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Nanostructured ternary manganese(iv) oxides are of importance as electrode materials. A low-
temperature, precursor mediated route has been designed to obtain ternary oxides containing Mn(1v)
and Zn(1) at ambient pressure. The defect spinel, Zng g3(Mn; 4,Zn 34)O4 was obtained by annealing at
optimal conditions after the thermal decomposition of oxalates of zinc and manganese co-precipitated
at room temperature. This is the first report of a low temperature (250 °C) and normal atmospheric
pressure synthesis of a ternary zinc manganese oxide containing purely tetravalent manganese. Rietveld
refinement indicates zinc occupancy in both tetrahedral and octahedral sites with the refined
composition of (Zng g3)iet(Mn 45710 34)0ctO4. Also, we show for the first time that refluxing with acetic
acid transforms the oxide nanospheres (5-20 nm) to nanorods with diameter of 10-15 nm and length
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varying from 60 to 150 nm. The stoichiometry of Zn and Mn, as well as the oxidation state of
manganese has been confirmed by SEM-EDX, PXRD, AAS, XPS and magnetic studies.

Zng g3(Mny 457100 34)0y4 is antiferromagnetic with a Néel temperature of ~5-10 K. The rods of 10 nm
diameter (aspect ratio = 6) show higher susceptibility values (5 fold enhancement) compared to

spherical nanoparticles. This low temperature route can be extended for the design of other material

phases.

Introduction

Stabilization of unusual oxidation states has been of great
interest and a challenge to inorganic chemists, as many of these
compounds are expected to show novel properties. Oxides con-
taining tetravalent manganese are of importance in batteries and
super-capacitors as electrodes and as catalysts for the degrada-
tion of organic compounds. Tetravalent manganese compounds
such as MnO, and AMnOj; have been previously reported while
the spinels of Mn(1v) are rare. AMnOj; (A = Ca, Ba, Sr, Ni, Co,
Zn and Mg) compounds containing Mn(1v) ions normally crys-
tallize in either the ilmenite (A = Ni, Co, Zn and Mg) or the
perovskite structure (A = Ca, Ba and Sr).! However, almost all
the above Mn(1v) compounds have been synthesized at high
pressure (sometimes exceptionally high, e.g. 3000 atm for
MgMnOs;). There is no report so far of the synthesis of any Mn
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(iv) based ternary oxides at ambient conditions and low
temperature (less than 300 °C), though the binary Mn(1v) oxide
(MnO,) has been synthesized by low temperature routes at
ambient pressure.? In the Zn-Mn-O ternary system, five phases
(ZnMn,04, ZnMnO3, Zn,Mn;0g, ZnMn30; and Zn,MnOy,)
have been previously reported.>*' Out of these phases, one
having the formula of ZnMn,O,4 and another purported to have
the formula ZnMnO; (later shown to be a cubic defect spinel
of AB,O, type structure) have been investigated. Blasco et al
show that the reported cubic ZnMnQOj is a spinel of type
Zn Mn; _ O4" Zn Mn; _ (O4 (1 = x = 2) crystallizes in two
different phases, one having a tetragonal structure (Fig. 1a) with
space group I4;/amd, and another having a cubic structure with
a Fd3m space group (Fig. 1b). The two crystal structures in
Zn,Mn; _ ,O4 have a different average oxidation state of
manganese (Fig. la-b). The tetragonal Zn,Mn3 _ ,O4 (space
group I4;/amd) has manganese completely in a + 3 oxidation
state, which is quite stable and has been isolated as a pure
phase.”® However, the cubic spinel phase found in Zn,Mn; _ ,O4
has been observed as an impurity phase along with zinc oxide and
tetragonal ZnMn,0,4.%'? Earlier reports of the cubic spinel phase
shows the presence of mixed valent manganese (+3 and +4).1316
Solid solutions of tetragonal Zn,Mn; _ ,O4 (0.5= x = 1.5) have
been synthesized by the citrate route.’”'® The pure cubic spinel
phase of Zn,Mn; _ O, (space group Fd3m) forms only in the
temperature range of 400-800 °C.'"*? At higher temperatures the
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Fig. 1 Structure of tetragonal and cubic spinel AB,O,.

metastable cubic spinel is partially transformed to the more
stable tetragonal phase. The cubic spinel (ZnMn3 _ ,Oy) is
obtained only when equimolar quantities of zinc and manganese
are used in the initial reaction mixture. A higher zinc content in
the reaction mixture leads to the formation of ZnO while a lower
zinc content leads to the formation of the tetragonal spinel,
ZnMn,0, (containing only Mn(1) as a minor phase).'® The
cubic spinel Zn,Mn3 _ O, (‘so-called cubic ZnMnOy’) is
synthesized via a solid state (800 °C)** and sol-gel route
(650 °C)'® at a relatively high temperature compared to the
temperature employed by us (250 °C). Our major interest in this
research was to stabilize the cubic spinel (Zn,Mn; _ ,O,4) phase
with Mn(1v) in order to develop new battery materials. Mn(1v)
oxides especially MnO, are of interest due to their applications in
the battery industry as cathode-active materials. Recently,
considerable attention has been directed towards manganese
compounds of various morphology and their size dependent

optical, magnetic and electronic properties.’*!> Other than elec-
trode materials, Zn,Mn; _ ,O,4 has been shown to have appli-
cations as a catalyst” and as a negative thermal coefficient (NTC)
material.® To the best of our knowledge all previous studies
reporting the synthesis and phase diagram of zinc manganese
oxides at ambient pressure have been carried out at temperatures
=400 °C.'""152° The reports on the spinel (Zn,Mn; _ (O,) show
the stabilization of mixed-valent Mn (111, 1v) or only Mn(1m) in
octahedral sites of the AB,O, type spinel. The assembly of
particles and control of their shape is one of the fascinating areas
in nanotechnology. Our earlier studies on various manganite
systems”'* have motivated us to investigate methods to control
the nanostructures of ternary oxides. We have developed
a simple route for the transformation of nanospheres to nano-
rods. An important challenge in this study was to maintain the
Mn(1v) oxidation state during the transformation of nanosphere
to nanorod. The present study discusses the stabilization of the
nanostructured (nanospheres and nanorods) cubic spinel phase
of Zng g3(Mn; 4,71 34)O4, containing purely tetravalent Mn(1v)
obtained by a low temperature, precursor-mediated route at
ambient pressure. The magnetic studies of these oxides show
antiferromagnetic behaviour with a Néel temperature of 5-10 K.

Results and discussion
Structure and compositional analysis

Oxalate precursor of zinc and manganese. The powder X-ray
diffraction pattern of the oxalate precursors obtained by the co-
precipitation method (at room temperature) shows the formation
of a mixture of zinc oxalate dihydrate and manganese oxalate
dihydrate (Fig. S1). The atomic absorption study of the oxalate
precursor shows that the ratio of Zn: Mn is 2 : 1. SEM-EDX
(Fig. S27) carried out over a large area (250 pm x 500 pm) of
a pelletized sample also shows the ratio of Zn : Mntobe 2 : 1. It
may be noted that the loaded composition of the oxalate
precursor contains a Zn : Mn ratio of 1:21. The marked vari-
ation in the loaded and experimentally evaluated composition of
oxalate precursor is because of the different rate of precipitation
of the zinc oxalate (higher rate) and manganese oxalate.”
Thermogravimetric analysis of the oxalate precursor carried out
in flowing nitrogen shows two regions of weight loss, the first at
150 °C corresponds to loss of two water molecules and the
second at 400 °C corresponds to loss of carbon dioxide and
carbon monoxide (Fig. S3t). It may be noted that synthesis of
Zn-Mn-O compounds and earlier studies on the phase
diagram?'? have been carried out above 400 °C. There is no
report on the synthesis of Zn—-Mn—O phases at temperatures
below 400 °C and at ambient pressure. Although, the hydro-
thermal route for the synthesis of the Mn(iir) spinel ZnMn,QOy is
carried out at 120 °C.»

Zinc manganese oxide. The oxalate precursor was separately
heated at 250 °C, 450 °C and 600 °C and the product was refluxed
in acetic acid (0.1 M) to remove the excess zinc oxide. The PXRD
pattern of the product obtained at 250 °C and 450 °C was similar
to the reported ‘cubic ZnMnOj’ phase'>** (JCPDS card no.
191461) (Fig. 2a-b). However, the PXRD pattern of the product
obtained at 600 °C shows the presence of the above mentioned
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Fig.2 PXRD pattern of the calcined product obtained at (a) 250 °C and
(b) 450 °C showing the presence of spinel zinc manganese oxide.

phase along with ZnO (8%) as an impurity (this will be discussed
later). The powder X-ray diffraction pattern of the product
obtained at 250 °C shows that the product was poorly crystalline
(Fig. 2a). As, we raised the temperature of calcination, the
crystallinity of the product improved gradually (Fig. 2b). The
X-ray diffraction pattern of the oxide obtained at 600 °C is very
close to the so called ZnMnO;?° as discussed earlier. However,
a careful study (with the slow scan data) shows the presence of
minor impurity of ZnO (8%) (Fig. 3a). Chemical analysis (AAS)
and EDX studies of all the products (obtained at 250 °C, 450 °C
and 600 °C) shows a Zn : Mn ratio of 2 : 1 which is close to the
Zn : Mn ratio in the oxalate precursor discussed earlier. It seems
that the excess zinc oxalate converted to amorphous ZnO which
can be detected by the AAS analysis (as AAS requires dissolution
of the products). To remove ZnO, the products (all as-obtained
products at 250 °C, 450 °C and 600 °C) were refluxed at 120 °C
for 6 h in acetic acid. There is no change in PXRD pattern of the
refluxed product obtained at 250 °C and 450 °C and is similar to
the PXRD patterns discussed earlier for the oxides before reflux
(Fig. 2a-b). However the product obtained at 600 °C shows the
absence of ZnO impurity after refluxing (Fig. 3b). The AAS and
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Fig. 3 PXRD pattern of the calcined product obtained (a) 600 °C and
(b) refluxed product of 600 °C showing the presence of spinel zinc
manganese oxide.

SEM-EDX studies (Fig. S4a-b7) of the refluxed product shows
Zn : Mn in the ratio of 1:1.21 which confirms the absence of
ZnO in the refluxed samples. The structure of the ternary oxide
obtained at 450 °C and 600 °C (followed by reflux in acetic acid
at 120 °C) could be refined satisfactorily (Rietveld method) with
a refined Composition of (Zno_gg,(z))m(Mnl_42(1)Zn0_34(1))00104
(Fig. 4a) and (Zngg33)ietMny.421)Z00341))0ctO04  (Fig. 4b)
respectively. The R-factor and x? values indicate a good quality
of refinement (Fig. 4a-b). The relevant crystallographic param-
eters are included in Table la and b. The refined occupancy
factors show, 83% of the tetrahedral sites are occupied by Zn
while the octahedral sites are occupied partially by Mn (71%) and
Zn (17%). Tt is rare to have Zn occupy octahedral sites (3d'"
electronic configuration) and it is known to occupy tetrahedral
sites in most of its compounds. The occupancy of Zn in an
octahedral site for a Zn-Mn-O system has been discussed
previously by Blasco et.al.

Oxidation state of manganese in zinc manganese oxide

The oxidation state of manganese in the ternary zinc manganese
oxide has been investigated using XPS, magnetic and Rietveld
refinement studies (Table 1a and b). X-ray photoelectron spec-
troscopy (XPS) studies of the as obtained products at each stage
have been analyzed. The core level spectra of Mn (2p) shows two
peaks at binding energies 642.1 eV and 653.8 eV, which corre-
spond to the 2ps3, and 2py, levels respectively, and the peak
separation between 2ps, & 2pj is observed to be 11.70 eV
(Fig. 5). To evaluate the oxidation state of the Mn, the FWHM
(Full Width Half Maxima) of the Mn 2ps,, core level spectra is
measured using peak-fit software. The FWHM of the Mn 2p3)»
peak is found to be 3.33 eV at the binding energy value 642.1 eV
(shown as an inset of Fig. 5) which confirms the presence of Mn
in the TV oxidation state reported earlier.?® Further, the magnetic
moment, 3.77 pp, also suggests the presence of tetravalent
manganese.

Size and morphology of zinc manganese oxide. Transmission
electron microscopic analysis (TEM) studies of the oxalate
precursors show spherical nanoparticles with an average size of
80-100 nm (Fig. S5f). TEM micrographs of the
Zng g3(Mny 470 34)O04 obtained by the co-precipitation method
at 250 °C and 450 °C shows spherical nanoparticles with sizes of
around 5-10 nm and 10-20 nm respectively (Fig. 6a and 7a). The
product obtained at 250 °C has the lowest particle size compared
to all the previous reports on zinc manganese oxide (lowest
reported size was 20-30 nm).”?>? The ability to synthesize
materials at low temperatures generally yields fine particles.
HRTEM studies of the spinel phases obtained at 250 °C and at
450 °C show the crystalline nature of the nanorods, as shown by
the regular lattice fringes (Fig. 6b and 7b). The electron
diffraction pattern of Zng g3(Mn; 4270 34)O4 obtained at 250 °C
confirms the cubic structure and the sharp spots indicate the
crystallinity of the particles (Fig. 6¢). A TEM micrograph of the
product obtained after refluxing of the 250 °C, 450 °C and 600 °C
heated samples shows the formation of nanorods with aspect
ratios 6 (250 °C, dia = 10 nm, length = 60 nm) (Fig. 8a),
10 (450 °C, dia = 15 nm, length = 150 nm) (Fig. 9a) and 10
(diameter 50-60 nm, length 300-500 nm and aspect ratio 6-10)
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Fig. 4 Rietveld plot of refluxed product obtained at (a) 450 °C and (b) 600 °C by decomposition of oxalate precursors.

Table 1 Refined positional and thermal parameters for Zngg3(Mn; 45Zng34)O4 (a) obtained at 450 °C followed by refluxing in acetic acid and
(b) obtained at 600 °C followed by refluxing in acetic acid. Relative position along ¢ axis (z), occupation number (1), and the isotropic thermal factor,
(Uiso)- The numbers in parentheses are the estimated standard deviations in the last digit

(a) Space group = Fd3m, alA 8.377(2), Rexp: 5.77 Ryp: 6.78 R,: 5.29 x % 1.17

Position
Atoms X Y V4 Uiso (A7) Fractional occupancy
Zn 0 0 0 0.774(1) 0.8301(2)
Mn 0.625 0.625 0.625 1.84(6) 0.710(4)
Zn 0.625 0.625 0.625 1.28 (9) 0.1714(7)
0 0.3850 (5) 0.3850 (5) 0.3850 (5) 1.25 (6) 1

(b) Space group = Fd3m, alA: 8.3563(1); Rexp: 3.16, Ryp: 4.06, x > = 1.22

Position
Atoms X Y V4 Uiso (A%) Fractional occupancy
Zn 0 0 0 0.49(2) 0.8305(6)
Mn 0.625 0.625 0.625 0.84(1) 0.711(2)
Zn 0.625 0.625 0.625 0.610 (7) 0.178(9)
(0] 0.3845 (5) 0.3845 (5) 0.3845 (5) 1.025 (3) 1
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Fig.5 X-ray photoelectron spectra of product obtained (at 600 °C) after
reflux shows the presence of tetravalent manganese, an inset shows the
fitted curve for *Ps/, peak.

(Fig. 10a) respectively. It may be noted that the oxide obtained at
250 °C and 450 °C led to nanoparticles of 5-10 nm and 10—
20 nm, respectively, and the oxide, Zngg3(Mn; 457Zng34)Oy4,
obtained after reflux shows rod-like morphology. The probable
reason for such a morphological transition from spherical
nanoparticles to nanorods is the templating effect of acetic acid
which was used as a refluxing solvent for the removal of ZnO. It
is known that adsorbed acetate groups act as a bidentate
ligand***® which facilitates the growth of nanorods from the
nanoparticles. The growth of zinc oxide nanorods from spherical
particles in the presence of acetic acid has been reported previ-
ously.3*3! Extensive studies on metal oxalate nanostructures have
shown the formation of nanorods in the presence of carboxylate
ions.?> HRTEM studies of aligned nanorods of the spinel phase
Zng g3(Mny 4570 34)O4 were obtained after reflux (Fig. 10a). The
crystalline nature of the nanorod is shown by the regular lattice
fringes (Fig. 9b and 10 b). This is the first report of the synthesis
of any spinel in the Zn-Mn-O system at such a low temperature.
These nanostructures have the lowest size previously reported for
zinc manganese oxide (Note that there are no reports on nano-
rods of Zn-Mn-oxide while the lowest particle size reported
earlier was 25 nm). We believe that on heating the mixture of zinc
oxalate and manganese oxalate in air at low temperature (250—
450 °C) led to the formation of ZnO and MnQO, at an interme-
diate stage and then the reaction subsequently led to the
formation of Zngg3(Mnj 4,Zng34)O4 under optimized condi-
tions. It is known that the decomposition of manganese oxalate
in air at 450 °C leads to the formation of Mn,0O3;>* whereas
low temperature decomposition of the manganese precursor
(<300 °C) results in the formation of MnO,, stabilizing Mn in the
tetravalent state.”® When heated at low temperature the oxalate
precursor (250- 450 °C) facilitates the formation of higher-valent
manganese which further reacts with zinc oxide, formed under
the same environment, to form Zngg3(Mn4>Zn¢34)O4 with
tetravalent manganese.

Magnetic properties of zinc manganese oxide. The magnetic
properties of the spinel Zngg3(Mn 45Zng 34)O4 shows an anti-
ferromagnetic behavior and the magnetic moment, Néel

Fig. 6 Zngg3(Mn; 4,7n(34)O4 nanoparticles synthesized by a co-
precipitation method at 250 °C in air; (a) TEM (b) HRTEM and
¢) electron diffraction pattern.

temperature and 6 values are tabulated in Table. 2 (Fig. 11a-b).
The effective magnetic moments were calculated using the
formula “Zngg3(Mnj 457Zng34)O04” in which we have considered
ZnO as a non-magnetic impurity. The effective magnetic moment
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Fig. 7 Znggi(Mn| 4,7Zn(34)O4 nanoparticles synthesized by a co-
precipitation method at 450 °C in air; (a) TEM and (b) HRTEM.

was calculated from the high temperature (200-300 K) data of
the inverse susceptibility plot which shows the presence of only
Mn(1v) at each stage, except the product obtained at 250 °C. At
250 °C, the magnetic moment per mole of Mn ion is 5.48 pg
which corresponds to Mn(1r). It seems that, at 250 °C, the small
quantity of un-decomposed manganese oxalate containing Mn
(1) is present and dominates the magnetic moment. All other
products show that the magnetic moment corresponds to tetra-
valent manganese (Table 2). It may be noted that any admixture
of lower-valent manganese would increase the magnetic moment.
Hence, we conclude that the Mn(1v) oxidation state is maintained
in the spinel phase. Interestingly, we have observed that the
magnetic susceptibility value is highest (0.145 emu/g, at 10 K) for
the nanorods with lower dimensions (obtained at 250 °C after
reflux) (Fig. 12). Also, for the particles (obtained at 250 °C) of
Zng g3(Mn 4oZng34)O4 of lower dimensions (5-10 nm), the
magnetic susceptibility is quite low (0.03 emu/g, at 10 K (Fig. 12).
This is a rare example of transformation of nanospheres to
nanorods involving tetravalent manganese (Zng g3(Mn 4oZng 34)
0O,). The slight deviation of the magnetic moments of the prod-
ucts (Table 2) from the theoretical value (3.88 pp) is possibly due

Fig. 8 Transmission electron micrograph of Zngg3(Mn; 4,Zn034)O4
nanorods synthesized by thermal decomposition at 250 °C followed by
refluxing in acetic acid medium. An inset shows a high resolution TEM
micrograph of the as obtained product.

to the disordering of Zn and Mn in the A and B sites of the spinel
AB,O, structure. This defect would create near-neighbour
Mn*—~O-Mn*" linkages along the ¢ axis which would affect the
moment. The hexagonal ZnMnOj; phase containing Mn(1v)
(prepared at high pressure) shows an antiferromagnetic behavior
with an effective magnetic moment of 3.9 pg and a Néel
temperature of 18 K. The measured moment exactly matches the
calculated moment for a Mn(1v) system. Blasco er al'® has
investigated the magnetic moment for other compositions,
Zn; ;Mn; 304 and Zn; ¢Mn; 4O, wherein the PXRD pattern was
indexed on the basis of a cubic cell similar to the reported
‘ZnMnOy5’. The magnetic moment studies suggest that the above
two compounds contain a mixture of Mn(i1) and Mn(iv)."
However, our magnetic and XPS studies unambiguously suggest
the presence of only Mn(1v) in Zng g3(Mn; 4oZng 34)O4. An inset
of Fig. 11 shows the magnetic saturation down to 10 K. There are
minor magnetic fluctuations at the same temperature for,
previously reported, similar compositions (Zn; ;Mn; 304)."?

Experimental

Commercially available zinc nitrate hexahydrate (Merck, 99%),
manganese(l) acetate tetrahydrate, Mn(CH3;COO),-4H,0,
(CDH, 99%) and ammonium oxalate, (NH4),C,04-H,0, (S.D.
Finechemicals, 99%) were used in the synthesis. Mixed metal
oxalates of zinc and manganese were synthesized by a co-
precipitation method. To 20 ml of an aqueous solution of zinc
nitrate (0.1 M), 20 ml of aqueous manganese acetate (0.1 M)
solution was slowly added and the solution was stirred for 2 h
after which 40 ml of ammonium oxalate (0.1 M) was slowly
added and then stirred overnight. The oxalate precursor was
isolated by centrifugation, washed with acetone and then dried in
air. The precursor was then calcined at various temperatures
(250 °C, 450 °C and 600 °C) in air, followed by refluxing in acetic

This journal is © The Royal Society of Chemistry 2011
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Fig. 9 Zngg3(Mnj4,7Zng34)O4 nanorods thermal

synthesized by
decomposition at 450 °C followed by refluxing in acetic acid medium; (a)
TEM and (b) HRTEM.

acid (0.1 M) medium at 120 °C for 6 h, yields the pure Zn-Mn-O
spinel.

Powder X-ray diffraction (PXRD) studies were carried out on
a Bruker D8 Advance diffractometer using Ni filtered Cu-Ka
radiation with a step size of 0.02° and a step time of 1 s. Raw data
were subjected to background correction and Ka, lines were
removed. PXRD data for Rietveld refinement was collected
using a step size of 0.02° and a step time of 8 s per step were used.
Structural refinement was carried out using the TOPAS soft-
ware?! in the space group Fd3m. The background was modeled
by a shifted Chebyschev polynomial and the peak profile was
simulated with a pseudo-Voigt function. The refinement involved
the cell parameter, scaling factor, positional parameters, the
isotropic thermal parameters for all atoms and the site occu-
pancy factors. EDX data of the sample was obtained using
a scanning electron microscope (Carl Zesis EVO 50 WDS elec-
tron microscope). The X-ray photoemission spectrum (XPS) was
recorded in a Perkin—Elmer instrument, using Al-Ka radiation
at 2 x 107 Torr base vacuum. Elemental analysis for Zn and Mn
were performed using atomic absorption studies (atomic
absorption spectrophotometer, analyst 100 Perkin-Elmer). TEM

Fig. 10 Zngg3(Mn 4,Zng34)O4 nanorods synthesized by thermal
decomposition at 600 °C followed by refluxing in acetic acid medium; (a)
TEM and (b) HRTEM.

studies were carried out using a Tecnai G? 20 electron microscope
operated at 200 kV. TEM specimens were prepared on Cu grids
by dispersing the oxide and oxalates in ethanol. Temperature and
field dependent magnetization measurements were carried out by
using a quantum design physical properties measurement system.
The magnetization was measured at temperatures ranging from
3 to 300 K, in an applied field of 0.1 Tesla.

Table 2 Details of the magnetic studies of the zinc manganese oxide

Magnetic
Details study (antiferromagnetic)
1. At 250 °C, Magnetic moment = 5.48 up/Mn

nanoparticles 5-10 nm)

2. 250 °C refluxed sample,
nanorod (aspect ratio = 6)

3. At 450 °C, nanoparticles
(10-20 nm)

4. 450 °C reflux sample,
nanorods (aspect ratio = 10)
5. 600 °C reflux sample,
nanorods (aspect ratio = 6-10)

Magnetic moment = 3.16 pg/Mn
Magnetic moment = 3.77 ug/Mn
Magnetic moment = 3.60 pg/Mn

Magnetic moment = 3.73 up/Mn
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Fig. 11 Plot of magnetic susceptibility with temperature of
Zng g3(Mn 4571 34)O4 obtained using co-precipitation route under
different conditions (an inset show the Xy vs. T in lower temperature
region).
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Fig. 12 Plot of magnetic susceptibility under different conditions at

60 K (sample: A: 250 °C, nanoparticle (5-10 nm); B: 250 °C, reflux
(nanorod, diameter 10 nm, length = 60 nm); C: 450 °C (nanoparticles, 15—
20 nm); D: 450 °C, reflux (nanorod, diameter = 15 nm, length = 150 nm);
E: 600 °C, reflux (nanorod, diameter = 50-60 nm, length = 300-500 nm).

Conclusions

Nanorods and nanoparticles of Zng g3(Mn; 4Zng 34)O4 contain-
ing only Mn(rv) have been successfully synthesized at low
temperature (250 °C) and ambient pressure. Our methodology
opens a new route for stabilizing higher oxidation states of
manganese in complex zinc-manganese oxides. Nanoparticles
and nanorods of variable dimensions have been synthesized at
low temperature via a precursor mediated route. Our study
developed a new single step process to transform nanospheres in
to nanorods at low temperature. The phase is antiferromagnetic
and the magnetic moment suggests the presence of only Mn(1v)
which is also confirmed by XPS studies. The nanorods of smaller
aspect ratio show higher magnetic moments/susceptibility

compared to the rods of higher dimensions and also from
nanosphere of any dimension.
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