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Synthesis of ““Stabilized Mn,_,Mg,0"” system
(0.001 < x<0.15) and its structural, thermal,
optical and magnetic studies

P. P. BAKARE, V. G. GUNJIKAR, C. E. DESHPANDE, S. K. DATE
Physical Chemistry Division, National Chemical Laboratory, Pune 411008, India

A novel method of preparation, involving careful formation of a stoichiometric solid solution of
stabilized Mn, _ ,Mg,O system for eight different concentrations of x (0.001 < x < 0.15) is
described. A variety of physicochemical techniques such as X-ray diffraction, DTA-TGA, re-
flectance spectra, magnetic susceptibility and XPS data are used to determine structure—
property correlations in the solid solutions, which are (i) X-ray diffraction studies reveal the
linear decrease of cubic lattice parameter with increasing x, (ii) DTA-TG-DTG studies which
confirm the formation of solid solution and the stability of these solid solutions in air which
increases from 515 to 565 K with x, (iii) the diffused reflectance spectra shows nearly perfect

octahedral symmetry around Mn?*

ions, (iv) magnetic susceptibility data indicates the usual

dilution effects of diamagnetic ions in antiferromagnetic host lattice, (v) XPS studies reveal
the presence of mixed phase of Mn,0;,-MgO on the surface which protects the bulk MnO
from its further oxidation to higher oxides of manganese. This shows the important role of
Mg2* in the chemical passivation of manganous oxide.

1. Introduction

Mn, ;O is a well known member of the family of
typical metal deficient monoxides of the 3d transition
metal series which exhibits sodium chloride (B1) struc-
ture [1]. In an ideal stoichiometric composition, the
cation has a bivalent oxidation state, this is seldom
true. In other words, some extent of non-stoichio-
metry is always present due to metal deficiency,
wherein 3 = 0.001 to 0.15, and clustering of charge
compensating defects [2]. Extensive investigations
have been focused on the following.

(i) The crystallographic structure below and above
its Neel temperature [3]:

(i) Thermochemical effects and non-stoichiometry
[4].

(i) Defect structure [5] and related possible cluster
models [6]. Per Kofstad [S] has reported that
Mn, _; O has properties similar to Wustite, Fe, _,O
and hence concluded that important cation defects are
defect structures.

(iv) Electronic structure of stoichiometric as well as
non-stoichiometric form [7-97.

(v) Spin—giass transitions [10, 11] around 40 K.

{vi) Its usefulness in the catalytic reactions [12, 13]
of immense technological importance.

Manganous oxide is highly unstable even at room
temperature in air. When it is exposed to air, even at
normal conditions, it oxidizes further to black
Mn,0,/MnO, and therefore difficult to handle for
carrying out any solid state reactions. To overcome
these difficulties, we have developed a superior chem-
ical synthesis route to make stable manganous oxide
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by incorporating bivalent diamagnetic ions in the
lattice. This variety of Mn, _ Mg, O mixed oxide sys-
tem is found to be stable in air up to 515 to 565 K and
is easy to handle at room temperature. In a previous
series of papers we reported extensive studies on
synthesis and physicochemical characterization of
Mn, _.Zn, O system [14, 15] and its use in the pre-
paration of Mn-Zn ferrites with high performance
parameters [16-18].

As a continuation of the chemical passivation work
on 3d transition metal monoxides [17, 18], we report
in this paper (i) synthesis of eight different concentra-
tions of Mn, _,Mg,O (0.001 < x < 0.15) solid solu-
tions, (i) the stabilization and chemical passivation
of unstable manganous oxide using Mg?* ions and
(iii) physico-chemical characterization in relation
te their structural, thermal, optical and magnetic
properties.

2. Experimental procedure

Eight different concentrations of Mn,_ Mg O
(0.001 < x < 0.150) solid solutions were prepared by
mixing homogencously appropriate quantities of AR
grade manganous and magnesium oxalates (prepared
in the laboratory from AR grade chemicals and micro-
analysed), decomposing the mixture in a slow current
of oxygen-free nitrogen around 1023 K for 4h in a
thoroughly tested silica-glass unit [15] capable of
withstanding static vacuum (10"2 mm of Hg). The
slow current of oxygen-free nitrogen is found neces-
sary to take away the evolved gases such as CO, CO,
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TABLE I Cubic lattice parameter a and thermal stability of Mn, - Mg, O: DTA, TG, DTG study.

Magnesium Cubic lattice Thermally stable Maximum oxygen uptake (%)

concentration x in parameter in air up to

Mn,_, Mg, O a+ 0.0003 nm +5K MnO — Mn, O, MnO - Mn,0; - Mn;0,
up to 1130K  from TG up to 1230 K from TG
calculated calculated

0.001 0.4450 515 11.271 10.80 7.514 6.75

0.005 0.4430 545 11.245 10.80 7.497 6.85

0.010 0.4449 560 11.213 10.76 7475 7.96

0.050 0.4439 565 10.950 10.70 7.300 8.23

0.100 0.4430 565 10.608 9.40 7072 8.00

0.120 0.4426 565 10.466 9.30 6.978 8.10

0.130 0.4423 565 10.395 9.25 6.930 8.30

0.150 0.4419 565 10.249 9.15 6.833 835

and moisture formed during the decomposition of
oxalates. Extra care is taken to remove the trace
amounts of moisture and adsorbed gases. After the
decomposition of oxalates is completed, the unit is
tested for standing static vacuum. The furnace is
switched off and the products are allowed to cool in
static vacuum over about 12 h to room temperature.
The resulting polycrystalline Mn, Mg, O solid
solutions were found to remain unchanged in colour.
There is no indication of oxygen chemisorption lead-
ing to the immediate change in colour (from olive
green to black). On the other hand, pure manganous
oxide (olive green) reacts with oxygen at room temper-
ature to form its higher oxides (black) by spontaneous
exothermic reaction [19].

3. Physicochemical characterization

The polycrystalline solid solutions of Mn, Mg, O
(0.001 < x < 0.15) are characterized using a variety of
analytical techniques.

Standard gravimetric methods of chemical analysis
[20] are followed to determine the concentration of
manganese and magnesium in Mn,_, Mg, O system.
Powder X-ray diffractograms for all solid solutions
have been recorded using Philips 1730 X-ray dif-
fractometer at room temperature. The cubic lattice
parameter a is determined from the observed d values
and the corresponding intensities. DTA-TG-DTG
studies are carried out using MOM Derivatograph
analyser (type 00-102) and Netzsch (STA 409) thermal
analyser between room temperature to 1523 K in air
and oxygen-free nitrogen atmosphere. Diffused re-
flectance spectra have been recorded on Pye Unicam
SP8-300 UV-VIS spectrometer at room temperature.
Magnetic susceptibility measurements are carried out
using Cahn-electrobalance with liquid nitrogen
cryostat assembly in the temperature range of 80 to
300 K, calibrated with HgCo(SCN),. X-ray photo-
electron spectra are recorded on the calibrated VG
Scientific ESCA-3 MK-II spectrometer with Al Ka
radiation.

4. Results and discussions
Following well established protocols [20], accurate
wet—gravimetric analyses have been performed to

establish purity, homogeneity and stoichiometry of
solid solutions. After establishing their identities, these
polycrystalline materials have been subjected to meas-
urements of their properties using different techniques.
Powder X-ray diffractograms of alil solid solutions of
Mn, _,Mg, O (0.001 < x < 0.150) have a character-
istic pattern of single-phase rock-salt type crystal
structure. Cubic lattice parameters of these solid solu-
tions are derived from the careful and intensity wise
analysis of X-ray diffractograms and presented in
Table I. Fig. 1 shows the linear variation of cubic
lattice parameter a with magnesium concentration (x)
obeying Vegard’s law [21]. The lattice parameter de-
creases linearly with increasing x. This variation can
be clearly understood in terms of the substitutional
occupancy of Mn?* ions (ionic radius = 0.080 nm) by
Mg?* ions (ionic radius = 0.065 nm) in the lattice.
Similar decreases have been earlier reported by
Golikov et al. [22], Koltashkino et al. [23], Cheetham
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TABLE II (a) DTA, TG, DTG studies of Manganous oxalate.

(b} DTA, TG, DTG studies of the formation of Mn, _ Mg, O (x = 0.001)-system.

Atmosphere: Reaction Temperature Loss in Product
(XK) weight (%)
(a-1) Oxygen-free Endothermic 411 19.57 Anhydrous oxalate
nitrogen Endothermic 687 59.43 Manganous oxide
(a-ii) air Endothermic 431 19.98 Anhydrous oxalate
Exothermic 572 55.77 Mn, 0,
Endothermic 1200 57.26 Mn;0,
(b) Oxygen-free Endothermic 413 19.18 Anhydrous manganous oxalate
nitrogen Endothermic 488 0.40 Anhydrous magnesium oxalate
Endothermic 687 59.54 Manganous oxide
771 0.14 Magnesium oxide

and Hope et al. [24], in (Mn, _ . Ni, O) by Bakare et al.
[25].

Thermal analysis of (i) manganous oxalate and
(i) magnesium oxalate has been reviewed by Duval
[26] as follows.

(i) TG study indicates manganous oxalate,
(MnC, 0, 2H,0) being stable up to 327 K. Tt loses
(two moles of } water of crystallization in the temper-
ature range of 327 to 373 K. The anhydrous mangan-
ous oxalate remains stable up to 487 K which on
further heating forms MnO around 553 K by losing
CO and CO,. MnO is found to be stable but later
gains progressively in weight and is converted to
Mn,0; from 940 K.

(i) TG study of magnesium oxalate (MgC,0,*
2H,0) also indicated it to be stable up to 453 K. By
losing two water molecules it forms an anhydrous salt
in the temperature range of 453 to 523 K and remains
stable from 523 to 673 K. On further heating it loses
CO and CO, and forms MgO at 773 K. Both these
oxalates do not form any carbonates during their
thermal decomposition.

To confirm the formation of MnO and study of
the possibility of its oxidation to higher oxides,
DTA-TG-DTG study is carried out in slow current of
(a-1) oxygen-free nitrogen and (a-ii) air in the temper-
ature range of room temperature to 1523 K. The
DTA-TG-DTG study of (a-i) showed that it disso-
ciates by following two steps (Table II). At the first
step, it loses two water molecules (wt loss = 19.57%)
at 411 K and forms anhydrous oxalate. At the second
step, it dissociates to manganous oxide at 687 K (wt
loss = 59.43%). Both the steps are indicated by endo-
thermic DTA peaks. The manganous oxide remains
stable even upon further heating up to 1523 K as
indicated by DTA-DTG-TG curves. On cooling to
room temperature, the end product gets spontan-
eously oxidized to its higher oxides (black) in air. The
results of this study agree well with those reported by
Duval [26] except the progressive formation of
Mn, O, as seen in (a-i) above. The DTA-DTG-TG
study carried out in (a-ii) air indicated that decom-
position of oxalates in three steps (Table II). At the
first step, it loses endothermally (DTA peak) two
water molecules at 431 K (19.98% wt loss). At the
second step, it further decomposes exothermally (DTA
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peak) and forms Mn,O; at 572 K (55.77% wt loss)
and in the third step, it is endothermally converted to
Mn;0, at 1200 K (57.26% wt loss). This indicates
that even though MnO formation may have taken
place, it is immediately oxidized to Mn,O;. It is now
clear that for the formation of MnO from manganous
oxalate, the decomposition has to be carried out in
oxygen-free nitrogen. Next step is the study of forma-
tion of Mn, . Mg, O solid solution in oxygen-free
nitrogen using manganese and magnesium oxalates by
thermal analysis.

The DTA-TG-DTG study (b) of dissociation of
oxalates of manganese and magnesium, mixed in
appropriate proportions for Mn, _,Mg_O solid solu-
tion with x = 0.001, is carried out in oxygen-free ni-
trogen. Fig. 2 shows four distinct endothermic DTA
and DTG peaks around 413, 488, 687 and 771 K
corresponding to loss of two water molecules of
manganous oxalate, magnesium oxalate and dissoci-
ation of respective unhydrous oxalates to MnO and
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Figure 2 Thermogram of mixture of manganese and mag-
nesium oxalates to study the formation of Mn, Mg, O
(x = 0.001) system.
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Figure 3 Thermogram of Mn, - Mg O (x = 0.001) system.

MgO, respectively (Table II). MgO thus formed dif-
fuses into MnO lattice and forms Mn, _ Mg, O solid
solution. To study (c¢) the thermal stability of the solid
solutions and its dependence on magnesium concen-
tration x in the system (0.001 < x < 0.15),
DTA-TG-DTG curves are simultaneously recorded
in the temperature range 295 to 1523 K in air. Fig. 3
shows the typical thermogram for the solid solution
with lowest concentration of magnesium (x = 0.001).
DTA curves shows three marked changes occurring in
three temperature ranges (ij 295 to 515K, (i)
515-1130 K and (iii) 1130-1250 K. TG and DTG do
not indicate any change or gain in weight to note the
occurrence of any reaction. This behaviour can now
be understood in terms of absence of any oxygen
uptake. In contrast, it is well known that pure
MnO/Mn, ;O system takes up oxygen spontan-
eously when exposed to air at room temperature [19].
It is clear that the Mn, _, Mg O (x = 0.001) system is
chemically passivated and does not, therefore, pick up
oxygen up to 515 K. In the temperature range I1, the
DTA curve shows a broad peak indicating a slow
exothermic combustion type reaction; the TG curve
indicates a continuous gain in weight of 10.8% up to
1130 K. This continuous gain is solely due to the
uptake of oxygen and can be represented by the
following thermochemical reaction ‘

515K 1130 K
stable

air air

MnO

Mn, O, (1)

The calculated gain in wt % for the slow oxidation
reaction of Mn, Mg, O system (x = 0.001) is
11.271% whereas the TG data shows it to be 10.8% in
the temperature range I and remains constant. The
observed lower oxygen uptake percentage in this case
is due to the initial zero uptake of oxygen up to 515K

for x = 0.001. In other words, x = 0.001 system is
thermally stable in air up to 515 K. In the temperature
range III, DTA curve shows a sharp endothermic peak
at T~ 1230K which is accompanied by a loss in
weight of 4.05% with a sharp DTG peak. The thermo-
chemical reaction can be represented as

1230 K
6Mn,0; ——— 4Mn,O, + O, )

The calculated loss in wt % on the basis of this reac-
tion is 3.757% for x = 0.001 system. Considering both
the reactions 1 and 2 together, total gain in weight is
6.75% observed for x = 0.001 whereas the calculated
gain in weight is 7.514%. This indicates that
Mn, _, Mg, O system (x = 0.001) takes up less oxygen
or in other words is more stable in air than the pure
MnO/Mn, _; O system. Similar behaviour is observed
for other solid solutions with varying x. Table I gives
the temperature at which oxygen uptake starts (indic-
ating thermal stability in air) and comparative data of
oxygen uptake, calculated and experimentally ob-
served, for all the solid solutions. Table I also indicates
that (i) highly unstable manganous oxide is stabilized
even with such a low concentration of Mg?* such as
x = 0.001, (ii) the temperature at which oxygen uptake
starts increases from 515 to 565 K with increasing
concentration of magnesium.

4.1. Diffused reflectance spectroscopy

The diffused reflectance spectra of the solid solutions
with x = 0.01, 0.05, 0.10 and 0.15 in Mn,_,Mg, O
system are recorded at room temperature in the range
380 to 760 nm (Fig. 4). In all the spectra, there are
three distinct absorption peaks around 610 nm
(16395cm™'), 480 nm (20835cm™') and 420 nm
(23810 cm™1). These observed peaks are assigned to
6A, = 4T, ®A, > *T, and °A, — 4, transitions of
®S5,, ground state of Mn?* ions on the basis of
Tanabe-Sugano formalism [27]. These results
(Table IIT) agree well with the earlier reported optical
studies on single crystals of MnO by Pratt et al. [3],
on Mn,;_,7Zn O system (x = 0.001 to 0.100) by
Deshpande and Date [28] and also on Mn,_ Fe O
system by Goodwin et al. [29]. It is thus possible to

Absorption (arb. units)

1 i I
400 500 600 700
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Figure 4 Reflectance spectra of Mn,_, Mg, O. (—— x = 001.
-—— x=005———x=010, ------ x = 0.15).
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TABLE III Optical absorption spectra of stabilized MnO stabil-
ized with traces of MgO (concentration MgO x = 0.01, 0.05, 0.10,
0.15)

Frequency (cm™*)
Deshpande et al.l®

Frequency  Frequency Assignments of
present work Pratt and the transitions
Coelho!*¥  from the ground

state 6,,
23810 23810 4,,,4¢ 23810
20835 20835 4., 20835
16395 16395 4q, 16395

see that Mn?"* ions in the Mn, _,Mg,O system are
present in near perfect octahedral symmetry. Presence
of any appreciable change in the local orders and
electronic structure of Mn2* ions in the surrounding
octahedra is ruled out as hardly any shift in the
absorption peaks with increasing x is observed.

4.2. Magnetic susceptibility measurements

Magnetic susceptibility measurements of Mn, _ Mg O
(0.001 < x < 0.15 have been carried out in the
temperature range 77 to 300 K. The magnetic suscep-
tibility of the sample is normalized for one gram atom
of manganese and the plots of 1/y against T are given
in Fig. 5 for various compositions. A broad minimum
is seen in the plots at a temperature 7,y (Minimum
1/y,. value) which is associated with the antiferromag-
netic ordering temperature, 7. The Weiss temper-
ature, 0, is obtained by extrapolating the paramagne-
tic linear region of the 1/y against T plot to give an
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Figure 5 1/y against T plots of Mn, Mg, O. (a x =0.001,b x =
0.005, ¢ x = 0.01, d x = 0.05, ¢ x = 0.10, f x = 0.12).
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TABLE IV X-ray parameters and magnetic properties of
Mn, _,M_,O compounds (M = Mg?*).

x in a (nm) Herr 9 Tyin
Mn,_,Mg O (£0.0003) (BM) K) K)
0.001 0.4450 5.82 573 120
0.005 0.4450 572 547 119
0.010 0:4449 573 568 118
0.050 0.4439 5.44 460 116
0.100 0.4430 5.44 440 114
0.120 0.4426 5.47 435 110
0.150 0.4419 5.45 445 100

intercept on the temperature axis. In each case, the
value of g is calculated from the slope of the curve
above 200 K using least squares fit. The computed
values of . are given in the Table IV. The observed
values of Ty for x = 0.001 is nearly identical with the
antiferromagnetic transition temperature of pure
MnO, Ty ~ 120 K [8, 9], indicating no change in the
bulk magnetic properties arising due to long range
ordering and exchange interactions. As the concentra-
tion of magnesium ions increases, the computed p
value decreases from 5.82 to 5.45 BM and the sharp-
ness of the inflection point decreases causing broaden-
ing of the minima (Fig. 4). In addition, Ty shifts to
lower temperature from 120 to 100 K. The substitu-
tion of paramagnetic Mn2* ions by diamagnetic
Mg2* ions affects the cooperative nature and the
resulting exchange interactions amongst the magnetic
ions. This is the usual dilution effect due to dia-
magnetic ions (wherein magnetic structure is broken
into clusters with short range interactions). Similar
dilution = effects have been reported in the
Mn, _,Zn, O system [30].

Arkhipov [31] has reported the magnetic suscep-
tibility of Mn, Mg, _,O system rich in magnesium,
0.027 < x £ 030 in the temperature range 80 to
800 K. It is also seen to obey Curie—Weiss law and
magnetic moments are consistent with those expected
from °Ss,, ground state of Mn®™ jons.

4.3. X-ray photoelectron spectroscopy
(XPS)

Recently, Deshpande et al. [32] have reported
thermogravimetric and XPS studies on stabilized
Mn, _.Zn, O (x = 0.001). They have proposed that
MnO is stabilized with the small concentration of
Zn** jons present on the surface in the form
Mn, O;-ZnO mixed phase. To understand the pas-
sivation process and to establish the presence of a
similar mixed phase on the surface of Mn, _ Mg, O
system, XPS studies have been carried out at room
temperature and high temperature, T ~ 573 K.

As stated earlier, X-ray photoelectron spectra of
samples with x = 0.001, 0.01 are recorded using an
Al Ko radiation source (1486.6 ¢V). Initially, full-
general scans (1000 eV) are recorded to check all
appropriate peaks corresponding to the expected
chemical composition on the surface. Fig. 6 shows
high resolution XPS scans recorded over a narrower
energy scale (100 eV) for the samples with x = 0.001



TABLE V XPS data on Mn, _,Mg,O system with x = 0.001 and 0.01 (before and after heating at 573 K for 2 h in air)

X Binding energy (BE) eV + 0.2eV

(in Mn,_Mg,0) g enerey {
Magnesium Manganese Oxygen, O™~
I ZS1/2 ’p ’s AE’s p3sa Zpuz AE?p 's

0.001 1304 88.4 49.5 83.8 5.6 641.3 653.1 11.8 529.9

0.001 1303 88.6 494 84.2 4.8 642.2 653.8 11.6 530.1

after heating at

573 K for 2 h in air.

0.01 1304 88.4 48.80 83.8 5.8 641.5 653.5 12.0 529.8

0.01 1304 88.5 49.40 84.0 54 642.6 654.2 11.6 530.0

after heating at
573K for 2 h in air

and 0.01, before and after the heating. High resolution
scans were recorded for magnesium (1s, 2s), mangan-
ese (2s, 2p, 3s, 2p, 3d) and oxygen (1s, 2s, 2p) levels.
Table V presents the XPS data, (before and after
heating the samples in air) of characteristic peaks
usually employed in assigning the oxidation states in
transition metal oxides. From characteristic BE values
(2paj2. 2P1/2,> 38) of Mn*” in Mn, O, [4, 32-37], the
observed peaks are assigned to Mn** species present
on the surface. At the same time, Mg?* ions are also
observed on the surface with high concentrations. The
presence of Mg?* and Mn** species on the surface
indicates a possible formation of a mixed
MgO-Mn, O, phase. On heating the samples in air
around 573 K ie. temperature greater than the stabil-
ization temperature recorded from DTA-TG-DTG
studies, characteristic shifts in Mn(3s) levels are clearly
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Figure 6 XPS of Mn, _,Mg,O.

observed. By comparing with the reported data
[4, 35-37] of shifts in Mn-O system, these peaks are
assigned to Mn** species on the surface. At the same
time, Mg?* (Is) peak is found to be very weak in
intensity, implying the migration and/or diffusion of
these species from the surface. Thus it is possible now
to understand the stabilization process in terms of
chemical passivation of the bulk MnO.

Highly active sites (surface) are preferentially occu-
pied by Mg?* ions, which together with Mn** ions
form a mixed phase MgO—Mn, O;. This surface phase
prevents the subsequent oxidation of bulk MnO.
Thermal treatment in air accelerates the migration/
diffusion of Mg?* ions, which in turn, reactivate
the occupied active sites resulting in further oxidation
of bulk MnQO. These results are very similar to those
reported earlier by Deshpande and Date [28] for
Mn, .. 7Zn, O system.

5. Conclusion

In summary, we have shown that stabilized solid
solutions Mn, _, Mg, O (0.001 < x < 0.15) system can
be successfully prepared. X-ray diffraction studies re-
veal the formation of single cubic phase and linear
decrease of the lattice parameter with increasing x
(manganese concentration). DTA-TG-DTG studies
clearly indicate the formation of solid solution and
confirm their stability in air which increases from 515
to 565 K with increasing x. The diffused reflectance
spectra clearly show the forbidden d-d transitions
arising from the presence of Mn?* ions in nearly
perfect octahedral symmetry. Analysis of the magnetic
susceptibility data of Mn; _, Mg, O system show the
usual dilution effects in antiferromagnetically ordered
system. The presence of Mn, O;—MgO (mixed phase
on the surface of Mn,_ Mg, O) system prevents the
subsequent oxidation of bulk MnO, as shown by XPS
data. Stabilized Mn, _ Mg, O, with all these interest-
ing properties, has been found useful in making high
performance square-loop manganese and magnesium
ferrites [38].
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