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Mn substituted Mn,Zn,; ,Co0,0, oxides synthesized
by co-precipitation; effect of doping on the
structural, electronic and magnetic propertiest
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Mn substituted Mn,Zn; ,Co,O4 (x = 0, 0.3, 0.5, 0.7, 1) oxides were synthesized by a facile co-precipitation
method followed by calcination at 600 °C. The presence of manganese ions causes appreciable changes in
the structural and magnetic properties of the Mn-substituted ZnCo,04. The morphologies, structures, and
electronic properties of Mn-Zn-Co oxide microspheres were characterized using scanning electron
microscopy, transmission electron microscopy, X-ray diffraction, Fourier transform infrared spectroscopy,
and X-ray photoelectron spectroscopy. The X-ray diffraction and Fourier transform infrared spectroscopy
results confirmed the formation of spinel Mn,Zn; ,Co,04. It was shown that the Mn-Zn-Co oxide
microspheres increase in size and become regular in shape with increasing Mn concentration with the
crystal size lying in the range from 19.1 nm to 51.3 nm. Magnetization measurements were carried out
using a vibrating sample magnetometer at room temperature and 10 K. The saturation magnetization is

rsc.li/rsc-advances

1. Introduction

Nano-structured spinel-type transition metal oxides have been
investigated intensively for various potential applications
including chemical sensors,"” energy storage devices,® pigments,*
catalysts® and spintronics.®® Among the various transition metal
oxides, spinel-type ZnCo,0, has attracted much attention as an
important p-type semiconductor; which has been used as an
anode material in lithium ion batteries,” in gas sensors,>'
organic photovoltaics, electrocatalysis," photocatalysis,">** and
as a p-type gate in junction field-effect transistors.**

The magnetic properties of Zn-Co-O systems have been
widely investigated, with a number of studies focusing on the
thin films and powders, which have exhibited properties
ranging from paramagnetic to strong ferromagnetic behav-
iour.”™® Several studies have shown that room temperature
ferromagnetism is observed in Zn based transition metal oxide
systems such as Zn-Co-O and Zn-Co-Mn-O" because of an
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observed to increase with increasing Mn concentration fromx =0 tox = 1.

exchange interaction mechanism such as double-exchange,
super-exchange and through dopant -electron-delocalized
conduction band electron interactions.”®* The ferromagne-
tism of spinel-type ZnCo,0, is a continuous debate and its
microscopic origins remain poorly understood. Its ferromag-
netism is believed to arise due to hole mediated Co-Co inter-
action while the behaviour turns out to be antiferromagnetic as
a result of Co-O-Co super exchange interaction,* which also
exhibits magnetoresistance effect and have application as
promising materials for spintronics.**** Kim et al***® have
investigated the electrical and magnetic properties of spinel-
type p-type semiconducting ZnCo,0, thin films, with results
suggesting that departure from stoichiometry in this compound
affects its electrical and magnetic properties.

The ZnCo,0, structure has remarkable features in that it
forms a regular spinel structure where Zn** ions occupy tetra-
hedral (T,) sites and the Co®" and Co®" ions in octahedral (Oy)
and some in tetrahedral sites.”**” The variation in the magnetic
properties of a ZnCo,0, can arise when there is a substitution of
nonmagnetic ions by magnetic ions. Many studies were con-
ducted on Zn-based spinel oxides to demonstrate the effect of
substitution of nonmagnetic ions on their magnetic and
structural properties.>**® The studies have shown a significant
change in the magnetic properties during substitution due to
a predominant super-exchange interaction between the cations
in the A-site and B-site via oxygen ions.

In the present study, we report the synthesis of Mn,Zn,_,-
Co,0, (x =0, 0.3, 0.5, 0.7, and 1) employing a facile coprecipi-
tation method. The structural, electronic and magnetic
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properties of the nano-crystalline Mn,Zn, ,Co0,0, in relation to
the concentration of Mn were investigated.

2. Experimental
2.1 Chemicals

Analytical reagents of Ni(Ac),-4H,0, Mn(Ac),-4H,0 and Co(Ac),-
-4H,0 were obtained from Sigma-Aldrich. NH,HCO; and absolute
ethanol (=99.8%) were purchased from Merck Millipore.

2.2 Materials synthesis

Mn substituted Mn,Zn, _,Co,0, was synthesized with a facile co-
precipitation method followed by annealing. In a typical
synthesis of Mn, 5Zn, 5C0,0, (x = 0.5), 0.245 g of Mn(Ac),-4H,0,
0.22 g of Zn(Ac),-4H,0 and 0.996 g of Co(Ac),-4H,0 were dis-
solved in a mixture of 7 mL of ethanol and 70 mL of distilled
water with vigorous stirring to form solution A. Then, 4.74 g of
NH,HCO; was dissolved in 70 mL of distilled water to form
solution B, which was then added to solution A drop wise, while
stirring. The resulting mixed solution was heated to 45 °C and
maintained at this temperature for 9 h with vigorous stirring. A
pale pink precipitate was obtained, which was collected through
filtration, washed thoroughly with distilled water and ethanol
and then dried at 60 °C overnight. The obtained carbonate
precursor was heat treated in air at 600 °C for 5 h at a temperate
ramp of 2 °C min~ " to yield a black powder.

2.3 Characterization

The phase components and structure of the as-prepared mate-
rials were characterized using Bruker D2 Phaser X-ray Diffrac-
tometer (XRD; Co Ka radiation, A = 1.78060 108). The XRD data for
Rietveld refinement was measured using a D9 X-ray Diffractom-
eter (XRD; Mo Ka,, radiation, A = 0.709321 A) and was analyzed
on TOPAS software (version 5). Fourier transform infrared (FTIR)
spectra were recorded in the range of 4000—400 cm ' using
a Shimadzu 8400 FTIR spectrometer employing potassium
bromide (KBr) pellets technique at room temperature.
Morphology of the materials was obtained on FEI Nova Nano
SEM 450 Scanning Electron Microscope (SEM) and JEOL 2100
Transmission Electron Microscopy (TEM). The composition of
the samples was analyzed by EDX attached to the SEM instru-
ment. Raman spectra were acquired at room temperature on
a Thermo Scientific DXR2 Smart Raman equipped with a 532 nm
laser source. The specific surface area was determined using
Brunauer-Emmett-Teller (BET) technique and was determined
from N, adsorption/desorption isotherms obtained on an ASAP
2020 (Micrometrics instrument, USA) surface area analyzer.
Thermogravimetric Analysis (TGA) was carried out under airflow
with a temperature ramp of 10 °C min ' using
Thermogravimetry/Differential Thermal Analyzer (Hitachi-
STA7200RV, California, USA). Magnetic measurements were
performed using a Cryogenic measurement platform equipped
with a vibrating sample magnetometer (VSM) insert. VSM
measurements were done in zero field cooled (ZFC) and field
cooled (FC) modus of measurement in a temperature range of 2
to 300 K. Hysteresis loops were performed in a field range of +2.5
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T to —2.5 T at two different temperatures of 10 K and 300 K. X-ray
photoemission (XPS) spectra were performed at room tempera-
ture using a SPECS PHOIBOS 150 hemispherical electron energy
analyser. The photon source used was a SPECS XR 50 M mono-
chromatised X-ray source equipped with an Al Ko anode (hv =
1486.71 eV). The overall energy resolution was set to 0.7 eV for
survey spectra and 0.55 eV for all other high-resolution core level
spectra shown in this work. High resolution XPS spectra for
ZnCo,0, are not reported here. The reason for this is that the
sample was too insulating for charge compensation to take place
effectively, even with the aid of a flood gun. The line shape of the
XPS spectra for this sample was therefore distorted, making the
information extracted from them meaningless. We therefore
report high resolution core level spectra only for the other four
compounds in the Mn,Zn, ,Co,0, series (x = 0, 0.3, 0.5 and 0.7).

3. Results and discussion
3.1 Formation of the spinel-type oxides

With the starting chemical precursors, the formation reactions
of the Mn,Zn;_,Co,(CO;), precursor can be described in the
following two steps:

2NH4HCO; — H,COs + 2NHj + CO3~ (1)

xMn?* + (1 — x)Zn** + 2Co*" + 2C03%~
- MnxznlfxCOZ(COSb (2)

The ammonium hydrogen carbonate used in the present
synthesis mainly serves as a source for the generation of
carbonate, as explained in eqn (1), while the divalent metal
cations are obtained from the acetate precursors.

Thermal analysis allows for determining the precursor
decomposition temperature during the heat treatment, which
eventually will produce the oxide. Thermogravimetric (TG) and
differential scanning calorimetric (DSC) analyses were performed
to characterize the thermal properties and further determine the
sintering temperature of the carbonate precursor. Fig. 1 shows
the DSC and TG curves of the as prepared carbonate precursors

0.5
100 - I
0.0
~— TGA t
904 -0.5
F-1.0 5
X 80 g
< L-15 2
z [T E
; 70 - --2.0 §
———=DSC |
-2.5
60 -
-3.0
50 35

— T T T T T T T T T T
100 200 300 400 500 600 700 800
Temperature ("C)

Fig. 1 Thermogravimetric (TG) and differential scanning calorimetry
(DSC) analysis curves of the ZngsMngsCo,COz precursor in an air
atmosphere.
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for the composition x = 0.5. It can be seen that the carbonate
precursor decomposes in two steps. The first step occurs between
120 °C and 190 °C, which is indicated by a small exothermic peak
on the DSC curve. It is due to the evaporation of water adsorbed
on the surface of the precursor sample. In the second step,
a major mass loss of 35% occurs between 196 °C and 430 °C,
which can be attributed to the decomposition of the carbonate
precursor to a metal oxide. The DSC curve shows a sharp
exothermic peak at about 376 °C, corresponding to this domi-
nant mass loss, which indicates that the amorphous carbonate
precursor transformed to Zn, sMn, 5C0,0, at this temperature.

3.2 Structural studies

Crystalline nature and phase identity of the prepared mate-
rials were precisely determined from X-ray diffraction (XRD)
studies. The XRD patterns of the Mn doped ZnCo,0,4, Mn,-
Zn,; ,Co0,0, (x = 0, 0.3, 0.5, 0.7, 1), oxides prepared by facile
coprecipitation route and heat treatment at 600 °C are shown
in Fig. 2.

The peaks at 26 values are well matched with the standard
cubic spinel structure of ZnCo,0, (PDF card no. 23-1390) and
MnCo,0, (PDF card no. 23-1237) corresponding to the (111),
(220), (311), (222), (400), (422), (511), and (440) lattice planes.
This observation demonstrates the formation of a single phase
for all the compositions. The intensity of the diffraction peaks
of Mn,Zn, ,Co,0, increases and the peak width (full width at
half maximum, FWHM) decreases with increasing Zn concen-
tration. The crystallite size was observed to decrease irregularly
from 51 to 19 nm with increasing Mn concentration. Rietveld
analysis of the XRD pattern of Mn,Zn, ,Co0,0, obtained from X-
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ray diffractometer with Mo-tube (see Fig. S-11 for XRD data
using Mo, and Fig. S-271 for Rietveld refined patterns) is shown
in Fig. 2(b) and the values are presented in Table 1 with the
reliability factors (Rup, Rz, GOF), lattice parameter and crystal
size given.

The lattice parameter, a = 8.0874 A, calculated for ZnCo,0,
is close to the reported values (PDF card no. 23-1390). On
substituting Mn ions for Zn**, the lattice parameter increases
compared to that of the pure ZnCo,0, because of the slightly
bigger ionic size of Mn ions compared to Zn?* (0.740 A).** The
lattice parameter shows a clear increase and a linear behaviour
with increase of Mn ion doping which further corroborates
successful substitution by the Mn ion.

Raman spectra for all of the compositions were recorded at
room temperature and are shown in Fig. 3. The samples dis-
played two broad peaks between 460-540 cm ', and 670-
720 cm . Typically spinel metal oxides such as ZnCo,0, and
MnCo,0, display 5 active Raman modes. With ZnCo,0, there are
three F,; modes which can occur around 190, 520, and 610 cm ™Y,
an E; mode around 470 cm™}, and an A;; mode at 690 cm 1323
The phonon modes (three F,q, an E,, and an A;, mode) for
MnCo,0, occur at similar positions.* The broad peaks obtained
obscure the various modes, and the broadness can be attributed
to the nano-size of the materials (see TEM analysis section).

These characteristics peaks for crystalline spinel metal
oxides can shift by several cm™', and can be ascribed to the
change in the surface strain or defects owing to the incorpora-
tion of Mn into the ZnCo,0, crystal structure.**>** The lack of
distinct separate or characteristic peaks for the separate oxides
are in accordance with the XRD results.
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Fig. 2 Panel (a) XRD patterns of the Mn substituted Mn,Zn;_,Co,0O4 oxide with different Mn concentrations; x = 0, 0.3, 0.5, 0.7 and 1. Panel (b)

Rietveld refined XRD pattern of Mng 5ZNng5C0,04.

Table 1 Retiveld refined parameters for Mn,Zn;_,Co,04

Compound Lattice parameter (a), A Ryp (%) Rg (%) GOF Average crystallite size (nm)
ZnCo,0, 8.0874 13.90 2.55 1.17 51.3
Mnyg 5Zn, 7C0,0,4 8.1051 13.06 3.47 117 36.8
Mny sZn 5C0,0, 8.1241 14.29 2.40 1.09 19.9
Mny ,Zng 5C0,04 8.1349 15.48 2.74 1.16 26.7
MnCo,04 8.1508 14.49 2.85 1.11 19.3

This journal is © The Royal Society of Chemistry 2018
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FTIR spectroscopy is an important technique to identify the
stretching and bending vibrations of different materials. Fig. 4
shows FTIR spectra in the range from 1000 to 400 cm ' as
signals in this range are generally attributed to the vibration
bands of metallic ions in the crystal lattice. Two intense peaks
were observed between 700 and 550 cm ™" for each Mn,Zn,_,-
C0,0, (x = 0, 0.3, 0.5, 0.7 and 1) sample, with a specific shift
depending on Mn substitution (x). ZnCo,0, (x = 0) exhibited
absorption peaks centered at 677 and 585 cm ™' characteristic of
Co-0 and Zn-O vibration in the octahedral and tetrahedral sites
of the spinel structure, respectively.** On doping ZnCo,0, with
Mn, the Mn ions replace Zn>" from the tetrahedral site as it is
evident from the change in the lattice parameter shown in the
Rietveld refinement of XRD data, and the bands shift to higher
wavenumbers, as seen in Fig. 4. For MnCo,0, (x = 1), the peaks
shift to 648 and 560 cm™ ' compared to the undoped ZnCo,0,.
This behaviour suggests changes in bonding occurs in the
crystal structure, which could be affected by the ratio between
Zn and Mn and the lighter atomic mass of Mn compared to that
of Zn.”® These observations further support the formation of
cubic spinel crystal structure in the fabricated Mn,Zn; ,C0,0,.

XPS measurements were performed in order to study the
composition and investigate the electronic structure of the
Mn,Zn, ,Co,0, series. Fig. 5(a) shows the full survey spectra for
the five investigated samples. The spectra show all the expected
peaks and no additional elements were detected. Photoemis-
sion and Auger peaks are labeled accordingly in the figure. Zn
and Mn core levels vary in intensity according to the sample
composition, as expected.

Fig. 5(b) shows the comparison of Mn 2p XPS core level
spectra. Two main peaks with centroids at about 642 eV and
653.5 eV binding energy are visible in this energy region. These
correspond to Mn 2p3), and 2p,,, levels, respectively. The line
shape of the main peaks remains identical across the series,
indicating that there is no appreciable change in the valence of
Mn with substitution by Zn. The only detectable difference is that
the centroid of the satellite at the higher binding energy side of
the 2p,, peak shifts by about 1.9 eV towards lower binding
energies from x = 0 to x = 0.7 (the corresponding satellite for the
2ps., peak is not visible because it overlaps with the 2p,,, peak).

Intensity (a. u.)

A

400.0 500.0 600.0 700.0 800.0

Raman Shift cm~

200.0 300.0

Fig. 3 Raman spectra of various concentration of Mn doped
ZHCOZO4.
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This is possibly due to the doping of the samples, as already re-
ported for doped manganites.”” Because of the fact that the line
shape of the main peaks does not change, only the fit of the x =
0 sample at the bottom of Fig. 5(b) is reported. The Mn core level
line shape was deconvoluted using two spin orbit doublets rep-
resenting Mn** (at lower binding energy) and Mn®*" (at higher
binding energy) respectively, separated by a spin orbit splitting of
11.2 eV. The area ratio of these two doublets shows that roughly
55% of the Mn ions have a 2+ ionization state and 45% have a 3+
ionization state.

Zn 2p core level spectra for samples x = 0.3, 0.5 and 0.7 are
reported in Fig. 5(c). The line shape is composed of two peaks at
1021.1 eV and 1044.2 eV, corresponding to Zn 2pz,, and 2pq,
spin orbit components, respectively. The line shape remains the
same for the three compositions. This is consistent with Zn ions
being found in +2 oxidation state, as reported in previous
works.?*3?

Fig. 5(d) reports the Co 2p XPS spectra for Mn,Zn,; , C0,0,.
The Co 2p binding energy region is composed of two main
peaks located at 780.2 eV and 795.3 eV, corresponding to the Co
2ps» and Co 2p,, spin-orbit components, respectively. In
addition to these, two satellite peaks are detected on the higher
binding energy of the main peaks. The line shape of the Co 2p
spectrum shows changes across the series. For this reason, the
spectra for MnCo,0, and Zn,,Mn, ;C0,0, are plotted sepa-
rately in Fig. 5(e), together with the overall fit to the data. The
spectra have been decomposed into two main doublets corre-
sponding to Co®* (at lower binding energy) and Co** (at higher

Transmittance (a.u.)

1000 900 800

Wavenumber (cm-l)

Fig. 4 FTIR spectra of the Mn substituted Mn,Zn;_,Co,04 oxide with
different Mn concentrations; x =0, 0.3, 0.5, 0.7 and 1.

This journal is © The Royal Society of Chemistry 2018
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binding energy) oxidation states. The satellite has been fitted
with a broad doublet. It is interesting to note that the
percentage of Co>" spectral weight increases from 76% in
MnCo,0, to 84% in Zn, ;Mn, ;C0,0,. This shows that the Co**
content is slightly higher than in similar oxide systems.**** At
the same time, the centroid of the satellite doublet shifts to 4 eV
higher binding energy and becomes much narrower when
moving from MnCo,0, to Zn,;Mn, 3C0,0,.
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The ratio of Co®>"/Co®" ions present in the Mn,Zn;_,C0,0,4
oxides can be determined from the deconvoluted high resolu-
tion Co 2p spectrum and is given in Table 2. For the prepared
samples, with increase in manganese concentration Co**/Co**
ratio increases, which are consistent with previously reported
literatures.*>*

Fig. 5(f) shows the O 1s XPS spectra for the series. Each
spectrum has been fitted with three Voigt-type single

T T T

T
Zn 2p\/ Survey Scan
@
S
C1s Zn3p O2s
77
/ Zn 3s \CD 3p
- \ /
0
£ ~ ~
g Co3s  zn3d /
z vB
i
s
=
Mn 3p
1 L L 1 1 L 1 1 1 1 %
1100 1000 900 800 700 600 500 400 300 200 100 0
Binding Energy (eV)
T T T T T T T T T T T T T T T T T T T T T T T
— x=07 Mn 2p Zn2p 2p3p (cs Co 2p (d) 2p3,
— x=0.
0 2 2
g < 5
g £ £
5 8 A
g = >
G B B
5 s s
E = =
o overalft  06445eV
|- - - background 4
............................................. (a)
[ L I I 1 I 1 I 1 I I 1 1 L L L L 1 1 1 1 1 1 1 1 1
680 675 670 665 660 655 650 645 640 635 1055 1050 1045 1040 1035 1030 1025 1020 1015 815 810 805 800 795 790 785 780 775
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
L e R
Co 2p (e)
® exp.data
— total fit
---- background
@ | Zng7Mng3C0,04 3
Eel r]
& =
= o z
2 i Coz' 2
38 B Co 2
= m satellite =
® raw data --- compl
— overallfit  Z3 comp2
- - - background M comp3
810 790 780 : - : : !

800

536 534 532

Binding Energy (eV)

Fig. 5

530 528

Binding Energy (eV)

(a) XPS survey scans for the investigated samples. (b) Mn 2p core level spectra for x = 0.3, 0.5, 0.7, and 1 samples (c) Zn 2p spectra for x =

0.3, 0.5 and 0.7 samples (d) Co 2p core level spectra for Mn,Zn; ,Co,0,4 spinel oxides. (e) Fitted Co 2p spectra for MnCo,0O4 and Zng7Mng 3-

Co,04 and (f) O 1s core level spectra for Mn,Zn;_,Co,O4 spinel oxides.
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Table 2 Oxidation state ratios obtained by deconvoluting XPS peaks
corresponding to Co 2p and Mn 2p core electrons

Oxidation states ratios obtained from

XPS
Mn,Zn,;_,C0,0, Co*"/Co** Mn**/Mn**
x=0.3 5.25 0.82
x=0.5 4.55 0.82
x=0.7 3.87 0.82
x=1 3.17 0.82

components (labeled as “comp1”, “comp2” and “comp3” in the
figure) in addition to a Shirley background. This is consistent
with what has been published in the literature for similar
systems.’>*! Component 1, on the lower binding energy side, is
ascribed to stoichiometric oxygen in the oxide main matrix,
while the second component is attributed to oxygen vacancies
or defects in the lattice.** The third component at 533 eV can be

Table 3 Fit results for O 1s core level

View Article Online
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ascribed to chemisorbed oxygen.** The fitted binding energies
and relative percentage areas of these three components are
reported in Table 3. In general, the fit results show that there is
no significant change in the line shape of O 1s spectra across
the series.

3.3 Morphological characterization

Fig. 6(a) through Fig. 6(e) presents the SEM images of the
Mn,Zn; ,Co,04 (x = 0, 0.3, 0.5, 0.7, 1) while Fig. 5(f) is EDS
spectrum of the MngsZn,5C0,0, sample. Microspheres of
different size with varying concentration of Mn have been ob-
tained as observed from the SEM images. The size of the
microspheres tends to increase and become more regular with
increasing concentration of Mn from x = 0 to x = 1. The results
indicate that Mn content plays an important role in deter-
mining the surface morphologies of Mn,Zn, ,Co,0, micro-
structure. The EDS analysis of the Mng sZn, 5sC0,0, sample in
Fig. 5(f) shows that the main elements in the sample are

BE comp1 BE comp2 BE comp3 % area % area % area
Sample (eV) (eV) (eV) (comp1) (comp2) (comp3)
x=0 529.97 531.61 533.27 74.9 17.8 7.3
x=0.3 530.02 531.67 533.31 73.4 18.3 8.3
x=0.5 530.01 531.65 533.29 76.7 16.7 6.6
x=0.7 530.07 531.58 533.12 81.2 14.6 4.2

messss 10 um

Fig. 6 SEM images of the Mn,Zn; _,Co,04 microspheres (x = 0, 0.3, 0.5, 0.7, 1) (a—e), and (f) EDS spectrum of the Mng 5Zng 5C0,0,4 (x = 0.5)

sample.
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Fig. 7

(@) TEM, (b) HRTEM (c) magnified TEM and (d) SAED pattern of the Mng 5Zng 5C0,04 (x = 0.5) microsphere.
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Fig. 8 Nitrogen adsorption/desorption isotherms (a) and the corresponding pore size distributions (b) of the Mn,Zn;_,Co0,04 (x=0, 0.3,0.5, 0.7,

1) samples.

manganese, zinc, cobalt, and oxygen and that the approximate
atomic ratio of Mn/Zn/Co is about 1 : 0.97 : 2.1.

Representative TEM, HRTEM, and SAED images of Mn, s-
Zn, 5sC0,0, microspheres are shown in Fig. 7. The TEM image
demonstrates the porous nature of the microspheres and it is
made up of small interconnected nanoparticles as shown by the
magnified TEM image (Fig. 7(c)). Clearly, the corresponding
selected-area electron diffraction (SAED) pattern displays the
diffraction rings, indicating that the porous Mng sZn, sC0,0,
microspheres are polycrystalline (Fig. 7(d)). The HRTEM image
(Fig. 7(b)) further confirms the high crystallinity of the porous
Mn, 5Zn, 5C0,0, microspheres. The lattice fringe with a spacing
of ~2.4 A is assigned to the interplanar spacing between the
(311) planes of cubic Mny 5Zn, 5C0,0;.

The specific surface areas and pore size distribution of
Mn,Zn, ,Co,0, oxides were characterized by BET analysis
using nitrogen adsorption-desorption isotherms. The N,
adsorption—desorption isotherms and pore size distribution
data for Mn,Zn, ,Co,0, (x = 0, 0.3, 0.5, 0.7, 1) samples are

This journal is © The Royal Society of Chemistry 2018

shown in Fig. 8. As shown in the Fig. 8(a), the N, adsorption-
desorption isotherms obtained for the Mn,Zn, ,Co,0, are type
IV, according to the IUPAC classification of hysteresis loops.*
Distinct H3 hysteresis loops were observed at a relative pressure
of P/P, = 0.8-1.0 except for ZnCo,0,, indicating the meso-
porous structure of Mn,Zn; ,Co,0, microspheres.”® The
textural properties of the samples are given in Table 4. It can be
seen that the BET surface areas of 17.8, 50.25, 51.47, 56.27, and

Table 4 Textural properties of Mn,Zn;_,Co,0,4 samples

BET surface Pore volume Average pore

Sample area (m> g ") (em® g™ size (nm)
7ZnCo,0, 17.80 0.00563 36.0
Mnyg sZng 7C0,0, 50.25 0.01280 19.4
Mny 5sZn sC0,0, 51.47 0.01461 20.0
Mny ,Zng 3C0,0, 56.27 0.01353 17.5
MnCo,0,4 51.66 0.01171 18.4
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51.66 m> g ' were obtained for ZnCo,0,, Mng;Zn,,C0,0,,
Mn, 5Zn, 5C0,04, Mn, 721, 3C0,0,4, and MnCo,0y,, respectively.
It was observed that the BET surface area increases with
substitution of Zn by Mn. This modification of the surface area
correlates with the change in microsphere size as shown on the
SEM images. The pore size distributions were mainly centered
between 20 and 30 nm with an average pore diameter of 36,
19.4, 20, 17.5, and 18.4 nm, mainly resulting from the aggre-
gation among primary particles as is evident from the TEM
image.

3.4 Magnetic properties

The magnetic properties of Mn,Zn,; ,Co,0, samples were
examined using a vibrating sample magnetometer (VSM) at
room temperature and 10 K by applying a magnetic field of £25

View Article Online

Paper

kOe. Magnetic hysteresis loops and the temperature dependent
zero-field-cooled (ZFC) and field-cooled (FC) curves are shown
in Fig. 9 and 10, respectively.

Temperature dependent magnetization curves M(T) were
collected under the zero field cooled (ZFC) and field cooled (FC)
conditions and measured in the temperature range 2-300 K at
500 Oe. The magnetization during FC for all samples shows
a general increase with decreasing temperature. However, it is
noted that as the Mn concentration is increased the FC data
tends to level of at low temperatures and an additional inflec-
tion similar to the peaks observed in the ZFC M(T) data
develops. All the samples exhibit distinct bifurcation between
ZFC and FC, except ZnCo,0, (x = 0) for which the zero-field
cooled and field cooled (ZFC-FC) curves did not diverge. The
bifurcation temperature increases with an increase in Mn
doping.
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Fig.9 Temperature dependent ZFC and FC magnetization of Mn,Zn;_,Co0,04 microspheres with different concentration of Mn (x =0, 0.3, 0.5,

0.7, 1) measured at an applied field of 500 Oe.
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Generally, the presence of a maximum temperature (Tay) in
the ZFC magnetization curve is directly proportional to the
average blocking temperature (Tg) that depends upon the type
of size distribution. The temperatures associated with the
maxima in the ZFC magnetization data for the prepared Mn,-
Zn, ,Co,0,4 samples is observed at Tp = 5.5 K for x = 0.3, Tp =
25K for x = 0.5, Tpy =29 Kand Tp, = 98 K for x = 0.7, and Tp; =
50 K and Tp, = 153.8 K for x = 1. It is clear from these data that
as more of Zn is substituted by Mn, the Tp values increase and
eventually more than one Tp values are observed for x = 0.7 and
1, which may well be a result of the substitution of nonmagnetic
Zn** by the Mn**/Mn*" ions.*” On moving form x = 0.7 to x = 1.0
the magnetization is suppressed to negative values below
a temperature of approximately 100 K. This is due to
a compensation effect, as the net magnetization is dependent
on the sum of the magnetic contributions from the associated
sublattices within the spinel structure.*®

Fig. 10 shows magnetic hysteresis loops of Mn,Zn; ,C0,0,
(x=0,0.3, 0.5, 0.7, 1) microspheres measured at temperatures
of 10 K and 300 K. The magnetization as a function of applied
magnetic field, M-H, curves shows hysteretic behavior in all
samples at 10 K, with the exception of the ZnCo,0, sample. The
magnetization is not fully saturated in fields of 25 kOe in all
samples measured at 10 K, which represents the weak ferro-
magnetic ordering of the spins. The saturation magnetization
for the samples was determined from extrapolation of M versus
1/H curve at 1/H = 0. The saturation magnetization (M),
remnant magnetization (M,), and coercive field (H.) are
summarized in Table 5. The M, gradually increases from 0.01 (x

=0)to 1.3 (x = 1) emu/g and 1.82 (x = 0) to 5.92 (x = 0.7) emu
¢~ measured at 300 K and 10 K, respectively with increasing
Mn concentrations. The maximum value of H, is observed for x
=1 (MnCo,0,).

M-H measurements done at 300 K shown in Fig. 10(a)
reflects linear behavior associated with paramagnetism for all
the samples, with the exception of the MnCo,0, (x = 1) sample.
For this sample weak hysteresis is still observed, thus indicating
the antiferromagnetic nature of this sample at 300 K.*** This
type of behavior is observed for Cu substituted spinel
MnCo, ,Cu,0, (0 = x = 0.2) nanostructures with the samples x
= 0.1 having the coercivity H,. and remanence M, close to 0.>°

In the Mn,Zn,_,Co0,0, the non-magnetic divalent Zn>" ions
tend to occupy tetrahedral (A) sites and thereby force the
incoming Mn ions to octahedral (B) sites due to their favoritism
by polarization effect.** In general, spinel type cobalt-based
oxides contain high spin Co®" (S = 3/2) in the tetrahedral site
and low spin diamagnetic Co®*" (S = 0) in the octahedral site;
magnetic ions in the sub lattices are arranged antiparallel to
their four neighboring ions resulting in antiferromagnetic
behavior of the material.** In view of the above considerations
and the ratio Co>*/Co** given in the Table 2 it can be shown that
there is an enhancement of weak ferromagnetism of the
samples with substitution of Zn with Mn ions. ZnCo,0, is
observed to have a linear M-H curve both at room temperature
and 10 K, which is typical of paramagnetic nature and results
due to Co-O-Co super exchange interaction.”* As the content
of Mn ions increase and with both Mn** and Mn*" distributed
in the octahedral and tetrahedral sites, the magnetic moment

Table 5 Magnetic parameters for Mn,Zn;_,C0,0,4 samples measured at temperatures of 300 K and 10 K

300 K 10K
Sample M, (emu g™ M; (emu g™t) H, (kOe) M, (emu g™) M, (emu g™ ") H, (kOe)
7nC0,0, 0.01 0 0 1.82 0 0
Mng 37N, ,C0,04 0.4 0 0 3.15 0.07 0.3
My £Z119 sC0,0, 0.55 0 0 3.51 0.25 1.32
Mny 5Z1g 5C0,0, 0.87 0 0 5.92 1.15 1.93
MnCo,0, 1.3 0.12 1.2 4.08 1.03 3.02

This journal is © The Royal Society of Chemistry 2018
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on B-site increases and the magnetic moment on A-sites
decreases and it leads to a stronger superexchange interaction
between A and B sites. Thus, the net value of M; increases, as
expected.

4. Conclusions

Mn,Zn,;_,Co0,0, oxide microspheres with a spinel structure
were successfully prepared by using a facile coprecipitation
method and calcination. It formed porous microspheres with
the surface area and morphology being influenced by the
composition of Mn. The lattice parameters for the spinel oxides
increased linearly with Mn concentration. The results from XPS
indicates that the elements Mn, Zn, and Co are observed to have
oxidation states of +2 and +3, +2, and +2 and +3, respectively. It
was shown that the percentage of Co®" spectral weight increases
from 76% in MnCo,0, to 84% in Zn,,Mn, ;C0,0, whereas no
appreciable change in the valence of Mn was observed with
substitution by Zn. The magnetic properties of the Mn,Zn,_,-
Co,0, microspheres are largely influenced by the concentration
of Mn. As the concentration of Mn increases fromx=0tox =1
the saturation magnetization increases from 0.01 (x = 0) to 1.3
(x =1)emu g " and 1.82 (x = 0) to 5.92 (x = 0.7) emu g "
measured at 300 K and 10 K, respectively, which could be due to
the substitution of the non-magnetic Zn** ion by Mn ions. The
MnCo,0, microspheres show maximum H, of 1.2 and 3.02 kOe
measured at 300 K and 10 K, respectively.
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