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The systems NixMn1−xC2O4·2H2O (x = 0.11, 0.34) are characterized by XRD, SEM, TG/DTA, EGA-MS and
magnetic measurements. The last confirmed that the studied samples are real solid solutions. The SEM
reveals that the morphology depends on both the excess of C2O4

2− and the initial ratio Ni/Mn. The thermal
magnetic investigations (in situ) show that: (i) the presence of Ni in NixMn1−xC2O4·2H2O leads to decreas-
ing in the decomposition temperature in regard to that of the manganese oxalate; (ii) upon increasing the
Ni content the temperature of decomposition (in air) is growing up; (iii) the presence of Ni stabilizes the
manganese with respect to oxidation, in spite of the occurring process of decomposition.
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. Introduction

During the last years the interest in the utilization of 3d-
ransition metal oxalates of the so-called “magnesium series” (Mg,

n, Fe, Co, Ni, Zn) as precursors for oxide materials has been grow-
ng considerably. The reasons for this are the following: (i) the
ow temperature of decomposition; (ii) the liberation of a large
mount of volatile substances—H2O, CO2 and CO, resulting in final
roducts of highly developed specific surface area; (iii) their iso-
tructural feature leading to their co-crystallization. The latter fact
nables obtaining various ratios between the metal ions in the
xalate precursor with high precision, as well as achieving their
niform distribution in the crystal lattice. This option is especially

mportant in view of obtaining spinels. There is a great interest in
he system Ni(II)–Mn(II)–C2O4–H2O and in the stoichiometric and
on-stoichiometric spinels obtained from it [1–18]. They exhibit a
egative temperature coefficient of resistance [12–16] as well as a
atalytic activity [17,18].

In order to use the oxalates as precursors it is necessary to con-
rol the initial composition, to know well their crystallographic

tructure, the influence of the conditions of preparation and the
echanism of decomposition. The changes in the parameters

f the crystal lattice and the thermal behavior of the precur-
or NixMn1−xC2O4·2H2O were observed as a function of the ratio

∗ Corresponding author. Tel.: +359 2 8161214; fax: +359 2 8705024.
E-mail addresses: nhbd@inorg.chem.uni-sofia.bg,
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ickel–manganese as early as in one of the first works [3]. The stud-
es [6,7] considered the effect of different amounts of Cu or Zn on
he crystallographic structure of the oxalate phase [7], as well as
n the morphology and thermal behavior [6,7]. The work [4] moni-
ored the influence of the hydrodynamic conditions of the synthesis
pon the shape and size of NixMn(1−x)C2O4·2H2O (x = 0.24) by car-
ying out the synthesis in different types of reactors. It has been
ointed out that the difference in the homogeneity of the precur-
or in shape and size is connected with the stages of formation of
he solid phase (nucleus formation, growth, agglomeration). As the
onditions of obtaining the precursor exert substantial influence
n the technological properties of the oxide materials it is of essen-
ial importance to know the factors, which are controlling them.
his has not been commented so far in the literature what is the
nfluence of the surplus of oxalate ions on the structure, morphol-
gy and thermal behavior of NixMn1−xC2O4·2H2O However in Ref.
19] it has been shown that the concentration of the oxalate ions
nd the time of contact with the mother solution is the basic factor
etermining the polymorphous form of the oxalates of the mag-
esium series. Our investigations on the mechanism of inclusion of
d-elements (Mn, Ni, Co, Cu) in the zinc oxalate dihydrate [20] have
stablished that the co-crystallization processes are also connected
ith the concentration of C2O4

2− ions in the initial system.
As it was stated above, in case of using 3d-transition metal
xalates as precursors it is very important to know the process of
ecomposition. A series of investigations have been reported on this
opic—most of them summarized in Refs. [21,22]. A specific feature
f these systems is the liberated CO, which is capable of reducing
he obtained oxide. This way the oxide with a lower oxidation state

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:nhbd@inorg.chem.uni-sofia.bg
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f Mn+ could be formed and even a metal phase could appear (Ni,
o, Cu oxalates). This is an important point, as the obtained product
ill include in its composition 3d-metal ions in different oxidation

tates and coordination, as it is shown in [23–25].
As far as the system NixMn1−xC2O4·2H2O is concerned the pro-

esses of isothermal and non-isothermal decomposition have been
eported in a number of works [1,3–9], and the obtained oxide prod-
cts have been studied and characterized in [1–11]. It has been
stablished that in the case of decomposition of a mechanical mix-
ure of nickel oxalate and manganese oxalate a new mixture is
btained containing MnxOy (x ≤ y) and metallic Ni or NiO depending
n the atmosphere and on the temperature. On the other hand, in
he case of NixMn1−xC2O4·2H2O the transformation passes through
on-stoichiometric spinel, ilmenite and again a spinel, in which the
ouples Ni2+/Ni3+ are presented, as well as couples Mnn+/Mnm+ (n,

= 2–4; n /= m). For this reason these products display a good elec-
roconductivity and catalytic activity. When NixMn1−xC2O4·2H2O is
ecomposed in argon atmosphere the reaction products are MnO
nd Ni [1,3].

The aim of the present work was to supplement the data from
revious investigations on the nickel–manganese oxalate by tracing
he mechanism of its decomposition using monitoring the mag-
etic properties in situ. On the basis of the changes in the magnetic
usceptibility, calculation of the magnetic moment and the con-
tant of Weiss one can observe the change in the oxidation state,
n the coordination and interaction of ions in the precursor in
he course of the decomposition process [23–25]. Such an inves-
igation, combined with TGA, DTA and mass-spectral analysis of
he liberated gases (EGA), enables establishing the decomposition

echanism. In order to obtain information on the influence of the
xalate ions surplus on the type of the obtained precursor and on
ts properties the synthesis is carried out in excess of C2O4

2−. This
ay it could be checked if the correlations between the thermal
ehavior and ratio nickel–manganese, established in [3], are also
reserved.

The nickel–manganese oxalate was chosen as the object of this
tudy in view of the option to apply the prepared oxides in the field
f catalysis and electronics.

. Experimental

A series of samples was obtained and two of the sam-
les having a composition Ni0.34Mn0.66C2O4·2H2O (phase I) and
i0.11Mn0.89C2O4·2H2O (phase II) were chosen. For the sake of
omparison a mechanical mixture was also prepared with a compo-
ition NiC2O4·2H2O:MnC2O4·2H2O = 1:1, consisting of individually
ynthesized oxalates. The synthesis of all the samples has been
arried out under the same conditions: two-stream precipitation
t temperature 25.0 ± 0.5 ◦C, electromechanical stirring, pH value
fter mixing 3.00 ± 0.05. The latter value was achieved by adding
he necessary quantity diluted H2SO4 or KOH to the initial solu-
ions of MnSO4 and K2C2O4. In the synthesis of mixed phases 1 h
fter the beginning the precipitated solid phases are filtered off.
he obtained samples are subjected to X-ray analysis, microscope
bservation, thermal analyses, EGA-MS and magnetic measure-
ents.
The microscope observation has been carried out by means of

n optical microscope Carl Zeiss—Jena and scanning electron micro-
cope JSM-5510.

The XRD analysis was carried out with a D 500 Siemens powder

iffractometer using Cu K� radiation in a 2� diffraction interval
f 10–60◦. The identification of the phases was realized by means
f the database JCPDS—International Center for Diffraction Data.
he diffraction data were processed using the Powder Cell program
26].
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The thermal investigations were performed on a Paulik-Erdey
OM OD-102 derivatograph. The DTA and TG curves were obtained

n a static air atmosphere with sample mass of 0.200 g at a heat-
ng rate of 10 ◦C/min in the 25–1000 ◦C temperature range, using
standard corundum crucible. The reference sample was pure �-
l2O3.

The mass-spectral analysis of the gases evolved from samples
y thermal decomposition in vacuum was performed with the aid
f a magnetic mass-spectrometer MS10 AEI. Standard parameters
a filament current of 50 �A and an ionizing voltage of 70 V) were
pplied to the ion source of the mass-spectrometer. The energy of
he electrons in the ion source is 70 eV. The mass-spectral inves-
igations were carried out applying linear temperature program.
hus the kinetic curve of the process was obtained. For this purpose
he sample (≤1 mg) was placed in a quartz reactor, the analytical
ystem for gas analysis was evacuated (p ≤ 1 × 10−3 Torr) and then
he heating was switched on. The temperature was being increased
radually from room temperature (20 ◦C) up to about 700 ◦C at a
ate of 10◦/min. Throughout this time interval the mass-spectral
eaks m/z = 28 (of CO) and m/z = 44 (of CO2) were being registered.
he water, liberated during dehydration of the oxalates, was accu-
ulated in a trap, kept at a temperature of −117 ◦C (melting ether

ath). After switching off the heating the quantity of the liberated
ases was determined by means of an internal standard (40Ar),
hile the frozen water was being vaporized and it was measured
anometrically (silicon-oil manometer). The background mass-

pectrum was recorded before starting the heating.
The magnetic measurements are carried out in accordance with

he method, described in [23,24]. The specific magnetic susceptibil-
ty of the sample was studied in the temperature range 25–300 ◦C

ith a Faraday type of magnetic balance by a stepwise increase of
he temperature. At each step, the temperature was kept constant
or 30 min before starting the measurements. The respective weight
osses were also determined.

The effective magnetic moments of the samples were calculated
n the basis of the Curie–Weiss law, using the values of the magnetic
usceptibilities.

In case of in situ measurements, the magnetic moments were
alculated as:

eff = 2.828 = [�(T − �)]1/2 (1)

here �eff is the effective magnetic moment in Bohr’s magneton,
M; � is the molar magnetic susceptibility; T is the absolute tem-
erature in K; � is the Weiss constant in K.

. Experimental results and discussion

.1. X-ray diffraction analysis

Fig. 1 shows the X-ray diffraction patterns of the synthesized
iC2O4·2H2O (a) and MnC2O4·2H2O (b), their mechanical mix-

ure (c) and the obtained NixMn1−xC2O4·2H2O samples (d and
). Peaks of the two ingredient phases are clearly discernible
n the mechanical mixture, while the diffraction patterns of the

ixed systems show that the latter represent real solid solutions.
bout the polymorphous form (monoclinic � or orthorhombic �),

n which the solid solutions NixMn1−xC2O4·2H2O are crystalliz-
ng, the data available in the literature are as follows: according
o Töpfer [3] they crystallize in the monoclinic �-form within

he interval 0.17 ≤ x ≤ 0.86, studied by him. In the study [4] it is
tated that a phase with composition Ni0.24Mn0.76C2O4·2H2O is
so-structural with respect to the monoclinic �-MnC2O4·2H2O. In
ef. [6] the THESIS of Metz is cited, in which it is established
hat solid solutions with nickel content x ≤ 0.25 crystallize in the
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ig. 1. X-ray diffraction patterns of (a) NiC2O4·2H2O; (b) �-MnC2O4·2H2O; (c)
echanical mixture; (d) Ni0.11Mn0.89C2O4·2H2O (phase II); (e) Ni0.34Mn0.66C2O4·

H2O (phase I).

table �-form, if they have been synthesized by “a soft chemi-
al method”. The studies [7,8] are focused on the ternary system
ixCuyMn(1−x−y)C2O4·2H2O and on the basis of the progressing dis-
ppearance of some diffraction peaks the authors conclude that
here is a transition from the �-form into the �-form, which is
ssociated with the increased content of Ni at a constant amount
f Cu. For the system NixCu0.1Mn(0.9−x)C2O4·2H2O they have found
hat at x ≤ 0.09 the system is crystallizing in the monoclinic �-form,
hile at x ≥ 0.23 the system crystallizes already in the orthorhom-

ic �-form [7]. The X-ray diffraction patterns of the solid solutions,
btained by us (Fig. 1d and e), correspond visually to those, which
re given in [7] as typical XRD patterns for the �-form. However the
recise processing in the evaluating of the crystal lattice parameters
hows that the solid solutions, studied by us NixMn1−xC2O4·2H2O
ith x = 0.10 and 0.34, crystallize in the monoclinic �-form. Table 1

ists the parameters of the crystal lattice, determined by using the
owder Cell computer program [26].

.2. Electron microscope investigation

Fig. 2 represents electron micrographs of the synthesized
hases, corresponding to the X-ray patterns. It is clearly seen that
wo quite different types of crystals are present in the mechanical

ixture—the small ones belong to NiC2O4·2H2O, while the big ones
epresent �-MnC2O4·2H2O. The photos of phases I and II show that
he habitation and the size of the crystals differ from each other and
rom those of the individual oxalates. The micrographs also attend
o the fact that the morphology and size are influenced by (i) the

xcess of oxalate ions, because the crystal habitation observed by us
iffers from that, obtained with stoichiometric amount of C2O4

2−

n the system [4,6,8]; (ii) the ratio Ni/Mn. The differences are vis-
ble even by means of an optical microscope at the 15th minute
ince the beginning of the synthesis. The crystals of the phase with

able 1
rystal lattice parameters of the samples, shown in Fig. 1.

amples Lattice constants a–c (Å) and ˇ (◦)

a ± 0.002 b ± 0.002 c ± 0.002 ˇ ± 0.15

ef. JCPDS 25-0544 12.016 5.632 9.961 128.4
nC2O4·2H2O (1:1) 11.99 5.644 9.975 128.36
i0.11Mn0.89C2O4·2H2O 12.034 5.612 9.889 127.75
i0.34Mn0.66C2O4·2H2O 12.02 5.592 9.857 127.57
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ig. 2. Electron micrographs of (A) Ni0.11Mn0.89C2O4·2H2O (phase II); (B)
i0.34Mn0.66C2O4·2H2O (phase I); (C) mechanical mixture.

igher content of Ni (Ni0.34Mn0.66C2O4·2H2O) are smaller in size,
ut the facets are better in form, the shape is more regular with
factor of anisometry 1.73. The phase with lower content of Ni

Ni0.11Mn0.89C2O4·2H2O) is not so well shaped and the anisometric
actor is 1.33. This result shows that the ratio Ni/Mn influences not
nly the parameters of the crystal lattice, but also the morphology.

.3. Thermal analysis
As it was stated above, the decomposition mechanism of
iC2O4·2H2O and MnC2O4·2H2O is not one and the same

21,22,27–35]. In the first case an elemental nickel is produced and
n oxidative atmosphere it forms NiO. In the second case the decom-
osition leads to oxide forming. The temperatures of dehydration
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ig. 3. DTA and TGA profiles for: (A) Ni0.11Mn0.89C2O4·2H2O (phase II); (B)
i0.34Mn0.66C2O4·2H2O (phase I); (C) mechanical mixture.

nd decomposition depend most of all on the strength of bonding
–O(H2O) and that of M–O(C2O4) [21,22,35], on the kind of atmo-

phere, in which the process is occurring, on the inclination of the
2+ ion to be oxidized [21,22,30,31], as well as on the specific con-
itions (the charged mass of the sample, the rate of heating, the
orm of the vessel, etc.).

Fig. 3 represents the results of the thermal analysis (in air) for
he mechanical mixture, for phase I – Ni0.34Mn0.66C2O4·2H2O and
or phase II – Ni0.11Mn0.89C2O4·2H2O.
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It is known that NiC2O4·2H2O tends to crystallize with sorp-
ion bonded water molecules. In accordance with this fact it is
bserved that such type of bonded water is liberated (∼2%) at tem-
eratures higher than 60 ◦C in case of mechanical mixture (Fig. 3C).
he next experimental loss of weight (∼20%) for this sample is asso-
iated with step-by-step dehydration of �-MnC2O4·2H2O (175 ◦C)
nd that of NiC2O4·2H2O (275 ◦C). The last one does not proceed
ompletely as it was established in Refs. [33,34]. That is why the
nd of NiC2O4·2H2O dehydration overlaps with the beginning of
he mechanical mixture decomposition. This decomposition gives
ise to a set of peaks at 340 ◦C (exo-peak) and 360 ◦C (endo-peak),
10 ◦C (exo-peak) and 460 ◦C (endo-peak), which correspond to the
ecomposition of the two oxalates. No interaction is observed in the
ourse of this process. A minimum is visible in the TG-curve, which
s not connected with the decomposition of the �-MnC2O4·2H2O
23], used for preparing the mechanical mixture. The presence of
uch a minimum is characteristic of oxalates of Ni, Co, Cu [21,24]
nd it is associated with the formation of elemental Ni, which is
mmediately oxidized in air atmosphere. In the specific case the

inimum is not so clearly expressed because of the superimposi-
ion of the separate oxalates decompositions. The obtained oxide
roducts interact at temperatures above 800 ◦C forming a spinel
hase NiMn2O4. The theoretically calculated decrease is 67.5%,
hile the experimentally observed one is 68.5%.

The thermal analysis of the phases II and I (Fig. 3A and B)
ndicates that they display behavior characteristic of a separate
hemical compound, i.e. they are real solid solutions. The dehy-
ration occurs in a single step and the process of decomposition
esults in two exo-peaks, which is in correspondence with the
esults, obtained in [5]. For the compound Ni0.11Mn0.89C2O4·2H2O
phase II) the peaks, obtained in the present study, are located
t 200 ◦C, 320 ◦C, 400 ◦C, while for Ni0.34Mn0.66C2O4·2H2O (phase
)—at 225 ◦C, 335 ◦C, 415 ◦C. It is seen that a little increase in the
mount of Ni leads to an increase in the temperature of dehydra-
ion (Tdeh) and in the temperature of decomposition (Tdecomp). The
eason for the increase in Tdeh is the increase in the bond energy
–O(H2O) in axial position in the sequence from Mn to Ni [35,37].

n this direction the bond in equatorial position M–O(C2O4) is grow-
ng weaker, which should lead to lowering of the decomposition
emperature upon increasing the quantity of Ni. If, however, the
ecomposition occurs in an oxidative atmosphere it is known that
decomp of the 3d-element oxalates does not decrease, but increases
n the sequence from Mn to Ni, which is connected with decreas-
ng in the M2+ oxidation ability [27,30,31]. For this reason during
he decomposition in air phase I (with lower content of Mn2+) is
ehydrated and decomposed at higher temperatures.

At the end of the decomposition processes of the solid solutions
he TG-curves resemble a lot that of the mechanical mixture. There-
ore it can be supposed the liberated CO reduces not only Mnn+ [23],
ut also the Nin+. (This could explain also the dependence of the
ation deficiency in the spinels on the nickel content, reported in
he literature.) The consecutive oxidation of the obtained products
eads to a stronger second exo-peak compared to the same observed

ith the pure MnC2O4·2H2O sample [23].

.4. Mass-spectral analysis of the evolved gases (EGA)

The results from the mass-spectral analyses of the
aseous products, obtained in the course of decomposition
f NixMn1−xC2O4·2H2O under reduced pressure in vacuum

p ≤ 1 × 10 Torr) are illustrated in Fig. 4. The comparison of
he decomposition of the individual transition metal oxalates
n air and in vacuum has been done in Refs. [27,31]. It has been
hown that for MnC2O4·2H2O Tdeh is almost one and the same
n both media, but Tdecomp is strongly increased in vacuum. In
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ig. 4. Mass-spectral analyses of (A) Ni0.11Mn0.89C2O4·2H2O (phase II); (B)
i0.34Mn0.66C2O4·2H2O (phase I).

he case of NiC2O4·2H2O, however, Tdeh is strongly decreased in
acuum, while Tdecomp is almost unchanged. In accordance with
his observation are the temperature intervals represented in
able 2. The comparison with the DTA data indicates that the
ehydration process of the both solid solutions in vacuum starts
t a lower temperature in regard to the starting temperature in
ir. The comparison between Tdecomp of the phase I and phase
I confirms that when the oxidation of M2+ does not exert any
ffect, the energy of the bond M–O(C2O4) is of importance for
he temperature of decomposition. As was mentioned above the
trength of this bond decreases in the sequence from Mn to Ni
22,35–37]. That is why in vacuum the phase I, which has a lower
ontent of Mn2+ is decomposed at a lower temperature than the

hase II—Ni0.11Mn0.89C2O4·2H2O.

According to the literature data in vacuum the individual
xalates decompose as follows: nickel oxalate produces Ni and CO2,
hile the manganese oxalate—MnO + CO + CO2. As it is seen in Fig. 4

fter the initial dehydration of NixMn1−xC2O4·2H2O, the samples

able 2
emperature intervals of dehydration (�Tdeh) and decomposition (�Tdecomp), the
atio nCO/nCO2 at the end of the process of decomposition of Ni0.11Mn0.89C2O4·2H2O
nd Ni0.34Mn0.66C2O4·2H2O in vacuum.

amples �Tdeh �Tdecomp nCO/nCO2 (T f
decomp

)

i0.11Mn0.89C2O4·2H2O 110–200 360–460 1:1
i0.34Mn0.66C2O4·2H2O 110–160 340–440 2.63/3.7

o
t
i
t
t
4
o
c
t
w
t
a
d

ig. 5. Temperature dependence of the specific magnetic susceptibil-
ty of NiC2O4·2,2H2O (�), �-MnC2O4·2H2O (�), mechanical mixture (©),
i0.11Mn0.89C2O4·2H2O (�) and Ni0.34Mn0.66C2O4·2H2O (�).

re further decomposed in a single step. (This fact confirms that
he second peaks in the DTA curves are due to oxidation processes
ccurring in air.) In the case of sample Ni0.11Mn0.89C2O4, containing
smaller quantity of Ni, at the end of the decomposition process

lmost equivalent amounts of CO and CO2 are obtained. This result
s in accordance with the result obtained for the thermal decom-
osition of MnC2O4 [30–32,35]. Due to the presence of nickel the
xcess of CO2 over CO is expected but this excess is too small to be
etected by mass-spectral analysis of this sample. In the case of the
ample Ni0.34Mn0.66C2O4, however, the obtained CO2 is more than
he CO, and it is logically due to the reduction of Nin+. This confirms
he conclusion, based on the DTA analysis, that the minimum in
he TG-curve is a result of reduction to elemental Ni, which later
ndergoes oxidation.

The increase in the amount of CO after the end of the decompo-
ition process is connected with the strongly reducing conditions,
reated in the reaction vessel. Part of the liberated water is reduced
o H2, whose presence is proven by the analysis of the gas mixture
btained. A part of the formed molecular hydrogen reacts further
ith the liberated CO2 and reduces it.

.5. Magnetic measurements in situ

Fig. 5 represents the temperature dependences of the specific
agnetic susceptibility (�s) of the studied samples in the temper-

ture interval 25–300 ◦C in situ. The decrease in �s upon increasing
he temperature shows that the samples are paramagnetic.

The magnetic susceptibility allows calculating the values of the
ffective magnetic moments (�eff) and the values of the constant of
eiss (�). While the magnetic moment enables the determination

f the oxidation state of the metal, the Weiss constant depends on
he environment of the given ion and it is used to monitor changes
n the character of interaction between the metal ions [38–41]. The
heoretical values of �0

eff in case of octahedral intermediate field for
he various oxidation states of manganese are 5.92 BM for Mn(II),
.70 BM for Mn(III) and 3.44 BM for Mn(IV) and they do not depend
n the temperature [41]. According to the contemporary theoretical
oncepts, �eff of Ni2+ in octahedral crystal field does not depend on

−1
he temperature and it has a value of 3.28 BM at � = 8000 cm ,
hile �eff of Ni3+ is 5.13 BM and it depends on the temperature. In

etrahedral crystal field �eff for Ni2+ depends on the temperature
nd at 300 K it has a value of 3.97 BM, while �eff for Ni3+ does not
epend on the temperature and it has a value of 4.33 BM [38–41].
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Table 3
Experimental (�eff) and theoretical (�0

eff
) effective magnetic moments (for Oh

field) of the studied samples within the interval 25–80 ◦C for MnC2O4·2H2O,
NiC2O4·2,2H2O, their mechanical mixture and the phases Ni0.34Mn0.66C2O4·2H2O
and Ni0.11Mn0.89C2O4·2H2O.

No. Samples �eff (BM) �0
eff

(BM) � (K)

1 �-MnC2O4·2H2O 5.92 5.92 −13
2 Ni0.11Mn0.89C2O4·2H2O 5.46 5.70 −26
3 Ni0.34Mn0.66C2O4·2H2O 5.12 5.17 −6
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Table 4
The weight loss during dehydration (�mdeh,%) and the temperatures at which the
dehydration finishes (T f

deh
), the decomposition starts (T f

decomp
) and a considerable

change in the value of �eff occurs (T in
(��)

).

No. Samples �mdeh (%) T f
deh

T in
decomp

T in
(��)

1 �-MnC2O4·2H2O −20 160 215.35 21.35
2 Ni0.11Mn0.89C2O4·2H2O −20 191.63 191.63 >247.5
3

5

s
s
a
A
i
o
W

t
(
s
T
u
u

m
t
w
i
p
[
t
t
M
s
T
w
w
d
in the samples this effect is comparatively weak. The increase con-

F
N

Mechanical mixture 4.85 4.8 6
NiC2O4·2,2H2O 2.95 3.28 −70

Table 3 lists the values of the magnetic moments (�eff) and the
alues of Weiss constant (�), calculated on the basis of the Law of
urie-Weiss Eq. (1) for the temperature interval 25–80 ◦C. For com-
arison the table represents also the theoretically calculated values
or these systems (�0

eff). The comparison indicates that the man-
anese and nickel are in oxidation state +2. The negative values of
show that the magnetic interaction belongs to the antiferromag-
etic type. The exchange interaction between the ions in the crystal

attice is weak, as the values of � are not high. For the mechanical
ixture � is positive, but this is determined by the fact that the

ystem has two phases. Due to the close values of � of the two pure
hases, included in the mechanical mixture, the Law of Curie-Weiss

s followed as well. The results from the magnetic measurements
onfirm that the samples, obtained by co-crystallization, are real
olid solutions.

Fig. 6A represents the change in the effective magnetic moments
ithin the temperature interval 25–300 ◦C. The calculations have

een made using Eq. (1) at a constant value of � and taking into
ccount the change in the weight of the sample (Fig. 6B) in the
ourse of the magnetic measurements.

As the magnetic moment of a given metal ion depends on its oxi-
ation state, its coordination and the force of the crystal field, then
he change in the magnetic moment reflects the changes, which
ccur in the studied sample upon increasing the temperature. In
rder to analyze the change in the magnetic moment the sample
ehydration should be distinguished from the process of its decom-
osition. It is evaluated on the basis of the weight loss (Table 4). The
able lists the temperature, at which the dehydration is completed
T f

deh) as well as the temperature, at which the process of decom-
in
osition (Tdecomp) starts. The temperature, at which a considerable

hange in the value of �eff occurs (T in
(��)), is also represented.

It is seen from Fig. 6A that in the initial stage of the process of
ehydration of the samples (up to T ∼80 ◦C) the �eff values are pre-

t
d
w
c

ig. 6. Temperature dependence of the magnetic moments (A) and the weight du
i0.34Mn0.66C2O4·2H2O (phase I) and mechanical mixture.
Ni0.34Mn0.66C2O4·2H2O −20 206.79 206.79 >279.5
4 Mechanical mixture I: −12 162.71 Superposition of 2

processes
>278.5

II: >300
NiC2O4·2,2H2O −21.20 >300 >300

erved relatively constant and therefore no changes in the oxidation
tate of M2+ in the samples are occurring. Above this temperature
weak increase of the �eff values is observed for all the samples.
s the process of dehydration, however, is not complete yet this

ncrease of the �eff values is associated not with the change in the
xidation state of the manganese or nickel, but with the change in
eiss constant.
After the dehydration a process of decomposition starts. The

emperatures obtained in the course of magnetic measurements
in air) confirm the conclusions, drawn as a result of the analy-
is of the DTA-curves: (i) presence of Ni leads to a decrease in
decomp in regard to that of the pure manganese oxalate and (ii)
pon increasing the nickel in the solid solution Tdecomp is growing
p.

In the course of decomposition changes in the magnetic
oments are expected due to changes in the coordination and in

he oxidation state of manganese and nickel. The oxidation of Mn2+

ould lead to a decrease in �eff, while the oxidation of Ni2+—to an
ncrease in �eff. In spite of the low content of Ni in the studied sam-
les the juxtaposition of the results with those for �-MnC2O4·2H2O
23] indicates its effect. In case of �-MnC2O4·2H2O in parallel with
he decrease of the mass as a result of the decomposition process
here starts an irreversible decrease in �eff due to the oxidation of

n2+ to Mn3+, Mn4+ [23]. There is not such a parallel in the studied
ystems. It is seen in Fig. 6A that in both cases of solid solutions after
decomp there is a weak decrease in �eff due to the oxidation of Mn2+,
hich has a stronger oxidation ability than Ni2+ [30]. However after-
ards a weak increase in �eff is observed, which is most probably
ue to the oxidation of Ni2+ to Ni3+. Due to the low content of nickel
inues further to a temperature, corresponding to almost one half
egree of decomposition (mass loss ∼15%). It is interesting that if
e compare this loss of mass to the data from DTA it will become

lear that the first exothermal peak in the respective curves is at

ring in situ magnetic measurements (B) of Ni0.11Mn0.89C2O4·2H2O (phase II),
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ig. 7. Dependence of T in
decomp

: (�) (the initial temperature of decomposition) and
in
(��)

: (�) (the temperature, at which the considerably change in the value of �eff

ccurs) on the nickel content.

15% reduction of the weight. Therefore in the temperature interval
T in

decomp − T in
(��)), which corresponds to a half degree of decompo-

ition the process of oxidation of Ni2+ determines the change of
eff. It is only afterwards that the process of oxidation of Mn (or

eduction of Ni) becomes dominating. Therefore, the presence of
ickel in the partially decomposed samples leads to stabilization
f Mn2+. Such a stabilizing effect against oxidation has also been
bserved in the case of substitution of manganese with zinc in the
pinel structure of ZnxMn3−xO4 [42]. It is associated with the fact
hat the highly energetic bond Zn–O decreases the cation migration
n the lattice.

The influence of nickel is best illustrated in Fig. 7, which
epresents T in

decomp and T in
(��) as a function of its content. In sum-

ary, the conclusions are as follows: (i) the presence of Ni in
ixMn1−xC2O4·2H2O leads to decreasing in the decomposition tem-
erature in regard to that of the manganese oxalate; (ii) upon

ncreasing the Ni content the temperature of decomposition in air
s growing up; (iii) the presence of Ni stabilizes the manganese with
espect to oxidation, in spite of the occurring process of decompo-
ition.

From the data obtained by the magnetic measurements, DTA/TG
nd mass-spectral analysis one can suppose the following mecha-
ism of the change of the oxidation state of the ions depending on
he temperature and the degrees of dehydration and decomposi-
ion:

This mechanism confirms the reported possibility of forming
lmenite phase NiMnO3 at low temperatures and the formation of
pinel phase NiMn2O4 at high temperatures. The stoichiometry of
he spinel phase is determined by the ratio Ni/Mn in the initial
xalate, accounting for the presence of nickel ions Ni3+ and ions of
anganese Mn2+, Mn4+.

. Conclusion

The results from the thermal magnetic measurements show
nd confirm that the synthesized samples with composition

i0.34Mn0.66C2O4·2H2O and Ni0.11Mn0.89C2O4·2H2O are real solid

olutions. The XRD and SEM analyses show that (i) they are
so-structural to �-MnC2O4·2H2O; (ii) the excess of oxalate ions
nfluences the morphology of the crystal phase; (iii) the ratio Ni/Mn
nfluences the rate of growth of the separate facets.

[
[
[
[
[
[

a Acta 481 (2009) 12–19

The thermal analysis, the EGA-MS investigation and the
agnetic measurements confirmed that the changes in the temper-

tures of dehydration and decomposition depend on the medium,
n which the process is occurring, as well as on the quantity of Ni.
he evolved gas analysis indicates a regular decrease in the amount
f liberated CO upon increasing the Ni content in the sample. These
esults followed the theoretical dependences, established for the
xalates of 3d-elements.

In the case of decomposition of the oxalates it can be expected
hat the liberated CO will have a reducing effect. In case of a pres-
nce of nickel in the system this reducing effect could lead to the
ormation of elemental nickel. Although there is indirect evidence
bout this statement (the course of the TG-curves and the EGA
ass-spectral results) the magnetic measurements prove that in an

xidative medium, even if the reduction occurs, the re-oxidation of
he nickel is a faster process. The possible reason for it is the high
atalytic activity of the mixed oxide phase in regard to the oxida-
ion of CO. An interesting result from the magnetic measurements
s that while in the case of the manganese oxalate the change in the
xidation state is occurring at the moment of the sample decom-
osition, in the case of the studied solid solutions this change is
onnected with the degree of the sample decomposition. It shows
hat the nickel stabilizes the manganese with respect to oxidation.
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