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Abstract LagysSrgsMn;_,Co,O3 (0 < «x < 0.3) is
obtained by calcining the precursor carbonates in air. The
precursor and its calcined products are characterized by
X-ray powder diffraction, scanning electron microscopy,
and vibrating sample magnetometer. A highly crystallized
Lag5SrgsMn;_,Co,O3 (0 < x < 0.3) with a per-
ovskite structure is obtained when the precursor is cal-
cined at 900 °C in air for 3 h. The lattice strains of
Lag.5Srg.sMn;_,Co, O3 increase with the increase of Co
content and/or the decrease of Mn content between x =0
and x = 0.1 at first, then decreases with the increase of Co
content. The magnetic properties of Lag 5Srg sMn;_,Co, O3
depend on the composition and measurement temperature.
Cobalt substitution can markedly improve the coercivity of
Lao,5Sr045Mn1_xC0xO3.

Keywords Manganites - Chemical synthesis - X-ray
diffraction - Magnetic properties
1 Introduction

Perovskite-type oxides Re;_yAyMnO3 (Re = La, Pr, Nd,
Sm, etc. and A is an alkaline earth element or a divalent
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element such as Ca, Sr, Ba, or Pb) have recently attracted
much attention due to their interesting properties, such
as electrical, mechanical, optical, magnetic, and catalytic
properties [1-12]. Thus, perovskite-type oxides have been
widely used as electrode materials for solid oxide fuel cells
[8, 12—-14], chemical sensors [15, 16], oxygen-permeating
membranes [17, 18], thermoelectric devices [19], catalysts
[7, 20, 21], ferroelectrics, superconductors, and fluorescent
materials [22]. Besides, perovskite-type oxide is also a
promising magnetic refrigeration material [23-25]. Among
the perovskite-type oxides, Lag 5SrgsMnOs [26, 27] and
doped Lag 5519 5MnOs3 [28-30] are important perovskite-
type oxides. The structures and properties of these materials
highly depend on the composition, synthesis method,
and calcination temperature. Therefore, the properties of
Lag 5Sr9.sMnO3 and its related materials can be regulated
by the composition and synthesis method. Shi et al. [27]
synthesized LagpsSrg5MnO3 by conventional solid-state
reaction at 1400 °C for 24 h using La;O3, SrCOj3, and
MnO; powders as raw materials. Both the specific satu-
ration magnetizations of the samples annealed in nitrogen
and oxygen, respectively, are higher than those of the sam-
ple annealed in air. Xia et al. [28] prepared polycrystalline
Lag 5Srg.sMn;_,Ti, O3 by a standard solid-state reaction
method using Lay03, SrCO3, MnO;, and TiO; as raw
materials. The results showed that LagysSrgsMn;_,Ti, O3
sintered at 1573 K for 12 h suppresses the antiferromag-
netic (AFM) charge ordering and leads to a step-like
magnetization behavior below 3 K after doping Ti*t.
Yu et al. [30] synthesized Lag7Srg3Mn;_,Co,O3 by
conventional solid-state reaction using La;O3, SrCOs,
MnCOs3, and Co,03 as precursors, followed by grinding,
mixing, and calcination at 1200 °C for 24 h. The results
showed that the ferromagnetic (FM)-paramagnetic (PM)
phase transition temperature (7¢) values and magnetization
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decrease with the increase of Co concentration in the sam-
ple, attributed to the presence of Co ions (normally, with
oxidation states 3+ and 4+ in manganites) which reduces
FM interactions due to a decrease of the Mn 3+/Mn 4+
ratio and to an enhancement of antiferromagnetic interac-
tions between Co and Mn ions. Although many researchers
have made great efforts to prepare La;_,Sr,MnOs3 and/or
doped La;_,SryMnOs, facile and scalable synthesis of
La;_,SryMnOs3 and/or doped La;_,SryMnOs with high
performance is still a significant challenge. Therefore,
it is highly desirable and necessary to explore new syn-
thesis methods and composition for the preparation of
La;_,SryMnO3 and/or doped Laj_,Sr,MnO3. To the best
of our knowledge, the synthesis and magnetic properties
of Lag 5SrgsMn;_,Co,0O3 by calcining precursor carbon-
ates have rarely been reported in previous studies, due to
the smaller ionic radii of Co 3t ion (0.061 nm) [31] and
same unpaired electrons in 3d orbit compared to Mn>*
(0.064 nm) [32]. However, Co>* ion (0.061 nm, d°) has
larger ionic radii and more unpaired electrons in 3d orbit
than Mn 4% ion (0.053 nm, d3) [33]; part of substitution of
Mn 3+ and/or Mn #* ions by Co 3T ions in Lag 5Srog. sMnO3
will lead to lattice strain and magnetic property
changes.

This study aims to prepare LagsSrgsMnj_,Co,0O3
(0. < x < 0.3) by calcining carbonate in air and
study the effect of composition and calcination temper-
ature on structure, lattice strains, and magnetic proper-
ties of Lag5SrgsMnj_,Co,0O3. Our results clearly show
that the specific magnetizations of Lag 5Srg sMn;_,Co, O3
decrease with the increase of Co concentration in the sam-
ple. However, the coercivity of Lags5SrgsMnj_,Co,O3
increases with the increase of Co concentration in
the sample.

2 Experimental
2.1 Reagent and Apparatus

All chemicals used are of reagent-grade purity
(purity >99.9 %). X-ray powder diffraction (XRD) was
performed using an X’pert PRO diffractometer equipped
with a graphite monochromator and a Cu target. The radi-
ation applied was Cu Ka (A = 0.15406 nm), operated
at 40 kV and 50 mA. The XRD scans were conducted
from 5° to 70 ° in 260, with a step size of 0.01 ° The
morphologies of the synthesis products were observed
using an S-3400 scanning electron microscope (SEM).
The specific magnetizations (M) of the calcined sam-
ple powders were carried out at different measurement
temperatures using a vibrating sample magnetometer
(Lake Shore 7410).

@ Springer

2.2 Preparation of Lag 5Srg.sMnj;_, Co, O3

The Lag 5519 5Mn;_,Co,O3 precursor samples were syn-
thesized by solid-state reaction at low temperatures [34, 35].
In a typical synthesis (Lags5Srg5MnO3), La (NO3)3-6H,0
(15.00 g), SrCl, (5.49 g), MnCl,-4H,O (13.71 g), and
Na;COs3 (19.85 g) were placed in a mortar, and the mixture
was thoroughly ground by hand with a rubbing mallet for
40 min. The strength applied was moderate. The reactant
mixture gradually became damp, and a paste was formed
immediately. The reaction mixture was kept at 30 °C for
2 h. The mixture was washed with deionized water to
remove soluble inorganic salts until SOﬁ_ ion cannot be
visually detected with a 0.5 mol L ~! BaCl, solution. The
mixture was then washed with a small amount of anhy-
drous ethanol. Lag 5Srg sMnOs3 precursor was obtained after
being dried at 80 °C for 5 h. A similar synthesis proce-
dure was used to synthesize other Lag 5SrgsMn;_,Co,O3
precursor. Finally, perovskite-type Lag 5Srg5Mnj_,Co, 03
was obtained by calcining the precursor at a heating rate of
3 °C min ~! from ambient temperature to 900 °C in air in
a muffle furnace and then kept at 900 °C for 3 h.

3 Results and Discussion
3.1 Composition Analysis of the Precursor

0.0300 g precursor sample was dissolved in 10 mL 50
vol.% HCI solution, then diluted to 100.00 mL with deion-
ized water. Lanthanum (La), strontium (Sr), and man-
ganese (Mn) in the solution were determined by inductively
coupled plasma atomic emission spectrometry (ICP-AES,
Perkin Elmer Optima 5300 DV). The results showed that
the La, Sr, and Mn mass percentages were 21.03, 13.26,
and 16.64 %, respectively. In other words, molar ratio of
La/St/Mn in the precursor is 0.5:0.5:1.00.

3.2 XRD Analyses of the Calcined Products

Figure 1 shows the XRD patterns of calcined samples from
different calcination temperatures. A highly crystallized
Lag5SrgsMn;_,Co,O3 (0 < x < 0.3) with a perovskite
structure is obtained when the precursor is calcined at
900 °C in air for 3 h (Fig la—d). The Co 3*-doped ions
do not obviously change the perovskite crystalline struc-
ture of ABO3. As shown in the XRD patterns (Fig. le),
a slight shift of the peaks of XRD to a higher angle
is observed in the Co 3+—doped Lag 5Srg5sMn;_,Co, O3
due to the smaller ionic radii of Co 3t (0.061 nm) [31]
than that of Mn 3t (0.064 nm) [32]. The refined lattice
parameters of Lags5SrgsMn;_,Co,O3 (x = 0, 0.1, 0.2,
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and 0.3) calcined at 900 °C were obtained. The results
are shown in Table 1. With the increase of doped Co 3+
amount from x = 0, 0.1, 0.2 to 0.3, lattice parame-

the crystallinity of Lags5SrgsMn;_,Co,O3 is higher.
This finding is attributed to the fact that direct high-
temperature solid-state reaction induces difficult penetra-
tion between solid particles, resulting in the crystallization

ters a and b values decrease but a slight increase for
x = 0.3. This could be due to smaller Co 3F (0.061 nm)
[31] ions substituting Mn 3+ (0.064 nm) [32] initially, and
then for higher doping level, some of Co 3t may substi-
tute the Mn 4* (with much smaller ionic radius of 0.053 nm
[33]). A similar phenomenon was also observed for
Lao_5Sr0.5Mn1_xTixO3 [33].

Compared to solid-state reaction at high temper-
atures using a mixture of La;O3, SrCO3, MnCOs,
and Co,03 [27, 30], the crystallization temperature of
Lag 5SrgsMn;_,Co,O3 in this study is lower, while

Table 1 The lattice parameter of Lag 5Srg.sMn;_,Co,O3 withx =0,

0.1,0.2,and 0.3

Co content a (nm) b (nm) ¢ (nm)
0.0 0.54468 0.54468 0.77580
0.1 0.54454 0.54454 0.77624
0.2 0.54363 0.54363 0.77685
0.3 0.54367 0.54367 0.77662
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Fig. 2 The dependence of crystallite diameters of

Lag sSrg sMn;_,Co, O3 on calcination temperature

of Lag 5SrgsMnO3 and Lag 7Sro3Mnj_,Co,O3 at higher
temperature. However, a mixture of La(NO3)3-6H> 0O, SrCl,,
MnCl,-4H;0, CoSO4-7H,0, and NayCO3 was ground at
room temperature in our study. Precursor carbonates can be
obtained with molecular-level scale after uniform mixing.
Single-phase crystalline LagsSrgsMn;_,Co,O3 can then
be obtained at a lower temperature when the precursor is
calcined in air.

The crystallite diameter of Lag 5Srg5Mn;_,Co,0O3 was
estimated using the Scherrer formula [34]:

D = K1/(Bcosh) (1

where D is the crystallite diameter, K = 0.89 (the Scherrer
constant), A = 0.15406 nm (wavelength of the X-ray used),
B is the width of line at the half-maximum intensity, and
6 is the corresponding angle. From the position of the (1 0
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Fig. 3 The dependence of interplanar spacing (d(j04)) of
Lag 5Srp sMn;_,Co, O3 on Co>* content
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Fig. 4 The dependence of Lags5Srgp5Mnj_,Co,O3 crystallinity on
calcination temperature

4) peak (20(1 9 4)) in XRD patterns, the d(j ¢ 4y interplanar
spacing is determined using the Bragg equation [36]:

A
d -~ 2
o4 2sinf(1 0 4) 2)

The crystallite diameter (D) of Lags5SrgsMn;_,Co,0O3
from calcining the precursor at different temperatures
and d(j ¢ 4) interplanar spacing of Lag 5Srg sMnj_Co,O3
obtained at 900 °C are shown in Figs. 2 and 3, respec-
tively. From Fig. 2, it can be seen that after the addition of
Co 3% ions, the average crystallite size of samples decreases
slightly and reaches the lowest value (17.5 nm) when x is
0.3. The binding energy of Co 3T—0 2~ is larger than that
of Mn 3t-0 2—, attributed to the Co 3% ion (0.061 nm) hav-
ing smaller radii than Mn3* ion (0.064 nm). When Co’*
ions enter into the lattice to form the Co 3T—-0O 2~ bonds,
the crystal nucleation and growth of Co 3*substituted (La,
Sr)MnO3 manganite (LSMO) will consume more energy,
which results in a smaller average crystallite diameter
for substituted LSMO manganite. The d(j 9 4) values of
the samples in Fig. 3 reveal that the interplanar spacing
increases slightly with the addition of small amount of Co’*+
ions which is consistent with the XRD result in Fig. le. It
can be clearly seen from Fig. 2e that the (1 0 4) peak shifts
slightly to higher degrees with the increase of Co 3t con-
tent. The increase in interplanar spacing of samples can be
explained on the basis of the radii of metal ions. The radius
of Co®t ion (0.061 nm) is smaller than that of Mn 3% ion
(0.064 nm). Therefore, the Co3* ion could locate in the B
sublattice with adequate space. The replacement of Mn 3+
ions in Lag 5Srg sMnO3 by Co 3+ jons could cause the con-
traction of the unit cell (such as a and b values), resulting in
the decrease of interplanar spacing [37, 38].

The crystallinity of Lag 5SrgsMnj_,Co,O3 can be cal-
culated by MDI Jade 5.0 software. The crystallinity of
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Fig. 5 SEM images of
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Fig. 7 The dependence of specific saturation magnetization
of LagsSrosMn;_,Co,O3 on Co®" content and measurement
temperature

Lagp.sSrgsMn;_,Co,O3 (x =0,0.1, 0.2, and 0.3) obtained
at different temperatures is shown in Fig. 4. The crys-
tallinities of Lag 5SrgsMnj_,Co,O03 (x =0, 0.1, and 0.2)
obtained at 700 °C increase with increasing Co** con-
tent except for Lag 5Srg.sMng 7Cog 303. However, the crys-
tallinity of Lag 5Srg sMn;_,Co,O3 obtained above 800 °C
is approximately 100 %.

Lattice strains of the Lag 5Srg5Mn;_,Co,O3 were esti-
mated using the Williamson—Hall formula [39, 40]:

B
E =
4tan 0

3

where B is the full width at half of the maximum (in
radian) of the peaks, 0 is the peak position, and ¢ is
the lattice strain of the structure. The lattice strains of
Lag 5Srg.sMn;_,Co,O3 obtained at 900 °C are 0.598 %
forx =0, 0.636 % for x = 0.1, 0.552 % for x = 0.2,
and 0.541 % for x = 0.3, respectively. That is, the lat-
tice strain of Lags5SrgsMnj_,Co,O3 increases with the

with the increase of Co 3% content, which can be attributed
to the Co 3t ion (0.061 nm) having a smaller radius than
the Mn 3% ion (0.064 nm). The replacement of Mn 3+ ions
in Lag 5Sr9.sMn;_,Co,O3 by Co 3+ jons would cause the
decrease of the unit cell (@ and b values), resulting in the
increase of lattice strain in Lag 5SrgsMnj_,Co,O3. For
higher doping level, some of Co>* may substitute the Mn 4+
(with much smaller ionic radius of 0.053 nm), which would
cause the expansion of the unit cell (¢ value), resulting in
the decrease of lattice strain in Lag 5Srg sMn;_,Co,Os.

3.3 SEM Analyses of the Calcined Products

The morphologies of the calcined products are shown in
Fig. 5. Figure 5a shows that the Lags5SrosMnO3; sam-
ple obtained at 900 °C is composed of approximately
spherical grains and contains particles having a distribu-
tion from 80 to 250 nm. Figure 5b—d shows the SEM
images of the Lags5SrgsMn;_,Co,O3 (x = 0.1, 0.2,
and 0.3) samples obtained at 900 °C, respectively. The
Lag5Srg.sMn;_,Co,O3 (x = 0.1, 0.2, and 0.3) sample is
also composed of approximately spherical grains. The par-
ticle sizes are mainly between 70 and 200 nm. The average
crystallite sizes of the calcined samples determined by X-
ray diffraction were significantly smaller than the values
determined by SEM. This difference can be attributed to
the fact that the values observed by SEM have the size of
the secondary particles, which are composed of several or
many crystallites by soft reunion. In addition, the X-ray
line broadening analysis disclosed only the size of a single
crystallite.

3.4 Magnetic Properties of Lag 5Srg.sMn;_, Co, O3
Hysteresis loops of Lag 5SrgsMnj_,Co,O3 samples cal-

cined at 900 °C at different measurement temperatures are
shown in Fig. 6. Figure 7 shows the dependence of specific

Fig. 8 a-b The dependence of a b
remanence (M;) and coercivity 45
(H.) of Lag 5519 sMn;—,Co, O3 a0l ° 500 e x=0
on Co 3+ content and 1 e x01
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magnetization of Lag 5Srg sMnj_,Co,O3 on doping Co 3+
amount and measurement temperature. The specific magne-
tization decreases with the increase of Co 3% concentration
in the sample and measurement temperature (see Fig. 7). It
can be attributed to the substitution of Mn 3t (0.064 nm)
and/or Mn** (0.053 nm) by Co3* (0.061 nm) which
promotes a cation arrangement in Lag 5Srg sMnj_,Co, O3,
resulting in the decrease of specific magnetization for
Lag 5Srg.sMnj_,Co,O3. Among Lags5Srgs5Mnj_,Co,03
(x =0, 0.1, 0.2, and 0.3), Lags5Srg5sMnO3 at 100 K
measurement temperatures has the highest specific mag-
netization value, 12.69 emu/g. The dependence of rema-
nence (M;) and coercivity (H;) on Co 3+ content is shown
in Fig. 8. Lag 5Srg5Mng9Cop 103 at 100 K measurement
temperatures has the highest remanence (4.26 emu/g) and
coercivity (496.24 Oe).

The magnetic moment of LagsSrgsMn;_,Co,O3 sam-
ples obtained at 900 °C was estimated using the following
relationship [41, 42]:

ng = My x M/5585 4)

where My, is the molecular weight of the composition,
M is the specific magnetization (emu/g) at an applied
field of 19.5 kOe, and np is the magnetic moment
(Bohr magneton, B.M.). The magnetic moment values of
Lag5Srg.sMn;_,Co,O3 are shown in Fig. 9. The mag-
netic moment value of Lag 5Srg sMn;_,Co,O3 at an applied
field of 19.5 kOe decreases with the increase of Co 3+
concentration in the sample and measurement temperature.
Lag 5S19.sMnO3 at 100 K has the highest magnetic moment
value (0.491 B.M.).

0.509q .
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— 1 x=0.2 °
s 0.354 |—v—x=03
@ ]
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0.15- \,
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Fig. 9 The dependence of magnetic moment of
Lag5SrosMn;_yCo,O3 on Co3t content and measurement
temperature

4 Conclusions

LagsSrgsMn;_,Co,O3 (x = 0, 0.1, 0.2, and 0.3) was
successfully synthesized by calcining the precursor carbon-
ates in air. The XRD analysis suggests that a rhombohedral
LagsSrgsMn;_,Co,O3 (x = 0, 0.1, 0.2, and 0.3) with
space group Pnma (62) can be obtained by calcining the
precursor over 800 °C in air for 3 h. Lattice parame-
ters (a and b values) decrease with the increase of Co’™
additional amount but a slight increase for x = 0.3.
Magnetic characterization indicates that the magnetic prop-
erties of Lag 5SrgsMnj_,Co,O3 depend on the composi-
tion and measurement temperature. Substitution of Mn3*
and/or Mn ** ion by Co 3% ion in Lag 5Srg sMnj_;Co, 03
decreases specific magnetization. However, the coercivity
of Lag 5Srg.sMn;_,Co,0O3 can be markedly improved after
doping Co 3t jon.
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