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Abstract

Three types of nanostructured systems: xNbO � (1�x)a-Fe2O3, xNbO2 � (1�x)a-Fe2O3, and xNb2O5 � (1�x)a-Fe2O3 were synthesized

by ball milling at different molar concentrations (x¼0.1, 0.3, 0.5, and 0.7). The effect of Nb valence and milling time on

mechanochemical activation of these systems were studied by X-ray diffraction and the Mössbauer spectroscopy measurements. In

general, Nb-substituted hematite was obtained at lower molar concentrations for all Nb oxides. For the NbO–Fe2O3 system the

favorable substitution of Fe2þ for Nb2þ in the octahedral sites in the NbO lattice was observed after 12 h milling for x¼0.7. In the case

of the NbO2–Fe2O3 and Nb2O5–Fe2O3 systems a formation of orthorhombic FeNbO4 compound was observed, in which Fe3þ cations

were detected. For the highest concentration of NbO2 (x¼0.7) iron was completely incorporated into the FeNbO4 phase after 12 h

milling. The molar concentrations of x¼0.3 and 0.5 were the most favorable for the formation of ternary FeNbO4 compound in the

Nb2O5–Fe2O3 system. Influence of ball milling on thermal behavior of the powders was investigated by simultaneous DSC–TG

measurements up to 800 1C.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Iron oxide nanoparticles have found recently new fields
of application as compounds in catalysts or gas sensing
materials [1–4]. The catalytic and photoelectrochemical
properties of hematite, a-Fe2O3, are linked to its n-type
semiconductor behavior. In recent years the attention has
been focused on development of doped hematite [2,4–6]
and other ternary and quarternary complex oxides [7–11]
that may be used in gas sensor, catalysts and photodetector
technologies. Niobium is one of the potential elements that
can be used as a dopant or an additive to modify hematite
[2,12–14]. It was shown that by means of a co-precipitation
method Nb can be gradually introduced in the hematite
structure to form Fe2�xNbxO3 oxides [12]. Isomorphic
substitution of Fe3þ ions by Nb5þ was related to a
e front matter & 2012 Elsevier Ltd and Techna Group S.r.l. A
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significant increase of catalytic activity and selectivity of
the ternary oxide, which was found to be an active and
selective catalyst for dehydration of isopropanol to pro-
pene [12]. Homogeneous single crystals of Nb-substituted
hematite were obtained by chemical vapor transport from
the ternary solution of Fe2�xNbxO3 for xo0.02 [13]. It
was reported that Nb5þ substitution in the octahedral sites
in the corundum a-Fe2O3 structure led to a partial
reduction of Fe3þ to Fe2þ without spinel phase inclusions
[13]. The effect of the Nb/(FeþNb) ratio on photoelec-
trochemical properties of Fe2O3–Nb2O5 coating films has
been studied in [14]. It was reported that a formation of a
nanocomposite structure consisting of a-Fe2O3, FeNbO4,
and Nb5þ-doped hematite significantly improved photo-
response to the visible light as compared to that of single
compounds [14]. Recent studies of photocatalytic proper-
ties of niobia/iron oxide composites have shown that
niobium generally increases the catalytic activity and
stability of iron oxide based catalysts and adds interesting
ll rights reserved.
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features such as ionic compatibility with iron oxide
structure and higher reactivity [15,16].

There are three types of niobium oxides with different
structures and valence of Nb (Nb2þ , Nb4þ and Nb5þ ):
NbO, NbO2 and Nb2O5. Much attention has been paid to
ternary FeNbO4 compound which possesses interesting
electrical [17,18] and magnetic [19,20] properties as well as
good sensor characteristics for H2 and H2S [21]. Further-
more, FeNbO4 oxide exhibits three different types of
crystallographic phases: monoclinic, orthorhombic and
tetragonal [22]. The synthesis of this compound requires
in all cases several steps of preparation, including high
temperature calcination [18–23]. The formation of iron
niobate due to ball milling of the starting Fe2O3 and
Nb2O5 powders with the nominal composition of FeNbO4

using a planetary ball milling system was reported in [24].
However, partially amorphous powders had to be
annealed above 750 1C to allow the complete crystalliza-
tion of orthorhombic iron niobate.

High-energy ball milling technique is a well-established
method for mechanochemical synthesis of nanostructured
or nanocomposite materials in which non-equilibrium
phases, extended solid solutions or complex structures
can be formed at fairly low temperatures. Recently, the
authors have performed several studies on mechanochem-
ical activation of various mixed oxide systems such as:
xIn2O3 � (1�x)a-Fe2O3 [25,26], La2O3–a-Fe2O3 [27],
xTiO2 � (1�x)a-Fe2O3 [28], xZrO2 � (1�x)a-Fe2O3 [29],
and xCeO2 � (1�x)a-Fe2O3 [30]. In the case of the In2O3–
a-Fe2O3 system with the lowest molar concentration of
In2O3 (x¼0.1) In-doped hematite was formed after 12 h of
high-energy ball milling [25,26]. Simultaneous substitutions
between In3þ and Fe3þ into hematite and In2O3 lattices
were reported for 0.3rxr0.7. In the case of the
xTiO2 � (1�x)a-Fe2O3 system Ti-doped hematite was
formed at xr0.3 whereas at 0.5rxr0.9 also Fe sub-
stitution for Ti sites in the rutile lattice was observed [28].
Similar findings were reported for the systems containing
ceria and zirconia [29,30]. On the other hand, a single
perovskite phase LaFeO3 was synthesized through ball
milling of La2O3 and a-Fe2O3 powders in stoichiometric
ratios [27].

In the present work, three types of niobium oxides with
Nb2þ , Nb4þ , and Nb5þ were used in order to investigate the
effect of Nb valence on mechanochemical activation of the
following systems: xNbO � (1�x)a-Fe2O3, xNbO2 � (1�x)a-
Fe2O3, and xNb2O5 � (1�x)a-Fe2O3. Structural changes of the
samples induced by ball milling were investigated by X-ray
diffraction and the Mössbauer spectroscopy measurements as
a function of milling time up to 12 h and for different molar
concentrations of the starting powders (x¼0.1, 0.3, 0.5, and
0.7). 57Fe Mössbauer spectroscopy is very sensitive to local
atomic environments of iron nuclei. It allows one to determine
the valence of iron cations as well as the assignment of Fe sites.
Therefore, it is very useful in a study of iron-containing
compounds with a mixed valence of iron. Mössbauer spectro-
scopy was successfully applied in our previous investigations
of ceramic oxide nanoparticles [26–30]. In addition to struc-
tural characterization, the thermal behavior of the niobium
oxides-hematite samples was investigated by simultaneous
differential scanning calorimetry and thermogravimetry
(DSC-TG) measurements.

2. Experimental

Commercial powders (Alfa Aesar) of niobium oxides
(purity499%), and hematite (99.998%) were used in
order to prepare three types of nanostructured systems:
xNbO � (1�x)a-Fe2O3, xNbO2 � (1�x)a-Fe2O3, and xNb2O5 �

(1�x)a-Fe2O3. Powders of hematite and niobium oxides were
milled at different molar concentrations (x=0.1, 0.3, 0.5, and
0.7). The SPEX 8000 mixer mill was used with a hardened steel
vial with 12 stainless-steel balls (type 440). The ball-to-powder
mass ratio was 5:1. The samples were collected after 2, 4, 8, and
12 h of milling.
The X-ray powder diffraction patterns of samples were

obtained using a Rigaku D-2013 X-ray diffractometer with
CuKa radiation (l=1.540598 Å) and graphite monochro-
mator. The scanning range was 15–701 (2y) with a step
size of 0.021. The average grain size was estimated using
the Scherrer equation. Room temperature transmission
Mössbauer spectra were recorded using an MS-1200
constant acceleration spectrometer with a 10 mCi 57Co
source diffused in Rh matrix. Least-squares fitting of the
Mössbauer spectra were performed with NORMOS 90
program. Values of hyperfine field, Bhf, isomer shift, IS,
quadrupole shift for sextets or quadrupole splitting for
doublets, QS, were determined. The IS values are given
relative to the source.
Simultaneous DSC–TG experiments were performed

using a Netzsch Model STA 449F3 Jupiter instrument
with a Silicon carbide (SiC) furnace. Samples weighting
1571 mg were contained in a manufacturer’s alumina
crucible with an alumina lid. The atmosphere consisted
of flowing protective argon gas at a rate of 50 ml/min.
DSC and TG curves were obtained by heating samples
from room temperature to 800 1C with a ramp rate of
10 1C/min. The Netzsch Proteus Thermal Analysis soft-
ware was used for TG and DSC data analysis.

3. Results and discussion

3.1. xNbO � (1�x)a-Fe2O3 system

Ball milling of the xNbO . (1�x)a-Fe2O3 powders with
the molar concentrations of x=0.1 and 0.3 leads to a
partial Nb2þ substitution of Fe sites in the hematite
lattice. All XRD patterns recorded for these samples milled
for 0––12 h show two sets of diffraction peaks originating
from both a-Fe2O3 and NbO phases. The formation of
Nb-substituted hematite is revealed by a gradual reduction
of the relative intensity of NbO peaks as the milling time
increases. Furthermore, the lines of both phases show
progressive broadening with increasing milling time which
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can be associated with a decrease of grain sizes due to
high-energy ball milling. The lines related to hematite are,
however, much broader than the lines of the niobium oxide
for all milling times. The average grain size, /DS, of the
starting powders is 51 nm for hematite and 4100 nm for
NbO. At x=0.1 the grain size /DS of a-Fe2O3 and NbO
phases decreases to 25 and 44 nm already after 2 h of
milling, and then to 14 and 29 nm after 12 h, respectively.
Very similar trend is observed for the samples with x=0.3
(/DS=13 and 23 nm after 12 h, respectively).

Fig. 1 presents XRD patterns obtained for the xNbO .

(1�x)Fe2O3 samples with x¼0.5 and 0.7 as a function of
milling time. For the manually ground samples (0 h) two
sets of narrow peaks originating from the starting NbO
(cubic, Pm3m) and a-Fe2O3 (rhombohedral, R3c) powders
Fig. 1. XRD patterns of the xNbO � (1�x)a-Fe2O3 system for x¼0.5 and 0.7
are observed (Fig. 1(a) and (f)). Niobium oxide peaks
dominate each pattern in Fig. 1. In the case of x¼0.5
sample both phases of NbO and hematite are observed up
to 12 h of milling (Fig. 1(e)). The diffraction lines become
broader with increasing milling time. As it was observed
for x¼0.1 and 0.3 the lines of hematite are significantly
broader than the lines of NbO, indicating that hematite
grains are finer than niobium oxide ones. The average
grain sizes of a-Fe2O3 and NbO phases decrease to 10 and
22 nm after 12 h, respectively. A decrease of the relative
intensity of the NbO lines is related to incorporation of
Nb2þ into the hematite lattice. In the case of x¼0.7 both
phases (NbO and hematite) are observed up to 8 h of
milling (Fig. 1(g)–(i)). After 12 h of milling only the
pattern related to NbO phase is present (Fig. 1(j))
: (a) and (f) starting mixtures; (b)–(e) and (g)–(j) after milling for 2�12 h.



Fig. 2. Mössbauer spectra of the xNbO � (1�x)a-Fe2O3 system for x¼0.5 and 0.7: (a) and (f) starting mixtures; (b)–(e) and (g)–(j) after milling

for 2�12 h.
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indicating that entire iron content is incorporated into the
NbO lattice. The broad lines point to a significant grain
refinement of Fe-doped NbO phase. The estimated average
grain size is about 20 nm (after 12 h). It should be noted
that in most cases the diffraction lines related to both
phases are practically not shifted. The largest shifts
towards lower 2y angles of about 0.151 for a-Fe2O3 and
0.081 for NbO are observed for the samples with x¼0.5
and 0.7 after 12 h milling. This result suggests that Nb
substitution slightly expands the hematite lattice.

Fig. 2 presents examples of Mössbauer spectra of the
milled xNbO . (1�x)Fe2O3 samples for x¼0.5 and 0.7.
Hyperfine parameters and relative abundance of each
spectral component calculated for all samples are pre-
sented in supplementary Table I-S. The spectra of all
manually ground starting mixtures (0 h) are fitted with one
sextet with hyperfine field, Bhf, of about 49 T, isomer shift
of 0.33–0.38 mm/s, and quadrupole shift of �0.30 mm/s,
which are characteristic of nanohematite (Fig. 2(a)
and (f)). A lower hyperfine field than that of conventional
hematite (BhfE51 T) is usually observed for small particles
due the significant fraction of Fe surface sites. In the cases
of x¼0.1 and 0.3 samples the spectral lines become
broader with increasing milling time, which indicates a
gradual substitution of Nb2þ for Fe sites in hematite. The
spectra recorded after milling for 2–12 h were fitted with
three sextets. A dominating sextet with Bhf of about 49 T
is assigned to a-Fe2O3. Two additional sextets with Bhf of
about 47 and 42�43 T, and with similar IS and QS values
as those of hematite are related to Nb-doped hematite. Nb
substitution causes a decrease of the hyperfine field of
hematite. The relative spectral fraction of both additional
sextets increases gradually with increasing milling time and
after 12 h it reaches 60% and 64% for x¼0.1 and 0.3,
respectively. The spectra obtained for these samples are
very similar to the spectrum shown in Fig. 2(c), which is
also fitted with the corresponding three sextets. Both
Mössbauer spectra and XRD results show that a part of
Nb2þ cations substitute hematite and Nb-doped a-Fe2O3

is formed.
For x¼0.5 the Mössbauer spectra of the samples milled

for 2 and 4 h (Fig. 2(b) and (c)) were fitted with three
sextets like in the case of x¼0.1 and 0.3. The relative
spectral fraction of the sextets with a reduced hyperfine
field of about 47 and 41–43 T increases with milling time
up to about 61% after 12 h at the expense of the pure
hematite sextet. This is related to increasing substitution of
Nb2þ for Fe sites in the hematite lattice. After 8 and 12 h
of milling a new non-magnetic spectral component appears
in the central part of the spectra in Fig. 2(d) and (e). The
quadrupole doublet with broad lines (G¼0.8 mm/s), quad-
rupole splitting of 0.94 mm/s, and IS¼0.48 mm/s is
assigned to Fe3þ ions which are most probably located
in the NbO lattice or less probably are in the isolated
superparamagnetic ultrafine grains of hematite. The rela-
tive fraction of this doublet increases with milling time and
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contributes about 18% to the total spectral area after 12 h
of milling (Fig. 2(e)).

In the case of x¼0.7 system ball milling causes at first
the formation of Nb2þ -doped hematite as revealed by the
appearance of two additional magnetically split sextets
with reduced hyperfine fields in the Mössbauer spectra of
the samples milled for 2 and 4 h (Fig. 2(g) and (h)). In
distinction to the x¼0.5 system in which the quadrupole
doublet related to Fe3þ appeared at 8 h, in the x¼0.7
system it is observed earlier, i.e., already after 4 h of
milling (Fig. 2(h)). This minor doublet with broad lines
(G¼0.8 mm/s) is split into two doublets with narrow
linewidths of 0.4 mm/s when their relative spectral con-
tribution increases to about 39% after 8 h (Fig. 2(i)). Both
doublets with QS1¼0.67 mm/s and IS1¼0.45 mm/s, and
QS2¼1.10 mm/s and IS2¼0.54 mm/s can be assigned to
Fe3þ ions which are most probably located in the NbO
lattice in two atomic environments with different symme-
try. On the other hand, a minor presence of isolated
ultrafine grains of hematite, which are not detected by
XRD method (Fig. 1(j)), exhibiting a superparamagnetic
behavior cannot be unambiguously excluded. The spec-
trum of the sample milled for 8 h is complex and was fitted
with two magnetic components and four quadrupole
doublets (Fig. 2(i)). There is a certain abundance
(�34%) of two magnetic components with reduced Bhf

(48 and 44 T) that indicates a presence of Nb-doped
hematite, in accordance with XRD results (Fig. 1(i)).
Furthermore, besides two Fe3þ doublets two additional
doublets with significantly larger quadrupole splitting and
isomer shift values were fitted. Their relative fraction
increases significantly from 27% after 8 h milling to 72%
after 12 h (Fig. 2(i) and (j)). The doublets with QS1¼2.02
mm/s and IS1¼1.10 mm/s, and QS2¼1.37 mm/s and
IS2¼1.08 mm/s (Fig. 2(j)) are characteristic of Fe2þ ions
which are located in two octahedral sites in the NbO
lattice. It is worth noting that the hyperfine parameters of
all Fe3þ and Fe2þdoublets resemble those known from
other iron-containing oxides [16,31]. As milling time
increases from 8 to 12 h the increase of the relative fraction
of Fe2þ doublets is correlated with a significant decrease
of the intensities of Fe3þ doublets as well as with a
disappearance of the magnetic components (Fig. 2(j)).
The XRD measurement of the sample milled for 12 h
revealed only one pattern characteristic of the NbO
structure (Fig. 1(j)). Therefore, milling for 12 h caused
the formation of the non-magnetic Fe-doped NbO phase.

According to Mössbauer and XRD measurements of
xNbO . (1�x)Fe2O3 samples for small molar concentra-
tions of NbO (x¼0.1 and 0.3) Nb2þ -doped hematite was
obtained after 12 h of milling. A portion of the NbO phase
remained in the powder system. When NbO concentration
is large enough like in the case of x¼0.5 both Nb2þ -doped
hematite and Fe3þ -doped NbO were observed. For the
highest concentration of NbO (x¼0.7) entire iron content
seems to be incorporated into the NbO lattice after 12 h
milling. In addition to Fe3þ ions a significant spectral
contribution of Fe2þ ions (�72%) is observed, indicating
the favorable substitution of Fe2þ for Nb2þ in the
octahedral sites of the NbO lattice.

3.2. xNbO2 � (1�x)a-Fe2O3 system

Fig. 3 presents XRD patterns obtained for the ball
milled xNbO2

. (1�x)Fe2O3 samples with x¼0.3 and 0.7
as examples. The patterns of the x¼0.1 and x¼0.5
samples (not shown) are qualitatively similar to those of
x¼0.3 and x¼0.7, respectively. For the manually ground
samples (0 h) two sets of narrow peaks originating from
the starting NbO2 (tetragonal, rutile-like structure) and a-
Fe2O3 powders are observed (Fig. 3(a) and (f)). Hematite
peaks dominate the patterns for molar concentrations of
x¼0.1 and 0.3 while niobium dioxide peaks dominate the
patterns of x¼0.5 and 0.7. The average grain size of the
starting powders is about 50 nm for hematite and
4100 nm for NbO2.
Ball milling of the powders with x¼0.1 and 0.3 leads

to a partial Nb4þ substitution of Fe sites in the hematite
lattice. The diffraction peaks of both a-Fe2O3 and NbO2

phases are seen up to 8 h of milling, however, a gradual
reduction of the relative intensity of NbO2 peaks with
increasing milling time is clearly visible (Fig. 3(a)–(d)). A
complete incorporation of Nb into a-Fe2O3 and formation
of Nb-substituted hematite is observed after 12 h milling
for which the XRD pattern consists only of broad hematite
lines (Fig. 3(e)). Also the line intensities of Nb-doped
hematite changed as compared with the original pattern of
a-Fe2O3 (Fig. 3(a)). Progressive broadening of diffraction
lines with increasing milling time points to a refinement of
the grain sizes of both oxides. As in the previous case of
the NbO–Fe2O3 system, the lines related to hematite are
much broader than the NbO2 lines, indicating that hema-
tite grains are significantly smaller than niobium dioxide
ones. A reduction of grain size /DS to 20 nm already after
2 h milling, and then to 12 nm after 12 h was observed for
Nb-doped hematite for both x¼0.1 and 0.3. For NbO2

phase /DS of about 40 nm was estimated after milling for
2–8 h.
In the case of the powders with x¼0.5 and 0.7 after ball

milling up to 4 h a broadening of NbO2 and a-Fe2O3 lines
are observed (Fig. 3(g) and (h)). The grain size /DS
estimated for niobium and iron oxides decreases to about
30 and 15 nm, respectively, after 4 h milling. Further ball
milling (8–12 h) leads to the formation of a new phase. The
number of diffraction lines characteristic to NbO2 and
Fe2O3 phases decreases and new broad lines appear after
8 h milling (Fig. 3(i)). The broad pattern observed after
12 h milling can be assigned to the formation of ternary
FeNbO4 phase with grain size /DS below 15 nm for both
x¼0.5 and 0.7 (Fig. 3(j)). Significant broadening of
diffraction lines makes the determination of the crystal-
lographic structure of the FeNbO4 phase difficult. The
pattern seems to fit best to the disordered orthorhombic
phase (isomorphic to a-PbO2 structure) in which Fe and



Fig. 3. XRD patterns of the xNbO2 � (1�x)a-Fe2O3 system for x¼0.3 and 0.7: (a) and (f) starting mixtures; (b)–(e) and (g)–(j) after milling for 2�12 h.
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Nb ions are randomly distributed in 4c sites. For x¼0.5
in addition to the iron niobate phase also weak Nb-doped
hematite lines are observed whereas for x¼0.7 only
FeNbO4 is detected. These results indicate that higher
molar concentration (x¼0.7) favors the complete forma-
tion of ternary FeNbO4 phase.

Fig. 4 presents the Mössbauer spectra of all milled
xNbO2

. (1�x)Fe2O3 samples. Hyperfine parameters and
relative abundance of each spectral component calculated
for all samples are presented in Table II-S. The spectra of
all manually ground mixtures (0 h) are fitted with one
sextet assigned to hematite (Bhf¼49–50 T, ISffi0.40 mm/s,
and QSffi�0.30 mm/s). The first hours of milling result
in broadening of the magnetic pattern. In the case of the
lowest molar concentration of NbO2 (x¼0.1) the spectra
were fitted with two sextets after 2 and 4 h milling
(Fig. 4(b) and (c)), and with three sextets after 8 and
12 h (Fig. 4(d) and (e)). In addition to the dominating
sextet with Bhf of about 49 T, two sextets with Bhf of about
46–48 and 43 T, and with similar IS and QS values as
those of hematite were introduced. Appearance of these
additional sextets with reduced hyperfine fields as com-
pared with the hematite one, indicates a gradual substitu-
tion of Nb4þ for Fe sites in a-Fe2O3. Nb substitution as
a non-magnetic element causes a decrease of the hyperfine
field of hematite. The relative spectral fraction of both



Fig. 4. Mössbauer spectra of the xNbO2 � (1�x)a-Fe2O3 system (x¼0.1, 0.3, 0.5, and 0.7): (a), (f), (k), and (p) starting mixtures; (b)–(e), (g)–(j), (l)–(o),

and (r)–(u) after milling for 2–12 h.
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additional sextets increases gradually with increasing
milling time at the expense of the pure hematite sextet,
and after 12 h reaches 52%.

For x¼0.3 and 0.5 the Mössbauer spectra of the samples
milled for up to 4 and 8 h, respectively, were fitted with
three sextets (Fig. 4(g)–(i), (l), and (m)). The relative
spectral fraction of the sextets with a reduced Bhf of about
47 and 43 T, which are related to the formation of Nb-
doped hematite, increases with milling time, however, it is
much smaller than for x¼0.1. Their largest abundance is
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about 34% for x¼0.3 after 4 h milling. The relative
fraction of both sextets decreases at longer milling times
due to the formation of non-magnetic components at the
central part of the spectra (Fig. 4(i), (j), and (l)� (o)). The
quadrupole doublet with broad lines (G¼0.8 mm/s)
appears first after 8 h for x¼0.3 whereas for x¼0.5 it is
seen already at 2 h. This broad doublet is split into two
doublets with narrow linewidths of 0.4 mm/s when the
contribution of the non-magnetic component increases with
increasing milling time. Both doublets with QS1ffi0.54
mm/s and IS1¼0.45 mm/s, and QS2ffi1.10 mm/s and
IS2ffi0.44 mm/s can be assigned to Fe3þ ions. Taking into
account the XRD result for x¼0.3 (Fig. 3(e)), which
reveals only a broad pattern of Nb-doped hematite, Fe3þ

ions may originate from ultrafine grains exhibiting super-
paramagnetic behavior that are located in Nb-rich environ-
ments in hematite. The second possible explanation for
Fe3þ is that these ions are incorporated into the remained
NbO2 phase whose relative content is too small to be
detected by XRD method. In the case of x¼0.5 the Fe3þ

ions are most probably located in the orthorhombic
FeNbO4 phase which was identified by XRD measure-
ments. The disordered orthorhombic FeNbO4 compound is
paramagnetic down to 4.2 K [19]. In the stoichiometric
FeNbO4 compound Fe and Nb ions are in 3þ and 5þ
valence states, respectively. Two Fe3þ quadrupole doublets
were reported for orthorhombic FeNbO4 with the a-PbO2

structure in Ref. [18] whereas for the wolframite structure
(monoclinic) only one Fe3þ doublet was observed at room
temperature. On the other hand, for the orthorhombic
columbite phase (FeNb2O6) two major Fe2þ doublets were
reported in Ref. [31]. For all these reasons, two Fe3þ

doublets observed for our samples in Fig. 4(n)–(o) can be
convincingly assigned to Fe3þ ions in two different cation
environments in the orthorhombic FeNbO4 lattice. A small
amount of a broad magnetic component observed in the
Mössbauer spectrum recorded after 12 h milling (Fig. 4(o))
reveals that a portion of Nb-doped hematite is still present
in the sample. The relative fraction of both Fe3þ doublets
increases with milling time to about 45% for x¼0.3
and about 66% for x¼0.5 after 12 h of milling (Fig. 4(j)
and (o)).

The formation of the non-magnetic ternary FeNbO4

compound is much more efficient in the case of the sample
with the largest NbO2 concentration of x¼0.7. A small
broad quadrupole doublet appears already after 2 h
milling (Fig. 4(r)). The relative fraction of two narrow
Fe3þ doublets with very similar hyperfine parameters as
for x¼0.7 is about 35% after 4 h (Fig. 4(s)). It increases to
100% for the sample milled for 12 h, whose spectrum
consists only of two non-magnetic components (doublets,
Fig. 4(u)). Therefore, after 12 h milling the formation of
the ternary FeNbO4 compound is complete, in a good
agreement with the XRD data (Fig. 3(j)). As concerns the
magnetic spectral components, in addition to the hematite
sextet a sextet with a reduced hyperfine field of about 46 T
was fitted only for the samples milled for 2 and 4 h
(Fig. 4(r) and (s)). This indicates partial substitution of
Fe by Nb in the hematite lattice. The relative fraction of
this additional sextet is, however, fairly low at about 16%,
suggesting that rather limited Nb-doping of hematite
occurs. The relative contribution of the magnetic spectral
components decreases rapidly to about 28% after 8 h
milling (Fig. 4(t)). The sextet remaining after 8 h milling
is completely transformed into doublets in the spectrum
recorded after 12 h (Fig. 4(u)).
Both Mössbauer spectra and XRD results show a

complete formation of Nb4þ-doped hematite after 12 h
milling of the xNbO2 � (1�x)Fe2O3 samples for x¼0.1 and
0.3. For larger molar concentrations (x¼0.5 and 0.7) a
formation of orthorhombic FeNbO4 compound is observed.
For the highest concentration of NbO2 (x¼0.7) iron is
completely incorporated into the FeNbO4 phase after 12 h
milling.

3.3. xNb2O5 � (1�x)a-Fe2O3 system

Fig. 5 presents XRD patterns obtained for the xNb2O5 �

(1�x)Fe2O3 samples after 12 h milling. An example of the
pattern of manually ground samples (0 h) is shown in
Fig. 5(a) which consists of two sets of narrow peaks
originating from the starting Nb2O5 (orthorhombic, Pbam)
and a-Fe2O3 powders. The average grain size of the starting
powders is about 50 nm for hematite and 72 nm for Nb2O5.
Ball milling of the powder with x¼0.1 leads to Nb
substitution of Fe sites in the hematite lattice (Fig. 5(b)).
Intensities of diffraction peaks of Nb2O5 decrease gradually
with increasing milling time up to about 8 h. A complete
incorporation of Nb5þ into a-Fe2O3 and formation of Nb-
substituted hematite is observed after 12 h milling for which
the XRD pattern consists only of broadened hematite lines
(Fig. 5(b)). Relative intensities of Nb-doped hematite lines
changed as it was observed for the NbO2–Fe2O3 system
(Fig. 3(e)). A reduction of the grain size /DS to 20 nm
already after 2 h milling, and then to 12 nm after 12 h is
observed for Nb-doped hematite.
For x¼0.3 and 0.5 the XRD patterns obtained after

12 h milling are qualitatively similar (Fig. 5(c) and (d)).
Like in the case of x¼0.1, intensities of diffraction peaks
of Nb2O5 decrease gradually with increasing milling time
up to about 8 h, and the grain size /DS decreases to about
16 nm. However, after 8 h milling new broad lines appear
in the patterns, whose positions are the same as those
observed for xNbO2 � (1�x)Fe2O3 at a larger molar con-
centration of Nb dioxide (x¼0.5 and 0.7, Fig. 3(j)). After
12 h milling two phases can be identified: Nb-doped
hematite and FeNbO4-like phase with orthorhombic struc-
ture (Fig. 5(c) and (d)). The grain size /DS estimated for
FeNbO4 phase is about 10 nm. For Nb-doped hematite it
is 10 and 18 nm at x¼0.3 and 0.5, respectively.
In the case of the powders with x¼0.7 a mixture of

Nb2O5 and hematite phases is observed for all milling
times (Fig. 5(e)). Progressive line broadening as milling
time increases yields the grain size /DS of about 15 and



Fig. 5. XRD patterns of the xNb2O5 � (1�x)a-Fe2O3 samples: (a) exam-

ple of a starting mixture (0 h) with x¼0.5; (b)–(e) powders with x¼0.1,

0.3, 0.5, and 0.7 milled for 12 h.
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20 nm for Nb2O5 and Nb-doped hematite, respectively, after
12 h milling. Ball milling for 12 h leads to the partial formation
of FeNbO4-like phase with the grain size /DS of about
10 nm, whose traces can be seen also after 8 h. One peak at
26.61 remains unidentified (Fig. 5(e)).

Examples of Mössbauer spectra of milled xNb2O5 � (1�x)
Fe2O3 powders are shown in Fig. 6 for x¼0.1 and 0.5.
Hyperfine parameters and relative abundance of each spec-
tral component calculated for all samples are collected in
Table III-S. The spectra of all manually ground mixtures
(0 h) are fitted with one sextet assigned to hematite
(Bhfffi48.0 T, ISffi0.46 mm/s, and QSffi�0.30 mm/s). In
the case of x¼0.1 a broadening of the magnetic pattern with
increasing milling time is observed (Fig. 6(b)–(e)). Therefore
the spectra were fitted with two (2 h) or three magnetically
split sextets (4–12 h). In addition to the dominating hematite
sextet with Bhf of about 48 T, two sextets with Bhf of about 45
and 40 T, and with similar IS and QS values as those of
hematite were introduced. The sextets with reduced hyperfine
fields as compared to hematite indicate a gradual substitution
of Nb5þ for Fe sites in a-Fe2O3. The relative spectral
fraction of both additional sextets increases gradually with
increasing milling time at the expense of the pure hematite
sextet, and after 12 h reaches 42%. The case of the
xNb2O5 � (1�x)Fe2O3 system is the only one for which a
quadrupole doublet is observed at the lowest molar concen-
tration of niobium oxide (x¼0.1). About 3% of the spectral
fraction of the doublet is detected in the spectrum obtained
after 8 h milling (Fig. 6(d)). After 12 h milling the broad
quadrupole doublet with QS¼0.97 mm/s and IS¼0.48 mm/s
contributes about 20% to the total spectral area (Fig. 6(e)).
The hyperfine parameters are characteristic of Fe3þ ions.
The presence of this non-magnetic component indicates that
for longer milling times also Fe3þsubstitution for Nb5þ sites
in the Nb2O5 lattice occurs.
The Mössbauer spectra obtained for the samples with

x¼0.3 and 0.5 are qualitatively very similar (Fig. 6(f)–(j)).
They differ slightly by relative fractions of spectral com-
ponents. Relatively small abundance of additional sextets
with reduced hyperfine fields (41–46 T) is observed with
increasing milling time. Their relative fraction does not
exceed 23%. The intensity of the main hematite sextet
decreases with increasing milling time. After 12 h milling
only one weak magnetically split sextet with Bhf of about
48 T is present in the spectra (Fig. 6(j)), revealing that a
certain amount of Nb-doped hematite is contained in the
samples, in a good agreement with the XRD patterns
(Fig. 5(c) and (d)). The relative abundance of the sextet
decreases after 12 h milling to about 24% and 26% for
x¼0.3 and 0.5, respectively. The quadrupole doublet with
broadened lines (G¼0.5 mm/s) appears first already after
2 h milling (Fig. 6(g)). This broad doublet is split into two
doublets (G¼0.4 mm/s) when the contribution of the non-
magnetic component increases with increasing milling time
(Fig. 6(h)–(j)). Both doublets with QS1ffi0.56 mm/s and
IS1¼0.52 mm/s, and QS2ffi1.10 mm/s and IS2ffi0.52 mm/
s are assigned to Fe3þ ions. The relative fraction of both
Fe3þ doublets increases significantly with milling time to
about 76% for x¼0.3 and 74% for x¼0.5 after 12 h
milling (Fig. 6(j)). Taking into account the XRD results
(Fig. 5(c) and (d)), which reveal the FeNbO4 pattern beside
the Nb-doped hematite one, it can be concluded that Fe3þ

ions are most probably located in two different sites in the
orthorhombic FeNbO4 phase. It is worth noting that
quadrupole doublet appears already after 2 h milling when
average grain size of a-Fe2O3 is about 25 nm, which is



Fig. 6. Mössbauer spectra of the xNb2O5 � (1�x)a-Fe2O3 system for x¼0.1, and 0.5: (a) and (f) starting mixtures; (b)–(e) and (g)–(j) after milling

for 2–12 h.
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rather too large to consider superparamagnetic behavior of
hematite grains. Therefore, the Mössbauer results indicate
simultaneous Fe3þ and Nb5þ substitutions in the niobium
pentoxide and hematite lattices, respectively, as the milling
process progresses.

In a clear distinction to the previous cases (x¼0.1–0.5)
for x¼0.7 only one magnetic component related to
hematite (Bhfffi48 T) is observed in the Mössbauer spectra
of the samples milled for 2–12 h. This means that a very
limited Nb-substitution of the a-Fe2O3 phase occurs
during ball milling. The relative fraction of the hematite
sextet decreases to about 51% after 12 h milling due to the
formation of non-magnetic components at the central part
of the spectra. The spectrum recorded after 12 h milling is
very similar to that obtained for x¼0.5 after 8 h milling
(Fig. 6(i)). A broad Fe3þ doublet with a relative fraction
of about 12% appears in the spectrum of the sample milled
for 4 h. Two quadrupole doublets with QS1ffi0.60 mm/s
and IS1¼0.54 mm/s, and QS2ffi1.10 mm/s and IS2ffi0.54
mm/s were fitted in the spectra obtained for longer milling
times. Their relative fraction increases with milling time
from 28% to 49% after 8 and 12 h of the milling process,
respectively. These two doublets are assigned as before to
Fe3þ cations in two different environments of iron
niobate.

The XRD and Mössbauer results indicate that in the
case of the xNb2O5 � (1�x)Fe2O3 system the molar con-
centration plays a major role in the synthesis of ternary
compounds. The formation of Nb-doped hematite is
significantly suppressed by the constitution of non-
magnetic iron niobate for xZ0.3. The results show that
molar concentrations of x¼0.3 and 0.5 are the most
favorable for the formation of ternary FeNbO4 phase
due to ball milling.
Fig. 7 compares the Mössbauer results for all studied

systems of mixed niobium and iron oxides. The relative
spectral fractions of Fe3þ or Fe2þ doublets are plotted vs.
milling time for all molar concentrations studied. The
development of non-magnetic spectral components with
increasing milling time is clearly seen for all systems. The
increase of the relative fractions of doublets reflects
mechanically induced mixing of Nb and Fe oxides, namely
the incorporation of Fe into the niobium oxides or the
formation of ternary compounds. However, clear differ-
ences are observed when taking into account three types of
niobium oxides with different Nb valence. For the
xNbO � (1�x)a-Fe2O3 system with Nb2þ (Fig. 7(a)) a
relatively weak contribution of Fe3þ doublet appears only
at larger molar concentration of NbO (x¼0.5). For x¼0.7
a contribution of Fe3þ doublets is slightly higher, how-
ever, there is a major fraction of Fe2þ doublets. In this
case entire iron content is incorporated into the NbO
lattice after 12 h milling. The dominating presence of
Fe2þ ions indicates the favorable substitution of Fe2þ

for Nb2þ in the octahedral sites in the NbO lattice. The
xNbO � (1�x)a-Fe2O3 system is the only one among the



Fig. 7. Relative spectral fractions of Fe3þ or Fe2þ doublets determined

from Mössbauer spectra of NbO�Fe2O3, NbO2�Fe2O3, and

Nb2O5�Fe2O3 powders as a function of milling time.
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studied systems in which Fe2þ ions were detected by
Mössbauer spectroscopy measurements. Plots obtained
for both xNbO2 � (1�x)a-Fe2O3 (Fig. 7(b)) and xNb2O5 �

(1�x)Fe2O3 (Fig. 7(c)) systems with Nb4þ and Nb5þ ,
respectively, reveal similar characteristics. The relative
fraction of Fe3þ doublets increases with increasing milling
time, indicating gradual substitution of Nb by Fe3þ

cations. In both cases the formation of ternary FeNbO4

compound is observed. For the NbO2–Fe2O3 system the
Fe3þ spectral component appears for xZ0.3 whereas for
the Nb2O5–Fe2O3 system it is detected already at the
lowest molar concentration (x¼0.1) and is observed for
all x studied. For NbO2–Fe2O3 the relative fraction of non-
magnetic components increases with increasing molar
concentration. A different behavior is observed for the
Nb2O5� Fe2O3 system. The characteristics obtained for
x¼0.3 and 0.5 are almost the same. However, much lower
fractions of non-magnetic components are observed for the
extreme molar concentrations (x¼0.1 and 0.7). This
indicates that molar concentrations of x¼0.3 and 0.5 are
the most favorable for the formation of ternary FeNbO4

non-magnetic phase due to ball milling.
3.4. Simultaneous DSC–TG measurements

Simultaneous DSC–TG measurements allowed us to
study the influence of ball milling on thermal stability of
the powders at temperatures ranging from room tempera-
ture to 800 1C. As examples the results obtained for
xNbO � (1�x)Fe2O3 with x¼0.1 and xNb2O5 � (1�x)-
Fe2O3 with x¼0.5 powders milled for 0–12 h are shown
in Figs. 8 and 9, respectively. The DSC curves of the
xNbO � (1�x)Fe2O3 samples with x=0.1 reveal a broad
exothermic peak on which a narrow exothermic peak is
overlapped (Fig. 8(a)–(e)). The broad peak covers a wide
range of temperatures and shifts to lower temperatures
with the increase of milling time. A shift towards lower
temperatures as milling time increases is observed also for
the narrow peak whose maximum temperature is marked
in Fig. 8. Similar DSC curves are obtained for x¼0.3
which is consistent with the fact that these samples reveal
similar structures after milling. For larger x a more
complex thermal behavior is observed with three or four
exothermic peaks, which requires a separate investigation
in order to identify thermally induced transformations in
those powders. As the broad exothermic peak is con-
cerned, it can be related to a partial decomposition of
hematite to magnetite (Fe3O4) as it was observed earlier
[32]. It was concluded that ball-milled hematite with
reduced particle sizes is more likely to decompose to
magnetite. This is also the case of the ball-milled
xNbO � (1�x)Fe2O3 samples with x¼0.1 and 0.3 for which
the relevant exothermic effect starts at lower temperatures
as milling time increases. The narrow exothermic peak in
the range of about 500–600 1C is clearly observed not only
for the samples with x¼0.1 and 0.3 but also for the
starting mixed powders (0 h) with x¼0.5 and 0.7. There-
fore it can be related to a thermally induced reaction
between niobium and iron oxides. The maximum tempera-
ture of this DSC peak decreases with increasing NbO
concentration from 573 1C for x¼0.1 to 533 1C for x¼0.7
for manually ground powders.
TG curves provide information regarding the mass

change as a function of the elevated temperature
(Fig. 8(f)–(j)). Pure hematite was characterized by a major
weight loss step at 100–600 1C with the value of 0.93%
[32]. TG curves obtained for all niobium oxides exhibited
a continuous decrease up to about 600 1C without any
visible step. The total weight loss for niobium oxides (0.2–
0.5%) was significantly smaller than for hematite (0.93%).
In the case of the manually ground mixture of xNbO �
(1�x)Fe2O3 (x¼0.1) the TG curve reveals two weight loss
steps which can be identified by the changes in the slopes
of this curve (Fig. 8(f)). The first step with a weight loss
value of 2.18% can be assigned to the partial decomposi-
tion of hematite to magnetite while the theoretical calcula-
tion for the complete transformation yields a larger weight
loss of 3.44% [32]. The second weight loss step with a fairly
small value of 0.33% is well correlated with the exothermic
DSC peak in the temperature range of about 500–600 1C



Fig. 8. DSC curves of the xNbO � (1�x)a-Fe2O3 system for x¼0.1: (a) starting mixture (0 h); (b)–(e) after milling for 2–12 h, and the corresponding

TG curves (f)–(j).
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(Fig. 8(a)). As milling time increases the second weight loss
step starts at lower temperatures and its value increases
slightly (Fig. 8(g)–(j)). On the other hand, the first step in
the TG curve in Fig. 8(f) is less visible for the sample
milled for 2 h (Fig. 8(g)) and is not observed for longer
milling times (Fig. 8(h)–(j)). However, the values of the
weight loss in the range of about 100–400 1C calculated for
the ball-milled samples are only slightly smaller than those
of the starting mixed powder. These values decrease
significantly with decreasing a-Fe2O3 concentration in the
xNbO � (1�x)Fe2O3 system (with increasing x) to 0.7–1.0%
for x¼0.7. A monotonic decrease in TG curves of the
milled samples observed up to about 400 1C may indicate
that the ball milling causes an extension of weight loss
processes towards lower temperatures. This effect can be
associated with the shift of the broad DSC peak to lower
temperatures with increasing milling time. It is well known
that ball milling introduces a large amount of defects in the
powders and internal strain, whereas a thermal treatment
induces short range ordering and heating out of vacancies.
It is worth noting that the small weight loss observed up to
about 100 1C is usually referred to the evaporation process
of physically adsorbed water from the surface of the
particles.
A different thermal behavior is observed for the xNb2O5 �

(1�x)Fe2O3 samples (Fig. 9). The DSC curve of the starting
mixed powder for x¼0.5 reveals a very broad exothermic
peak covering almost the whole range of temperatures
applied (Fig. 9(a)). Its maximum temperature (378 1C)
correlates perfectly with the center of the single weight loss
step in the corresponding TG curve (Fig. 9(f)). This thermal
behavior characterizes a partial decomposition of hematite
to magnetite and possibly also solid–solid interactions
between a-Fe2O3 and Nb2O5 particles since the calculated
enthalpy of this exothermic effect (1.8 kJ/g) is larger than
that obtained for pure hematite (1.2 kJ/g).32 After ball milling



Fig. 9. DSC curves of the xNb2O5 � (1�x)a-Fe2O3 system for x¼0.5: (a) starting mixture (0 h); (b)–(e) after milling for 2�12 h, and the corresponding

TG curves (f)–(j).
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for 2–12 h the DSC curves change considerably showing two
exothermic effects. A weak broad peak observed up to about
300 1C originates most probably from a partial decomposition
of hematite to magnetite (Fig. 9(b)–(e)). A presence of
hematite in the samples milled for up to 12 h has been
evidenced by XRD and Mössbauer measurements (Figs. 5
and 6). It was shown recently that a decrease of grain sizes of
hematite caused a decrease of its stability upon heating under
argon atmosphere [32]. In the case of our samples the average
grain size of the hematite phase decreases from about 50 nm
for the starting powder to 18 nm after 12 h milling. A decrease
of the thermal stability due to milling is also seen in TG curves
up to about 400 1C, which reveal a monotonic drop with no
visible step extending towards lower temperatures as compared
with the TG curve of the starting powder (Fig. 9(f)–(j)). The
major broad DSC peak starting at about 400 1C shifts slightly
to higher temperatures with the increase of milling time
(Fig. 9(b)–(e)). The enthalpy related to this exothermic effect
is dramatically smaller than that calculated for the starting
mixed powder. Furthermore, the broad peak is not accom-
panied by a weight loss as seen in the TG curves of the milled
samples for temperatures exceeding 400 1C (Fig. 9(g)–(j)).
Therefore, the origin of this exothermic peak may be related
to re-crystallization and grain growth processes. It is worth
noting that the weight loss values decrease with the increase
of x from 2.0–2.5% for x¼0.1 to 0.5–1.2% for x¼0.7. The
highest values are observed for the samples milled for 12 h.

4. Conclusions

Three types of mixed niobium and iron oxides systems:
xNbO � (1�x)a-Fe2O3, xNbO2 � (1�x)a-Fe2O3, and xNb2
O5 � (1�x)a-Fe2O3 were synthesized by high-energy ball
milling for 2–12 h at different molar concentrations (x¼0.1,
0.3, 0.5, and 0.7). The use of three niobium oxides with
different valence of Nb (Nb2þ , Nb4þ , and Nb5þ ) allowed us
to investigate the effect of Nb valence on the structure and
thermal stability of the systems as a function of molar
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concentrations and milling times. The samples were character-
ized by X-ray diffraction, Mössbauer spectroscopy, and
simultaneous DSC–TG measurements. At lower molar con-
centrations of niobium oxides (x) Nb-substituted hematite was
synthesized. At higher x non-magnetic components related to
Fe3þ or Fe2þ cations were observed in the Mössbauer
spectra, which were assigned to Fe ions introduced to the
non-magnetic Nb oxides due to ball milling. Their relative
spectral fraction increased with the increase of milling time at
the expense of the magnetic components related to the
hematite phase. The NbO–Fe2O3 system was the only one in
which Fe2þ ions were detected by Mössbauer measurements.
The favorable substitution of Fe2þ for Nb2þ in the octahedral
sites in the NbO lattice was observed after 12 h milling for
x¼0.7. At x¼0.5 both Nb2þ -doped hematite and Fe3þ -
doped NbO were obtained. In the NbO2–Fe2O3 and Nb2O5–
Fe2O3 systems a formation of orthorhombic FeNbO4 com-
pound was observed, in which Fe3þ cations were detected.
For the highest concentration of NbO2 (x¼0.7) iron was
completely incorporated into the FeNbO4 phase after 12 h
milling. In the case of the Nb2O5–Fe2O3 system the molar
concentration played a major role in the synthesis of the
ternary compound. The concentrations of x¼0.3 and 0.5 were
the most favorable for the formation of FeNbO4. Further-
more, the formation of Nb-doped hematite was significantly
suppressed by the constitution of non-magnetic iron niobate
for xZ0.3. The estimated values of average grain sizes of the
phases detected by XRD decreased gradually with the increase
of milling time and in most cases they were below 20 nm after
12 h milling. It was found that ball milling had a strong
influence on the thermal behavior of the powders as compared
with the starting mixtures. The weight loss values observed up
to about 600 1C were rather small and did not exceed 2.5% for
all studied samples. They were assigned mainly to a partial
decomposition of hematite to magnetite.
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