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NiFe2O4 samples with small amounts of MnO2 were prepared via ball-milling process and two-step sin-
tering process from commercial powders. Sintered density, average grain size, and microstructure of
Mn-doped 18NiO-NiFe2O4 composite ceramics have been investigated by means of x-ray diffraction,
scanning electron microscopy, and energy dispersive spectroscopy. Bending strength was measured by
three-point method. The results show that the crystalline structures of the ceramic matrix are still NiFe2O4

spinel structure and Mn ions homogeneously distribute in both the grains interiors and the grain bound-
aries. When 1 wt.% MnO2 was added, the values of relative density and bending strength of composite
ceramics reached their respective maximum of 93.6% and 38.75 MPa, respectively. It is preliminarily found
that MnO2 can reduce the sintering temperature obviously because of partial substitution of Fe3+ with Mn4+

in NiFe2O4 lattice.
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The novel techniques of aluminum electrolysis with inert
anodes have been an important item for many years (Ref 1, 2).
The development of green anode materials has gained consid-
erable importance in recent years (Ref 3). At present, the
current efficiency of aluminum electrolysis is as high as 96%,
but consumable carbon anodes are used, the anode product
being CO2 and CO (Ref 4).

Relatively extensive researches have been carried out to
develop a suitable material served as inert anodes to replace
commonly used carbon anodes, which would solve numerous
ecological and economical problems by releasing environment-
friendly O2 during electrolysis (Ref 5-8). It is found that
NiFe2O4-based cermets are one of the most promising candi-
dates served as inert anodes for aluminum electrolysis, which
possess a better corrosion resistance and higher thermal shock
resistance in molten cryolite-alumina bath (Ref 9-11).

However, low reactivity of solid substance in the prepara-
tion of ceramic matrix will result in a slower reaction rate, so it
is hard to obtain high-density target products at low temper-
atures (Ref 12). In order to obtain high-density target products
at lower temperature, two common methods, either preparing
ultrafine powder or using sintering promoters, have been
exploited (Ref 12-14). It is more economical to adopt sintering
promoters to improve sintering ability for large-scale fabrica-
tion (Ref 15, 16). Zhang et al. (Ref 17) reported that a relative

density of �68% was obtained for pure ceramics sintered at
1300 �C for 1 h. However, a relative density of �94% was
gained for 1 wt.% MnO2-doped samples at the same sintering
conditions. Densities of alumina samples sintered at 1550 �C
for 1 h can reach 95% of the theoretical density (TD). The
densities of those containing 3.0% MnO2 and 0.5% TiO2

sintered at 1250 �C for 1 h are up to 98.2% of the TD (Ref 18).
It can be seen that sintering promoters is useful for some solid-
state sintering and MnO2 is an effective sintering promoter for
certain ceramic materials mentioned above.

In this study, high-purity reagents (Fe2O3: 99.3%, NiO:
99.98%, MnO2: 97.5%; Guoyao, China) are selected as raw
materials. A two-step sintering process was adopted to prepare
MnO2-doped NiFe2O4 composite ceramics. The molar ratio of
NiO to Fe2O3 was 1.87:1 in the mixture. Powder mixtures of
NiO and Fe2O3 were ground in distilled water via a ball-milling
process for 24 h and dried. Then the mixtures were ground with
4 vol.% polyvinyl alcohol (PVA) binder and pressed at
160 MPa into rectangular bars. The ceramic bars were calcined
in air at 1000 �C for 6 h to produce NiFe2O4 matrix material.
The calcined matrix products were crushed and ball-milled with
different amounts of MnO2 (i.e., x = 0, 0.5, 1.0, 1.5, 2.0,
2.5 wt%) for another 24 h with distilled water as dispersant,
then dried thoroughly. Adding 4 vol.% PVA binder, the dried
mixture was fabricated into 709 159 8 mm ceramic bars at a
pressure of 200 MPa and then sintered at 1100, 1200, 1300,
1400 �C for 6 h in air, respectively, to produce 18%NiO-
NiFe2O4 composite ceramics.

Bulk density and porosity of sintered samples were tested by
Archimedes drainage. Bending strength was measured by three-
point method using an electron mechanical experimental
machine (USA). Fracture surface and well-polished surface of
sintered samples were characterized using scanning electron
microscope (SSX-550, Japan). The phase transformation in
sintered samples was detected using a D/max 2RB x-ray
diffractometer (Japan) with Cu Ka radiation, pip voltage 40 kV
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and current 100 mA. The elemental analysis in sintered
samples was carried out using energy dispersive x-ray micro-
analysis (EDAX).

The XRD patterns of un-doped and 2.0 wt.% MnO2-doped
samples are shown in Fig. 1. As shown in Fig. 1, all samples
are identified to be cubic spinel structure with most intense
peak (3 1 1), which indicate that no new phases formed in the
sintered samples. According to research work by Yao et al. (Ref
19), after introduction of 2.0 wt.% MnO2 into the ceramic
matrix, a formation of solid solution caused by MnO2 and
NiFe2O4 could be detected in the samples. Figure 1(b) indicates
that Mn ions entered the crystal lattice of NiFe2O4. As the
valence of ion Mn4+ is higher than that of Fe3+, Mn4+ entered
the octahedron positions of NiFe2O4 spinel and partially
substituted Fe3+ (Ref 20). It produced ion vacancy in the
lattice of NiFe2O4. So the crystal lattice of NiFe2O4 is distorted
by Mn4+ entrance, although it still retains its NiFe2O4 spinel
structure. All the radii of the ions in sintered samples are shown
in Table 1.

In general, the ions with higher valence and larger radii are
prone to occupy the octahedron positions and the ions with
lower valence and smaller radii are prone to occupy the
tetrahedron positions (Ref 21). Based on the above-mentioned
reasons, Mn4+ ions have the preference to occupy octahedron
positions of NiFe2O4 spinel. It is in good agreement with the
description by Zhang et al. (Ref 20, 22)and Bonsdorf et al. (Ref
20, 22). MnO2 addition shifts the value of the lattice constant
towards higher tendency from 8.31 for un-doped samples to
8.341 for 2.0 wt.% MnO2-doped samples (Ref 20). It is proved
the lattice distortion in NiFe2O4 spinel caused by substitution of
partial Fe3+ by Mn4+ ions.

Selected micrographs, as shown in Fig. 2, indicate the grains
of un-doped ceramic samples sintered at 1300 �C are not
strongly bonded together. Plenty of pores can be found
(Fig. 2a). When 0.5 wt.% MnO2 was added, apparent sintering
trajectories can be detected in the samples sintered at 1200 �C
(Fig. 2b). It is interesting to note that solid-solution phenom-
enon happened in 1 wt.% MnO2-doped samples sintered at
1200 �C. Moreover the grain size is smaller than that shown in
Fig. 2(a), (b). The possible reason is that 1 wt.% MnO2 is
effective for controlling abnormal grain growth through a solid-
solution pinning mechanism and thus, achieving higher densi-
ties along with uniform structure. When MnO2 content is up to
2.5 wt.%, the distribution of particle size is not uniform, local

positions are riddled with pores and structure is not as dense as
that of 1 wt.% MnO2-doped samples. It can be understood that
entrance of excessive Mn4+ ions into the lattice of NiFe2O4

leads to unbalance distribution of Fe ions. It will attenuate the
super-exchange interactions of Fe3+ ions between A site and B
site, which results in hard displacement of domain wall and
MnO2 segregation at grain boundaries. It should be possible to
increase the diffusion activation energy and decrease the
diffusion rate, which is unfavorable for sintering process.

The selected morphology of samples and corresponding
distribution of Mn element is shown in Fig. 3. It is observed
that Mn element is homogeneously distributed on the analyzed
region. It can be concluded that most Mn element is dissolved
both in the NiFe2O4 spinel grains and in the grain boundaries. It
is clear that Mn element probably form a solid solution with the
synthesized NiFe2O4 spinel, which is consistent with the
observation in Fig. 1(b).

The lattice spacing d of samples with different crystal face
indexes for un-doped and 1 wt.% MnO2-doped samples are
listed in Table 2. It is indicated that the d values for 1 wt.%
MnO2-doped samples are smaller than those of un-doped
samples. It is illustrated that MnO2 additive does lead to the
deviation of lattice parameter in NiFe2O4 spinel.

Relative densities and bending strengths of samples sintered
at 1200 �C for 6 h with different amounts of MnO2 are
described in Fig. 4. It can be seen that un-doped samples have a
lower relative density (�90.84%) and poorer bending strength
(�19.03 MPa). Increasing MnO2 doping content from 0 to
1 wt.%, the both values increase and reach a maximum at
x = 1.0 wt.%. When the amount of MnO2 doping is over
1.0 wt/%, the values of both relative density and bending
strength decrease and get to a minimum at about x = 2.5 wt.%.
It can be concluded that a lower doping level (<1 wt.%) is
effective in promoting densification, while a higher doping
level (>1 wt.%) is ineffective in this study. A similar effect of
MnO2 additive on densification of CeO2 has been proved by
Zhang et al. (Ref 15, 17).
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Fig. 1 XRD patterns of samples sintered at 1200 �C for 6 h in air. (a) Without MnO2 and (b) with 2.0 wt.% MnO2 additive

Table 1 The radii of the ions in the sintered samples

Element Mn2+ Mn3+ Mn4+ Fe3+ Ni2+ O2�

Ionic radii, nm 0.091 0.066 0.052 0.064 0.068 0.14
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All the results indicated that the crystalline structures of
MnO2-doped ceramic matrix are still NiFe2O4 spinel structure.
Mn element distributes homogeneously in both the grains
interiors and the grain boundaries of NiFe2O4 spinel. Introduc-
tion of MnO2 makes it easier to obtain a dense NiFe2O4

ceramic with smaller grain size. It is suggested that proper
amount of MnO2 addition can decrease the sintering temper-

ature, evidence proving MnO2 is an effective sintering additive
for getting denser NiFe2O4. The values of both the relative
density and the bending strength for 1.0 wt.% MnO2-doped
samples reached their respective maximum of 93.6% and
38.75 MPa. In addition, introduction of excessive MnO2

additive to the ceramic matrix will be unfavorable for the
sintering, i.e., 2.5 wt.% MnO2 in this article.

Fig. 2 SEM micrographs of the ceramic samples: (a) x = 0% (i.e., without MnO2 additive), sintered at 1300 �C for 6 h; (b) x = 0.5 wt.%, sin-
tered at 1200 �C for 6 h; (c) x = 1.0 wt.%, sintered at 1200 �C for 6 h; (d) x = 2.5 wt.%, sintered at 1200 �C for 6 h

Fig. 3 (a) SEM image of the ceramic samples doped with 1.0 wt.% of MnO2 and (b) the distribution of Mn element in the ceramic samples
with 1.0 wt.% MnO2
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hkl

Lattice spacing d, nm

NiFe2O4 1 wt.% MnO2-NiFe2O4

111 0.483097 0.481795
220 0.295218 0.294742
311 0.251541 0.251300
222 0.240880 0.240880
400 0.208560 0.208332
422 0.170257 0.170110
511 0.160404 0.160277
440 0.147426 0.147217
620 0.131844 0.131685
533 0.127188 0.127042
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Fig. 4 Relative densities and bending strengths of samples sintered
at 1200 �C for 6 h with different amounts of MnO2
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