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Abstract The thermolysis of the ill-known y-MnC,0y-
2H,0 is investigated applying DTA, TG, DSC, FT-IR,
SEM, BET and Rietveld XRD phase analyses for thorough
characterization of the starting compound and its calcined
products. The dehydration proceeds in one step with
AH = 149 kJ mol ™" (reported for the first time). Primary
decomposition product is Mn3Oy4 ([Mn2+Mn23+]O4) with
high specific surface area. During its formation, the
oxidation of Mn>" species to Mn*" starts, followed by
oxidation of Mn*"—-Mn**, thus leading to formation of
metastable MnsOg ([Mn,>"Mn;**]0g) and Mn,O5. Before
complete precursor decomposition under non-isothermal
conditions, the reduction of Mn*"—Mn>*" occurs, forming
an additional amount of Mn30,. After isothermal annealing
of y-MnC,04-2H,0 in the range of 573-823 K, Mn;0y, is
detected as a major product in all samples. MnsOg is
identified after calcination at 573, 673, 723 K, and its
amount decreases gradually in this order. Cubic Mn,03
appears after heat treatment at 673 K; its content varies
between 13 and 23 % in the range of 673-773 K and be-
comes close to that of Mn;0,4 at 823 K. The application of
the same experimental conditions as in the investigation of
o-MnC,04-2H,0 and MnC,04-3H,0 allows an objective
comparison of the nature and the peculiarities of the
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Introduction

The thermal decomposition of 3d-transition metal oxalates
has been subject of many investigations during the last
decade due to their wide application as precursors for
nanosized oxide materials [1-19]. A special attention is
paid to the manganese oxides, which have a wide range of
technological application with respect to their magnetic,
electric and catalytic properties. Sparingly soluble man-
ganese oxalate is an appropriate precursor for their prepa-
ration which explains the growing interest to the utilization
and investigation of its thermolysis [1-11, 17-19]. Dif-
ferent in morphology, structure and oxidation state man-
ganese oxides have been obtained by varying the
preparation method, nature of solvents and/or using dif-
ferent surfactants at oxalate synthesis, changing the atmo-
sphere, temperature and duration of heat treatment
[1-9, 11, 17, 18]. Surprisingly, a little attention has been
paid to the influence of the initial crystal structure of
manganese(Il) oxalate on the physicochemical character-
istics of the oxides produced.

In the system containing Mn*"-C,0,>"-H,0, three
crystal forms of the oxalate could be obtained—monoclinic
a-MnC,04-2H,0 (SG C2/c) [20], orthorhombic y-MnC,
04-2H,0 (SG P2,242;) [21] and orthorhombic MnC,0;,-
3H,0 (SG Pcca) [22]. The difference in their structure is
well described in Refs. [22, 23]. The procedures for
preparation of a pure phase of the corresponding
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crystallohydrate from aqueous solutions are recommended
in 1977 by Huizing [24]. The conclusion is made that the
type of crystal form depends on the temperature and pH of
the initial system, but at room temperature always the tri-
hydrate is precipitated. However, we established that the
nucleation mechanism is also a factor which determines the
type of obtained crystallohydrate form [25], and we suc-
cessfully synthesized pure phases of a-MnC,04-2H,0 and
MnC,04-3H,0 from aqueous medium at pH = 3 and room
temperature, by changing the concentration of initial solu-
tions [18]. Up to our publication, however, the possibility of
precipitation of crystal phase other than o-MnC,0,4-2H,0
was neglected for almost 30 years. Therefore, while the
mechanism and products of thermal decomposition of the
monoclinic dihydrate in air have been extensively studied by
various methods [2, 3, 7, 11, 17, 26-35], the literature data
for the other two forms are quite scarce. To the best of our
knowledge, apart from our studies [18, 19], there are only a
few papers about MnC,04-:3H,O [5, 9, 36, 37] and 7-
MnC,04-2H,0 [11] and they are not always aimed on the
investigation of their decomposition mechanism.

It is expected that the differences in the crystal structure
of O(-MHC204'2H20, MHC204'3H20 and 'Y-MHC204'2H20
will affect the processes during decomposition, nature and
physicochemical characteristics of the produced oxides.
Our previous investigations by in situ magnetic measure-
ments during thermolysis of o-MnC,04-2H,0, MnC,QOy4-
3H,0 [18] and y-MnC,04-2H,0 [19] proved that at the
beginning of the process Mn(Il) oxidation proceeds to a
different extent. In Ref. [18], the non-isothermal and
isothermal thermolysis of monoclinic o-MnC,0,4-2H,0
and orthorhombic MnC,0,4-3H,0 was compared and dif-
ferences were discussed. The isothermal experiments were
conducted at several temperatures in the range of
573-723 K. Later, Jia et al. [11] compare o-MnC,04-2H,0
and y-MnC,04-2H,0. The former is precipitated from
aqueous solution and the latter from ethanolic solution. The
authors establish that both kinetic parameters of thermal
decomposition and the nature of the produced oxides
(573 K, calcination for 5 h) depend on the used polymor-
phous form. The decomposition mechanism of y-MnC,
04-2H,0, however, is not discussed in detail.

The scarce literature data for y-MnC,04-2H,0 [11, 19]
and absence of results, allowing objective comparison of
the behavior of different manganese oxalate crystal forms
under non-isothermal and isothermal conditions, provoked
our interest. The aims of the present study are as follows:
(1) to synthesize y-MnC,0,4:2H,0O by deliberate modifi-
cation of the recommended synthesis procedure [24]; (2) to
investigate in detail the decomposition mechanism of this
ill-known form of manganese oxalate; (3) to study the
nature and the physicochemical characteristics of the ox-
ides, produced at different temperatures; and (4) to
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compare the results with those for the other two forms—aor-
MHC204'2H20 and MHC204'3H20.

To achieve the objectives of the work, a variety of ex-
perimental techniques were applied, as described in the
experimental part. The thermal analysis and annealing of y-
MnC,0,4-2H,0 were conducted under the same conditions
(equipments, starting sample mass, heating rates, tem-
peratures and duration time) as in investigation of the other
two crystal forms in order to ensure comparability and to
check the influence of the initial crystal structure on both
the decomposition mechanism of manganese(Il) oxalate
and the nature of the obtained oxides. Besides the purely
scientific interest, the results will be useful from practical
point of view because of unexplored possibility y-MnC,
04-2H,0 to be applied as precursor for manganese oxides
production, as well as for deliberate choice of the initial
crystallohydrate form depending on the intended objective.

Experimental
Synthesis of y-MnC,0,4-2H,0 and oxide products

For preparation of the orthorhombic y-MnC,0,4-2H,0, water
solutions of Mn(NOj3), and (NH4),C,0, were poured si-
multaneously into the reaction vessel on stirring at room
temperature. The mole ratio of Mn** to C,0,>~ was equal
to 1.45 [24]. The acidity of starting solutions was adjusted in
such a way that after mixing pH 4.0 & 0.1 is achieved. After
15 min, the formed pinkish suspension was transferred to a
flask and then was kept at 60 °C for 8 h. The warm sus-
pension was filtered and washed several times with distilled
water, and the product was dried in desiccator.

Although the initial reagents and mole ratio are the same
as in the original synthesis procedure of Huizing [24], the
temperature is lower by 20 °C, and the heating duration is
much shorter than that recommended by him (at least
15 h). This is due to the difference in the degree of su-
persaturation created in the reaction mixture. The slow
dropwise adding of Mn?* solution to C20427, used in [24],
creates an indefinite and gradually growing supersaturation
during the oxalate nucleation and crystal growth. However,
our experience [25] shows that the low degree of super-
saturation leads to the formation of MnC,04-3H,0, which
in turn transforms via o-MnC,04-2H,0 into y-MnC,QOy-
2H,0 on heating or after prolonged aging in the super-
natant liquor. Therefore, we consciously chose the simul-
taneously rapid mixing of the reagents, which ensures a
high, well-defined supersaturation from the beginning of
the crystallization and direct formation of a big portion of
o-MnC,04-2H,0 even at room temperature.

Five samples from the prepared y-MnC,0,4-2H,0 were
annealed for 1 h in air at 573, 673, 723, 773 and 823 K.
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The products obtained were then tempered in a desiccator
and weighed out. They are denoted in the text as G-573,
G-673, G-723, G-773 and G-823, where the number cor-
responds to the annealing temperature.

Methods

Non-isothermal analysis of orthorhombic y-MnC,0,4-2H,0
was performed on a Paulik-Erdey MOM OD-102 deriva-
tograph, model Q 1500 D (Hungary). Differential thermal
analysis (DTA), thermogravimetry (TG) and derivative
thermogravimetry (DTG) were done in a static air atmo-
sphere with sample mass of 0.200 g at a heating rate of
10 °C min~" in the temperature range of 298-1273 K,
using a standard corundum crucible. The reference sample
was pure o-Al,Os. Differential scanning calorimetry (DSC)
was carried out in a dynamic air atmosphere on Perk-
inElmer, model DSC 7 (USA) at a heating rate of
10 °C min~" with background correction.

X-ray powder diffraction (XRD) patterns of the pre-
cursor and annealed samples were recorded in the angle
interval 35°-115° (26), on a Philips PW 1050 diffrac-
tometer, equipped with Cu Ko tube and scintillation de-
tector. Data for cell refinements and quantitative analysis
were collected in 0-20, step-scan mode in the angle in-
terval from 10 to 80° (20), at steps of 0.03° (260) and
counting time of 3 s step '. Quantitative analysis, unite
cell refinement and estimation of crystallite size were
carried out by BRASS—Bremen Rietveld Analysis and
Structure Suite [38]. Le Bail whole pattern fitting [39] of
v-MnC,04-2H,0 was carried on in the framework of the
same program and repeated in X’Pert HighScore Plus
developed by PANalytical. Fourier transform infrared
(FTIR) spectra of the oxide products were recorded on
Shimadzu IR Prestige-21/FTIR-8000 spectrometer (Japan)
in the range of 4000-400 cm™' in Nujol mull. Back-
ground correction was made using a Nujol as reference.
The morphological characterization of the initial vy-
MnC,04-2H,0 and calcined samples was performed by
scanning electron microscope (SEM) observation using a
JEOL JSM-5510 (Japan). The determination of the specific
surface area (Sggr) was done by nitrogen adsorption using
an apparatus “Surface area & micropore size analyzer”
NOVA 1200e (Quantachrome Instruments, USA).

Results and discussion
Characterization of y-MnC,04-2H,0

The XRD pattern of the obtained y-MnC,0,42H,0 is
presented in Fig. 1. The strongest reflections of
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Fig. 1 X-ray diffraction pattern of y-MnC,0,4-2H,0

MnC,04-3H,0 (13.323°) and o-MnC,0,4-2H,0 (18.430°)
are not observed. In addition, the performed Le Bail whole
pattern fitting analysis shows a full coincidence with a
reference sample (96426-ICSD) (Online Resource 1). Ex-
perimentally determined crystal lattice parameters are:
a = 6.2561(4), b = 13.569(2) and ¢ = 6.0957(8) A. The
high intensities and small FWHM of the diffraction peaks
indicate the good crystallinity of the sample.

This statement is confirmed by the low specific surface
area (2.4 m* g~') and scanning electron images (Fig. 2).
Tetragonal prisms are observed, in some cases with pyra-
midal termination. The shape is very different from both
the smooth needle-like crystals of MnC,0,4-3H,0 and rose-
like agglomerates of monoclinic o-MnC,04-2H,0, pre-
pared also from water solutions. The SEM observation
suggests that the crystal growth of y-MnC,04-2H,0 rods
proceeds layer by layer. Such a mechanism could not be
detected at previous synthesis procedure used by us, where
v-MnC,0,4-2H,0 was obtained via slow phase transfor-
mation of MnC,0,4-3H,0 at room temperature [19].

Non-isothermal investigation of y-MnC,0,4-2H,0
thermolysis

The DTA, TG and DTG profiles are displayed in Fig. 3.
The regions from I to V, marked on the TG curve, corre-
spond to the processes of dehydration (I), decomposition
(II) and post-decomposition (III-V) phenomena.

In order to give a plausible interpretation of DTA, TG
and DTG curves of y-MnC,04-2H,0 thermal decomposi-
tion, it should take into account not only the expected
changes in the mass and sign of the reaction enthalpy for
the various redox reactions (some of them are given in
[29, 40] and others can be calculated) but also: (1) the
oxidation—reduction behavior of Mn;0,4, MnsOg, Mn,0j5 as
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Fig. 2 SEM micrographs of y-
MnC,04-2H,0: a general view
of the prismatic crystals;
b pyramidal termination
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Fig. 3 DTA, TG and DTG profiles of y-MnC,0,4-2H,0 at a heating
rate of 10 °C min~!

a function of the temperature and heating time, well de-
scribed in Refs. [29, 40—44] and (2) the established de-
pendence of the oxidation-reduction behavior of Mn;O4
(primary decomposition product) on the specific surface
area, particle size of the samples and experimental condi-
tions [41-43]; these factors influence significantly the
transition temperatures, type of the intermediate oxides and
final products.

Dehydration (region I) takes place in a range of
392-459 K, according to the DTG curve, which shows
more clearly the changes occurring with the specimen. The
water liberation proceeds in one step with peak maximum
at 430 K. The dehydration of a-MnC,0,4-2H,0 proceeds in
the same way (peak at 448 K), while for MnC,0,4-3H,0
three steps are observed (peaks at 393, 418 and 463 K)
[18]. The experimental mass loss (ML) at the end of the
steep slope of TG curve is 19 % and slowly increases to
19.4 % before to start the anhydrous oxalate decomposi-
tion. This is in a good agreement with the theoretical value
(MLy,) of 20 %.

The heat of dehydration was measured, and DSC curve
is presented on the Fig. 4. For the studied orthorhombic y-
MnC,04-2H,0, the determined enthalpy is 149 kJ mol ™!,
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Fig. 4 DSC curve of y-MnC,0,4-2H,0

which is higher than that of monoclinic a-MnC,0,4-2H,0
(97 kJ mol™") and orthorhombic MnC,0,-3H,O (59, 45
and 16 kJ mol™"). This result is in accordance with the
deeper DTA dehydration peak of y-MnC,04-2H,0 (Fig. 3)
compared with that of a-MnC,04-2H,0 [18] and is evi-
dence for the existence of stronger bonds in the structure of
v-MnC,04-2H,0. The same conclusion was drawn by
Mansilla et al. [23] based on the comparison of vibration
frequencies in IR spectra of the three crystal forms of the
manganese oxalate.

According to the DTG curve (Fig. 3), the anhydrous
oxalate is thermally stable within the range of 459-509 K.
Decomposition starts with slowly decreasing mass in the
beginning. Thereafter, an abrupt decrease in mass
(ML = 56.6 %) is observed in region II on TG curve. The
oxidative decomposition results in a broad asymmetric exo-
peak with maximum at the beginning of the process
(593 K). However, the corresponding DTG shows two well-
defined peaks with maxima at 565 K (little shoulder at
573 K) and at 648 K, which implies that an additional re-
action/s takes place during the decomposition, leading to a
retardation of the mass loss. Based on the DTG curve, the
region II can be divided into two subregions—IIa and IIb.
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At the first stage Ila (509-613 K, DTG), the oxidative
oxalate decomposition undoubtedly leads to the formation
of Mn;0, as a primary product [17, 26-28, 30]. However,
Mn;0, ([Mn>"Mn,>"]0,) includes two types of Mn"*
jons: Mn>" in the tetrahedral sites of the spinel structure
and Mn®" in the octahedral sites. It has been established
[42, 43, 45] that (1) at low-temperature oxidation of Mn3Oy,
the oxidation of Mn’" starts at lower temperatures than
required for the oxidation of Mn?>" and (2) the Mn30,4
oxidation is facilitated by a specific surface area greater
than 10 m* g~'. As the measured specific surface area of
our anhydrous oxalate is 16 m* g~' (that is 8 times higher
than that of the dihydrate), it is logical to assume that the
surface area of the primary formed Mn;0y, is high enough
to facilitate the occurrence of oxidation—reduction phe-
nomena. Therefore, immediately after receiving of Mn3;Oy,
an exothermic oxidation of Mn>" species to Mn*" starts,
followed by oxidation of Mn®" species to Mn’*, thus
leading to  formation of  metastable = MnsOg
([Mn22+Mn34+]Og) and Mn,Os;. This explains the observed
retardation of the mass loss until 613 K (DTG curve), be-
cause the conversion of Mn;0O,4 to MnsOg and Mn,O5 is
associated with mass gain.

Second stage IIb (613-656 K, DTG) can be attributed to
the complete decomposition of y-MnC,0,4-2H,0, accom-
panied by an endothermic process of reduction of Mn*"
(from MnsOg) to Mn**. The latter process leads to the
formation of an additional amount of Mn;O, before the end
of decomposition. In this temperature range and at non-
isothermal conditions, transformation of MnsOg to cubic
Mn,Oj3 could not be expected as predicted by the ther-
modynamic factors. According to Azzoni et al. [44], this
reaction includes diffusion-limited structural readjustment
and several hours at 823 K isothermal annealing are nec-
essary to proceed. Consequently, the final product of 7-
MnC,04-2H,0 decomposition (ML = 56.6 %) consists
mainly of Mn,O3 (MLy = 55.89 %) and Mn30,4
(ML, = 57.38 %) which are in ratio almost 1:1. The ex-
pected theoretical values of mass loss for obtaining of the
other manganese oxides are 51.40 % for MnO,, 55.04 %
for MnsOg and 60.35 % for MnO.

The assumptions about the processes in regions Ila and
IIb are supported by our previous in situ measurements of
the magnetic properties during y-MnC,04-2H,O decom-
position [19]. It has been established that at the beginning
of anhydrous oxalate decomposition the effective magnetic
moment of manganese (U.rr) 1S changed from 5.92 BM
(typical for Mn*") to 4.60 BM even at 1.3 % decrease in
the mass, which is evidence for the existence of Mn>* and
Mn**. After that, the increase in ue is observed due to the
reduction of manganese to lower oxidation states.

Post-decomposition processes occur in regions III-V.
After the end of decomposition, a sharp mass gain to

overall mass loss of 55.8 % is observed in the range of
656—673 K (region III) and this process results in exo-peak
with maximum at 673 K. It can be attributed to the
oxidation of secondary formed Mn3O, to additional quan-
tity of Mn,O3. The observed mass gain of 0.8 % is lower
than the half of theoretical one for this process
MLy, = 3.4 %). It should be noted that at non-isothermal
experiments it is difficult to determine which form of
Mn,05 is produced—7y-Mn,03 or o-Mn,O5;. Most prob-
ably, the gradual increase in the mass in region IV (addi-
tional 0.8 %) is connected with structural improvement
and/or oxygenation of the formed Mn,03, which ends at
813 K (overall ML = 55 %). The absence of further visi-
ble changes in the sample mass and temperature gradient
up to the peak at 1173 K supports our assertion that Mn*"
species are reduced in the course of decomposition. If
MnsOg is present in the sample, an endothermic effect at
about 848 K should be observed on the DTA curve (ac-
companied by mass loss), which is typical for the trans-
formation of MnsQOjg to cubic Mn,O5 [40, 41, 46].

Isothermal investigation of y-MnC,04-2H,0
thermolysis

Characterization of the oxide products

The XRD patterns of the manganese oxides, obtained from
v-MnC,0,4-2H,0 at different annealing temperatures, are
depicted on the Fig. 5. All results are presented in frame of
reference: 20 versus normalized intensity. Main diffraction
peaks of the phases are marked for comparison. As ex-
pected, increasing the annealing temperature leads to
changes in the FWHM, intensity and position of the
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Fig. 5 XRD patterns of the obtained oxides (the main reflections of
the detected phases are presented; the arrow shows the position of
main reflection of the precursor)
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diffraction peaks as a result of the improved crystallinity
and/or of the growing quantity of the corresponding phase.
Due to the complex powder composition, Rietveld analysis
was performed for estimating the phase quantities. An
example is shown in Fig. 6, where the experimental and
calculated patterns for sample G-673 are presented.

The results from the quantitative analyses of the XRD
patterns are summarized in Table 1 together with ex-
perimentally determined mass loss of the samples, their
specific surface area and crystallite size of the corre-
sponding oxides. The crystal lattice parameters are given in
Online Resource 2. The phases are specified as: tetragonal
v-Mn304—I1 4,/amd (141) (JCPDS 24-0734), monoclinic
MnsOg—C 1 2/m 1 (12) (JCPDS 39-1218) and cubic o-
Mn,05—I a-3 (206) (JCPDS 41-1442).

The data in Table 1 show a remarkable decrease in the
specific surface area of the samples with increase in the
temperature, which will influence the oxidation—reduction
behavior of the primary decomposition product Mn;Oy4
[41-43] in addition to the thermally induced effects. An
improvement in the crystallinity with increase in the tem-
perature is established also for all of the detected phases,
despite the variation in content of the corresponding phase.
It should be noted that the experimentally determined mass

losses are a little bit higher than the expected ones; how-
ever, their relative changes are in accordance with the
detected phase compositions. The observed mass loss for
sample G-573 (ML = 54.6 %) indicates that 1-h annealing
at 573 K is not enough for complete decomposition of y-
MnC,0,4-2H,0. However, its content could not be deter-
mined by Rietveld analysis due to the extremely low and
diffuse diffraction peak of the oxalate and because of the
low crystallinity of the sample. The absence of Mn,05 in
the sample G-573 shows that these conditions do not allow
oxidation of Mn>" (situated in the tetrahedral sites of the
Mn;0,) to Mn®". These experimental facts support the
suppositions about the processes occurring at the first stage
of the decomposition under non-isothermal thermolysis.
For all other samples, the complete oxalate decomposition
is achieved.

In order to confirm the nature of the products, obtained
at different temperatures, the FT-IR spectra were recorded
(Fig. 7). Differences are observed in the range of
700—400 cm™", corresponding to the Mn—O vibrations.
However, due to the multiphase composition of the sam-
ples and partial overlapping of the strongest vibration fre-
quencies of the manganese oxides, it is difficult to
distinguish the contribution of the different phases.

Fig. 6 Rietveld analysis of
XRD pattern of the sample Mn3 04 76.3 %
G-673 (legend: solid lines Mn2 03 13.4 %
calculated data, points Mn5 O8 10.3 %
experimental data; colored in
the online version) « 1000
IS
=
(o]
L
=
‘D
5 .
€ 500 :
20 30 40 50 60 70 80
20/°

Table 1 Mass loss after heat treatment of y-MnC,0,4-2H,0, phase composition, crystallite size and specific surface area of the oxide products

Sample Mass loss/% Sper/m? gf1 Mn;0, tetragonal o-Mn,0O5 cubic Mn;sOg monoclinic

Wi% d/nm Wi% d/nm W/% d/nm
G-573 54.65 123 87.3 7.5 Not detected 12.7 10.3
G-673 57.17 50 76.3 14.1 13.4 22.5 10.3 16.1
G-723 57.80 18 69.3 26.8 23.1 25.4 7.7 16.1
G-773 58.27 80.9 38.1 19.1 30.9 Not detected
G-823 57.80 58.0 54.5 42.0 40.6 Not detected
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Fig. 7 FT-IR spectra of the obtained oxides (colored in the online
version)

The spectra of samples, annealed at 673, 723 and 773 K,
are the simplest ones and contain two well-defined bands.
The observed vibration frequencies are in very good
agreement with the reported strongest bands for rod-like
Mn;O, crystals (483 and 605 cm™' [47], 503 and
609 cm ™' [48], 517 and 603 cm ™! [49]). These bands are
assigned to coupling between Mn-O stretching modes of
tetrahedral and octahedral sites.

The sample G-573 contains Mn3;0, (major), MnsOg
(minor) and traces of undecomposed oxalate. The data
reported in the literature for the frequencies of MnsOg are
at about 424 (w, sh), 509 (s, sh) and 602-607 (s, sh) cm ™!
[40, 50], and those for anhydrous MnC,0O,4 are at 410 (s),
496 (m) and 514 (m) cm~! [5]. In the FT-IR spectrum of
this sample, a strong vibration at 606 cm™' and wide
spilled band at about 500 cm™' (maximum at 489 cm™'
and shoulder at 506 cmfl) are observed. The broadened
character of the band at 500 cm ™" is related to the super-
position of Mn;0, and MnsOg vibration frequencies. The
impact of the MnC,0,4 can be neglected due to its low
content (<1 %) and medium band intensity. The existence
of MnsOg is confirmed also by the value of the band at
606 cm™ . Its shift to 603 cm™"' as well as narrowing of the
broad band around 500 cm™' with increase in the anneal-
ing temperature could be explained by the decrease in the
Mn;sOg content. The shoulder at 428 cm™! in the spectrum
of sample G-573 is assigned also to MnsOyg, and it overlaps
the weak vibration of Mn;Oy4 at 414 cm™".

In the FT-IR spectrum of sample G-823, new vibration
frequencies arise, typical for cubic Mn,O5 [43, 51, 52] and
related to the significant increase in its content in the ob-
tained product. Absorption bands at 568 u 652 cm™ ' are
attributed to the Mn—O stretching vibration, and a shoulder
at 520 cm™"' is assigned to Mn—O bending vibration of
Mn203.

SEM images of the annealed samples are depicted on the
Fig. 8. They clearly show the morphological changes after
isothermal annealing. Generally, the produced oxides pre-
serve, although slightly changed, the rod shape of the initial
v-Mn,C,04-2H,0 crystals, despite the high total mass loss
(>55 %). However, cleavage of the crystals’ ends is ob-
served, as well as bending of the ends of some crystals
because the crystalline structure collapses abruptly under the
rapid increase in the temperature prior to the isothermal
annealing. On increasing the temperature, these processes
are enhanced and even breakup of some of the primary
crystals happens. In this way, the crystals approximately of
the same length, but significantly thinner, are formed.

The changes in the surface topology of the initial
smooth y-MnC,04-2H,0 rods are more informative. After
annealing at 573 K, the smoothness is preserved. The
formation of deep parallel channels, observed at sample
G-573, as well as the manner of ends’ cleavage confirms
the assumption for layer by layer growth of the initial
oxalate crystals. At 673 K, the surface seems to keep its
smoothness, but higher magnification shows that the walls
are covered or probably even consist of tiny spherical
nanoparticles. Likely this is related to the complete oxalate
decomposition and formation of Mn,0O5; phase, which ap-
pears at this temperature.

After heating at 723 K, the surface roughness of thinner
crystals increases and ganglia-like hills start to emerge
uniformly throughout the crystal surface (most probably,
this process occurs from the inner side of the breaking
crystals, which are energetically richer and sensitive to
small thermally induced fluctuations in the sample density
and phase composition). The interface is very diffuse at
723 K but sharpens with the increase in temperature to
773 K and particularly to the “critical” temperature of
823 K, at which the amount of Mn,O3; becomes close to
that of Mn3O,4. All these facts allow us to describe the
phenomena of hills appearance as a spinodal transforma-
tion of Mn3O4—Mn,0O5, which is diffusion controlled pro-
cess and is enhanced by the higher temperature. It
facilitates the diffusion, resulting in a growth of the hills.

Mechanism of oxalate decomposition and formation
of the oxides

The changes established in the phase composition and
microstructure of the annealed samples reveal the
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Fig. 8 SEM micrographs of the oxides, obtained at 573, 673, 723,
773 and 823 K, are shown in rows a, b, ¢, d, e, respectively (left side
topology, right side overview)
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processes taking place during y-Mn,C,04-2H,0 decom-
position and formation of the oxides. They are in accor-
dance with the suppositions, made on the base of non-
isothermal analysis, and can be summarized as follow:

1. The primary and the major decomposition product is
indeed Mn;Oy.

2. In the course of its formation, it begins to oxidize
stepwise to MnsOg and cubic Mn,05. For this reason,
Mn;0, content decreases continuously up to 723 K.

3. The increase in the calcination temperature suppresses
the oxidation of Mn** to Mn*" and promotes the
oxidation of Mn*" to Mn>", as it has been shown by
Fritsch et al. [42] at low-temperature oxidation of
Mn30,. This explains the decrease in MnsOg content
in the range of 573 < T < 723 K and disappearance of
this phase at higher temperatures, as well as appear-
ance of Mn,0; after annealing at 673 K and increase
in its content at 723 K.

4. The oxidation of the formed Mn;0, to cubic a-Mn,O3
is thermally activated process [40, 44] and a “critical”
temperature is necessary for oxidation to occur
substantially. It is known that this temperature depends
on the crystallite size of Mn;O, and annealing
duration. In the case of y-MnC,04-2H,O decomposi-
tion, at 1-h annealing duration and heating rate applied
in the present work, this critical temperature is above
773 K. Therefore, at 673, 723 and 773 K the amount
of Mn,Oj3 remains relatively constant varying between
13 and 23 %.

5. Upon heating at 773 K, the forming Mn30, oxidizes to
cubic Mn,O3, without formation of MnsOg because at
isothermal conditions the latter process is favored at
low temperatures [42, 43]. Most probably, the
mechanism of Mn;O, oxidation at 723 K is the same,
but the temperature is below the “critical” value.
Therefore, the content of Mn3;O, is greatest for this
sample.

Based on the results and their interpretation, a conclu-
sion can be drawn that for the heating time applied, the
nature of the oxide products depends on the inclination of
Mn30,4 to be oxidized, which is influenced by the specific
surface area and annealing temperatures applied.

Comparison of the thermal behavior of
'Y—MIIC2O4'2H2O, O(—MHC204'2H20 and MHC204'3H20

A contribution of the present study, along with our previ-
ous reports [18, 19], is the investigation of the thermal
behavior of the three oxalate forms under the identical
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conditions. This allows us to specify the peculiarities and
the similarities in the thermolysis of the different forms. In
addition, such a comparison allows clarifying the decom-
position mechanism of the previous studied forms [18] and
gives more precise explanation of some experimental
results.

Under isothermal conditions, the behavior of y-MnC,
04-2H,0 is closer to that of the orthorhombic MnC,0y-
3H,O than to the monoclinic o-MnC,042H,0. After
annealing of MnC,0,4-3H,0 at 573 K for 1 h, a single
phase of Mn30, is detected. Mn,O5 phase appears after
heat treatment at 673 K, and its amount increases at 723 K.
If the precursor is a-MnC,04-2H,0, two phases are de-
tected at 573 K, being Mn30,4 (major) and Mn,0O; (traces).
In our previous investigation [18], MnsOg was not detected
by the XRD, probably due to the performed conventional
XRD analysis. However, the presence of Mn*" in all
samples, produced in the studied range of 573-723 K, was
established by the measurements of the magnetic properties
of the obtained oxides. The results showed that Mn*"
content depends on the type of precursor used and de-
creases gradually with increase in annealing temperature
from 573 to 723 K, as it was established and discussed in
the present study.

The DTA curve of y-MnC,0,4-2H,O shows that pro-
cesses in region II (decomposition) and region III (post-
decomposition) result in two exothermic peaks with max-
ima at 593 and 673 K. This course of the curve is ex-
tremely similar to that of a-MnC,04-2H,0 (exo-peaks at
603 and 673 K) [18]. However, TG and DTG profiles of
the two polymorphic forms are quite different. On TG
curve of a-MnC,04-2H,0, only one region is observed. In
addition, DTG curve of o-MnC,0,4-2H,0 shows only one
broad asymmetric peak in the course of decomposition,
while on DTG of y-MnC,04-2H,0 two clearly expressed
peaks in region II are detected. Based on the comparison of
the DTA, TG and DTG profiles, it can be concluded that
the exo-peak at 673 K, observed on DTA curve of
o-MnC,04-2H,0, is a result of an additional oxidation
process taking place before complete oxalate decomposi-
tion; for y-MnC,0,4-2H,0, it occurs in region III, after the
end of decomposition. This is supported by the overall
mass loss at the end of the decomposition, being 55.5 % for
o-MnC,04-2H,O and 56.6 % for y-MnC,04-2H,0O. The
experimental data reveal that the intermediate oxidation—
reduction processes at monoclinic o-MnC,04-2H,0 pro-
ceed easier than at the orthorhombic y-MnC,0,4-2H,0. The
same conclusion was drawn by us, based on the results
from in situ magnetic measurements [18, 19].

The above-made juxtaposition shows that under non-
isothermal conditions, the behavior of the orthorhombic
v-MnC,04-2H,0 is very similar to that of the monoclinic

o-MnC,04-2H,0, while under isothermal conditions it is
closer to that of the orthorhombic MnC,04-3H,0. This is
due to different heating rates. For example, the tem-
perature of 773 K is achieved for 47.5 min at non-
isothermal experiments and for 3.5 min at isothermal. The
isothermal annealing better accounts for the phase equi-
libria between the different manganese oxidation states;
however, the applied heating time is not long enough to
achieve the corresponding phases’ equilibria [43]. Hence,
the extent of the occurring processes and type of the
obtained products in both cases are determined by the
kinetics, however, by the different kinetic factors. The
elucidation of their nature could be an object of further
studies.

Conclusions

Pure phase of pinkish y-MnC,04-2H,O is successfully
obtained by modified synthesis procedure, and the ther-
molysis under non-isothermal and isothermal conditions
was studied. The heat of y-MnC,04-2H,O dehydration
(149 kJ mol ™) is reported for the first time. A decompo-
sition mechanism is proposed and discussed in detail.
A crucial role in the formation of final oxide products plays
the inclination of the primary decomposition product
Mn;O, to be oxidized, depending on the temperature
applied, heating rates and specific surface area. At low
temperatures, the forming Mn3O, starts to oxidize step-
wise, thus leading to formation of metastable MnsOg and
Mn,03, along with the major product. The temperature
increase suppresses the formation of MnsOg and under
non-isothermal conditions the available Mn*" ions in the
system are reduced to Mn>" before complete precursor
decomposition.

Under isothermal experiments, MnsOyg is formed until
723 K at heating rates applied in the present study. At
higher temperature, Mn3zO, converts to cubic Mn,O;
without formation of MnsOg. The “critical” temperature
for the diffusion controlled transformation of Mn;QO, to
Mn,05 is above 773 K at experimental conditions used.
This process is connected with substantial changes in the
surface topology.

The comparison of non-isothermal and isothermal be-
haviors of studied y-MnC,04-2H,0 and other two forms o-
MnC,04-2H,0 and MnC,04-3H,O is made. The pecu-
liarities and similarities between them are pointed out.
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