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Abstract

Stoichiometric spinel phases Mg ,Nig ¢Zn,O, Were prepared by thermal decomposition of
mixed oxalate precursor powders py_ Nig.-2n,C,0,nH,O (with 0 = o = 0.53) at 900°C.
Cation-deficient phases Mpgs ,Nig¢ZN,35404,5 Were identified in the temperature range
350-500°C. The nonstoichiometric coefficientvas found to strongly depend on the zinc content
and the decomposition temperature. We showed that the introduction of zinc into the spinel phas
enlarges the stability domain of the structure and inhibits oxidation at least up to 900°C. A cubic
single-phase was observed for=x 1.00. The lattice parameter variation of the oxides in the
composition range 0= x = 0.60 can be explained using Poix’'s method, in terms of the
distribution of Zrf* cations on the tetrahedral sites. However, for higher zinc content (x6) a
detailed analysis of data showed that a small fraction ofZis located on octahedral sites.

Keywords: A. Oxides; B. Chemical synthesis; C. X-ray diffraction; C. Thermogravimetric analysis (TGA)
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1. Introduction

The Mn/Ni/O system with spinel structure has been widely studied [1-8], especially in
view of its commercial application as negative temperature thermistor ceramics. These spin
phases are usually obtained at temperatures above 850-900°C by thermal decompositior
air of mixed oxalate salt precursors. Recent studies [9-12] have shown that these spin
phases can be obtained at low temperatures (300—400°C); however, they present cati
deficiencies due to oxygen excess. Moreover, these phases decompose with increas
temperatures, giving rise to thermodynamically stable phases NiMn@a«-Mn,O; in the
temperature range 500-800°C. At 900°C, a stoichiometric spinel phase is obtained. On tt
other hand, it has been shown [13,14] that zinc substitution in hausmannite leads to
stabilization of the spinel phase, i.e., to an inhibition of oxidation phenomena.

The aim of this work was to synthesize and characterize a mixed zinc-nickel-manganes
oxalate series My, Nig 2N, C,0,,nH,O (0 = o = 0.53).

2. Experimental
2.1. Elaboration of the oxalate precursors

Samples of the series Mg Nig »Zn,C,0,NH,O (0 = a = 0.53) were prepared by
coprecipitation of transition metal nitrates Mn(NQ6H,O, Ni(NO;),-6H,O, and
Zn(NOy),6H,0 with ammonium oxalate (NkJ,C,0,-H,O in an aqueous solution at 25°C.
The precipitates were stirred for 30 min, then filtered, washed several times with deionize
water, and dried in air at 60°C. The precipitation reaction is described in Eq. (1):

(0.78 — a)Mn(NOy),-6H,0 + 0.22Ni(NO,),6H,0 +
Ot-Zn(NO3)2'6H20 + (NH4)2C204'H20 \L
Mng 75 Nig2ZN.C,0,NH,0 + 2NO5 + 2NH} + (7 — n)H,0 )

2.2. Characterization techniques

The powder morphology was observed with a JEOL JSM-6400 scanning electron micro
scope. The thermal decomposition of the mixed oxalate precursors was examined k
thermogravimetric analysis (Setaram TGDTA92B operating in air) and high temperature
X-ray diffraction analysis (Bragg-Brentaii26 Siemens D500 powder diffractometer, using
Cu Ka radiation §, = 1.54060 A\, = 1.54443 A\,/\, = 0.50) and operating at 40 kV
and 30 mA). Data were collected in the step-scan mode using 060&&@-size and 1s/step
counting time over the €2range 20—80°. The chemical composition of the oxides was
determined by plasma emission spectrometry.

Temperature programmed reduction analyses (TPR) were performed both by thermc
gravimetry and gas chromatography. Experiments were realized in a vertical plug flow
differential reactor. The mass variation was determined with a Cahn D200 microbalanc



a)a =000 b) o =0.39

Fig. 1. SEM micrographs of zinc nickel manganese oxalatg Mn Nig ,.Zn,C,0, - NH,O: (a) a = 0.00, (b)
a = 0.39.

(accuracy 10°g). The temperature of the sample could be linearly increased by a furnace
monitored by a Shimaden SR25 temperature programmer. The sample was first degassec
Pa) at room temperature for 1 h, then the system was filled with Ar. A flow of T5nim *

was allowed to pass through the reactor. During the experiment, the temperature was lineal
increased to 950°C (with a heating r@te= 5°Cmin %). Every 120 s, the gas flowing out of
the reactor was sampled and analyzed by gas chromatography (Shimadzu GC-8A chroma
graph fitted with a molecular sieve ¥3column and a thermal conductivity detector). These
analyses measured the oxygen concentration in the flowing gas, and the integration of the
data over time gave the total amount of oxygen released during the experiment.

3. Results and discussion

3.1. Characterization of the zinc-nickel-manganese oxalates

The powder morphology was shown to depend on the zinc content. For low zinc content
the powder has an octahedral-like shape. It becomes more spherical as the zinc conte
increases (Fig. 1). The average size of the oxalate powders varies between 10 emd 15

It is well established [15] that nickel manganese oxalatg NNi C,0,2H,0O synthe-
sized by “chimie douce” is a mixed oxalate that crystallizes in the stalitem, for nickel
contenta = 0.25. X-ray diffraction experiments completed with TG analyses show that the
substitution of Mn by Zn in this system leads to mixed oxalates. High temperature X-ray
diffraction was performed to follow the oxalate structural change (Table 1).

In the nickel manganese oxalate TG curve (Fig. 2), a continuous weight loss between 350 al
500°C (Step 1) was observed. This mass loss was also observed for oxides containing zir
although it decreased with increasing zinc content. In this temperature range, it was difficult t



Table 1
Structural evolution of mixed My, ¢ Nig ».Zn, C,0,2H,0O oxalates as a function of temperature for different zinc contents

T (°C) «

0.00 0.10 0.21 0.34 0.39 0.45

300, 1 h AP AP AP Cspp AP AP

400, 1 h AP AP Cspcp Cspocp AP AP

500, 1 h NiMNnQ, + a-Mn,O4 Cspep Cspep Csp Cspcp Cspocp + ZNOpcp
600, 1 h NiMNnGQ, + a-Mn,O4 NiMNO; + a-Mn,O5 + CSphcp Csp Csp Csp Csp + ZNOpcp
700, 1 h NiMnQ, + a-Mn O, a-Mn,03 + NiIMNO3 + CSpscp Csp Csp Csp Csp- ZnO

800, 1 h Cspt+ NiMnO3 + a-Mn,O4 Csp+ a-Mn,O3 + NiMnOz? Csp Csp Csp Csp- ZnO

900, 4 h Csp Csp Csp Csp CspZnd® Csp+ ZnO

Csp: Cubic spinel; AP: Amorphous phases; PCP: Poorly crystallized phases.
&Small amount.
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Fig. 2. TG curves of Mp 55 Nig 6Zn,O,, With (&) x = 0.00, (b) x= 0.11, (c) x= 0.31, and (d) x= 0.62, in
the temperature range 300-1000°C.

identify the structure using in situ XRD analysis because the phase was almost amorphot
However, previous studies [9-12,16] have shown that a nonstoichiometric spinel phas
Mn,, 3:Nig 6d 354044 5 (With oxygen excess) is obtained. We find that in a similar temperature
range, the spinel phase is more crystallized (and therefore identified) and appears at low
temperature as the zinc content increases. The nonstoichiometry coeici@ntdetermined by
TPR experiments for the low temperature (400°C),Mi Nig ¢ZN 354045 pPhases as a
function of zinc content (Table 2).decreased significantly with increasing zinc content. On the
other hand, for a fixed zinc content ¢ 0.00 and x= 0.31) (Table 3), the nonstoichiometric
coefficientd decreased with increasing decomposition temperature.

From these results, one can assume that the weight loss observed on the TG cur
between 350 and 500°C corresponds to the oxygen excess of the nonstoichiometr
phases. In fact, when the zinc content increases, the mass loss observed is less importe
which is in agreement with the variations &f At 520°C (Step Il), the sudden mass loss
observed for nickel manganese oxalate (Fig. 2, curve a) is due to the reduction of th
octahedral MA™ cations to MA™ or Mn?*. According to Tang et al. [10], the reduction
could be related to the migration of Ni and Mrf™ from the octahedral to the tetrahedral
sites. In the temperature range 550-900°C, the mass changes observed (Steps Ill and |
are due to the oxidation of the tetrahedral ¥Mncations to MA™*, which leads to the

Table 2
Nonstoichiometric coefficiend at 400°C as a function of zinc content x
X 0.00 0.31 0.70 1.02

Sa00ec 0.51 0.32 0.24 0.16




Table 3
Nonstoichiometric coefficiend as a function of
decomposition temperature

x = 0.00 x=0.31
d350°c 0.66 0.30
d.400°C 0.51 0.30
d420°C 0.24 0.26

transformation of the spinel phase into the bixbyitdn,O5 (JCPDS file 24-0508) and

the ilmenite NiMnQ, (JCPDS file 12-0269) [6,16—-18]. The mass loss (Step 1V) is due to
the reaction of these two phases to form the cubic spinel phase again. After 4 h at 900°(
only the spinel phase Mn;Nij 0, is observed, as expected. The mass change related
to this reduction decreases rapidly as the zinc content increases, and disappears for
0.10. For this composition, the diffraction peaks relative to the NiM@@d a-Mn,04
phases are no longer observed. In fact, the temperature range of stability increas
significantly with increasing zinc content. However, if the zinc content is too high (
0.34), the ZnO phase is observed (JCPDS file 36-1451) in addition to the cubic spine
phase (Table 1). As expected, the precipitation of ZnO occurs at lower temperatures &
the ratio of zinc increases. So the substitution of manganese by zinc in solid solutiol
series Mg 35 Niy Zn,O, results in a gradual and substantial change in the thermal
behavior of the oxides in the temperature range 300-900°C. We can say that th
introduction of zinc into the spinel phase enlarges the stability domain of the structure
and inhibits oxidation at least up to 900°C. Our results are in agreement with those
obtained by Dubrawski [14]. He showed the increase of stability of hausmanni®Mn
when introducing zinc in the structure. Fruhwirth et al. [19] mentioned the role of zinc
cations in the increasing stability of the structure in Mn/Ni/Zn/O systems.

3.2. Characterization of the zinc-nickel-manganese oxides

For this part of the work, the temperature of the treatment was fixed at 9004CHan
air. At this temperature, a single phase is obtained for the composition range from
Mn,, 3 Nig /04 t0 Mn; 3 Nig 6ZN; 00,4 (Fig. 3). The heating and cooling rates were fixed at
150°C/h. One single spinel phase is observed upsolx1. For higher zinc content, the ZnO
phase appears. The experimental lattice paranagigdecreases linearly as the zinc content
increases, in agreement with Vegard’s law. It is well established ttfat Zations are located
on the tetrahedral sites in zinc manganites [20,21]. The strong tetrahedral preferenéé of Zn
cation was evidenced by electrostatic energy measurements by O’Neill and Navrotsky [22
In fact, the ionic radius of Zf" is smaller than that of MiT" (r,,>- = 0.580 A and g2+ =
0.655 A) in the tetrahedral sites [22]. The decrease of the lattice parameters is similar to th:
observed by Feltz and Seidel [23] in the MgNi,; ,Zn,0O, system. When the ZnO phase
appears, the lattice parameter of the spinel phase is constant.

The spinel structure is based on the cubic close-packing of oxygen ions in which the
cations are located on both tetrahedral and octahedral sites. The general formula for tl
cationic distribution is
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Fig. 3. Variation of the experimental lattice parameter of the spinel phase inMNi, ¢Zn, O, Oxide as a
function of zinc content (x).

AT B3 [B3 A% 107 (2)

where\ is the degree of inversion, € A = 0.5. The brackets indicate the octahedral sites.
Poix [24] has pointed out the invariable character of the “anion—cation” distance for a

particular site in the spinel structure. Thus two parameters are defipgd= A-O and

decg = B-O, whered., and d.g are the mean values of the “anion—cation” distance in

tetrahedral and octahedral sites, respectively. The lattice paramnisteelated tod., and

dcg according to the following relation:

a=2.0995, + |(5.81822; — 1.41012,) ©)

The theoretical lattice parameters can be calculated for various cationic distributions an
compared with the experimental parameters. Therefore, the cationic distribution of a soli
solution can be approached. We want to point out that this method is qualitative, and we wil
consider only the single phases for determining a cationic distribution. The characteristi
bond lengths Mn-0, Ni—O, Zn—0 on the different sites are found in ref. 24. The zinc nickel
manganites were prepared by substituting manganese cations by zinc in nickel manganites
formula Mn, ;Nig £0,4. Under the same preparation conditions, Legros et al. [25] proposed
a cationic distribution for nickel manganites MnNi, O, (0.5 = x = 1):

MnIT NIZFINiZE Mn3*, Mni* 105~ (4)

where y= xP/100 and P= percentage of Ni" on tetrahedral sites; P f(x) = —82.1x% +
192.4x— 81.5.

In fact, despite their strong preference for octahedral sites, a small fractiod othlions
is located on the tetrahedral sites. In order to keep the electroneutrality, the numbet’of Mn
cations on octahedral sites is equal to that of'Niations on the same sites. Gillot et al. [26]
have quantified the degree of inversion, using neutron diffraction experiments, for a givel
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nickel manganite. For the composition,NgMn, 0., only 0.12 NF* (per unit formula) is
located on the tetrahedral sites. For MgNi,, ¢:0,, all the NF* are located on the octahedral
sites. The variation of the lattice parameter of Mp_,Ni, N, O, as a function of the zinc
content x (0= x = 0.35), calculated for the cationic distribution |, where?Zrcations are
located in tetrahedral sites, is compared with the experimental data in Fig. 4. In all cases, &
the NP* cations (0.66 per unit formula) are located on the octahedral sites. The limiting
cationic distribution (distribution I) proposed is

Mn3t, ZnZ [NidkMn3tMng £ 03 (x = 0.6) (5)

This observation confirms that the Zncations are located on the tetrahedral sites. Thus, in
these compounds Mn. ,Nij ¢Zn,O,, the tetrahedral sites are occupied by the zinc ions
and the octahedral sites are shared by the nickel and manganese ions. However, for hig}
zinc content (x> 0.6), a small shift is observed between the experimental and the calculatec
lattice parameter (Fig. 4). In this case, if we consider that a small amounfféam occupy

the octahedral sites, according to distribution I

Mnff(l_)\)XZn(zl“L_m[Nigfg;nf*Mngﬁ_ZAMnégsﬂ]oﬁ‘(x > 0.6) (6)

a much better agreement is obtained. The calculated lattice parameters for, respectively, 1(
and 20% of ZA™ located on octahedral sites are plotted in Fig. 4. Although tifé Zations
preferentially occupy the tetrahedral sites, when the zinc content increases, a small fractic
of Zn?* cations could move to the octahedral sites. Two cationic distributions are suggeste
for different zinc content:

Forx = 0.6: Mr2*,ZnZ* [Nid sMn3tMng 503~ (7)



Forx > 0.6: Mnff(l,)\)XZn(zltMX[Ning;ni*Mngﬁ,z}\MngEHk]O{ (8)

The results are in agreement with the studies of zinc manganitgs Mn,, ,O, conducted
by Rosenberg et al. [27]. They supposed that a fraction of tfé Zations was located on
the octahedral sites.
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