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An anomalous behaviour in the phase stability 
of the system Fe203 and NiO 
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Iron-nickel mixed oxides containing up to 50 mol% of NiO were prepared by firing the 
corresponding co-precipitated hydrous oxides; characterization was performed by X-ray 
diffraction, infrared spectroscopy, magnetic susceptibility, electrical conductivity and 
thermoelectric power measurements. A non-stoichiometric ferrite phase was formed when a 
sample containing 20 mol% NiO was sintered at 1050~ This phase had two- to three-fold 
higher conductivity than either Fe203 or the stoichiometric ferrite (NiFe204). The 
thermoelectric power of this phase indicated a sharp change of charge carriers from n- to p- 
type near 350 ~ This non-stoichiometric ferrite phase was stable only in a small temperature 
range and dissociated into ~-Fe203 and stoichiometric ferrite above 1 200~ Samples 
containing 5 and 10 mol% NiO also had small fractions of this non-stoichiometric ferrite 
phase when sintered at 1050~ 

1. Introduction 
Alpha ferric oxide reacts with almost all divalent metal 
cations and forms the corresponding ferrite spinel 
(M 2 + Fe23 + O4). Relative distributions of these divalent 
cations in tetrahedral and octahedral lattice sites of 
the ferrites and the formation of either normal or 
inverse or mixed ferrites depends upon several factors, 
such as Madelung energies, ionic radii, the number of 
d-electrons (in transition metal ions), the covalent 
nature and site preference energies of the metal cations 
[1-3]. The chemical nature of these cations, together 
with the method of preparation and other experi- 
mental conditions, also play an important role in 
determining the temperature at which the stoichi- 
ometric ferrite forms and the minimum proportion of 
divalent cations required to stabilize the ferrite rather 
than the corresponding solid solution phase [4, 5]. 

Many investigators have reported [6-9] that in 
mixed oxide systems containing di- and trivalent me- 
tals, excess trivalent metal oxide interacts with the 
spinel and forms a non-stoichiometric phase at higher 
sintering temperatures. In MgO-AI20 3 system, mag- 
nesium aluminate containing up to 82% alumina has 
been reported [10]. The non-stoichiometric phase 
has been considered as a solid solution between 
magnesium aluminate and gamma alumina with cat- 
ion vacancies as charge compensating defects, i.e. 
(MgAI204) 1 _x-(AIs/3VAI ' 1/304)x (VAI = aluminium 
vacancies) [11-1. However, the excess alumina separ- 
ates out during cooling from higher sintering tem- 
peratures. 

When substituted magnetite is oxidized at low tem- 
perature (ca. 350 ~ a superstructure called gamma 

lacunar (gamma ferric oxide having cation vacancies 
in the ordered crystallographic lattice sites) has been 
reported to be formed [7, 12-15]. The stability of the 
phase is governed by the nature and concentration of 
the substituents [12, 13-1 and it undergoes a structural 
change at higher temperatures. The gamma lacunar 
phase transforms to alpha ferric oxide if it contains 
trivalent cations such as A13 + or Cr 3 + El2, 13-1. On the 
contrary, it dissociates to rhombohedral ferric oxide 
and ferrite when divalent ions such as Zn z + or Co 2 + 
are present in the lattice [16]. No superstructure 
formation has been reported in the FeaO3-NiO sys- 
tem. 

Iron-nickel mixed oxide and nickel ferrite are in- 
dustrially important and have attracted much at- 
tention over the years [1-5, 17-22]. During a course 
study [17, 23-1, formation of a non-stoichiometric 
ferrite phase was observed under a specific set of 
experimental conditions. The origin and some of the 
properties of this phase seemed to be different from 
those generally reported in the literature. Hence, a 
detailed investigation was undertaken and the ob- 
served results are presented here. 

2. Experimental procedure 
Iron-nickel mixed oxide samples containing up to 
50% NiO were prepared by heating the corresponding 
co-precipitated hydroxides in air in an electric furnace. 
The hydroxides were prepared from analytical grade 
nickel nitrate and ferric ammonium sulphate and 
sodium hydroxide, as reported elsewhere [17, 23]. 

Hydroxide samples were first heat treated to 550 ~ 
for complete conversion to oxides and then were 
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pressed into pellets of 12 mm diameter and 3-8 mm 
thickness in a hydraulic press at 250-300 MPa. The 
pellets were then sintered in air in an electric furnace 
at different temperatures between 1050 and 1300~ 
for 4 h. After sintering the specimens were al!owed to 
cool inside the furnace at a controlled heating rate of 
500-600 ~ The sintered specimens were ground and 
powdered samples were investigated. 

I.r. spectra of the oxide samples were taken with a 
grating i.r. spectrophotometer model 577 (Perkin- 
Elmer) in the range of 4000-200 cm-  ~ using the CsI 
film technique. The sample to CsI ratio was 
1 : 100-200. 

Phase analysis of the specimerts was carried out 
with DR ON II (USSR) X-ray diffractometer using 
filtered iron radiation and a scanning rate of 2 ~ 
(2 0) min-  1 

Diffraction patterns obtained in a 11.46 cm dia- 
meter Debye-Scherrer camera with CrK~ radiation 
were used for the determination of lattice constants. 
Lattice constants were calculated by the least squares 
method using a computer program. 

Magnetic susceptibility of the specimens was meas- 
ured with a Gouy balance at room temperature. The 
field strength was 437.7 A m -  1. The Gouy balance was 
standardized with mercuric cobalt thiocyanate pow- 
der. Gram susceptibilities of most of the specimens 
measured were diluted suitably with alumina for the 
measurements. 

Thermal analyses were carried out using a De- 
rivatograph (Stanton Redcroft) over a temperature 
range of 20-1400 ~ at a heating rate of 20 ~ min-  
A 50 mg sample was taken for each run. 

3. Resul ts  
In this paper FNX indicates an iron-nickel mixed 
oxide (FN) containing X tool % of NiO. Temper- 
atures, e.g. 550, 750~ etc., associated with FNX 
represent the temperature at which the sample was 
heat treated or sintered. 

The FN20 specimen sintered at 1050 and 1100 ~ 
behaved anomalously compared to other mixed ox- 
ides. The anomalous behaviour of this sample is 
thought to be associated with the formation of a non- 
stoichiometric ferrite phase. The experimental proced- 
ures used to establish this result are set out below. 

3.1. I.r. spectral studies 
The room temperature i.r. spectra of the specimens 
(FNX-550 ~ are presented in Fig. 1. Pure ferric oxide 
(FN0) and FN10 samples show at least five well- 
defined absorption bands in the oxide region 
(600-2000 cm-~), which are due to the presence of 
alpha ferric oxide, the results have been fully explained 
elsewhere [23]. The spectra of mixed oxide specimens 
containing > 10 mol % NiO show only two bands. 
The absorption bands of both FN20 and FN30 are 
very broad and diffuse and it is very difficult to locate 
their exact peak positions. The peaks are relatively 
sharp and well defined for the specimens containing 40 
and 50 mol % nickel oxide. In the case of FN50, the 
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Figure 1 I.r. spectra of iron-nickel mixed oxides containing up to 
50 mol % of NiO heated at 550 ~ 

bands are centred at 580 and 380 cm- 1 and they can 
be attributed to nickel ferrite. The assignment of the 
observed i.r. frequencies to different modes is quite 
complex because nickel ferrite is an inverse spinel 
containing both Ni 2+ and Fe 3+ ions in the same 
octahedral sites. However, it has been reported that 
the highest frequency bands should be assigned to 
the higher valent cation [24, 25]. Accordingly, the 
580 cm-  1 band may be assigned to Fe 3 + - 0  2- stret- 
ching modes of both octahedral and tetrahedral 
groups since the higher valent Fe 3 + ions are equally 
distributed between octahedral and tetrahedral sites. 
The next lowest frequency band (380 cm -~) can be 
assigned to the Ni z §  z-  stretching vibration of the 
octahedral group. 

Fig. 2 shows the spectra of FN20 samples either 
heated to 550-900 ~ (curves A-C) for 1 h or sintered 
at 1050 1300~ (curves D-F)  for 4 h. Curve A has 
only two absorption peaks which are both very broad 
and diffuse. Curves B and C show a number of strong 
absorption peaks at ca. 550, 460, 370 and 330 cm-1, 
indicating that the 700 and 900 ~ calcined specimens 
contain both alpha ferric oxide and nickel ferrite. The 
i.r. spectra of specimen sintered at 1200 and 1300~ 
(curves E and F) also have many absorption bands in 
the positions expected for alpha ferric oxide and nickel 
ferrite, similar to those of the samples heat treated at 
700 and 900 ~ revealing that the same two phases are 
present in these materials. 

The FN20-1050~ spectrum (curve D) has two 
absorption bands centred at 590 and 400 cm-1. This 
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Figure 2 Lr. spectra of FN20 heat treated to different temperatures 
(~ (A) 550, (B) 700, (C) 900, (D) 1050 (E) ]200 (V) 1300, 

spectrum is similar to that for FN50-1050~ al- 
though the peak positions are slightly different. There 
is no clear evidence for the presence of any alpha ferric 
oxide bands in the spectrum. The result reveals that 
the sample calcined at this temperature contains only 
the ferrite phase but probably with a different com- 
position. 

3.2. X-ray diffraction (XRD) analysis 
XRD patterns of the mixed oxide samples heat treated 
at 550 ~ for 1 h are shown in Fig. 3. The patterns of 
FNO, FN10 and FN20 have a number of alpha ferric 
oxide peaks. It should be noted that the (l 1 0) alpha 
ferric oxide peak coincides with the 100% intensity 
(3 1 1) nickel ferrite peak, and that the ferric oxide 
peaks gradually decrease in intensity with increas- 
ing nickel oxide content in the specimens. The intens- 
ity ratio of (1 1 0) to (1 0 4) peaks gradually increases 
with an increase in NiO up to 20 tool %, indicating 
that the proportion of alpha ferric oxide to nickel 
ferrite varies with NiO content in a sample. FN50 has 
peaks in the positions expected for nickel ferrite. The 
pattern of FN30 shows relatively broad and diffuse 
peaks indicating that the phases in this material are 
either amorphous or cryptocrystalline. 

XRD patterns showed the presence of well-crystal- 
line alpha ferric oxide and nickel ferrite when the 
mixed oxides containing up to 40 tool % NiO were 
calcined at 700 ~ These two phases co-exist together 
up to as high a temperature as 1300~ for FN10, 
FN30 and FN40~ 

Diffraction patterns obtained from Debye-Scherrer 
powder photographs have shown both alpha ferric 

or- Fe203 (1 04-) 

oc- F%03 (1 1 O) 

53 50 45 40 35 30 25 
4-- 20 (dog) 

Figure 3 XRD powder patterns of iron-nickel mixed oxides heated 
at 550 ~ 

TABLE I The observed d-values (taken from Debye-Scherrer 
camera) and lattice parameters of FN20 and FN50 sintered at 
1050 ~ along with standard ASTM values of nickel ferrite 

Standard ASTM values 
of NiFe2Oa 

Observed d-spacings (nm) 

d(nm) Intensity hk l  FN50-1050 ~ FN20-1050 ~ 

0.4820 20 11 1 - - 
0.2948 30 220 0.2922 0,2901 
0.2513 100 3 1 1 0,2499 0.2474 
0.2408 8 2 2 2 0,2400 0.2377 
0.2085 25 400 0.2075 0.2060 
0.1913 4 3 3 1 - - 
0.1703 8 422 0.1698 0.1685 
0.1605 30 5 1 1 0.1602 0.1590 
0.1476 40 440 0.1473 0.1466 
0.1319 6 620 0.1319 0.1313 
0.1257 6 622 0,1258 0.1255 
0.1204 6 444 0.1205 0.1205 
0.1115 6 642 0.1115 - 
0,1086 16 73 1 0.1086 0,I084 
0.1042 6 800 0.1043 - 

Lattice 0.8339 0.8334 0.8307 
constant (nm) 
(error + 
0,0006 nm) 

oxide and nickel ferrite lines for FN20 heat treated 
between 550 and 900~ and sintered at 1200 and 
1300~ On the contrary, the patterns of FN20 sin- 
tered at 1050 and l l00~ contain only ferrite lines. 
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Table I compares the d-values and lattice constants of l 
FN20 and FN50 sintered at 1050 ~ with those of the I standard ASTM values of nickel ferrite. The lattice 1 
parameter value of 0.8307 nm obtained for FN20 is 
smaller than either the standard ASTM value for 2 
ferrite (0.8339 nm) or that of FN50 (0.8334 nm). Both 
i.r. and XRD results lead to the conclusion that a non- 
stoichiometric ferrite phase formed when FN20 was 3 
sintered near 1050 ~ which subsequently dissociated 
at higher temperatures to alpha ferric oxide and the ~ 4 
stoichiometric nickel ferrite. 

Further evidence for the formation of the non- ~ , 5 
stiochiometric ferrite has been obtained from meas- _o 
urements of magnetic susceptibility (Zg), electrical con- 
ductivity (cy) and thermoelectric power (~). $ 6 

3,3. Magnetic susceptibility (Z~) 
The room temperature susceptibility values plotted 
against the firing temperature of FN20 is shown in 
Fig. 4. Initially, the Xg value gradually increased with 
temperature and reached a maximum at 1050 ~ The 
gradual change in Xg has been attributed to the slow 
formation of the non-stoichiometric ferrite phase 
which is most probably completed ca. 1050~ The 
lower Zg values observed for the specimens sintered at 
1200 and 1300 ~ compared to FN20-1050~ speci- 
mens, may be explained as due to the dissociation of 
the non-stoichiometric phase into alpha ferric oxide 
and stoichiometric ferrite above 1100 ~ 

3.4. Electrical c o n d u c t i v i t y  
Fig. 5 shows electrical conductivity plots of FN0, 
FN20 and FN50 sintered at 1050 ~ The FN20 speci- 
men showed higher conductivity values than those of 
ferric oxide or nickel ferrite at all the measured tem- 
peratures. If FN20 is considered to be a composite 
containing both iron oxide and ferrite, it is expected 
that its conductivity plot should have been between 
the plots of FN0 and FN50. Conductivities of the 
materials at 125~ are plotted as a function of 
sintering temperature in Fig. 6. Conductivity plots of 
both FN0 and FN50 gradually increased with 
sintering temperatures up to 1300 ~ this is attributed 
to the increased concentration of Fe 2+ ions in the 
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Figure 4 Magnetic susceptibility of the FN20 sample heat treated 
to different temperatures. 
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Figure 5 The electrical conductivity of mixed oxide specimens sin- 
tered at 1050 ~ FN0 (0), FN20 (~) and FN50 (�9 
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Figure 6 Electrical conductivity of iron-nickel mixed oxides at 
125 ~ sintered at different temperatures. 

lattice. The conductivities of the other materials reach- 
ed a maximum and then, with further increases of 
temperature, either remained constant (FN20) or de- 
creased (FN5 and FN10). The changes in the conduct- 
ivity values of these materials with sintering temper- 
ature are probably related to the presence of the non- 
stoichiometric ferrite phase which formed ca. 1050 ~ 
for FN20 and dissociated to ferric oxide and nickel 
ferrite at higher temperatures. 

3.5. Thermoelectric power 
Both FN0 and FN50 sintered between 1050 and 
1300 ~ had negative thermoelectric power at all the 
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Figure 8 Thermoelectric power (~) of FN20 as a function of temper- 
ature sintered at 1050 ~ (A), 1200 ~ (O) and 1300 ~ (0). 

measurement temperatures, indicating that the con- 
duction in these materials was due to electrons [25]. 
The thermoelectric powers of these materials were 
almost independent of measurement temperatures. 
Thermoelectric power plots of FN20, FN10 and FN5 
sintered at 1050 ~ are given in Fig. 7. FN20 shows a 
very interesting temperature dependent behaviour, 
with a sharp change over of charge carriers at ca. 
350 ~ The change over of charge carriers from elec- 
trons to holes observed for FN20 gradually decreased 

as the sintering temperature was increased to 1200 and 
1300 ~ (Fig. 8). Like FN20, the thermoelectric power 
of both FN5 and FN10 changed with measurement 
temperature (Fig. 7). However, data could not be ob- 
tained below 200 ~ as the resistivity of the materials 
were too high. 

4. Discussion 
The anomalous nature of FN20 sintered close to 
1050 ~ is probably related to the presence of a non- 
stoichiometric ferrite spinel. This non-stoichiometric 
phase can be considered as either: 

1. a solid solution between Fe304 and NiFe204 
that has a general formula [(Fe3+)t(Fe~+~ 
Ni~+Fe3+)o]O 4 (the Fe304 might be formed 
from the excess ferric oxide); or 

2. a cubic gamma lacunar phase having a general 
formula (NiF%O3h_x (y-Fe203)x. 

This gamma lacunar phase is a solid solution between 
nickel ferrite and 7-Fe20 3 and is considered as a 
superstructure having cation vacancies in the octa- 
hedral sites [7, 12-15]. 

Haematite dissociatively transformed to magnetite 
(3Fe203 = 2Fe304 + 1/202) and the process depend- 
ed both on the oxygen partial pressure (Po2) and the 
firing temperature. Also, the quantity of Fe304 re- 
tained in the material depended on the rate of cooling 
from high temperatures [-26-30]. The reaction is re- 
ported to be completed at ca. 1400 ~ in air [30]. In 
this investigation a non-stoichiometric phase was ob- 
served for FN20 that had been sintered at 1050 ~ in 
air. Differential thermal analysis studies of FN20- 
550~ had an endothermic peak at ca. 1310~ and 
that endotherm was associated with a weight loss of 
1.65-1.85%. The cooling curve showed an exothermic 
peak at ca. 1120 ~ with a gain in weight equivalent to 
that of the amount lost during heating. If the FN20- 
550~ specimen is considered to be a mixture of 
40mo1% NiFe204 and 60mo1% Fe203, the ex- 
pected weight loss is ca. 1.69% for the complete 
conversion of ferric oxide to magnetite, which com- 
pares well with the experimentally observed weight 
loss. Therefore, to fabricate spinel solid solution of 
type (1) in air the mixed oxide samples containing an 
excess of ferric oxide need to be heat-treated at suffi- 
ciently high temperatures to covert Fe203 to Fe304 
and then quenched rapidly in water or in liquid 
nitrogen to avoid re-oxidation of Fe304 to FezO3. 
However, at low Po2, the ferric oxide is almost fully 
transformed to magnetite at relatively low temper- 
atures. For instance, a spinel solid solution has been 
detected in the O-Fe-Ni  system containing 20 mol % 
Ni at a temperature as low as 700 ~ when Po2 was 
10 -14 [31]. 

Many investigators [32-34] have studied the elec- 
trical properties of the Fe304-NiFezO 4 system. Their 
results show that the system is highly conductive with 
the conductivity and activation energy values depend- 
ing on the concentration of the Fe 2+ ions in the 
system. Comparison of the reported conductivity and 
activation energy values [32-34] with the results of 
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FN20 (Fig. 5) revealed a notable difference. The ac- 
tivation energy of FN20-1050 ~ was 0.63 eV, 2 to 3- 
times higher than the value reported for the spinel 
solid solution [(NiFezO,~)l_x-(Fe304)x] having ap- 
proximately the same composition [34]. Also, the 
change over of charge carriers from electrons to holes 
exhibited by FN20-1050~  (Fig. 7) cannot be ex- 
plained by considering the material as a solid solution 
between magnetite and nickel ferrite. Both resistivity 
and n-p anomalies, however, have been reported for 
pure and slightly substituted magnetite near the Ver- 
wey and Curie temperatures [34, 353. 

The radius of the Fe 2 + ion is larger than that of 
both Fe 3 + and  Ni 2 § ions and accordingly the solid 
solution of FesO 4 in N i F e 2 0  4 will be followed by 
an expansion of the lattice (amagnetite- aniekelferrit e 
= 0.006 nm), while the solid solution of gamma ferric 

oxide in nickel ferrite will lead to a contraction of the 
ferrite latt ice (ani~kel ferrite --  ag . . . .  ferric oxide = 0 .003  

nm) E36]. In this study the lattice parameter of FN20-  
1050~ was 0.8307 nm, 0.0027 nm lower than the 
lattice constant of FN50-1050~ This observation 
suggests that the FN20-1050 ~ specimen can be con- 
sidered as a solid solution between nickel ferrite and 
gamma ferric oxide. However, the presence of a some 
amount of Fe 2 § ions (from magnetite) in the ferrite 
lattice cannot be discounted. The gamma lacunar 
phase is a superstructure having cation vacancies 
which can trap holes 1-16, 37]. 

The change over of charge carriers from electrons to 
holes at ca. 350 ~ for FN20-1050 ~ (Fig. 7) suggests 
that both n- and p-type charge carriers are present in 
the structure. Therefore, conduction should be mixed 
and will be dominated by either electrons or holes 
depending on the concentration and mobility of the 
species at a particular temperature. Electronic con- 
duction is expected to be dominant at low temper- 
atures, as electron mobility is higher than hole mobil- 
ity. The thermoelectric power of FN20-1200~ was 
relatively less sensitive to measurement temperature, 
and FN20-1300 ~ had only a negative thermoelectric 
effect at all measurement temperatures (Fig. 8), indic- 
ating that the non-stoichiometric ferrite phase formed 
at 1050 ~ was mainly responsible for this change over 
behaviour. 

The conductivity and thermoelectric power results 
of FN5 and FN10 can be explained by considering 
that the ferrite phase present in these materials is a 
non-stoichiometric one probably similar to that of 
FN20-1050~ Since this phase is more conducting 
than the alpha ferric oxide, the overall conductivity of 
the specimen increases with increasing amounts of 
NiO as consequence of increasing fractions of the non- 
stoichiometric phase. 

5. Conclusions 
In conclusion it may be stated that formation of a 
non-stoichiometric ferrite phase occurs when the 
FN20 specimen is sintered near 1050 ~ This phase is 
stable only over a limited range of temperatures and 
dissociates into alpha ferric oxide and nickel ferrite 
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above 1200 ~ The conductivity of this phase is higher 
than either alpha ferric oxide or stoichiometric nickel 
ferrite, and its thermoelectric power is strongly de- 
pendent on temperature. 
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