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The effect of the presence of Ir3* ions on the formation of iron oxides in a highly alkaline precipitation
system was investigated using X-ray powder diffraction (XRD), >’ Fe Méssbauer and FT-IR spectroscopies,
field emission scanning electron microscopy (FE-SEM) and energy dispersive X-ray spectroscopy (EDS).
Monodispersed lath-like a-FeOOH (goethite) particles precipitated by hydrothermal treatmentin a highly
alkaline medium with the addition of tetramethylammonium hydroxide (TMAH) were used as reference
material. The presence of Ir3* ions in the precipitation system strongly influenced the phase composi-

ﬁfgmﬁd& tion, magnetic, structural and morphological properties of obtained samples. The formation of a-Fe,03
Goethite (hematite) along with a-FeOOH in the first stage of hydrothermal treatment and the transformation
Hematite of a-FeOOH and a-Fe;03 to Fe304 (magnetite) by a longer hydrothermal treatment was caused by the
Magnetite presence of Ir3* ions. Ir3* for Fe3* substitution in the structure of a-FeOOH brought about changes in

unit-cell dimensions, crystallinity, particle size and shape, hyperfine magnetic field and infrared bands
positions. Ir3* for Fe3* substitution in the structure of a-Fe, 03 led to an increase in the temperature of the
Morin transition; Mdssbauer spectroscopy showed the presence of a-Fe; 05 in the antiferromagnetically

Morin transition
57Fe Mossbauer spectroscopy

ordered state at 293 K.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Iron oxides are common and widespread compounds that play
an important role in many natural processes [1]. They are also valu-
able materials for various technological applications (pigments,
magnetic recording devices, ferrofluids, catalysts, adsorbents, abra-
sives, gas sensors, various biomedical applications, etc.) [1-8]. The
application of iron oxides demands well defined specific properties
(magnetic, electric, catalytic, adsorption, thermal, etc.). These prop-
erties are dependent on the size and shape of iron oxide particles, as
well as on the content of various foreign metal cations incorporated
into the structure of a particular iron oxide [1,2,9-15].

A common method used in the laboratory synthesis of iron
oxides is precipitation from iron(Ill) and iron(Il) salt solutions.
Along with the type of iron salt, concentration of iron ions, pH,
temperature, aging time and the presence of additives (various lig-
ands and anions), the presence of foreign metal cations is also an
important factor influencing the microstructural properties of iron
oxides thus prepared [1,16]. In our previous works we investigated
the influence of some foreign metal cations during the precipita-
tion of monodispersed lath-like a-FeOOH nanoparticles in a highly
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alkaline medium on the final products properties and we observed
a strong influence of these cations on the phase composition and
microstructural properties of obtained products [17-20].
Precipitation of iron oxides in the presence of iridium ions has
been poorly investigated, in spite of the significant potential of Ir3*-
for-Fe3* substitution (the same cationic charge and similar radii).
A limited number of articles has been published on the subject
of Fe-Ir mixed oxides. Liu [21] investigated the magnetic prop-
erties of hematite doped with Ir** jons and observed an abrupt
increase in the Morin transition temperature even for small iridium
substitutions. Punnoose et al. [22] investigated the magnetic prop-
erties of ferrihydrite nanoparticles doped with Ir and concluded
that Ir-for-Fe substitution occurs primarily at the surface of ferrihy-
drite nanoparticles. Using °” Fe Mdssbauer spectroscopy, Berry et al.
[23,24] investigated titania-supported iron(Ill)-iridium(IIl) cata-
lysts. By means of different impregnation sequences Zhang et al.
[25] prepared the IrFeOy/SiO, catalyst which was very active and
selective for preferential oxidation of CO under a H,-rich atmo-
sphere. Hematite with surface-deposited IrO, particles showed
promising results as a catalyst for light-induced water splitting [26].
According to the best of our knowledge, no systematic study
of the influence of iridium ions on the formation of iron oxides
has been published yet. In the present work we have studied the
influence of the presence of Ir3* ions on the precipitation of iron
oxides in a highly alkaline medium. The uniform lath-like a-FeOOH
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Fig. 1. Reference sample G-2 h: (a) FE-SEM image, (b) X-ray powder diffraction pattern, (c) 5’ Fe Méssbauer spectrum (recorded at 20°C), and (d) a characteristic part of the

FT-IR spectrum.

particles (Fig. 1) prepared in our earlier work [27,28] were used as
reference material.

2. Experimental
2.1. Preparation of samples

Iron(Ill) chloride hexahydrate (FeCl; 6H,0) of analytical purity, supplied by
Kemika, iridium(11I) chloride (IrCl;) and a tetramethylammonium hydroxide (TMAH)
solution (25%, w/w, electronic grade 99.9999%), both supplied by Alfa Aesar®, were
used. Twice-distilled water prepared in our own laboratory was used in all experi-
ments. Predetermined volumes of FeCl; and IrCl; solutions and twice-distilled water
were mixed, then TMAH was added as a precipitating agent. The exact experimental
conditions for sample preparation are given in Table 1. Thus formed aqueous sus-
pensions were vigorously shaken for ~10 min, then heated at 160 °C, using the Parr
general-purpose bomb (model 4744) comprising a Teflon vessel and a cup. After the
proper heating time the precipitates were cooled to room temperature (the mother
liquor pH ~13.5) and subsequently washed with twice-distilled water to remove
“neutral electrolyte”. The ultraspeed Sorvall RC2-B centrifuge was used for the sep-
aration of solid and liquid components. The solid precipitates were dried one day at

Table 1

60°C. After drying all precipitates were characterized by X-ray powder diffraction,
Mossbauer and FT-IR spectroscopies, as well as high-resolution scanning electron
microscopy and energy dispersive X-ray spectroscopy.

2.2. Instrumentation

57Fe Méssbauer spectra were recorded at 20 °C (293 K) in the transmission mode
using a standard WissEl (Starnberg, Germany) instrumental configuration. A >’ Co/Rh
Mossbauer 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.

X-ray powder diffractometer APD 2000 (CuKa radiation, graphite monochro-
mator, Nal-Tl detector) manufactured by ItalStructures (Riva Del Garda, Italy) was
used. The selected samples were mixed with about 10% KBr (for IR-spectroscopy,
supplied by Fluka) as an internal standard. The exact positions and full width at half
maximum (FWHM) values of the diffraction lines were obtained by fitting a pseudo-
Voigt function to experimental data using the WinDust32 program (ItalStructures).
The unit cell dimensions of a-FeOOH and «a-(Fe,Ir)OOH were calculated from the
positions of lines (020), (110),(120),(130),(021),(111), and (140) using the
XLAT least squares program [29].

Concentration conditions for the preparation of samples by autoclaving at 160°C and the phase composition of solid samples determined by X-ray powder diffraction.

Sample [FeCl3] (moldm~3) [IrCl3] (moldm~3) 100 [Ir]/([Ir] +[Fe]) TMAH? (mol dm—3) Aging time/h Phase composition®
G-2h 0.1 0 0 0.7 2 G
IrG1-2h 0.1 1.01x 1073 1 0.7 2 G
IrG1-6h 0.1 1.01x 1073 1 0.7 6 G
IrG1-24h 0.1 1.01x10°3 1 0.7 24 G+H+M
IrG1-72h 0.1 1.01x 1073 1 0.7 72 M+H
IrG5-2h 0.1 527 x 1073 5 0.7 2 G+H
IrG5-6h 0.1 527 x 1073 5 0.7 6 G+H
IrG5-24h 0.1 527 x 1073 5 0.7 24 H+G+M
IrG5-72h 0.1 527 x 1073 5 0.7 72 M+Ir
IrG10-2h 0.1 1.11x 1072 10 0.7 2 G+H
IrG10-6h 0.1 1.11x 1072 10 0.7 6 G+H
IrG10-24h 0.1 1.11x 1072 10 0.7 24 M+H+G
IrG10-66 h 0.1 1.11x 102 10 0.7 66 M+Ir

3 TMAH: tetramethylammonium hydroxide (25%, w/w).
b G: goethite (a-FeOOH); H: hematite (a-Fe;03); M: magnetite (Fe304).
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Fig. 2. 5"Fe Méssbauer spectra (recorded at 20°C) of samples obtained after various hydrothermal treatment times in the presence of 1, 5 or 10 mol% of Ir3* ions.

Fourier transform infrared (FT-IR) spectra were recorded at RT using a Perkin-
Elmer 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.

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 analyser) manufactured by Oxford Instruments Ltd. The
specimens were not coated with an electrically conductive surface layer.

3. Results and discussion

3.1. °“Fe Méssbauer spectroscopy

The Mdssbauer spectra of synthesized samples are shown in
Fig. 2, while the calculated M6ssbauer parameters and phase identi-
fication are given in Table 2. The sextet corresponding to a.-FeOOH

Table 2
57Fe Méssbauer parameters at 20 °C calculated for synthesized samples and phase identification.
Sample Spectral line §(mms1) 2¢ (mms!) Bpe® (T) I' (mms™) Area (%) Phase
G-2h M 0.37 -0.26 35.7 (38.2) 0.24 100 a-FeOOH
IrG1-2h M 037 -0.27 35.4(37.5) 0.25 100 a-(Fe,Ir)OOH
IrG1-6h M 037 -0.26 36.0(38.0) 0.24 100 o-(Fe,Ir)OOH
IrG1-24h M 0.37 -0.27 36.7 (38.4) 0.24 53.1 a-(Fe,Ir)OOH
M 0.37 -0.22 51.5 0.27 46.9 a-Fe,03
IrG1-72h M 0.36 -0.20 51.7 0.27 271 a-Fe;03
M 0.27 -0.01 49.1 0.23 24.7 Fe304 (tet)
M 0.66 0.00 46.1 0.29 48.2 Fe;04 (oct)
IrG5-2h M 037 -0.27 34.2 (37.0) 0.27 76.8 a-(Fe,Ir)OOH
M 0.38 041 51.9(52.4) 0.22 232 a-(Fe,Ir),03
IrG5-6h M 0.37 -0.26 34.2 (37.0) 0.29 56.4 a-(Fe,Ir)OOH
M 037 0.41 51.7 (52.2) 0.22 43.6 a-(Fe,Ir);03
IrG5-24h M 0.37 -0.27 34.2(37.0) 0.26 334 o-(Fe,Ir)OOH
M 0.37 0.35 52.1 0.32 24.2 o-(Fe,Ir),03
M 0.38 —0.09 514 0.36 20.1 a-(Fe,Ir);03
M 0.29 0.04 49.1 0.25 8.4 Fe;04 (tet)
M 0.65 0.00 46.0 0.33 13.9 Fe304 (oct)
IrG5-72h M 0.27 0.00 49.1 0.24 333 Fe;04 (tet)
M 0.66 0.00 46.1 0.31 66.7 Fe;04 (oct)
IrG10-2h M 037 -0.27 32.7(36.5) 0.26 92.4 o-(Fe,Ir)OOH
M 0.37 0.42 51.8 0.38 7.6 o-(Fe,Ir),03
IrG10-6 h M 037 -0.27 32.3(36.0) 0.26 35.1 a-(Fe,Ir)OOH
M 0.37 0.42 51.3(52.2) 0.21 64.9 a-(Fe,Ir),03
IrG10-24h M 0.37 -0.27 32.7 (36.5) 0.26 28.1 a-(Fe,Ir)OOH
M 037 0.41 52.2 0.34 36.2 a-(Fe,Ir);03
M 0.28 0.02 49.0 0.30 14.1 Fe;04 (tet)
M 0.66 0.00 46.1 0.36 21.6 Fe304 (oct)
IrG10-66 h M 0.27 0.00 49.1 0.23 324 Fe;04 (tet)
M 0.66 0.01 46.1 0.30 67.6 Fe;04 (oct)

Errors: §=+0.01 mms~', 26 =4+0.01 mms~!, By,r=+0.2T, I"=40.01 mms~'. Isomer shift is given relative to a-Fe.
2 Two values of By are given for the spectra fitted by distribution of HMF: average By (first value) and the most probable By (in parenthesis).
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Fig. 3. XRD patterns (recorded at 20 °C) of samples obtained after various hydrothermal treatment times in the presence of 1 or 10 mol% of Ir3* ions (G: a-FeOOH; H: a-Fe;0s;

M: Fe30y4; and Ir: Iridium).

in the Mossbauer spectra of obtained samples was fitted taking
into account the hyperfine magnetic field (HMF) distribution in the
range from 20 to 40T. The spectra of the samples obtained after 2
and 6 h of hydrothermal treatment in the presence of 1 mol% of Ir3*
ions (samples IrG1-2 h and IrG1-6 h) consisted of a typical asym-
metric sextet corresponding to a-FeOOH of medium crystallinity
[30], similar to the spectrum of reference sample G-2h (Fig. 1c).
Line intensities in these a-FeOOH sextets deviate from the theo-
retical ratio 3:2:1:1:2:3 more than the sextet of reference a-FeOOH
sample (3:2.1:1:1:2.1:3 for sample G-2 h, 3:2.3:1:1:2.3:3 for IrG1-
2hand 3:2.5:1:1:2.5:3 for IrG1-6 h) due to a somewhat preferred
orientation of lath-like a-FeOOH particles in powder samples with
b- and c-crystallographic axes perpendicular to the direction of
~v-rays. The presence of 1mol% of Ir3* ions in the precipitation
system (sample IrG1-2h) led to a slight decrease in the HMF of
the formed a-FeOOH in comparison with reference sample G-2 h
(Table 2). This reduction can be attributed to the effect of Fe3*
by Ir3* substitution in the structure of a-FeOOH, so the chemi-
cal formula of this solid solution compound can be written out
as a-(Fe,Ir)OOH. HMF values for sample IrG1-6h (Table 2) were
increased due to improved a-(Fe,Ir)OOH crystallinity. However,
these values were somewhat lower in comparison with the HMF
in a pure a-FeOOH sample formed in identical conditions [28] due
to the effect of substituted Ir3* jons. Two sextets in the Mssbauer
spectrum of sample obtained after 24 h of hydrothermal treatment
(IrG1-24h) correspond to a-(Fe,Ir)OOH and weakly ferromagnetic
a-Fe;03. A relatively high value of HMF (51.5T) and the mainte-
nance of magnetic order as in pure a-Fe,03 do not indicate any
significant Ir-for-Fe substitution in the a-Fe;05 structure. Further
hydrothermal treatment (72 h) resulted in a complete disappear-
ance of a-(Fe,Ir)OOH and a partial transformation of a-Fe,;03 to
Fe304 by the reduction of Fe(Ill)-Fe(Il) with TMAH thermal decom-
position products and iridium as a catalyst.

The presence of a higher concentration of Ir3* jons in the
precipitation system (5mol%) led to the formation of a-Fe,03
besides a-(Fe,Ir)OOH after only 2h of hydrothermal treatment.
Thus formed a-Fe;03 has a distinct Mdssbauer spectrum in com-
parison with pure (undoped) a-Fe;03. The Mdssbauer spectrum

(recorded at 293K) of sample IrG5-2h (Fig. 2) along with cor-
responding parameters obtained by fitting (Table 2) showed the
presence of a-Fe,05 in the antiferromagnetically ordered state,
unlike the pure, undoped a-Fe;03 which is in the weakly ferro-
magnetic state at room temperature. Such a change in the magnetic
order indicates a significant Ir3* for Fe3* substitution, so this phase
can be written out as o-(Fe,Ir),03. The Ir3* for Fe3* substitution
in the a-Fe,03 structure was responsible for an increase in the
temperature of the Morin transition, i.e., a change in the room
temperature magnetic order of this phase.

The Morin transition is a change in the magnetic state of
hematite at a temperature of about 260K (for the samples of good
crystallinity) [31-34]. The magnetic spins of Fe3* cations are ori-
ented antiparallel in the [00 1] direction (antiferromagnetic state)
at temperatures below ~260 K (Morin transition temperature, Ty;)
and almost antiparallel (with a minor spin canting) in the plane per-
pendicular to the [00 1] direction (weakly ferromagnetic state) at
temperatures above Ty and below Curie temperature (T¢ ~955 K).
Mossbauer spectroscopy is one of the best techniques for distin-
guishing these two types of magnetic ordering and for determining
the Morin transition temperature. Incorporation of various metal
cations into the structure of a-Fe, 03 strongly affected the Morin
transition temperature [34]. The majority of incorporated cations
reduced or suppressed this transition [35-40] (down to liquid
helium temperature), while a few of them (Rh3*, Ru3*, Ir**), on the
other hand, caused an increase in Ty [21,41-43]. This effect has
been largely explained by an increase in the single-ion magnetic
anisotropy component in hematite as a result of strong anisotropy
cations Rh3*, Ru3* or Ir** incorporated. In the present work we
observed by Mdssbauer spectroscopy the antiferromagnetic order
in the Ir3*-doped hematite at 293 K and in this way clearly demon-
strated the effect of the incorporation of this cation in hematite on
the increase in the Morin transition temperature.

The Mdssbauer spectrum of sample IrG5-6 h (Fig. 2) shows an
increase in the quantity of antiferromagnetic o-(Fe,Ir), 03 relative
to a-(Fe,Ir)OOH with the aging of the precipitation system. How-
ever, a hydrothermal treatment of the system with 5mol% of Ir3*
ions for 24 h results in a partial transformation of a-(Fe,Ir)OOH
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and antiferromagnetic a-(Fe,Ir),03 to ferromagnetic a-Fe; O3 and
Fe;0,4 (Fig. 2, Table 2). A longer hydrothermal treatment (72h,
Fig. 2) resulted in the complete transformation of a-(Fe,Ir)OOH and
a-(Fe,Ir), 03 to stoichiometric Fe304 (octahedral Fe23*:tetrahedral
Fe3*=2:1) (Table 2).

Similar to the case of samples obtained in the presence of 5 mol%
of Ir3* ions, the presence of 10 mol% of Ir3* resulted in a gradual
transformation of a-(Fe,Ir)OOH to antiferromagnetic a-(Fe,Ir),;03
(2 and 6h of aging) followed by the formation of Fe3Q4, after a
sufficient aging time (Fig. 2, Table 2).

3.2. X-ray powder diffraction

Crystalline phases in synthesized samples (Table 1) were deter-
mined from the recorded XRD patterns (Fig. 3) using JCPDS PDF
cards No. 29-713 for a-FeOOH, No. 33-664 for a-Fe,03, No. 19-
629 for Fe304 and No. 06-0598 for iridium. Unit cell parameters
of a-FeOOH and a-(Fe,Ir)OOH, calculated from the positions of
the corresponding diffraction lines, and the FWHM values of the
strongest diffraction lines for samples G-2 h, IrG1-2 h, IrG5-2 h and
IrG10-2 h are given in Table 3. Molar fractions of iridium cations
were given as molar fractions in the initial solutions (nominal)
and molar fractions in the powder samples as determined by EDS.
Decrease in the iridium content in powder samples in compari-
son with initial systems indicates a partial loss of Ir3* ions during
sample washing.

Phase identification confirmed the results of Mdssbauer spec-
troscopy measurements. Only the a-FeOOH diffraction lines were
present in the patterns of samples IrG1-2h and IrG6-2h. Fur-
ther hydrothermal treatment led to a gradual transformation of
a-FeOOH to a-Fe,03, followed by the reduction of Fe(Ill)-Fe(II)
with TMAH thermal decomposition products (such as methanol
and trimethylamine [44]) in the presence of iridium as a cata-
lyst. The presence of a-Fe; 03 diffraction lines in the pattern of the
sample obtained after 72 h of treatment indicated an unfinished
a-Fe; 03 — Fe304 transformation. The XRD patterns of samples pre-
pared in the presence of 10 mol% of Ir(Ill) ions showed the presence
of a-Fe,03 only after 2h of hydrothermal treatment and faster
transformation a-FeOOH — a-Fe; 03 — Fe304. This transformation
was completed in the sample obtained after 66h of treatment;
strong and narrow Fe30, diffraction lines emerged, accompanied
by broad lines of nanosize metallic iridium (Fig. 4a) [45].

In our previous studies [17-20,46-49] we have investigated
the influence of various metal cations on the formation of iron
oxides in a highly alkaline medium in the presence of TMAH.
Formation of Fe304 has been observed only in the case of the plat-
inum group metal cations (ruthenium, palladium, platinum and
rhodium)[18,46-49], well known for their excellent catalytic prop-
erties. In the absence of the platinum group metal ions Fe3* ions
have not been reduced and only Fe(Ill) oxides have been formed
[17,19,20,27,28]. On the other hand, in the presence of even a small
amount (1 mol% or less) of platinum group metal ions «-FeOOH has
been completely transformed to Fe304 [18,46-49]. On the basis of
these observations, it can be concluded that the platinum group
metals act as catalysts for the transformation a-FeOOH — Fe304 in
the presence of TMAH. In the present case, decomposition prod-
ucts of TMAH (such as CH30H) and iridium nanoparticles play an
important role in this transformation.

A study of the influence of Ir3* ions on the a-FeOOH unit-cell
parameters (Fig. 4b, Table 3) clearly showed that the unit-cell
parameter a was decreased and the unit-cell parameter b was
increased with an increase in the concentration of Ir3* ions. At
the same time, the unit-cell parameter ¢ remained unchanged.
Although the Ir-for-Fe substitution in a-FeOOH, to the best of our
knowledge, has not been studied yet, similar changes of unit-cell
parameters were observed for some other cations. Zn?* and Cu?*
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Fig. 4. (a) XRD patterns of samples IrG5-72 h and IrG10 in the 2® range from 28°
to 92° with intensity presented in logarithmic scale (M: Fe3O4; Ir: iridium). (b) A
characteristic part of XRD patterns of reference sample (G-2 h) and sample obtained
under the same conditions in the presence of 5 mol% of Ir3* ions (IrG5-2 h). The effect
of Ir>* ions on the shift in the positions and the decrease in the width of a-FeOOH
diffraction lines is clearly visible (H: a-Fe,03).

incorporation into a-FeOOH [50] also caused an increase in b, a
decrease in a and constancy in parameter c. Increase in b and
decrease in a was also observed for Mn3* incorporation, but in this
case parameter ¢ was decreased [51-53].

The incorporation of Ir3* ions into a-FeOOH led to the narrowing
of diffraction lines (Fig. 4b, Table 3) which indicated an increase in
the size of crystalline domains. A similar effect was observed in the
case of incorporated Mn3* ions [51]. This effect can be attributed
to the formation of less a-FeOOH nuclei (relative to the reference
system) in the nucleation stage of precipitation due to the presence
of Ir3* ions which led to the growth of larger a-FeOOH crystals in
the subsequent stages of crystallization.

3.3. FT-IR spectroscopy

The FT-IR spectrum of reference sample G-2 h in the wave num-
ber range from 1000 to 300 cm~! is shown in Fig. 1d. The IR bands
at 893 and 797 cm~! correspond to Fe—O—H bending vibrations,
whereas the bands at lower wave numbers correspond to Fe—0 and
Fe—OH stretching vibrations or crystal lattice vibrations [54-56].
The two most intense of these lattice vibration bands (LVB) at 638
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Table 3

Unit cell parameters and FWHM values of the strongest diffraction lines for pure and Ir-substituted o-FeOOH phase in the selected samples.
Sample 100-[Ir]/([Ir] +[Fe]) Unit cell parameter/A V/IA3 FWHM (°20)

Nominal By EDS a b c (110) (130) (021) (111)

G-2h 0 0 4.613(1) 9.955(3) 3.023(0) 138.8(1) 0.478 0.363 0.219 0.350
IrG1-2h 1 0.57 4.611(0) 9.960(2) 3.023(0) 138.8(1) 0.444 0317 0.176 0.306
IrG5-2h 5 2.50 4.607(1) 9.979(2) 3.023(0) 139.0(1) 0.213 0.217 0.139 0.195
IrG10-2h 10 4.32 4.605(1) 9.984(5) 3.023(0) 139.0(1) 0.215 0.210 0.141 0.193

and 405 cm~! corresponds to the lattice vibrations with a transition
moment parallel to the a-axis (LVB,) and c-axis (LVB.), respectively
[55,56].

The presence of Ir3* ions significantly affected the positions of
a-FeOOH infrared bands (Fig. 5). Fe—O—H bending vibration bands
were slightly shifted to lower wavenumbers in the sample syn-
thesized at 1 mol% of Ir3* ions (sample IrG1-2 h). However, in the
presence of higher amounts of Ir3* ions (5 and 10mol%) these
bands were shifted to higher wavenumbers (samples IrG5-2 h and
IrG10-2 h). These opposite shifts can be attributed to the sum of
factors with a varying influence on the vibrational modes, such
as changes in the hydrogen bond strength, atomic positions and
bond angles due to Ir-for-Fe substitution, as well as a change in the
strength of the OH---O hydrogen bond resulting from a change in
the crystallinity of samples [27,28,56]. The aging of samples led
to a shift of these bands to higher values for all concentrations
of Ir3* jons due to an increase in the strength of the hydro-
gen bond caused by improved crystallinity of a-FeOOH in these
samples [56,57].

The infrared bands corresponding to lattice vibrations also
showed opposite shifts for lower and higher concentrations of
Ir3* ions. The shifts in the position of LVB, from 638 cm~! in the
spectrum of reference sample G to 641 and 627 cm~! in the spec-
tra of samples IrG1-2 h and IrG5-2 h, respectively, correspond to
a combination of various effects, such as Ir-for-Fe substitution in
the structure of a-FeOOH and changes in the shape of particles
[20,28,55,56]. For the same reasons LVB. was shifted from 407 cm~!
(sample G) to 399 cm~! (sample [rG1-2 h), 414 cm~! (sample IrG5-
2h)or411cm~! (sample IrG10-2 h). The positions of LVBs depend
on the shape of particles, i.e., on the ratio between the particle
size along the a- and c-axes (dy/d:). «-FeOOH particles in sam-
ple IrG1-2 h (see Section 3.4, Fig. 6a and b) were slightly thicker
(a-axis direction) and wider (b-axis direction), but significantly
longer (c-axis direction) in comparison with reference sample G
(Fig. 1a). The particle size ratio in the a- and c-axes direction was
decreased and, consequently, LVB, was shifted to a higher and LVB,
to a lower wavenumber. However, a-FeOOH particles in samples
IrG5-2 h (see Section 3.4, Fig. 7a) were significantly thicker, wider

1 mol% Ir 5 mol% Ir 10 mol% Ir
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Fig. 5. The FT-IR spectra of samples obtained after various hydrothermal treatment times in the presence of 1, 5 or 10 mol% of Ir3* ions.
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Fig. 6. FE-SEM images of samples: IrG1-2 h at lower (a) and higher (b) magnification, [rG1-6 h (c), IrG1-24h (d), IrG1-72 h at lower (e) and higher (f) magnification.

and longer in comparison with reference sample G. In this case,
the ratio of particle sizes in the a- and c-axes direction (d,/d;)
was increased and, consequently, LVB, was shifted to a lower and
LVB. to a higher wavenumber. The aging of samples influenced
the shifts of LVB, to lower and those of LVB, to higher values for
all concentrations of Ir3* ions due to changes in the shape of -
FeOOH particles (dy/d. ratio is increased) and improvement in the
crystallinity.

The presence of a-Fe;03 in samples IrG1-24 h, Irg1-72 h, IrG5-
2h,IrG5-6 h, IrG5-24 h, IrG10-6 h and IrG10-24 h was confirmed on
the basis of strong bands at about 570 and 480 cm~!. The infrared
spectrum of a-Fe, 03 depends on the shape of particles [58,59] and
the positions of these bands match closely those in the spectra of
pseudocubic a-Fe; 03 particles [59-61], whichisin line with the FE-
SEM images of corresponding samples (see Section 3.4, Figs. 6-8). A
broad band with the minimum at 580 cm~! indicates the presence
of only Fe304 as a single iron oxide phase [46,62,63], which tallies
with the XRD and Méssbauer measurements.

3.4. FE-SEM and EDS

Reference sample G-2 h consists of uniform lath-like a-FeOOH
particles 150-200 nm long, 40-60 nm wide and 10-20 nm thick
(Fig. 1a). The presence of 1mol% of Ir3* ions in the precipita-
tion system significantly changed the size of obtained particles.
Larger a-(Fe,Ir)OOH lath-like particles were obtained with about
400-600nm length, 60-80nm width and 20-30nm thickness
(Fig. 6a and b). Similar o-(Fe,Ir)OOH particles were still present in
the sample obtained after 6 h of hydrothermal treatment (Fig. 6¢).
These particles were partially transformed after 24 h of treatment
to a-Fe, 03 crystals in the form of hexagonal bipyramids of about
1 pm length (Fig. 6d). EDS analysis showed no significant amount
of iridium in these a-Fe;03 crystals, which explains the pres-
ence of a weakly ferromagnetic order in this a-Fe,O3 (like in
pure a-Fe;03), as observed by Mdssbauer spectroscopy (Fig. 2,
Table 2). The a-(Fe,Ir)OOH — a-Fe,03 transformation was almost
completed after 72 h, but a-Fe,03 crystals were further partially
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Fig. 7. FE-SEM images of samples: IrG5-2 h at lower (a) and higher (b) magnification, IrG5-6 h (¢), [rG5-24 h (d), IrG5-72 h at lower (e) and higher (f) magnification.

transformed to large (about 10 wm dia) octahedral Fe;04 crystals
(Fig. 6e). A small quantity of elongated o-(Fe,Ir)OOH particles was
still present at the surface of a-Fe,03 crystals along with metal-
lic iridium nanoparticles responsible for the catalytic reduction of
Fe(111)-Fe(1l) (Fig. 6f).

The presence of 5mol% of Ir3* ions in the precipitation sys-
tem led to the formation of spindle-shaped a-(Fe,Ir)OOH particles
(Fig. 7a and b) with 300-700 nm length and 100-200 nm width,
along with a significant number of smaller (20-100 nm dia) «-
(Fe,Ir), 03 particles. A longer hydrothermal treatment (6 h) resulted
in an increase in the number and size of a-(Fe,Ir),03 particles
(Fig. 7¢). These particles show significant differences in size and
shape in comparison with bipyramidal a-Fe,03 crystals obtained
in the presence of 1 mol% of Ir3* ions (Fig. 6d). EDS analysis showed
about 2 mol% of iridium (in respect to overall metal content) in
these a-Fe, O3 particles, which confirms the assumption that Ir-for-
Fe substitution in hematite is the cause for a change in the magnetic
order (at room temperature) from weakly ferromagnetic to

antiferromagnetic. With further hydrothermal treatment (for 24 h)
the a-(Fe,Ir)OOH and a-(Fe,Ir), 03 particles partially transformed to
octahedral Fe30y4 crystals (Fig. 7d). EDS analysis showed no signifi-
cant amount of iridium in these crystals, i.e., no significant Ir-for-Fe
substitution in the Fe3O4 structure. After 72h of hydrothermal
treatment the transformation was completed, resulting in the for-
mation of large (5-10 wm in diameter) octahedral Fe304 crystals
and small iridium nanoparticles (Fig. 7e and f).

The transformation o-(Fe,Ir)OOH — a-(Fe,Ir),03 — Fe304 +1r0,
with a similar course as in the precipitation system with 5 mol% of
Ir3* ions, was also observed for samples obtained in the presence of
10 mol% of Ir3* ions (Fig. 8). The a-(Fe,Ir)OOH and a-(Fe,Ir), O3 parti-
cles in these samples were significantly smaller in comparison with
samples obtained in the presence of 5mol% of Ir3* ions (Fig. 7). The
EDS analysis of sample IrG10-2 h showed only 4.32 mol% of iridium
in this sample (in comparison with 10 mol% in the initial reaction
mixture), which indicates a partial loss of iridium during sample
washing.
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Fig. 8. FE-SEM images of samples: IrG10-2 h (a), IrG10-6 h (b), IrG10-24 h at lower (c) and higher (d) magnification, IrG10-72 h at lower (e) and higher (f) magnification.

4. Conclusions

¢ A strong influence exerted by the presence of iridium(IIl) ions on
the phase composition, magnetic, structural and morphological
properties of iron oxides formed in a highly alkaline medium in
the presence of tetramethylammonium hydroxide was observed.

e The Ir3*-for-Fe3* substitution in the a-FeOOH structure induced
changes in unit-cell dimensions, crystallite size, hyperfine mag-
netic field, structural vibrations, and the particle size and
morphology.

e The Ir3*-for-Fe3* substitution in the a-Fe, 05 structure caused an
increase in the temperature of the Morin transition - Méssbauer
spectroscopy showed the presence of a-Fe,03 in the antiferro-
magnetically ordered state at 293 K.

¢ Alonger hydrothermal treatment of the precipitation systems in
the presence of Ir3* ions resulted in a gradual phase transforma-
tion a-(Fe,Ir)OOH — a-(Fe,Ir),03 — Fe30,4 +1Ir0.

e Iridium is both a reactant and a catalyst in this phase transforma-
tion.
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