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Abstract

A modi®ed mixed oxide synthetic route has been
developed for the synthesis of iron niobate, FeNbO4

(FN). A rapid vibro-milling technique was employed,
with the formation of FeNbO4 phases investigated as
a function of calcination temperature and dwell time
by XRD and DTA. The particle size distribution of
the calcined powder was determined by laser di�rac-
tion techniques, and the morphology, phase composi-
tion and crystal structure determined via SEM, TEM
and EDX. It has been found that the unreacted Fe2O3

and FeNb2O6 phases tend to form together with
FeNbO4, with the latter appearing in both monoclinic
and orthorhombic phases, depending on calcination
conditions. It is seen that optimisation of calcination
conditions can lead to a 100% yield of FeNbO4 in an
orthorhombic, a -PbO2-type phase. # 1999 Elsevier
Science Limited. All rights reserved
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1 Introduction

The ultimate goal of ceramic processing is to
achieve the desired phase(s), whilst keeping the
sequence of steps as simple as possible. As is well
known, both starting materials and processing his-
tory critically a�ect the properties of the ®nal pro-
duct, such that attention towards powder
processing techniques is always required.
There is increasing interest in the use of some

types of ABO4 oxides, e.g. FeNbO4, FeTaO4 and
FeWO4, in gas sensor, catalytic and photodetector
technologies. Moreover, the solid solution system

Fe(Nb1-xWx)O3 has been found to exhibit semi-
conducting and magnetic behaviour consistent with
the coexistence of Fe2+ and Fe3+ ions. Electrical
properties have been rationalised by an electron-
hopping model, with magnetic behaviour signifying
the low temperature dominance of anti-
ferromagnetic exchange interactions for 0� x� 0.6
and ferromagnetic interactions for 0.7� x�1.1 As a
dark brown oxide, iron niobate, FeNbO4 is one of
the well known compounds of the ABO4 family,
which has recently gained considerable attention.2±
10 This compound in particular has been investi-
gated as a possible photoanode material, with
potential applications in the conversion of solar
energy.3 Moreover, it is well known as the key pre-
cursor for the successful preparation of single-phase
perovskite Pb(Fe1/2Nb1/2)O3 (PFN), which is
becoming increasingly important for multilayer
ceramic capacitor (MLCC) applications.11

In conventional mixed oxide routes to lead-based
complex perovskite powders, second phases (chie¯y
pyrochlores) are readily introduced. For example,
in the preparation of the well known relaxor, lead
magnesium niobate (PMN), pyrochlore phases in
the PbO±Nb2O5 system severely degrade the dielec-
tric properties of the ®nal product.11 Similar pro-
blems of pyrochlore formation have been
encountered in the fabrication of PFN powders,
where the use of the precursor FeNbO4 has been
proposed as an e�ective way of producing PFN
powder in high yield. This is analogous to the two-
stage columbite route to PMN powder.11 Interest-
ingly, a two-stage mixed oxide route has also been
employed with minor modi®cations in the synthesis
of FeNbO4 itself.

11,12 In general, production of sin-
gle-phase FeNbO4 is not straightforward, as minor
concentrations of the phases FeNb2O6 and/or
Fe4Nb2O9 are sometimes formed alongside the
major phase of Fe NbO4.

3,10,13

Much of the work concerning the FeNbO4 com-
pound has been directed towards determining
polymorphs,2,4,13 magnetic5,6 and electrical7,8
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properties. Its polymorphism has been examined
and described by a number of workers,2,10,13,14

with four structural types identi®ed:

1. a monoclinic structure in space group P2/c (of
wolframite-type), with an ordered distribution
of Fe and Nb atoms; stable between 25 and
1085�C;

2. a monoclinic structure in space group C2/m
(of AlNbO4-type);

14

3. an orthorhombic structure in space group
Pbcn (referred to as the ixiolite[MnTa2O6] or
�-PbO2 type) with disordered cations; stable
between 1085 and 1380�C;

4. a tetragonal structure in space group P42/
mnm (of rutile-type) with disordered cations;
stable between 1380 and 1410�C.

Only limited attempts have been made to
improve the yield of FeNbO4 (FN) by optimising
starting materials and processing steps. Whereas
purity and reactivity are crucial, attention should
also be given to the phase formation characteristics
and processing-property relationships of this
material, with a view to enhancing overall under-
standing. In this study, a modi®ed mixed oxide
synthetic route to FN has been employed, analo-
gous to the synthesis of magnesium niobate,
MgNb2O6 previously reported.15

2 Method

2.1 Powder preparation
FN powder was synthesised by the solid state
reaction of reagent grade iron oxide Fe2O3 (99%
purity) and niobium oxide Nb2O5 (99.9+% pur-
ity), both supplied by Alfa (Johnson Matthey),
according to eqn (1):

Fe2O3 �Nb2O5 ! 2FeNbO4 �1�

Powder-processing was carried out as shown sche-
matically in Fig. 1. The methods of mixing, drying,
grinding, ®ring and sieving of the products were
similar to those employed in the preparation of the
columbite-like MgNb2O6, as described pre-
viously.15

Five calcination temperatures were selected to
investigate the reaction to form iron niobate: 1050,
1075, 1100, 1125 and 1150�C, all for 4 h. Having
established the optimum calcination temperature,
alternative calcination times of 3, 4 and 5 h were
applied at this temperature. For completeness, cal-
cination times of 5 h at a temperature 25�C below
and 2 h at 25�C above the optimum temperature
were also investigated.

2.2 Powder characterisation

Di�erential thermal analysis (DTA) (Perkin±Elmer,
7 Series Thermal Analysis System) was carried out
in the temperature range from 600 to 1300�C. As-
dried powder (100mg) was placed into a platinum
holder and measured at a heating rate of 10�C
minÿ1 in air, with alumina powder as a reference.
Calcined powders were examined by X-ray di�rac-
tion (CuK� radiation), to identify the phases formed
and optimum calcination conditions.
The particle size distributions of the samples

were determined by laser di�raction techniques
(MasterSizer, Malvern, UK). Powder morpholo-
gies and grain sizes were observed by scanning
electron microscopy (Camscan SEM) interfaced to
a digital image capture system. The chemical com-
positions and structures of the phases formed were
elucidated by transmission electron microscopy
(CM20 TEM/STEM operated at 200 keV) and
energy-dispersive X-ray (EDX) analyser with an
ultra-thin window. Powder samples were dispersed
in solvent and deposited by pipette on to 3mm
holey carbon grids for observation by TEM.

Fig. 1. Preparation route for the iron niobate FeNbO4 powder.
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3 Results and Discussion

3.1 Identi®cation of the optimum calcination
temperature for the formation of iron niobate
The DTA trace for the powder is given in Fig. 2,
where the exothermic peak at 1198�C and the

endothermic peak at 1240�C are shown. This does
not show any direct relationship with earlier results
concerning the formation of FeNbO4.

2,10,13,14

Powder XRD patterns of the calcined powders
are given in Figs 3 and 4, respectively, with the
corresponding JCPDS patterns also shown. The

Fig. 2. A DTA curve for the FeNbO4 powder.

Fig. 3. Powder XRD patterns of the calcined powders at var-
ious calcination temperatures with constant dwell time.

Fig. 4. Powder XRD patterns of the calcined powders at var-
ious calcination temperatures and times.
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most obvious di�erence between the patterns for
wolframite and ixiolite concerns the presence of an
additional low-angle (110) peak for the former
phase (Figs 3 and 5). The strongest re¯ections
apparent in the majority of the XRD patterns indi-
cate the formation of the iron niobate, FeNbO4.
These can be matched with JCPDS ®le numbers 16-
374 and 16-358 for the monoclinic wolframite
(Fig. 5) and orthorhombic �-PbO2 phases (Fig. 6),

respectively. It is seen that, with the exception of
powders calcined at 1150�C, the wolframite phase is
always present in the product. Moreover, some
additional weak re¯ections are found in the XRD
patterns (marked by !), which correlate with the
precursor Fe2O3 (JCPDS ®le no. 33-664).
It may be concluded that, over a wider range of

calcination conditions (1050±1150�C/4 h) than has
been previously reported,12,16,17 single phase

Fig. 5. Computerised JCPDS data-matching (®le 16-374) con®rms the formation of the wolframite-like phase FeNbO4.

Fig. 6. Computerised JCPDS data-matching (®le 16-358) con®rms the formation of the ixiolite-like phase FeNbO4.
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FeNbO4, in particular the low temperature wol-
framite phase, cannot be produced easily. In earlier
work, formation of iron niobate has required long
heat treatments, e.g. 1000�C/16 h,4 1000�C/192 h8

for monoclinic FeNbO4 and 800�C/72 h,4 1000�C/
12 h,7 1000�C/24 h,1 1150�C/48 h,3 1200�C/24 h5

and 1300�C/50 h8 for orthorhombic FeNbO4.
This study shows that a minor amount of the

unreacted Fe2O3 phase co-exists along with the
iron niobate FeNbO4 phase, after calcination in the
range 1000 to 1150�C. By increasing the calcina-
tion temperature, the yield of the monoclinic phase
decreases signi®cantly until at 1150�C, a single

phase of orthorhombic FeNbO4 is formed (Fig. 7).
The relative proportions of FeNbO4 and Fe2O3

quoted in Table 1 have been calculated according
to the following approximate relationship, by ana-
logy with our treatment of the yield of MgNb2O6

in a related synthesis:15

wt%FeNbO4phase � IFeNbO4

IFeNbO4
� IFe2O3

� �
� 100 �2�

Here IFeNbO4
and IFe2O3

refer to the intensities of
the wolframite/ixiolite (111) and ferric oxide (104)
peaks, respectively, these being the strongest
re¯ections in both cases.

Fig. 7. Computerised JCPDS data-matching (®le 33-664) con®rms the phase composition of the starting precursor Fe2O3.

Fig. 8. Predicted XRD pattern of the monoclinic C2/m phase of FeNbO4.
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As might be expected, higher temperatures and
di�erent dwell times do not enhance the yield of
the wolframite-like phase. Unlike the optimal cal-
cination conditions reported earlier for single-
phase wolframite FeNbO4,

2 the implication of this
work is that the monoclinic phase could best be
produced by subsequent annealing at a tempera-
ture below 1085�C. This possibility has not been
investigated, since the overriding objective is to
synthesize single phase FeNbO4, irrespective of the
polymorph in which it is stabilized.

Table 1. Phase analysis for FN prepared by the modi®ed
oxide route

Sample Calcination
conditions

Qualitative
concentrations

of phases

Temperature
(�C)

time
(h)

FeNbO4

(wt%)
Fe2O3

(wt%)

FN1 1050 4 96.6 3.4
FN2 1050 5 97.0 3.0
FN3 1075 3 100.0 0.0
FN4 1075 4 98.8 1.2
FN5 1075 5 97.2 2.8
FN6 1100 2 97.0 3.0
FN7 1100 4 99.2 0.8
FN8 1125 4 99.5 0.5
FN9 1150 4 100.0 0.0

The estimated precision of the concentration values for the
two phases is � 0.1%.

Fig. 9. The particle size distribution curve of the calcined FeNbO4 powder.

Fig. 10. SEM micrographs of the calcined FeNbO4 powder.
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It is also of interest to point out that no evi-
dence has been obtained for the existence of the
AlNbO4-like monoclinic phase reported by Harder
and MuÈ ller-Buschbaum.14 As seen from a com-
puted X-ray di�raction pattern of this phase
(Fig. 8),18 which has been generated from their pub-
lished unit cell parameters and atomic coordinates,
peaks such as that predicted at 28.5� do not occur in
any of the patterns obtained experimentally.

3.2 Particle size analysis of FeNbO4 powder
Figure 9 shows the particle size distribution curve
of calcined orthorhombic FeNbO4 powder, indi-
cating an appreciable size fraction at about 2.5�m
within the possible range of 0.7 to 9.2�m.

3.3 Microstructural analysis
SEM micrographs of the calcined FeNbO4 powder
(1150�C/4 h) are given in Fig. 10. The particles are

agglomerated and basically irregular in shape.
However, some spherical particles are clearly
apparent at high magni®cation, ranging in diameter
from 0.5±5.0�m, in agreement with the particle size
distribution previously given (Fig. 10). A TEM
bright ®eld image of discrete particles is shown in
Fig. 11, indicating the particle sizes and shapes at
higher magni®cation. The particle diameter was
found to be about 0.5±1.5�m in this TEM micro-
graph. By employing the selected area electron dif-
fraction (SAED) technique, a second phase of
rhombohedral Fe2O3 is identi®ed (Fig. 12), in good
agreement with the data in JCPDS ®le no. 33-664,
from which the (003)±(101) interplanar angle is
predicted to be 72.4�. Another minor phase is
observed in Fig. 13, which correlates with a
FeNb2O6 phase (JCPDS ®le no. 34±426), with a
predicted (10�1)±(121) interplanar angle of 96.4�. In
general, EDX analysis using a 20 nm probe from a

Fig. 13. SAED pattern of the columbite-like FeNb2O6 phase
([1�11] zone axis).

Fig. 12. SAED pattern of the rhombohedral Fe2O3 phase
([010] zone axis).

Fig. 11. TEM micrograph of the calcined FeNbO4 powder.

Fig. 14. EDX analysis of the calcined FeNbO4 powder.
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large number of particles of the calcined powder
con®rmed the composition to be FeNbO4 (Fig. 14),
in agreement with the XRD analysis.

4 Conclusion

Modi®ed, mixed oxide synthetic routes for
FeNbO4 have been developed which show a high
level of reproducibility. Evidence has been
obtained for a 100% yield of orthorhombic
FeNbO4 at a calcination temperature of 1150�C.
The preparative method involves the use of
laboratory-grade precursors, low milling and dry-
ing times of powders, together with moderately low
calcination temperatures and times. They represent
signi®cant time-savings compared to synthetic
procedures currently advocated, and require only
relatively impure laboratory-grade precursors.
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