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a b s t r a c t

The effect of the incorporation of Ir3+ ions on the properties of a-Fe2O3 formed by dehydroxylation of a-
FeOOH was investigated using X-ray powder diffraction (XRD), thermogravimetric analysis (TGA), 57Fe
Mössbauer, UV–Vis–NIR and FT-IR spectroscopies, SQUID magnetometer, field emission scanning elec-
tron microscopy (FE-SEM) and energy dispersive X-ray spectroscopy (EDS). Pure and Ir-doped hematite
samples were obtained by heating of pure and Ir-doped goethites (a-FeOOH) formed by precipitation
from mixed Fe(III)–Ir(III) chloride solutions in a highly alkaline medium. The incorporation of Ir3+ ions
into the a-Fe2O3 structure led to changes in unit-cell dimensions, crystallinity, particle size and shape,
as well as changes in the magnetic, infrared and UV–Vis properties. An increase in the temperature of
the Morin transition with an increase in Ir-doping was observed by Mössbauer spectroscopy and mag-
netic measurements.

� 2012 Elsevier B.V. All rights reserved.

1. Introduction

Hematite (a-Fe2O3), the most stable iron oxide under ambient
conditions, is an important compound which is abundant in nature
and has various technological applications [1]. It crystallizes in a
trigonal crystal system, space group R�3c. A unit cell can be pre-
sented as hexagonal (a = 5.038 Å, c = 13.772 Å) [2] or rhombohe-
dral (a = 5.427 Å, a = 55.3�) [1]. The structure is based on the
hexagonal close-packed planes of O2� anions stacked along the
hexagonal [001] or rhombohedral [111] axis with the Fe3+ cations
occupying two-thirds of the octahedral sites [1,3].

The doping of a-Fe2O3 by various metal cations has been exten-
sively investigated [4–23] due to the relevance of such materials to
natural processes as well as their suitability for a number of exist-
ing and potential applications (pigments, catalysts, gas sensors,
photoanodes for photoelectrochemical water splitting). Hematite
doping by selected cations can bring about a change in color
[1,24–26], a change in magnetic properties [3,27–33], improve-
ment of catalytic properties [34,35], a large increase in gas-sensi-
tivity [36–38], electrical conductivity [39,40] and photocurrent
density [41–46], which is crucial for hematite application in water
photooxidation.

Iron oxide doping by iridium has been much less investigated,
in spite of a significant potential of Ir3+-for-Fe3+ substitution (the
same charge and similar radii). Liu [30] investigated the magnetic
properties of hematite doped with Ir4+ ions and observed an abrupt
increase in the Morin transition temperature even for small irid-
ium substitutions. Punnoose et al. [47] investigated the magnetic
properties of Ir-doped ferrihydrite nanoparticles and concluded
that Ir-for-Fe substitution occurs primarily at the surface of fer-
rihydrite nanoparticles. Berry et al. [48,49] investigated titania-
supported iron(III)–iridium(III) catalysts in situ by 57Fe Mössbauer
spectroscopy. By means of different impregnation sequences Zhang
et al. [50] prepared the IrFeOx/SiO2 catalyst which was very active
and selective for preferential CO oxidation in a H2-rich atmosphere.
Hematite with surface-deposited IrO2 particles (as a water oxida-
tion catalyst) showed promising results (high photocurrent den-
sity) for light-induced water splitting [51].

In our previous work by Krehula and Musić [52] the formation
of iron oxides in a highly alkaline medium in the presence of Ir3+

ions was investigated. A strong influence of these ions on the pre-
cipitation of solid phases as well as their incorporation into the
structures of a-FeOOH and a-Fe2O3 was noticed. An increase in
the temperature of magnetic transition (Morin transition) by incor-
poration of Ir3+ ions into a-Fe2O3 was observed by Mössbauer spec-
troscopy. In order to elucidate the properties of Ir-doped hematite
in more detail, we prepared a series of hematites doped with Ir3+

ions and analyzed their properties by applying various instrumen-
tal techniques.
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2. Experimental

2.1. Sample preparation

Pure and Ir-doped a-Fe2O3 particles were prepared by heating uniform lath-like
a-FeOOH and Ir-doped a-FeOOH particles synthesized by an original method re-
ported in our previous publications [53,54]. Iron(III) chloride hexahydrate (FeCl3-

�6H2O) of analytical purity, supplied by Kemika, iridium(III) chloride (IrCl3) and a
tetramethylammonium hydroxide (TMAH) solution (25% w/w, electronic grade
99.9999%) supplied by Alfa Aesar� were used. Twice-distilled water prepared in
our own laboratory was used in all experiments. Predetermined volumes of FeCl3

and IrCl3 solutions and twice-distilled water were mixed, then TMAH was added
as a precipitating agent (Table 1). The as-formed aqueous suspensions were vigor-
ously shaken for about 10 min, then heated at 60 �C in plastic bottles (samples from
HIR series) or at 160 �C in the autoclave (Parr general-purpose bomb, model 4744)
comprising a Teflon vessel and a cup (samples from IrH series) [52]. After a proper
heating time (Table 1) the precipitates were cooled to room temperature (mother
liquor pH �13.5) and subsequently washed with twice-distilled water to remove
the ‘‘neutral electrolyte’’. The ultraspeed Sorvall RC2-B centrifuge was used. Ob-
tained pure and Ir-doped goethites were dried at 60 �C overnight. The pure goethite
sample and selected Ir-doped goethites prepared at 60 �C were analyzed by X-ray
powder diffraction (Fig. 1a). The XRD patterns of these samples showed only the
presence of diffraction lines characteristic of goethite (JCPDS-ICDD PDF card No.
29-0713). The incorporation of Ir3+ ions into goethite led to the anisotropic narrow-
ing of the diffraction lines and slight changes in their position due to changes in the
unit cell dimensions [52]. In order to obtain hematites by the dehydroxylation of
goethites, the prepared samples were heated in a laboratory furnace (air atmo-
sphere) at 200 �C, then at 400 �C and finally at 600 �C for two hours at each temper-
ature followed by slow cooling to room temperature. The TGA analysis of selected
goethite precursors from room temperature to 600 �C showed an increase in the
dehydroxylation temperature and a decrease in the overall weight loss with
increasing iridium content (Fig. 1b). The obtained samples (pure and Ir-doped
hematites) were characterized by X-ray powder diffraction (XRD), Mössbauer, FT-
IR and UV–Vis–NIR spectroscopies, magnetic measurements (SQUID magnetome-
ter), high-resolution scanning electron microscopy (FE-SEM) and energy dispersive
X-ray spectroscopy (EDS).

2.2. Instrumentation

X-ray powder diffractometer APD 2000 (CuKa radiation, graphite monochroma-
tor, NaI-Tl detector) manufactured by ItalStructures (G.N.R. s.r.l., Novara, Italy) was
used.

Thermogravimetric analysis (TGA) of the studied goethite samples was carried
out using a TA Instruments Q500 thermogravimetric analyzer in air atmosphere
from room temperature to 600 �C at the heating rate of 10 �C/min.

57Fe Mössbauer spectra were recorded at 20 �C (293 K) in the transmission
mode using a standard WissEl (Starnberg, Germany) instrumental configuration. A
57Co/Rh Mössbauer source was used. The velocity scale and all data refer to the
metallic a-Fe absorber at 20 �C. A quantitative analysis of the recorded spectra
was made using the MossWinn program.

Magnetic measurements were performed using a commercial SQUID magne-
tometer (Quantum Design, model MPMS-5). The powder samples were put into a
small ampoule whose diamagnetic contribution was properly subtracted. The tem-
perature dependence of magnetization was measured in an applied magnetic field
of 100 Oe during the warming process in a broad temperature range around the ex-
pected Morin transition temperature (220–400 K).

Fourier transform infrared (FT-IR) spectra were recorded at RT using a Perkin-El-
mer spectrometer (model 2000). The FT-IR spectrometer was connected to a PC with
the installed IRDM (IR data manager) program to process the recorded spectra. The
specimens were pressed into small discs using a spectroscopically pure KBr matrix.

Diffuse reflectance UV–Vis–NIR spectra were obtained at 20 �C using a Shimadzu
UV–Vis–NIR spectrometer (model UV-3600) equipped with an integrated sphere.
Barium sulfate was used as reference.

Table 1
Concentration conditions for sample preparation by hydrothermal treatment at 60 �C (HIR series) or 160 �C (IrH series) followed by heating the obtained powders in an oven at
200, 400 and 600 �C for 2 h at each temperature.

Sample [FeCl3] (mol dm�3) [IrCl3] (mol dm�3) 100�[Ir]/([Ir]+[Fe]) TMAHa (mol dm�3) Aging time (hours)

HIR0 0.1 0 0 0.7 72
HIR001 0.1 1.00 � 10�5 0.01 0.7 72
HIR03 0.1 1.00 � 10�5 0.03 0.7 72
HIR01 0.1 1.00 � 10�4 0.1 0.7 72
HIR02 0.1 2.00 � 10�4 0.2 0.7 72
HIR05 0.1 5.03 � 10�4 0.5 0.7 72
HIR1 0.1 1.01 � 10�3 1 0.7 72
HIR2 0.1 2.04 � 10�3 2 0.7 72
HIR5 0.1 5.27 � 10�3 5 0.7 72
IrH0 0.1 0 0 0.7 2
IrH1 0.1 1.01 � 10�3 1 0.7 2
IrH5 0.1 5.27 � 10�3 5 0.7 2

a TMAH = tetramethylammonium hydroxide (25% w/w).

Fig. 1. XRD powder patterns (a) and TGA analysis (b) of pure and Ir-substituted
goethite precursors synthesized at 60 �C. The nominal iridium content is marked.
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A thermal field emission scanning electron microscope (FE-SEM, model JSM-
7000F, manufactured by JEOL Ltd.) was used. FE-SEM was linked to the EDS/INCA
350 (energy dispersive X-ray analyzer) manufactured by Oxford Instruments Ltd.
The specimens were not coated with an electrically conductive surface layer.

3. Results and discussion

3.1. X-ray powder diffraction

The X-ray powder diffraction patterns of all prepared samples
showed only the presence of diffraction lines typical of hematite
(JCPDS-ICDD PDF card No. 33-0664). Diffraction patterns of sam-
ples HIR0, HIR1, HIR2 and HIR5 were analyzed in detail in order
to elucidate the effect of incorporation of Ir3+ ions on the unit-cell
parameters, crystallite size and strain in hematite.

Precise lattice parameters of the a-Fe2O3-type solid solutions
were determined from the results of Le Bail refinements [55] of

powder diffraction patterns (program GSAS [56] with a graphical
user interface EXPGUI [57]). Silicon (Koch-Light Lab Ltd.) was used
as an internal standard (space group m3m; a = 5.43088 Å; JCPDS-
ICDD PDF card No. 27-1402). In all the cases the Rwp (weighted
residual error) indexes of the refined patterns were less than 9%.
Fig. 2 shows the observed and calculated powder patterns of the
a-Fe2O3-type crystallization products with varying iridium

Fig. 2. The results of Le Bail refinements on powder diffraction patterns of
crystallization products containing the a-Fe2O3-type solid solutions with a varying
iridium content and silicon as an internal standard. The difference between the
observed and calculated patterns is shown as a line in the lower field.

Table 2
Refined values of unit-cell parameters of the hematite-type phase with varying Ir
content (given in mol%).

Sample xIr (nominal) xIr (by EDS) Lattice parameters of
hematite-type phase

Rwp

a/nm c/nm

HIR0 0.0 0.0 0.50361(2) 1.37519(3) 0.089
HIR1 1.0 0.9 0.50379(2) 1.37529(3) 0.079
HIR2 2.0 1.6 0.50389(2) 1.37537(3) 0.074
HIR5 5.0 2.9 0.50406(2) 1.37556(3) 0.082

Fig. 3. Influence of the iridium content (determined by EDS) on unit-cell param-
eters a and c and the corresponding unit-cell volume of the a-Fe2O3-type solid
solution.

Fig. 4. 2h dependence of the integral breadths of the physically broadened
diffraction-line profiles (b) of samples HIR0 and HIR5.
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content. The refined unit-cell parameters of the a-Fe2O3-type
product are listed in Table 2. The amounts of iridium incorporated
into the hematite lattice were estimated from the results of EDS
analysis (Table 2). Unlike the goethite-type solid solutions, which
show asymmetric changes in the lattice parameters (parameter b
increase and parameter a decrease with increasing iridium con-
tent) [52], the increase in the iridium content caused a linear in-
crease in the parameters (a and c) and the corresponding unit-
cell volume of the a-Fe2O3-type phase (Fig. 3). This slight increase
in the unit-cell size is in line with a somewhat larger Ir3+ ions (ionic
radius 0.68 Å) than Fe3+ ions (ionic radius 0.645 Å) [58].

The results of line broadening analysis indicate an anisotropic
broadening of the hematite diffraction lines. In dependence on
the values of the Miller index l, these lines can be separated into
three groups: the narrowest diffraction lines with l = 0, somewhat
broader diffraction lines with l = 3 or 6 and the broadest diffraction
lines with l = 2n (n – 0, 3). Anisotropic broadening significantly in-
creases with the incorporation of iridium ions (Fig. 4). The volume-
averaged domain size (Dv) and the root–mean–square strain
(RMSS) of samples HIR0 and HIR5 were determined from the
broadening of the diffraction lines according to the so-called ‘dou-
ble–Voigt’ method [59] equivalent to the Warren–Averbach ap-
proach [60] (Table 3). This method, in which the Voigt functions
were used to describe both the crystallite size and the microstrain
broadening of the diffraction lines, was performed using the com-
puter program BREADTH [61]. Physically broadened line profiles
were obtained by applying the convolution-fitting approach (SHA-
DOW program [62]) in which the instrumental profile (LaB6 NIST
SRM 660 powder diffraction lines) is convoluted with a refinable
Voigt function to fit the observed diffraction line profiles. The ob-
tained results (Table 3) indicate that, with an exception of the
direction l = 0 of sample HIR5, the contribution of micro-strains
to the line broadening is negligible.

3.2. 57Fe Mössbauer spectroscopy

57Fe Mössbauer spectra of pure hematite samples (HIR0 and
IrH0) and Ir-doped hematite samples (with the given nominal irid-
ium content) are shown in Figs. 5–7. The calculated Mössbauer
parameters and phase identification are given in Table 4.

The room temperature Mössbauer spectrum of a pure, well-
crystalline hematite is a sextet of quite narrow lines with a rela-
tively large gap between them (large hyperfine magnetic splitting),
and a closer 5th and 6th line than the 1st and 2nd (negative quad-
rupole splitting). The isomer shift of such hematite is usually re-
ported at 0.37–0.38 mm s�1, hyperfine magnetic field (HMF) at
about 51.7–51.8 T and quadrupole splitting at �0.20 to
�0.21 mm s�1 [1,63,64]. The spectra of samples HIR0 and IrH0
(Figs. 5 and 7) showed a good match with these characteristics,
although the HMF values were slightly reduced due to the non-per-
fect crystallinity of hematite samples obtained by goethite dehydr-
oxylation at 600 �C.

A specific feature of the magnetic structure of hematite is a
change in the magnetic state at the Morin transition temperature
(TM � 260 K, for the samples with a very good crystallinity)
[3,64–67]. Below the Morin transition temperature the magnetic

spins of Fe3+ cations are oriented exactly antiparallel (an antiferro-
magnetic state, AFS) along a direction close to the hexagonal [001]

Table 3
Values of volume-averaged domain size (Dv) and the root–mean–square strain (RMSS) of hematite-type samples (HIR0 and HIR5), estimated from reflections with the Miller index
l = 0, 3 or 6 and l = 2n (n – 0, 3) by using the double-Voigt method [59].

Sample xIr (nominal) xIr (by EDS) l = 0 l = 3 or 6 l = 2n (n – 0, n – 3)

Dv RMSS Dv RMSS Dv RMSS

HIR0 0.0 0.0 94 nm – 76 nm – 60 nm –
HIR5 5.0 2.9 119 nm 3.6 � 10�4 47 nm – 27 nm –

Fig. 5. 57Fe Mössbauer spectra (recorded at 20 �C) of samples HIR0, HIR001, HIR003,
HIR01 and HIR02. The nominal iridium content is marked.
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or rhombohedral [111] crystallographic direction. Above the Mor-
in transition temperature and below the Curie temperature (TC -
� 955 K) the magnetic spins of Fe3+ cations are oriented almost
antiparallel, with a minor spin canting (a weakly ferromagnetic
state, WFS), in the plane perpendicular to the hexagonal [001] or
rhombohedral [111] direction.

The Morin transition temperature is sensitive to an external
magnetic field and pressure, a-Fe2O3 particle size, crystal defects,
lattice strain and incorporation of various metal cations into the
a-Fe2O3 structure [3,64,66,69–71]. Most incorporated cations re-
duce or suppress this transition [3,11,15,33,68,72], whereas a few
of them (Rh3+, Ru3+ and Ir4+), on the other hand, cause an increase
in TM [27,39,30,73]. This effect has been largely explained by an
increase in the single-ion magnetic anisotropy component in
hematite as a result of the incorporated strong anisotropy cations
Rh3+, Ru3+ or Ir4+. In our previous work [52] the Mössbauer spec-
troscopy analysis confirmed the antiferromagnetic order (charac-
teristic of hematite at temperatures below TM) in the Ir3+-doped
hematite at 293 K and thus clearly demonstrated the effect of the
incorporation of this cation into hematite on the increase in the
Morin transition temperature.

The Mössbauer spectrum of hematite nominally doped with
0.01% iridium (Fig. 5) showed no change in magnetic state (WFS)
relative to pure hematite, with only slight changes in Mössbauer

parameters (Table 4). However, the spectrum of the sample with
0.03% iridium clearly showed the presence of two magnetic states
in that sample. The values of quadrupole splitting obtained by fit-
ting are significantly shifted from the expected values for hematite
in both AFS and WFS. Most likely this is the consequence of a de-
flected magnetic moment direction relative to its direction in AFS
([001] direction) and WFS (perpendicular to [001] direction),
respectively [74,75]. Mössbauer spectra of samples doped with
0.1% iridium or more showed the presence of an exclusively mag-
netic sextet characteristic of hematite in AFS (Figs. 5–7). The value
of quadrupole splitting increased with an increase in the iridium
concentration in hematite (Table 4). This observation can be ex-
plained by small changes in the magnetic moment direction or
by a slight distortion in the hematite structure through the incor-
poration of iridium ions [27,75]. A slight broadening of Mössbauer
lines to a lower hyperfine magnetic field with an increase in the
iridium ion content was also observed (Table 4). It can be explained
by the impact of incorporated iridium ions and the reduction in
crystallinity (as observed by XRD, Section 3.1).

The relative areas of the lines in the Mössbauer sextet are
dependent on the angle between the respective c-rays direction
and the effective magnetic flux density [67,76]. If the magnetic mo-
ments of iron atoms in a sample are pointed in random directions
relative to the incident c-rays then the relative line areas (intensi-
ties) of the resultant sextet will average out to ratio of 3:2:1:1:2:3.
If there is some preferred orientation of these magnetic moments,
the relative areas of the 2nd and 5th line will deviate from 2. If the
magnetic moments prefer to orientate at higher angles relative to
the incident c-rays, then the relative areas of the 2nd and 5th line
will be above 2. This is the case in the spectra of WF hematite sam-
ples (HIR0, IrH0 and HIR001) (Table 4) where hematite particles
(obtained by the dehydroxylation of goethite particles) are some-
what preferentially oriented, with the [001] direction tending to
be parallel to the incident c-rays, i.e. with the magnetic moments

Fig. 6. 57Fe Mössbauer spectra (recorded at 20 �C) of samples HIR05, HIR1, HIR2 and
HIR5. The nominal iridium content is marked.

Fig. 7. 57Fe Mössbauer spectra (recorded at 20 �C) of samples IrH0, IrH1 and IrH5.
The nominal iridium content is marked.
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(which are perpendicular to [001]) being on the average at higher
angles relative to the incident c-rays. Such increase in the relative
areas of 2nd and 5th line in Mössbauer spectra due to the preferen-
tial orientation of the magnetic moments was also observed for
elongated goethite particles [54]. However, in the case of
Mössbauer spectra of AF hematite samples the magnetic moments
are oriented in the [001] direction. Owing to the lath-shaped
hematite particles (Figs. 12 and 13) the lower angles between
the magnetic moments of iron atoms and the incident c-rays are
preferred, i.e., the relative areas of the 2nd and 5th line in
Mössbauer spectra are below 2 (Figs. 5–7 and Table 4).

3.3. Magnetic measurements

The temperature dependence of magnetization for selected
samples (pure hematite and Ir-doped hematites with the lowest
iridium concentrations) is shown in Fig. 8. Generally, the increased
concentration of iridium dopant led to an increase in the Morin
transition temperature (TM) and a decrease in WFS magnetization.
The Morin transition temperature was determined from the inflec-
tion point of the magnetization-temperature curve at 256, 293, 309
and 326 K for samples HIR0, HIR001, HIR003 and HIR01, respec-
tively. These results deviate to a certain extent from Mössbauer
measurements which revealed that sample HIR001 is completely
in the WFS at 293 K and sample HIR03 is in both the WFS and

AFS at the same temperature (Fig. 5 and Table 4). This deviation
can be explained by the fact that the transition from the AFS to
WFS measured by warming the sample occurs at a higher temper-
ature than the transition from the WFS to the AFS measured by
cooling the sample [71,77]. The magnetic state can thus be differ-
ent for the same sample at the same temperature depending on the
sample’s temperature history. The Mössbauer measurements were
conducted at 20 �C on the samples cooled to that temperature from
higher temperatures and, contrariwise, the SQUID magnetic mea-
surements were conducted by warming the samples from lower
to higher temperatures.

3.4. FT-IR spectroscopy

The dominant features in the infrared spectrum of hematite are
strong and broad absorption bands in the wavenumber range from
about 700 to 200 cm�1 which are caused by crystal lattice vibra-
tions. The crystal structure of hematite allows the existence of
six IR active modes, two of which are A2u modes, with polarization
parallel to the crystallographic c-axis, and four are Eu modes, with
polarization perpendicular to the c-axis [78,79]. Appearance of the
infrared spectrum of hematite is remarkably dependent on the
microstructural properties of the recorded sample. It is a well
known fact that the positions of infrared bands in the IR spectra
of various hematites are related to the particle shape and size
due to the polarization charge induced at the particle surface by
an external electromagnetic field [79–83]. Gradual shifts in the po-
sition of hematite infrared bands have also been observed in the
spectra of hematite samples with Fe3+ cations substituted by some
other metal cations [5,8,11,84,85].

The characteristic part of the FT-IR spectra of pure and Ir-doped
hematite samples from HIR and IrH series is shown in Figs. 9 and
10, respectively. The positions of infrared bands in undoped sam-
ples (HIR0 and IrH0) are labeled by dotted vertical lines. The posi-
tions of infrared bands are listed in Table 5. The spectra of pure
hematite samples (HIR0 and IrH0) are almost identical and very
similar to the IR spectrum of sintered hematite particles without
a well-defined shape obtained by heating goethite [79,86]. An in-
crease in the content of Ir3+ ions in hematite led to a gradual shift
of Eu mode vibration bands to lower wavenumbers and that of A2u

mode vibration bands to higher wavenumbers. This kind of shifts
in infrared band position was observed in hematite samples with
an increased particle length in a direction perpendicular to the c-
axis in comparison with particle length in a direction parallel to
the c-axis (lath-like and disc-like hematite particles) [79,82,83].
The presence of heavier Ir3+ ions embedded in the crystal structure

Table 4
57Fe Mössbauer parameters at 20 �C calculated for synthesized samples and phase identification.

Sample Spectral line RLAb 2nd; 5th d (mm s�1) 2e (mm s�1) Bhf (T) C (mm s�1) Area (%) Phase

HIR0 M 2.1; 2.2 0.37 �0.21 51.5 0.26 100 WF a-Fe2O3

HIR001 M 2.1; 2.2 0.38 �0.17 51.7 0.28 100 WF a-Fe2O3

HIR003 M 2.1; 2.2 0.37 �0.12 51.6 0.30 63.5 WF a-Fe2O3

M 1.9;1.9 0.38 0.27 52.2 0.33 36.5 AF a-Fe2O3

HIR01 M 1.7; 1.7 0.37 0.39 52.4 0.28 100 AF a-Fe2O3

HIR02 M 1.4; 1.4 0.37 0.40 52.3 0.29 100 AF a-Fe2O3

HIR05 M 1.5; 1.6 0.38 0.40 52.2 (52.5)a 0.22 100 AF a-Fe2O3

HIR1 M 1.5; 1.6 0.37 0.42 51.9 (52.3)a 0.22 100 AF a-Fe2O3

HIR2 M 2.1; 2.2 0.37 0.42 51.8 (52.3)a 0.24 100 AF a-Fe2O3

HIR5 M 1.6; 1.6 0.37 0.42 51.8 (52.3)a 0.23 100 AF a-Fe2O3

IrH0 M 2.1; 2.2 0.37 �0.21 51.6 0.27 100 WF a-Fe2O3

IrH1 M 1.4; 1.4 0.37 0.42 52.2 (52.5)a 0.22 100 AF a-Fe2O3

IrH5 M 1.7; 1.7 0.38 0.42 51.8 (52.3)a 0.22 100 AF a-Fe2O3

Errors: d = ± 0.01 mm s�1, 2e = ± 0.01 mm s�1, Bhf = ± 0.2 T, C = ± 0.01 mm s�1.
Isomer shift is given relative to a-Fe.

a Average Bhf (first value) and the most probable Bhf (in parenthesis).
b Relative line area (RLA) of second and fifth line in a magnetically split sextet (RLA is 2 in a randomly oriented sample with line intensity ratio 3:2:1:1:2:3).

Fig. 8. Temperature dependence of magnetization measured in an applied
magnetic field of 100 Oe during a warming process for samples HIR0, HIR001,
HIR003 and HIR01. The nominal iridium content is marked.
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of hematite is likely to contribute to such shifts. The spectra of
samples containing the highest levels of iridium dopant are similar
to the IR spectra of lath-like hematite particles obtained by heating
goethite at temperatures lower than 600 �C [79,86,87], and also to
the IR spectra of plate-like hematite particles obtained by crystal
growth in a solution [82,83,88]. Shoulders at about 580 and
350 cm�1 most likely come from the absorption of infrared radia-
tion by irregular and near spherical hematite particles (both A2u

and Eu modes at 580 cm�1 and Eu mode at 350 cm�1)
[80,81,89,90] formed by sintering the lath-like hematite particles

which, in turn, were obtained by the dehydroxylation of goethite
particles (Figs. 12 and 13, Section 3.6).

3.5. Diffuse reflectance UV–Vis–NIR spectroscopy

The iron oxide spectra in near infrared, visible and ultraviolet
spectral regions are caused by transitions between the electronic
states. Three types of such transitions are generally accepted
[1,91,92]: (a) the Fe3+ ligand field transitions, (b) the ligand (oxy-
gen) to metal (iron) charge-transfer transitions and (c) the transi-
tions by simultaneous excitation of magnetically-coupled Fe3+

cations. The energies of some of these transitions are located in
the visible part of the spectrum (�380–750 nm) and, consequently,
the positions and intensities of corresponding bands are responsi-
ble for various colors of iron oxides. Color variations between pure
and Ir-doped hematites indicate differences in the visible spectra
of these samples.

Diffuse reflectance UV–Vis–NIR spectra of selected samples in
the range from 300 to 1500 nm are shown in Fig. 11. The spectrum
of sample HIR0 (pure a-Fe2O3) shows a generally low absorption in
the near infrared region (800–1500 nm) with a weak and broad

Fig. 9. The FT-IR spectra of HIR series samples. The nominal iridium content is
marked. Positions of infrared bands in the HIR0 sample spectrum are marked by
vertical lines.

Fig. 10. The FT-IR spectra of IrH series samples. The nominal iridium content is
marked. Positions of infrared bands in the IrH0 sample spectrum are marked by
vertical lines.
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absorption band centered at 870 nm as the only feature. This band
is assigned [92] to 6A1 ?

4T1 ligand field transition which corre-
sponds to electron excitation from the Fe3+ ground state (in which
all spins of three electrons in the t2g 3d-orbitals and two electrons
in the eg 3d-orbitals are in the same direction) to the first excited
state (in which one electron from the eg level comes to the t2g level
with the opposite spin direction). In the visible part of the spec-
trum the first feature is a weak shoulder at about 650 nm which
is assigned to 6A1 ? 4T2 ligand field transition [92]. A steep increase
in absorption (absorption edge) takes place between about 600 to

540 nm, and an inflection point of this curve (�570 nm) corre-
sponds to the energy of a band gap (�2.2 eV) in a-Fe2O3 [1,93].
Strong absorption in the region from about 380 to 570 nm is a

Fig. 12. FE-SEM images of samples HIR0 (a), HIR01 (b), HIR1 (c), and HIR5 (d).

Table 5
Band positions in the FT-IR spectra of pure and Ir-doped hematite samples.

Sample Wave number of IR active modes (cm�1)

A2u Eu Eu A2u Eu

H60 625 543 472 392 336
HIR01 627 538 466 393 333
HIR02 628 536 463 393 329
HIR03 630 535 461 395 328
HIR1 632 531 452 396 321
HIR2 635 529 448 396 318
HIR3 640 543 448 394 321
H160 620 545 472 391 338
IrH1 633 527 445 395 313
IrH5 625 531 453 385 327

Fig. 11. The UV–Vis–NIR spectra of samples HIR0, HIR1, HIR2 and HIR5. The
nominal iridium content is marked.

S. Krehula et al. / Journal of Alloys and Compounds 545 (2012) 200–209 207



Author's personal copy

result of an overlap of the bands caused by two different transi-
tions [92]: electron pair transition 6A1 + 6A1 ? 4T1 + 4T1 (resulting
from magnetic coupling of adjacent Fe3+ cations) at about
530 nm and ‘‘spin-flip’’ transition 6A1 ?

4E,4A1 (change in the spin
orientation of one electron in relation to the ground state configu-
ration) at about 440 nm. Systematic investigations performed on
various hematite samples showed that the positions and intensi-
ties of these electron transition bands depend on the size and
shape of particles and their crystallinity [94–98], as well as the
doping of metal cations [8,18,23,85].

The spectra of the Ir-doped hematite samples (Fig. 11) showed
significant differences in comparison with the spectrum of a pure
hematite sample. Radiation absorption in the red and near infrared
regions by the Ir-doped hematites was significantly increased with
an increase in iridium dopant concentration. At the same time, the
inflection point of the absorption edge (caused by the electron pair
transition 6A1 + 6A1 ?

4T1 + 4T1) was shifted from 574 nm (2.16 eV)
in the spectrum of pure hematite to 568 nm (2.19 eV), 562 nm
(2.21 eV) and 570 nm (2.18 eV) in the spectra of 1, 2 and 5 mol%

Ir-doped hematite samples, respectively. These spectral differences
can be ascribed to the simultaneous influence of changes in parti-
cle shape (Fig. 12, Section 3.5) and crystallite size (Section 3.1), as
well as contribution due to the incorporation of Ir3+ ions into the
hematite structure. Wang et al. [96] investigated the influence of
the size and shape of hematite particles on the appearance of cor-
responding UV–Vis–NIR diffuse reflectance spectra. They observed
higher absorbance (lower reflectance) in the red and near infrared
regions of platelet hematite particles in comparison with polyhe-
dral hematite particles. The optical gap was observed at 560 nm
(2.22 eV) for polyhedral hematite particles, and at 580 nm
(2.14 eV) for platelet hematite particles. Lu et al. [95] observed a
shift of the electron pair transition 6A1 + 6A1 ?

4T1 + 4T1 to higher
energies (lower wavelengths) with a reduction in the crystallite
size of hematite samples. Based on these data and our analysis of
UV–Vis–NIR diffuse reflectance spectra of Ir-doped hematite sam-
ples, we would suggest that Ir-doping together with the reduction
in crystallite size was responsible for the shift of the absorption
edge to higher energies (lower wavelengths). At the same time,
the change in particle shape to lath-like hematite particles (sample
with 5 mol% Ir) contributes to a shift of the absorption edge to low-
er energies (higher wavelengths).

3.6. FE-SEM

The FE-SEM images of selected samples from HIR series and all
three samples from IrH series are shown in Figs. 12 and 13, respec-
tively. Undoped hematite samples HIR0 (Fig. 12a) and IrH0
(Fig. 13a) consisted of somewhat sintered, fairly uniform hematite
particles of a mainly ellipsoidal shape. The particles in sample IrH0
were slightly larger in comparison with sample HIR0 particles. The
size and shape of hematite particles were defined by the size and
shape of goethite precursor lath-like particles. A gradual elonga-
tion of hematite particles with an increase in iridium concentration
is well visible, which is in line with the observed gradual shifts in
the infrared absorption bands (Section 3.4). The shape of thin
(clearly transparent) lath-like hematite particles of the sample
containing the highest iridium concentration (HIR5, Fig. 12d) is
in line with what is expected from the infrared spectrum (the high-
est wavenumber of Eu mode bands and the lowest wavenumber of
A2u mode bands among the IR spectra of all samples). Holes in
hematite particles formed by the coalescence of the dehydroxyla-
tion pores are well visible in the image of this sample. The FE-
SEM image of sample IrH1 (Fig. 13b) showed the highest elonga-
tion of hematite particles (400–600 nm in length) due to highly
elongated particles of the Ir-doped goethite precursor [52]. The
mixture of lath-like and nearly spherical Ir-doped hematite parti-
cles is visible in the FE-SEM image of sample IrH5 (Fig. 13c). This
sample was obtained by heating the precursor sample consisting
of lath-like Ir-doped goethite particles and nearly spherical Ir-
doped hematite [52]. A strong band at 580 cm�1 corresponding
to spherical hematite particles [79,80,89,90] is well visible in the
infrared spectrum (Fig. 10) of the sample.

4. Conclusions

� A series of hematites doped with up to 5 mol% of Ir3+ ions was
prepared by heating the hydrothermally prepared Ir-doped
goethites.
� Doping by iridium ions caused an increase in the temperature of

goethite dehydroxylation and suppressed the disappearance of
holes in the formed hematite particles and their sintering.
� Incorporation of iridium ions into the hematite structure led to

an increase in unit cell dimensions and a decrease in crystallite
size.

Fig. 13. FE-SEM images of samples IrH0 (a), IrH1 (b), and IrH5 (c).
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� The Morin transition temperature increased whilst the magne-
tization of weakly ferromagnetic state decreased with an
increase in Ir-doping.
� The presence of iridium ions brought about changes in the size

and shape of the formed hematite particles.
� Infrared and UV–Vis properties of hematite samples were sig-

nificantly affected by the incorporated iridium ions and by
changes in the size, shape and crystallinity of hematite
particles.
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[19] A. Gajović, A.M.T. Silva, R.A. Segundo, S. Šturm, B. Jančar, M. Čeh, Appl. Catal. B-
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