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ABSTRACT

Synthesis, structural, and electrochemical properties of nanostructured powders CaggEry:MnO; with perovskite-
type crystal were studied. Nanopowders were prepared by the combustion method using the hydrazine nitrite
procedure (HNP), which involves mixing metal nitrate salts (Ca, Mn, Er) in a stoichiometric ratio and varying the
guantity of added hydrazine. In this synthetic procedure, the aim is to adjust the amount of hydrazine in order to
control the combustion of the reactions, obtain the required amount of fuel energy, but also the amount that will
complex the reactants in the mixture. The powders obtained by hydrazine nitrate synthesis were then calcined for
15 minutes at temperatures of 800, 900, and 1000 °C. Characterization of the synthesized and calcined samp les
was performed using advanced techniques such as X-ray diffraction (XRD), Fourier-transform infrared
spectroscopy (FTIR), and electrochemical measurements. The results clearly indicate that the amount of
hydrazine added is crucial in preparing the CagoEr,;MnO;z; sample. This highlights the importance of precise
hydrazine dosage in optimizing the synthesis process to enhance the material's properties. Further, the
electrochemical properties of the obtained perovskite nanopowders were investigated by cyclic voltammetry (CV)
and electrochemical spectroscopic impedance (EIS) on perovskite-modified carbon paste electrodes.
Electrochemical measurements showed improved electrochemical properties of perovskite-modified carbon paste
electrodes compared to bare carbon paste electrode (CPE). The electrode modified with the material synthesized
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with the smallest amount of hydrazine presented the best results.
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INTRODUCTION

Perovskite-type compounds are special materials that
share a similar crystal structure and have garnered significant
attention in both scientific research and practical applications
due to their diverse and unique properties, including
ferroelectricity,  ferromagnetism, fast-ion  conductivity,
superconductivity, etc. The term “perovskite-type structure”
originates from the mineral calcium titanate (CaTiO3), the first
material identified with this specific crystalline structure. It
was discovered by geologist Gustav Rose in the Ural
Mountains in 1839 and named “perovskite” in honor of the
Russian mineralogist Count Lev Alekseevich von Perovsky
(Katz, 2020). This name refers to any compound of the
formula ABXs;, with a similar ionic crystalline structure.
Among various compounds with a perovskite structure,
perovskite oxide materials with the general formula ABO;
attracted the attention of researchers due to their specific
chemical and physical properties (Bispo-Jr et al., 2022). The
ABO; perovskite structure consists of a framework formed by
corner-sharing octahedra. Distortions of the octahedra often
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occur in these structures due to deviations from ideal values of
the ion size ratios between the A, B, and O sites of the crystal.
Additionally, the A or B cations may exhibit characteristic
sizes and valences that can result in oxygen non-stoichiometry,
including excess and/or deficiency of oxygen (Kuganathan &
Chroneos, 2021).

There are various synthetic methods for the formation of
perovskite-type nanomaterials, which can be categorized by
three main approaches: solid-state, liquid-state, and gas-state
synthesis (Bayode et al., 2024). In this manner, methods such
as the mechanical ball-milling method, combustion method,
co-precipitation method, and sol-gel chemical method have
been employed (Ansari et al., 2020; Bayode et al., 2024;
Yadav et al., 2020; Tadi¢ et al., 2016). The challenge is to
control the size, crystallinity, morphology, shape, and
properties, and to form nanomaterials for specific purposes and
from different elements. The choice of methods for perovskite
synthesis affects the physical and chemical properties of the
material. Additionally, perovskite oxides, due to their multiple
oxidation states at the B-site, possess redox properties, and
they have been found to have potential applications as
electrode materials for electrochemical sensors (Shimizu et al.,
1996; Durai & Badhulika, 2022).



Transition metal-containing perovskite oxides exhibit
excellent structural flexibility, enabling the placement of
various doping cations on either the A or B site while
maintaining the perovskite-type framework (Yang et al., 2017;
Kuganathan & Chroneos, 2021). Among these materials,
CaMnO; is studied because it has been found to have
applications in electrocatalysis, Li-ion batteries, and
electronics, among others (Kuganathan & Chroneos, 2021).
Doped perovskite manganites have a general formula
A Re,MnOs, where A is an alkali earth element, and Re is a
rare-earth element (Rosi¢ et al., 2015; Rosi¢ et al., 2011). In
this perovskite-type oxide, manganese can exist in two
oxidation states, Mn** and Mn**, to maintain charge neutrality.
It was found that rare-earth element (Re) atoms occupy the A
sites, while smaller cations occupy the B sites (Duki¢ et al.,
2009). Previous work reports that Gd occupies the A sites,
because Gd** is a cation that is significantly larger than the Mn
cation, and substitution of Ca with Gd will affect the valence
of Mn (Rosi¢ et al., 2011). In undoped CaMnOs, Mn** ions
exhibit antiferromagnetic ordering. However, Gd** doping
introduces Mn** ions, whose ferromagnetic double exchange
interaction with Mn** leads to the formation of ferromagnetic
clusters within an antiferromagnetic matrix (Rosi¢ et al., 2011;
Rosi¢ et al., 2015). Additionally, previous research has
reported that the substitution of cations in perovskite-type
oxides can alter the crystal symmetry from orthorhombic
(Pnma) to tetragonal (I4/mcm) (Srivastava et al., 2015). The
incorporation of rare-earth elements into perovskite oxides is
primarily governed by ionic size compatibility between host
and dopant cations. In CaMnOg, calcium occupies the A-site of
the perovskite lattice, with an effective ionic radius of
approximately 1.12 A for Ca®* in 12-fold coordination
(Shannon, 1976). Erbium, by comparison, has a smaller ionic
radius of about 1.004A for Er** in 8-fold coordination
(Shannon, 1976). Despite this size difference, the mismatch
remains within the tolerance limits of the perovskite structure,
enabling partial substitution of Ca** by Er**. Such substitution
is expected to induce local lattice distortions, modify the
electronic environment, and allow for tuning of functional
properties including electrical transport, magnetic ordering,
optical response, and defect behavior (Kuganathan &
Chroneos, 2021; Xia et al., 2025). The primary objective of
this work is to investigate the structural and electrochemical
properties of Er**-doped CaMnOs oxides, aiming to clarify the
role of Er substitution and explore its potential for applications
in advanced functional materials, such as thermoelectrics, solid
oxide fuel cells, and optoelectronic devices.

In this work, the possibility of forming a nanostructured
solid solution with a nominal composition of CaggErg;MnO3
was studied using a modified hydrazine nitrite procedure
(HNP). Structural and electrochemical properties were
investigated.
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EXPERIMENTAL
Chemicals

All used chemicals were of analytical grade. Calcium-
nitrate tetrahydrate (Ca(NOs) 4H,0), Manganese-nitrate
hydrate  (Mn(NOj3),* H,0), Erbium-nitrate pentahydrate
(Er(NOs)s* 5H,0), Hydrazine hydrate (N,H,-H;0), Glassy
carbon powder, Liquid paraffin (ChHzn+2), and Potassium with
complex ion [Fe(CN)s]*'*, all >99.9% purity (Merck). All
solutions were prepared using water purified with a Millipore
Milli-Q system.

Synthesis of nanostructured powders

To achieve enhanced control over the stoichiometry,
structure, and phase purity of metal oxides, the avoidance of
the brute force method remains a fundamental approach in the
synthesis of new materials. Starting chemicals used for the
HNP (hydrazine nitrate procedure) synthesis of powders were
nitrate salts of Ca, Mn, and Er. Hydrazine played a double role
as both a complexant and a fuel. The composition of the
reacting mixtures was calculated based on the nominal
composition of the final reaction product. The principles of
propellant chemistry (Patil, 2008) were applied to calculate the
composition of the reacting mixtures. In stoichiometric redox
reactions between a fuel and an oxidizer, it is essential to
define the ratio of the net oxidizing valences of the metal
nitrate to the net reducing valences of the fuel. It is essential to
gain this understanding to enhance our knowledge and
applications in this specific field. By convention, the valencies
of nitrogen, oxygen, hydrogen, calcium, erbium, and
manganese are set as 0, 2—, 1+, 2+, 3+, and 4+, respectively.
Using the valencies of these individual elements, the reducing
valence of hydrazine, N,H;H,O = 2(0)+4(+1)+2(+1)+(-2) = 4;
it works out to be 4+, while Ca(NOgz);, Er(NOs3)s and
Mn(NO3); work out to be 15—, respectively. We add these
values based on Equations (1) and divide them by 4 (the value
for hydrazine). For producing one mole of CaggErg1MnQs,
through the stoichiometric reactions (1), there will be —20.5/4
= 5.125 moles of hydrazine, which is required. According to
the chemical equations, Cag gErg;MnO3; powder was prepared:

N,H,H,0+0.9 Ca(NO, ),4 H,0 +Mn(NO, ), H,0+
0.1 Er(NO,),55 H,0+ 6.1 0, » Cay,Er,,MnO, +
6.1 NO, +8.1 H,0.

@)

The starting mixture of the selected composition
Cag 9Erg1MnO3; was synthesized using a stoichiometric ratio of
metal salts and varying amounts of hydrazine compared to the
molar ratio from Equation 1. In the HNP method, metal nitrate
salts and hydrazine were mixed in a molar ratio: 1 molMn : 1
molCa+Er : 1/6 (0.17 mol) NoHg; 1 molMn : 1 molCa+Er : 1/3
(0.33 mol) N;Hg4; and 1 molMn : 1 molCa+Er : 1/2 (0.5 mol)
N2Hs.



In a 1-liter beaker, the calculated masses of the
appropriate chemicals were combined and dissolved in a small
amount of water, after which three drops of concentrated nitric
acid were added. The mixture was heated in the temperature
range of 60 — 70 °C. After the reaction was completed, a bulky
material was obtained. The second step of the experiment is
calcination in an annealing furnace at three different
temperatures, 800, 900, and 1000°C. For each sample, we
annealed the material for 15 minutes at a given temperature.
When applying this method, the most important factor is the
molar ratio of hydrazine and nitrate ions in the mixture, as the
reaction temperature (due to exothermicity) is higher, resulting
in a larger crystal size of the resulting material, i.e., the initial
reactants will react more effectively.

RESULTS AND DISCUSSION
XRD Analysis

The XRD patterns of the Cag 9Erg1MnO3; powder samples
were obtained after combustion reaction (HNP), calcination at
800, 900, and 1000 °C, and different molar ratios are shown in
Figure la—c.

Following the combustion reaction, the XRD patterns of
the resulting powders appeared to be amorphous. This could
likely be attributed to inadequate heat generated during the
auto-ignition process (Rosi¢ et al., 2011).
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Figure 1. XRD patterns of CaggoErg1MnOs powders after
combustion, different calcination temperatures, and molar
ratios: (a) 1/2-CaggEro1MnOs3, (b) 1/3-CaggErg1MnOs, (c) 1/6-
CagoErg1Mn0Os, (d) Comparison of powder samples at the
same 1000 °C, but different molar ratios for different amounts
of hydrazine: 1/2 — 0.17 molHy, 1/3 — 0.33 molHy, and 1/6 —
0.5 molHy.

XRD patterns of the CaggoEro;MnO; powders after
calcinations at 800, 900, and 1000 °C with 0.17 and 0.5 mol
hydrazine in the initial mixture (Figure 1a and 1c), show the
separation of three phases: CaMnO; (ICSD #153238, Pnma N°
62), ErMnO; (ICSD #162201, P 63 ¢ m N°185), and ErO;
(ICSD #33656, 1 21 3 N°199)(International Crystallographical
Database (ICDD)). The formation of these three phases
suggests that the violent combustion reaction occurred too
rapidly for hydrazine, which serves as both a fuel and a
complexant, to effectively perform its dual role. As a result, it
did not have sufficient time to bind all the elements present
into the perovskite phase. In contrast to the two previously
mentioned samples, a monophasic sample was formed in the
sample with 0.33 moles of hydrazine in the mixture; an
appropriate proportion of fuel was obviously added. Based on
the diffractogram (Figure 1b), the calcination temperature for
Cag 9Erg1MnO;s is in the range of 900 to 1000 °C. A change in
the unit cell parameters was observed, but it was not
significant due to the small difference in ionic radii between
Ca?* and Er** . The most noticeable changes occurred in the



volume and parameter b, while parameters a and ¢ showed
negligible differences (see Table 1).

Table 1. Percentage and cell parameters [A, degree] and
volume [A®] of the unit cell for Cag gErg1MnOj; phases were
observed directly in samples with 0.33 moles of hydrazine in

the mixture that have beencalcinated at 900 and 1000 °C,

respectively. The data were obtained using the software
package Powder Cell (Kraus & Nolze, 1996, http://powdercell-
for-windows.software.informer.com/2.4/) and compared with

data from the reference (International Crystallographical

Database (ICDD)) marked with *.

CaMnO3* CaggErg1MnO; | CaggErg1MnO3

ICSD #153238 900 °C 1000 °C
a=5.2812 a=5.2766 a=5.2723
b=7.457 b=7.5110 b=7.4898
c=5.2753 c=5.2741 c=5.2747
V=207.75 V/=209.03 VV=208.29
Rp=5.62 Rp=6.08

Rwp=7.40 Rwp=8.21

Rexp=0.39 Rexp=0.51

Size 33.32 Size 35.63

Strain 0.0029 Strain 0.0026

While not all peaks are broad, they tend toward that
shape and exhibit a moderate intensity, suggesting a
nanocrystalline nature, confirmed by a crystallite size of
approximately 35 nm. Figure 1d shows a clear difference when
visually comparing observed samples.

FTIR spectroscopy

The FTIR spectra of as-prepared and calcinated
Cag oErg;MnOsnanopowders are presented in Figure 2. In
Figure 2a, FTIR spectra for as-prepared CaggEro;MnO; are
presented using different amounts of hydrazine: 0.17 mol, 0.33
mol, and 0.5 mol.

The FTIR spectra of as-prepared materials (Fig. 2a) show
that the band from hydrazine prevails. In contrast, band
characteristics of M — O bonds in perovskite (400 — 700 cm™)
are slightly visible, indicating that the reaction is not
completed and that there is unreacted hydrazine present in
samples. The FTIR spectrum bands come from the vibrational
mode of hydrazine: N — H stretching, NH bending, and N — N
stretching, and the torsional oscillation (Giguére & Liu, 1952).
Pairs of bands at 814 and 855 cm™ are from the symmetric vg
NH, wagging mode, along with the band at 742 cm™ which is
due to v; wagging mode (Giguére and Liu, 1952). Bands that
come from N — H stretching vibrations are positioned at 3475
and 3555 cm™, bands positioned at 1635 and 1800 cm™ are
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from N — H bending vibrations (Giguére & Liu, 1952), while
bands at 1040, 1319, 1450 cm™* are from nitrates (Mihaylov et
al., 2021). The fundamental N — N vibration is an essentially
nonpolar bond, it is expected to be weak in the infrared
spectrum, and it falls in a region of the NH wagging modes
(Giguére & Liu, 1952).
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Figure 2. FTIR spectra of CaggErg;MnOsnanopowders: a) as-
prepared, b) calcinated at 800 °C, ¢) calcinated at 900 °C, and
d) calcinated at 1000 °C, for different amounts of hydrazine: 1
—0.17 mol Hy, 2 — 0.33 mol Hy, and 3 — 0.5 mol Hy.

After calcination of synthesized materials, at 800, 900,
and 1000 °C (Fig. 2 b, ¢, and d), vibrational modes that come
from M — O bonds are more visible, while the band that comes
from hydrazine disappears. For M — O bonds (M = Ca, Er,
Mn), vibration bands are expected to be in a lower region of
wavenumber, 400 — 600 cm™. From Figure 2 (b, ¢, and d),



observing the spectra in the wavenumber region of 400 — 600
cm?, it can be seen that changes are presented due to
hydrazine concentration and temperature calcination,
indicating a structural change in the materials. FTIR results are
in good agreement with XRD results. For a more detailed
analysis of the FTIR spectra, we selected the spectra of
Cag oErg1Mn0O; synthesized with 0.33 mol of hydrazine and
calcined at 900 °C.
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Figure 3. FTIR spectra for CaggEro;MnO3 synthesized with
0.33 mol of hydrazine and calcinated at 900 °C.

Figure 3presents the FTIR spectra of the synthesized
perovskite material CaggErg:MnOs3, calcined at 900 °C, within
the 400-1000cm™ ! range, highlighting the positions of
characteristic infrared bands. The observed bands are located
at 413, 420, 439, 482,493, and 506 cm™ !, along with a broad
band spanning 520-570 cm™ '. All identified infrared bands
are situated below 700cm™ !, corresponding to vibrations
within the Ca-Er—Mn-O framework. These results are
consistent with previous FTIR studies of perovskite oxides
(Macan et al., 2020, Mary et al., 2024, Rosi¢ et al., 2015,
Ansari et al., 2020). It can be observed that no bands appear
above 700cm™ ! in the FTIR spectra (Fig. 2b, ¢, and d),
indicating the elimination of NO3 ~ groups from nitrates and
the disappearance of hydrazine-related bands after calcination.
The observed bands (Fig. 3) are assigned to
O-Mn-O/Mn—-O-Mn  bending vibrations, and Mn-O
asymmetric stretching vibrations of MnOgoctahedra (Macan et
al., 2020, Mary et al., 2024). Compared to the position of
infrared bands of CaMnO; (Macan et al., 2020), they are
slightly moved due to Er doping, indicating the influence of Er
on the crystal lattice.

However, the interpretation of spectra is complicated by
the possibility that spectral differences may also arise from
variations in the degree of edge-sharing between MnOg
ctahedra (Julien & Massot, 2003). The full assignment of the
bands in the 600-400 cm™* range, therefore, requires further
work.

Electrochemical properties of CaggErg:MnO3

CagoErgiMnO; samples with different amounts of
hydrazine (1 — 0.17 mol Hy, 2 — 0.33 mol Hy, and 3 — 0.5 mol
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Hy) were employed as electrode modifier and CV and EIS
measurements were done in the presence of a stationary 5 mM
Ks[Fe(CN)]s/Ks[Fe(CN)]s (1:1) mixture as a redox probe in
0.1 M KCl solution. Based on cyclic voltammograms in Figure
4a, all modified electrodes showed improved electrocatalytic
behavior compared to bare CPE. It is obvious that the material
synthesized with the smallest amount of Hy was the material
with the highest current conductivity. Anodic peak related to
the oxidation of Fe**— Fe* was observed at 0.303 V, while
the cathodic peak for the opposite reaction was observed at
0.157 V, with peak potential separation, AE, of 0.146 V. This
suggested that the Fe?*/Fe* redox couple on the modified
carbon paste electrode showed a quasi-reversible behavior.

The CV results were further compared to EIS
measurements presented at the graph Fig 4b: the smallest
semicircle, formed by points at lower frequencies indicated
better conductivity, the promoted electron exchange transfer
on the electrode surface and improved catalytic activity.

CVs on different scan rates (10, 25, 50, 75, 100, 125, and
150 mV/s) for the modified electrode with the smallest amount
of Hy (1 at CPE) are given in Figure 4c. A derivative linear
plot obtained from it, which presents current vs. the square
root of scan rate (Fig. 4d), shows that the dominant process at
the electrode surface is the diffusion of electroactive species
(Fe*'/Fe*), while absorption and other processes are
negligible.The linearity is described by Equation 2 obtained by
regression analysis of the results, with an excellent correlation
coefficient of 0.997.

1/2

I (A)=-578x10"°+ 131x10° xv'*(mV /s)"";

2
(R =0.997). @

From Figure 4d, and in the same way, recorded and
analyzed results obtained from the CV profiles of the other
modified electrodes (2 at CPE, 3 at CPE and bare CPE), the
active electrode surface has been calculated, using Randles—
Sevcik formula (3) for a reversible (and quasi-reversible)
process (Rezaei and Damiri, 2008):

1/2

Ip=0.4463x(F°/RT) " x n**x A;x Dy"*x C*2. (3)
where T is 298 K, R is 8.314 J Kmol ™, F is 96 480 C mol ™%, n
is 1, Do is 7.6 x 10® cm? s* and C is 5 mM of
Kz[Fe(CN)]s/Ks[Fe(CN)]e. The active areas of bare CPE and 1,
2 and 3 samples in CPE were 4.88x1072cm?, 1.02 x1072 cm?,
7.30 x1072 cm? and 5.50 x1072 cm?, respectively.

Bearing in mind the results obtained by applied
electrochemical measurements and calculations, the perovskite
nanopowder prepared with the smallest amount of Hy showed
up as potentially the most suitable for application in
electroanalysis and catalysis, although excellent results and
shape of the CV profile are also obtained by a material with
slightly more Hy in it (2 at CPE).
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Figure 4. a) CV profiles of bare and perovskite-modified
electrodes in in 0.1M KCI test solution containing 5 mM
[Fe(CN)¢]*™* redox couple (scan rate 50 mV/s); b) EIS
measurements in the same test solution; c) CV profiles at
modified 1 at CPE in different scan rates (10, 25, 50, 75, 100,
125 and 150 mV/s); d) Graph of | vssquare root of scan rate
obtained from CV profiles on previous figure.

XRD analysis revealed that the sample synthesized with
the lowest hydrazine concentration consisted of three phases:
CaMn0Oj;, ErMnOs;, and Er,O;. The enhanced electrical
conductivity observed for this material is in line with previous
findings that multiphase perovskite systems often surpass their
single-phase analogs in electrochemical performance. This
improvement can be explained by several factors: the presence
of multiple phases creates structural defects and interfacial
regions that act as fast diffusion pathways for oxygen ions and
charge carriers; secondary oxides contribute additional
catalytic functionality; and local modifications of the chemical
environment, such as variations in oxygen vacancy
concentration and Mn oxidation states, further promote
ionic/electronic conductivity and provide active sites for
electrochemical reactions (Du et al., 2014). Previous
investigations of multiphase CaMnQO3/CaMn,0, systems have
shown that the presence of phase boundaries and controlled
microstructural features plays a critical role in enhancing both
bulk and surface transport. Such improvements are directly
relevant to electrochemical applications, where they translate
into higher electronic conductivity and superior functional
performance (Kanas et al., 2022).

CONCLUSION
Nanopowders  with  the nominal  composition
CagoErg1MnO; were successfully synthesized by the

combustion method using the hydrazine nitrate procedure
(HNP). The influence of the hydrazine content on phase
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formation was systematically investigated. XRD analysis
revealed the presence of three crystalline phases, and it was
determined that a hydrazine ratio of 0.33 mol provides the
most favorable conditions for obtaining a near-monocrystalline
structure. FTIR spectra confirmed the incorporation of Er into
the perovskite lattice. Thermal treatment studies showed that
higher calcination temperatures improved crystallinity and
promoted grain growth. Electrochemical measurements
demonstrated that the highest electrical conductivity was
achieved in the sample prepared with the lowest hydrazine
content, which can be attributed to the formation of multiphase
perovskite systems.
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