J. Bangladesh Acad. Sci. 45(1); 13-26: June 2021 DOI: 10.3329/jbas.v45i1.54256

Journal of Bangladesh Academy of Sciences

Journal homepage: http://www.bas.org.bd/publications/jbas.html

Research Article
Synthesis and characterization of a solid solution series of the type
Bi;M,Mny. 019 (M = Cr3*, Co3* and 0.0 < x <2.0.)
Aparna Sarker, A. K. M. Lutfor Rahman®, Tapas Debnath! and Altaf Hussain?
Department of Chemistry, Jagannath University, Dhaka, Bangladesh

ARTICLE INFO ABSTRACT

BipMn4O1( was synthesized from corresponding metal salts in glycerin by
using an organic precursor-based glycerin nitrate method. The precursor was
heated at various temperatures (300 — 800 °C) for about 18 hours to
determine the lowest synthesis temperature for the formation of Bi;Mn4O .
The XRD patterns of the calcined samples revealed that the desired mullite
type phase started to form at 600 °C, which became more crystalline with
further increase of calcination temperature. Attempts were also taken to
prepare chromium and cobalt incorporated solid solution series with nominal
composition Bi;M,Mny_.,O19 (M = Cr3* and Co®") by the same procedure.
The XRD data of these series exhibited mullite type single phase up to x =
0.7 and 0.1 compositions for chromium and cobalt, respectively. For further
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insertion of M, an extra phase appeared along with the mullite type phase.

Introduction

Multifunctional systems are important in material
research due to fundamental and technological
opportunities that arise from the coupling of
distinct order parameters. Bi,Mn4O is such a
type of material with multiferroic properties.
Bi;Mn401( belongs to the mullite type family
(Abrahams et al., 1999; Schneider et al., 2008).
It possesses the orthorhombic crystal structure
with the P b a m space group (Niizeki and
Wachi, 1968; Burianek et al., 2012). It resem-
bles the crystal structure of the bismuth based
mullite type Bi;M409 compounds with M = Al,
Fe, Ga, well explained by Debnath et al. (2010).
In the structure of Bi,Mn401, each Bi atom is
surrounded by eight oxygen atoms forming
BiOg unit as “bicapped trigonal prisms”
(Mundz et al., 2002). Mn atoms are arranged in
two co-ordination polyhedra: octahedral and

*Corresponding author:<Irahman1973@gmail.com>

tetragonal pyramids. The MnOg octahedra
share their edges and form a column along the
¢ axis. The tetragonal pyramidal MnOs are
linked with each other by sharing their edges
and form Mn,Og. The columns of edge-
shared MnOyg octahedra are linked by dimmers
of MnOs tetragonal-pyramidal polyhedra
through oxygen atoms. Bismuth atoms are
located between the columns of the three-
dimensional framework (Niizeki and Wachi,
1968; Munoz et al., 2002). In the crystal structure
of Bi;Mn4O;p, manganese occurs in both the
oxidation states: trivalent and tetravalent (Mn3*
and Mn*") (Nguyen et al., 1999). According to
Niizeki and Wachi (1968), the correct formula of
this system is to be expressed as “Bi,Mny>"Mn,* 0",
Bismuth atom of Bi,Mn4O;y seems not to
contain stereo-chemically active lone pair
electron since Bi3" can easily be replaced by rare
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earth element R3* and Y?3*, having no lone
pair electron (Kann et al., 2012). Bismuth
manganate possesses commensurate magnetic
property. In the crystal structure, the Mn** planes
intercalate the Mn** ions are distributed along the
¢ axis and result in alternative coupling of Mn**
magnetic moments  ferromagnetically and
antiferroma-gnetically (Mun6z et al., 2002).

Metal oxide composites, as well as pure oxides of
mixed valency cations, show higher catalytic
activity than simple monovalent metal oxides
(Goldstein and Tseung, 1974; Fahim et al., 1981;
Zaki et al., 1986). Bi,Mn.O1o contains Mn atoms
of different oxidation states residing in different
coordination polyhedra of the same lattice. Such
types of mixed oxidation states in the structure
facilitate the d-d electron exchange interactions
and thus provide the necessary electron-mobile
environment for the surface redox activity (Hasan
et al., 1999). Bi-Mn4O1o was used as a catalyst in
the oxidative dehydrodimerization of methane
(Mamedov et al., 1994). The conductivity of
BioMn4O1o arises due to the movement of
polarons (Silva Janior, 2010). In BizMn4O1o, the
structural voids (oxygen vacancies) are occupied
by additional oxygen atoms required for charge
compensation  reducing the stereochemical
activity of the lone electron pairs. Therefore, the
doping of suitable elements in Bi:MnsO19 may
improve the conductivity. The incorporation of an
additional oxygen atom in the crystal structure of
Bi-Mn4O10 makes the structure stiffer (Lépez-de-
la-Torre et al., 2009). Hence, as a mullite type
compound, Bi2Mn4O1 exhibits high stability and
less compressibility even at high pressure
(Schneider et al., 2008). Therefore, materials
having such properties have the potential to
endure strong mechanical loads. The BiMn4O1o
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possesses a 223 mAh/g discharge rating capacity
at 2 C current density for lithium-ion batteries
(LIB) and can be a potent anode material for next-
generation energy storage electrodes (Zhan and
Long, 2018). It was reported that Bi>MnsO10/C
composites provide high reversible specific
capacity and the excellent cycling stability of LIB
(Song, et al., 2018). Bi:Mn4Oyp is also used as
promising commercial black pigments, suspended
particle devices, and light valves (Saxe, 2003;
Sakosae et al., 2000). Several attempts of doping
BizMnsO10 have already been made.
Bi2Mn4O1o has been synthesized using various
methods viz. conventional solid-state method
(Sun et al., 2006), single crystal growth (Niizeki
and Wachi, 1968), co-precipitation method
(Mamedov et al., 1994), urea combustion method
(Ferreira et al., 2014), citric acid technique
(Mundz et al., 2002), etc. But no attempts of
synthesis of BizMn4O1o have yet been made in the
“organic based  glycerin-nitrate
method”. The magnetic properties can be
enhanced by doping suitable elements in
BizMnsO10. Shukla et al. (2008) synthesized
BiMn,«TixOs. They observed a single phase up
to x = 0.5 Ti substitution at the Mn** site and
the increase of net magnetic moment on this
substitution. Ghosh et al. (2019) reported Nd, Sm,
and Eu (denoted by R) doped (Bi1xRx)2Mn4O10
solid solution series and studied the thermal
stability. They reported that the BixMnsOso
completely decomposed into Bi-Oz and MnzO4
while the other R-MnsOy form RMnOs solid
solution and Mn3O4 on decomposition. Wu et al.
(2010) prepared Bi>.xBaxMnsO19 by doping Ba
in the parent BioMn4O10 compound. Kann et al.
(2012) synthesized mixed crystal BixFesOg -

in
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Bi2Mn4O10 through solid-state reaction method
and investigated the limitation of metal cation
substitution with their distribution in the
crystal lattice. Mataev et al. (2013) prepared
Bi;MeMnsOyp (Me = Ca, Ba, Sr) at high
temperature solid-state reaction. Sun et al. (2006)
reported improving ferromagnetic and dielectric
properties of bismuth manganate on the
substitution of Bi** with Ce**. But there are no
reports on Cr¥* and Co®* incorporated
Bi:Mn4Oyo solid solution series using organic
precursor based glycerin-nitrate method. It has
been reported that 13 wt% of chromium could
be doped in mullite type Bi2AlsOg compound by
the glycerin-nitrate method (Debnath et al.,
2014). Therefore, in this research work an
attempt was made to synthesize a new solid
solution series, BiMxMnsxO10 (M = Cré*and
Co®*) with 0.0 <x <2.0.

Materials and Methods
Materials

Bi(NO3)3.5H.0 (Merck), Mn(CH3;COO)..4H.0
(Merck), Cr(NO3):.9H.0 (Merck), Co(NOs)..
6H,O (Merck), Glycerol (Anala R), and Nitric
acid (Merck) were used in this research work. All
the chemicals were analytical grade and used
without further purification.

Sample Preparation

All the samples were prepared by an organic
precursor based glycerin nitrate method
(Debnath et al., 2014; Debnath et al., 2010).
Bi(NOs)s.SHzO, Mn(CH3COO)2.4H20 and
Glycerol were used as starting materials to
prepare  BioMnsOi.  Cr(NOs);.9H,O  and
Co(NOs3)2.6H.0 were also used to synthesize
Bi:CryMnsxO19 and Bi,CoxMnsxO1p solid
solution series, respectively. Appropriate molar
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proportions of manganese (1) acetate and nitrate
salts of Bismuth, Chromium, and Cobalt were
mixed in glycerin to form the gel. The resulting
gel was heated at 140 °C to form a crispy
precursor. The precursor was then calcined at
various temperatures (300 °C to 800 °C with 100
°C intervals) for about 18 hours to determine the
optimized temperature for the synthesis of the
orthorhombic phase BizMn4O10. Bi2CrxMns.xO1o
and Bi2CoxMn4xO10 solid solution series were
prepared using a similar procedure, and the
products were washed with 0.1M HNO3 acid
after calcination.

Characterization techniques

The calcined samples were characterized using
XRD, FT-IR, SEM, and EDX spectroscopic
techniques. Powder X-ray diffraction patterns of
the prepared samples were recorded with a Philips
PW- 1380 X-ray generator operating at 40 kV-30
mA and an XDC-700 Guinier Hagg focusing
camera using CuKa 1 radiation. X-ray was exposed
for 15 minutes on an image plate. The image plate
was scanned using HD-CR 35 NDT/ CR 35 NDT
scanner to get an intensity vs. line position in mm.
Intensity vs. 2 theta diffraction patterns was found
from the geometry of the camera. The XRD
patterns are shifted vertically and shown only up to
260 =10 — 70°. FT-IR spectra were recorded using
an 8400S Shimadzu spectrophotometer at 450 to
4000 cmr region. KBr was used as a reference, and
40 scanning times were done with a resolution of 1
cm™. For the sake of clarity, the FT-IR spectra are
shifted vertically and presented only in the range
450 — 1000 cm™. EDX spectra were obtained with
a JEOL JSM 6490 LA scanning electron
microscope equipped with an EDX detector.
We used the acceleration voltage of the
electron gun of 20 keV, a working distance of 11
mm, and EDX and SEM collection time of 60 s
and 35 s, respectively.
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Results and Discussion

Optimization of temperature for the synthesis of
Mullite type Bi-Mn4O1o phase

The XRD patterns of the precursor of BioMnsO1o
heating at different temperatures are shown in
Fig. 1. The crystal structure of Bi:MnsOyo is
orthorhombic (Niizeki and Wachi, 1968). The X-
ray diffraction patterns show that the precursor
possesses some tetragonal phase of Bi2Os at the
lower temperature (300 — 400 °C) (Perez-Mezcua
et al., 2016). With the increase of temperature,
this phase disappears, and the orthorhombic phase
of the BizMn4O10 system starts to form at 600°C.
At higher temperatures, the crystallinity of
Bi2Mn4Oyg increases. The precursor gel forms a
well  crystalline orthorhombic  phase of
BizMn4O1g at 800 °C. The observed 26 values of

the acid-washed calcined sample at 800°C is
well-matched to the reported d-values of the
orthorhombic phase of BioMnsOig (Niizeki and
Wachi 1968). FT-IR absorption spectra of
BioMn4O19 precursors after heat treatment at
different temperatures are shown in Fig. 2.
The FT-IR spectrum of Bi.Mn4O1 could be
characterized by distinct bands such as (i)
stretching vibration into ab plane to Mn**Og
chain in the range of 550 — 660 cm™(ii)
movement of O (bridging oxygen atoms in
Mn,Osg dimmer) along ¢ axis around 490-530
cmt (iii) bending of Mn**Qg in the range 300
— 490 cm? (Silva Junior, 2013). In the mid
FT-IR region, the spectra above 1000 cm™
appear featureless. Therefore, the spectra are
shown only in the range of 450 cm*— 1000 cm™.
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Fig. 1. XRD patterns of the precursor of Bi2MnsO10 heated at different temperatures showing a rise

of orthorhombic phase at 600 °C. The reference

data were collected from the literature (Niizeki and

Wachi, 1968; Perez-Mezcua et al., 2016) [9008146.cif and 1545547 cif].
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In our experiment, the samples do not show
all the characteristic bands when calcined at
temperatures  below 700°C, but the
characteristic bands appear at 700°C with
low intensity. These bands, however,
become more intense at 800°C, indicating
the formation of more crystalline mullite
type Bi2MnsO10 phase, which also supports
the result of the XRD pattern of the sample
at 800°C. Therefore, 800°C temperature has
been chosen as the optimum temperature for
the synthesis of all the samples (BioMxMna.
xO10) with nominal composition.

The FT-IR absorption spectra of
Bi>Mn4O1o calcined at 800 °C show three
bands A, B, and D (Fig. 2) at 606 cm™%, 578
cm, and 462 cm?, respectively. A cluster
of small band observes at 545 cm-, 528
cm, 510 cm™ and 492 cm (denoted as
C). The band A and B may be assigned as
the vibration in the stretching mode of
Mn#*Qg within the ab plane. The band C
could be due to the movement of O3 along
the ¢ axis, and band D may be due to the
bending mode of vibration in Mn**Qe.
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Fig. 3. Powder X-ray diffraction patterns of Bi.CrxMns.xO1o series showing single phase
upto x=1.0 nominal composition. The reference data were collected from the literature
(Niizeki and Wachi, 1968; Lucchesi et al., 1997) [9008146.cif and 9005291.cif].



Sarker et al./J. Bangladesh Acad. Sci. 45(1); 13-26: June 2021

Characterization of BizMxMnsxO10 XRD study

The XRD patterns of the samples Bi>CryMna.
xO10 (0.0 < x < 2.0) and Bi2CoxMns.xO10 With
nominal composition (0.0 < x< 1.0) are shown
in Fig. 3 and 4, respectively. The XRD pattern
of Bi2CryMnsxO10 sShows no extra line up to x
= 0.7, which indicating chromium may be
inserted up to 17.5% in the orthorhombic
phase of BizMn4O1o. There are no significant
changes in line positions with the increase in
Cr content in the BiCrxMns.xO10 solid
solution reveal the possibility of a very small
change in cell parameters. Further increase in
X, an extra phase appears along with the
orthorhombic phase (*marked in Fig. 3).
These additional lines are well-matched with

the peaks of the reference XRD data of
Cr1807Mn119304 (Lucchesi et al., 1997).
Consequently, these extra peaks in the powder
XRD pattern can be indexed as a cubic phase
of Cr1807Mn1.10304 (Lucchesi et al., 1997). It
reveals that a high amount of chromium
(x>1.0) as a dopant in BixMnsO1 may form
Cr1.807Mn1.19304.

However, the Bi2CoxMna4.xO10 samples show a
single phase with up to 2.5 % (x = 0.1)
insertion of Co in Fig. 4. There is also a negligible
shift in lines in the XRD pattern with the increase
of Co content indicating an insignificant change
in cell parameters in Bi2CoxMn.xO10. Some extra
lines are observed even at x = 1.0 cobalt.
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Fig. 4. Powder X-ray diffraction patterns of

Bi>,CoxMn4xO1o series showing single phase up

to x=0.1 nominal composition. The reference data were collected from the literature

(Niizeki and Wachi, 1968; Yamamoto et al.,

1983) [9008146.cif and 1536781.cif].
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FT-IR spectroscopic study

The FT-IR spectra of BixCrkMnsxO and
Bi,CoxMn4xO10 are shown in Fig. 5 and 6,
respectively.

All of the characteristic bands of the mullite type
Bi2Mn4O1o phase can be identified at the same
insertion. These extra lines are almost
matched with reference XRD peaks of
CoMn20.. Therefore, it can be explained that
high cobalt insertion may arise tetragonal
CoMn;0O4 as an extra phase in this solid
solution  (Yamamoto et al, 1983)
[1536781.cif]. band position up to x = 04
nominal composition of Bi,CryMnsxO10. Further
increase of Cr concentration (i.e., x> 0.4), a
considerable change in the B, C, and D band
groups are observed in Fig. 5. The distinct
identity of B, C, and D bands start to disappear
from x=1.0 chromium doping in solid solution.

Samples with higher content of Cr (x > 1.0),
a broadband has been identified at 487 cm
instead of separate bands C and D in
Bi2CryMns.xO10. This band becomes more
intense with nominal composition x = 2.0 of
Bi2CryMns.xO10. The widening of the FT-IR
band through the coalesce of characteristic

band group below 550 cm? and
disappearance of band at 578 cm?
gradually visible with the increase of

chromium. According to the literature, two
absorption peaks at 516 cm™! and 621 cm™
are reported for Mn-O vibration frequency
of the metal at tetrahedral and octahedral
sites, respectively in the IR spectrum of
CroMnO4  (similar to  Cri.807Mn1.19304)
(Tong et al., 2015). The Bi:Mn4O1 also
contain band at 606 cm?® and 510 cm™
(within a cluster of small bands denoted by C).
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Fig. 5. FT-IR spectra of Bi.CriMnsxO1o solid solution series illustrate recombination
with broadening bands below 550 cm and band disappearance at 580 cm™.
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Therefore, after the insertion of a certain
percentage of Cr, an increase of its content may
cause the arise of an extra phase of
Cri807Mn119304. It may result in a vibrational
band at 516 cm™ and 621 cm™ those may
overlap with the vibrational band for Bi.CryMna.
xO10 single phase and gets broader (Fig. 5). It
reveals that the insertion of Cr may affect the
movement of the bridging oxygen atom (Oa)
along the ¢ axis, which is connected to Mn3*and
thus enhances the octahedra’s bending mode.
Therefore, FT-IR data support the XRD result.

The FT-IR spectra of the Bi2CoxMn4.xO10 solid
solution series exhibit all characteristic bands
of BizMnsO1o below x= 0.3 shown in Fig. 6.
The shifting of the band at 578 cm? is
observed at x > 0.3 cobalt content and then

gets disappeared at x=1.0. The broadening of
the FT-IR band at 524 cm™ through merging
characteristic vibration bands group below
550 cm! appears at x> 0.7. Since it was
reported that CoMn204 possess FT-IR band at
502 and 617 cm™* (Hosseini et al., 2011) that
have been considered as an extra phase in this
study. This phenomenon of band broadening
might be due to the influence of further
insertion of Co in BioMnsOi10. The peak
position of band A remains the same for Cr
doping compositions, while negligible shifting
of this band is observed for Co doping.
However, recombination and broadening of
the characteristic group of FT-IR bands
after a certain percentage of Cr or Co
doping support the XRD results.

Absorbance(a.u.)
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800 1000
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Fig. 6. FT-IR absorption spectra of BiCoxMnsxO1o solid solution series illustrate the
band’s disappearance at 585 cm™ and merge with broadening bands below 550 cm-.
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Microscopic study

The surface morphology and microstructure of
the prepared samples were characterized by
scanning electron microscopy coupled with
energy  dispersive  X-ray (SEM/EDX)
spectroscopy. SEM images of some selected
samples of Bi:CryMnsxO10 and Bi,CoxMna.
xO10 solid solution series are shown in Fig.7
and 8, respectively.

Fig. 7. SEM images of samples of Bi2CrxMnsxO1o
solid solution series with doping composition (a) x
= 0.1, (b) x =0.2 and (c) x = 0.3. The samples
seem polycrystalline powder.
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Fig. 8. SEM images of samples of Bi2CoxMna-
xO10 solid solution series with doping
composition (a) x = 0.1 and (b) x = 0.3. The
samples seem polycrystalline powder.

The micrograph of the samples of BixCrxMna.
xO10 shows the smaller agglomerated spherical
particles at x = 0.1 (Fig. 7a) doping composition.
At x = 0.3 (Fig. 7c) doping composition of
chromium, the particles become irregular
prismatic hexagonal shape with a clear grain
boundary. Similar topography is observed in the
Bi2CoxMns.xO19 solid solution series. At x = 0.3
(Fig. 8b) doping of cobalt, the grains seem
almost cubic in shape. Both the solid solution
series are polycrystalline powder, which has
been observed from the SEM images.

The EDX spectra of some selected samples of
Bi.CryMnsxO10 and BiCoxMnsxO19 are
shown in Fig. 9 and 10, respectively. The
spectra are shown only up to 10 keV.



Counts

Counts

9000

Sarker et al./J. Bangladesh Acad. Sci. 45(1); 13-26: June 2021

8000 -

7000 -

6000 -

5000 -

4000 -

3000 -

2000 A

1000 -

oK)
Cr@p)

/

Bi(Ma)

5000

-

Fig. 9. EDX spectra of Bi.CryMns.xO1p solid solution series.
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Seven distinct peaks in all EDX spectra at
0.525, 2.419, 5.894, and 6.414 keV are
identified for O(Ka), Bi(Ma), Mn(Ka), and
Mn(Kp) lines, respectively in BioMnsO1o and
also in doped Bi2Mn4O10 samples. In addition
to these peaks, samples of the Bi>CryMns.xO1o
solid solution series show peaks at 0.624 and
5.361 keV for Cr(LB) and Cr(Ka) lines,
respectively and the peaks at 0.628 and 6.871
keV are assigned for Co(La) and Co(Ka),
respectively for the BiCoxMns.xO1p solid
solution series. A systematic increase of
intensities of Cr(Ka) and Co(Ka) peaks are
observed with the nominal increase of the
incorporation of Cr and Co in samples of
BizMan4.xolo (M = Cr and CO). The EDX
study also suggests that Cr and Co may be
incorporated up to a certain percentage in the
orthorhombic phase of BizMn4O1o,

The XRD and EDX data of the BizMxMnsxO10
sample show that only a certain percentage of
Chromium and Cobalt can be doped in
BizMn4O10. Nguyen et al. (1999) reported the
mixed site occupancy with a complex cation
distribution for BiFeMn3O1p presented as
Bi2[Mn1.66**Feo 34 Joct [MN1.003"Mno 323+ Feo 66% e
tpyd.O10, Which showed that the Fe3* and Mn3®*
preferentially occupy the tetragonal pyramidal
sites and Mn* preferentially occupy the
octahedral sites. Kann et al. (2012) were
successful in doping Fe®* partially in the
Bi2Mn4O1o structure due to the similarity of ionic
radii of Fe®* and Mn3* and the tendency of small
change in unit cell volume and lattice parameter
for the substitution on tetragonal pyramidal sites.
In the present study, a certain percentage of
chromium and cobalt may be doped that involve
a minimal change of cell parameter because
the ionic radii of dopant i.e. Cr®* and Co®* are
very closer to that of Mn?®". Since Bi-MnsO1o
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tendens to retain the structural stability
(Lopez-de-la-Torre et al., 2009) further
increase of chromium and cobalt content may
causes the formation of an additional phase,
suppose to be Crigo7Mn119304 and CoMn;Oq,
respectively along with the parent solid

BizMn4010.
Conclusion
BizMnsO10 and its chromium and cobalt
substituted solid solution series were

synthesized using the organic precursor-based
glycerin nitrate method. The investigation
revealed that BioMnsO19 was formed with an
orthorhombic phase at 600 °C. The attempt to
synthesize BizMxMnsxO10 (M = Cr and Co)
using a similar method is a new approach.
XRD patterns revealed that the BiMnsO1g
type orthorhombic single phase might be
prepared with up to 17.5% and 2.5%
incorporation of Cr and Co, respectively. The
possible partial insertion of Cr and Co in the
BioMn4O10 orthorhombic type structure was
also supported by the systematic increase of
Cr(Ka) and Co(Ka) peak, in the EDX spectra
of corresponding samples. FT-IR absorption
spectra suggested the disorder in Bi2Mn4O1o
at a certain composition of the doping
element (x > 0.7). SEM images of both
Bi2CryMns-xO10 and BixCoxMnaxO10 samples
were polycrystalline powder with a smaller
particle size which hopefully could be used
as good ceramic materials.
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