless,
oxides of Mn, Ni, and Y formed after thermal decomposition
continue to react to form the desired Y,NiMnQOjs. Such reac-
tion does not involve much weight change and might be too
slow to be detected by TGA/DTA scan.

Formation of Y,NiMnOg phase at 800 °C is also con-
firmed by SAED pattern (Fig. 4). As shown in Fig. 4,
Y,NiMnOg nanoparticles formed after heating the solution
at 800 °C for only 3 h. TEM images and change of SAED
pattern from ring pattern to spot pattern suggest that particle
size and crystallinity of the samples increase with heating
time and temperature which is consistent with XRD results.
Such effects of calcination temperature on crystallite size
and crystallinity of the samples are quite common [24-28].
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Fig. 4 TEM images and SAED
patterns of the samples
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Based on results from TGA/DTA, XRD, and TEM,
Y,NiMnOg is successfully prepared by a simple method
which involves only one heating at relatively low temper-
ature whereas the conventional solid state reaction requires
several heat treatments at high temperature. Synthetic
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temperature is significantly reduced in this method because
the reaction occurs in solution where metal ions mix
homogeneously in atomic scale. Although XRD patterns
suggest that oxides of Y, Ni, and Mn form first, their
particle sizes are very small and they mix homogeneously



J Mater Sci: Mater Electron (2014) 25:1361-1368

1365

in the sample. As a consequence, further reaction to form
Y,NiMnOg occurs easily. The current method is different
from traditional sol-gel synthesis because the later usually
requires chelating agents and gel formation. Many studies
have revealed that chelating agents as well as their con-
centration play important role in sol-gel synthesis and can
sometimes define the resulting products [29-31]. Another
mechanism in preparing oxides with sol-gel related tech-
nique uses a polymeric network to reduce cation mobility
in solutions through the physical entrapment of the cations
in the polymer. This technique requires long chain polymer
such as (polyvinyl alcohol) and poly(ethylene glycol) [32,
33]. The current work, on the other hand, does not involve
any polymeric molecules and acetate ion seems too small
for such mechanism. However, the ion might form stable
complexes with metal cations thus partly reduce the
mobility of the cations. Nevertheless, direct thermal
decomposition technique as used in the current research
has proved successful in synthesis of many complex oxides
[18, 19, 34, 35] including Y,NiMnOg as reported here
without any addition of polymeric molecule, chelating
agents, and the gel formation step.

Normalized XANES spectra at the Mn K-edge of the
samples along with standard compounds; metallic Mn,
MnO, Mn,03;, and MnO,, are shown in Fig. 5. The spectra
of the standard materials and their threshold energy (Eg)
agree well with other reports [36]. Threshold energy (Eg) of
the samples is generally in between those of Mn’" and
Mn*". E, gradually increase on going from the sample
heated at low temperature to high temperature approaching
E( value of the Mn(IV)O, standard. Change of E; in sam-
ples heated at different temperature suggests that synthetic
temperature affects the oxidation state of Mn. As the source
of Mn in this work is Mn(CH3;COO),-4H,0O which contains
manganese in 24 oxidation state, it is logical that certain
heat treatment in air is required to oxidize Mn*". Tt is quite
difficult to conclude the oxidation state of Mn in the sam-
ples as threshold energy and spectral shape of Mn*" in
Y,NiMnOg would be different from that of MnO, standard.
These small differences originate from the difference in Mn
environment or the position of Mn in the lattice [36]. In fact,
Subids et al. has reported that E, of Mn in perovskite oxides
are about 1-2 eV less than MnO, standard due to the geo-
metrical effects [37]. However, oxygen vacancies have
been observed in the same compound prepared by sol-gel
method [17]. Such vacancies would result in the mixed
valency situation of Mn>*/Mn**. Although more studies
are needed to verify the situation, information on dielectric
properties especially dielectric loss has led us to believe that
the samples contain oxygen vacancies thus Mn oxidation
state is in between 3+ and 4+.

Situation of Ni cation in the samples is much simpler.
Figure 6 shows normalized XANES spectra at Ni K-edge
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Fig. 5 a Normalized Mn K-edge XANES spectra at room temper-
ature for metallic Mn, MnO, Mn,03, MnO,, and Y,NiMnOg sample.
b Detail of threshold region showing effect of synthetic temperature
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Fig. 7 The frequency dependence of a dielectric constant, €', and
b dielectric loss, €”, at temperature ranging between 30 and 200 °C
for Y,NiMnQOg ceramic

of the samples. It is clear from the plots that Ni in the
samples is in 2+ oxidation state as threshold energy and
spectral shape match very well with NiO standard. As
Ni(Il) acetate was used as starting reagent, no oxidation is
required and Ni(II) is formed nicely in the compounds even
after low temperature heat treatment.

3.2 Dielectric properties

The frequency dependence of dielectric constant, €', and
dielectric loss, €”, for Y,NiMnQOg ceramics from 30 to
200 °C are shown in Fig. 7a, b. It is clearly seen from
Fig. 7a that the samples have very high dielectric constant
of ~6 x 10° (at 1 kHz). The dielectric constant at 1 kHz
shows a plateau with strong temperature dependence for
temperature higher than 100 °C. From the Fig. 7b, at low
frequency, the dielectric loss increases significantly with
further increasing temperature, ascribed to the contribution
of dc conductivity in Y,NiMnOg ceramic probably due to
the hopping of electrons between Mn>" and Mn*". The
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Fig. 8 The frequency dependence of a dielectric constant, €', and
b dielectric lose, €”, at high temperature ranging between 160 and
200 °C for Y,NiMnOg ceramics. The solid lines are the fits according
to Eq. (1)

tendency of dielectric response is similar to the that
reported by Tang et al. [8].

The frequency dependence of dielectric constant and
dielectric loss at selected temperatures are depicted in
Fig. 8, and these data are fitted with a modified Debye
equation:

& — €xo

T+ )] W

ex =& +je' =6+
where € and ¢, are the low and high frequency dielectric
constant, ® is the angular frequency, t is the mean relax-
ation time, and o is the width parameter leading to a
symmetric broadening of the Debye relaxation (o =1
corresponds to the standard Debye relaxation). The fitting
results are presented as solid lines in Fig. 8. The extracted
value of a is about 0.9, close to that of La,NiMnOg [38].

Using the obtained relaxation time, activation energy,
Er, for Y,NiMnOg ceramics can be determined by the
Arrhenius law:

1 = 19exp (E;/kgT) (2)
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Fig. 9 Arrhenius plot of the relaxation time for the sintered
Y,NiMnOg ceramic

where 1 is the pre-exponential factor, E, is the activation
energy, kg is the Boltzmann constant, and 7 is the absolute
temperature. From the fitting shown in Fig. 9, the activa-
tion energy is obtained as 0.12 eV which is comparable to
that of charge ordered La,MRuOg (M = Mg, Co, Ni and
Zn) (~0.07-0.17 eV) [39] and TbysCapsMnO5; (0.9 eV)
[40]. This activation energy is close to the energy required
to transfer an electron from Ni?* to Mn*" [41]. Therefore,
the origin of giant dielectric in Y,NiMnOg ceramic could
be intrinsically related to electronic ferroelectricity due to
the charge ordering of Ni*" and Mn*". The dielectric
property of the sample is directly related to the polariz-
ability. The polarization fluctuation in Y,NiMnOg ceramic
is correlated with the hopping of electrons between Ni and
Mn cations.

4 Conclusions

Y,NiMnOg was successfully prepared by the simple thermal
decomposition where solution of stoichiometric mixture of
metal acetates was directly heated. The method requires
shorter time and lower temperature than conventional solid
state reaction yet result in products with the same structure
and properties. The reduction of time and temperature of
synthesis is achieved because the starting reagents are
allowed to react in an atomic scale. Based on TGA/DTA,
TEM, and XRD data, metal acetates decompose at about
300-350 °C resulting in various intermediates which con-
tinue to react to form nanoparticles of Y,NiMnOg at about
800 °C. These nanoparticles later agglomerate and grow into
larger particle with more crystallinity at higher temperature.
Moreover, oxidation states of metal cations in the compound
have been studied by XANES analyses which indicate the
presences of Ni>* and Mn3+/Mn4+, consistent with the

samples prepared by other techniques. In additions, dielec-
tric properties of ceramic sample are investigated. Large
dielectric constant of about 6,000-7,000 at 30-120 °C at
1 kHz is observed. According to results from data analyses
especially the activation energy of dielectric relaxation
which is close to the energy required to transfer electrons
between Ni*™ and Mn*", such high dielectric constant is
explained based on the electronic ferroelectricity due to
charge ordering of Ni** and Mn**.
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