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a b s t r a c t

The effect of the presence of platinum(IV) ions, in the form of PtðOHÞ2�6 at a high pH, on the formation of
iron oxides in a highly alkaline precipitation system was investigated using X-ray powder diffraction
(XRD), 57Fe Mössbauer 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 treatment in a highly alkaline medium with the addition of tetramethylam-
monium hydroxide (TMAH) were used as reference material. In the presence of 1 or 5 mol% of platinum
ions in the precipitation system the lath-like a-FeOOH particles were formed as a single phase after a
short hydrothermal treatment (2 h). No significant change in the size and shape of these particles in com-
parison to the reference sample was observed. After 6 h of autoclaving the formation of platinum nano-
particles at the surface of a-FeOOH particles via reduction by TMAH and/or its decomposition products
became visible. These nanoparticles acted as a catalyst for the reduction of Fe(III) ions into Fe(II) and
gradual transformation of a-FeOOH into a mixed Fe(II)–Fe(III) oxide (Fe3O4, magnetite) by the dissolu-
tion–recrystallization mechanism. The presence of a higher concentration of platinum ions accelerates
the process of a-FeOOH ? Fe3O4 transformation with the appearance of a-Fe2O3 (hematite) particles
as an intermediate product.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Natural iron oxides are formed by weathering of iron-rich pri-
mary minerals (silicates, spinels), commonly in the presence of cat-
ions of other metals besides iron. These foreign cations have a
significant influence on the process of iron oxides formation. Thus
formed iron oxides usually contain various metal cations incorpo-
rated into their structure and in this way play an important role in
the availability of these cations in soils [1–6]. Similar to natural
iron oxides, the formation of synthetic ones is also strongly im-
pacted by the presence of various metal cations. The addition of
varying amounts of these cations may have a drastic impact on
the phase composition of formed iron oxides, as well as on the
particle size and shape [7–13]. Metal-for-Fe substitution in the
structure of synthetic iron oxides, prepared in the presence of
corresponding foreign metal cations, has been widely reported,
especially in the case of goethite, a-FeOOH [14–18]. Incorporation
of various metal cations into the structure of iron oxides can affect
their electric [19,20], magnetic [21–24], thermal [23,24], solubility
[25], catalytic [26–28], adsorption [29,30], gas sensing [31–33] and
other properties.
ll rights reserved.

: +385 1 4680 098.
The formation of synthetic iron oxides in the presence of plati-
num ions and the possibility of Pt-for-Fe substitution in the iron
oxide structure have been poorly investigated. Sudakar et al. [34]
used low concentrations of Pt4+, Pd2+ or Rh3+ as morphology con-
trolling cationic additives for the synthesis of acicular hydrogoeth-
ite particles. A thin film of nanocrystalline Pt-doped hematite was
prepared by electrodeposition method as a possible active material
for photoelectrochemical water splitting [35]. A Pt-doped c-Fe2O3

thin film was prepared in order to test gas sensing properties
[36]. Pt–Fe3O4 core–shell nanoparticles were prepared as a precur-
sor for the synthesis of Fe–Pt nanoparticles with remarkable mag-
netic properties [37].

However, to the best of our knowledge, no systematic investiga-
tion of the influence of platinum ions on the formation of a-FeOOH
has been published yet. The aim of the present work was to inves-
tigate the impact of platinum ions on the formation of a-FeOOH in
a highly alkaline medium, with focus on the phase and micro-
structural properties of precipitation products. Uniform lath-like
a-FeOOH particles prepared in our earlier work [38,39] were used
as reference material. Low polydispersity of these particles makes
them suitable as a model colloid for various applications [40,41], as
a component of nanocomposites with improved properties [42], as
well as reference material for studies on the influence of cationic
additives on the synthesis and properties of a-FeOOH [43–45].
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Table 1
Concentration conditions for the preparation of samples by autoclaving at 160 �C and phase composition of solid samples determined by X-ray powder diffraction.

Sample [FeCl3] (mol dm�3) [PtCl4] (mol dm�3) 100�[Pt]/([Pt] + [Fe]) TMAHa (mol dm�3) Aging time (h) Phase compositionb

G 0.1 0 0 0.7 2 G
PtG1-2h 0.1 1.01 � 10�3 1 0.7 2 G
PtG1-6h 0.1 1.01 � 10�3 1 0.7 6 G
PtG1-16h 0.1 1.01 � 10�3 1 0.7 16 G + M
PtG1-24h 0.1 1.01 � 10�3 1 0.7 24 M + G + Pt
PtG1-72h 0.1 1.01 � 10�3 1 0.7 72 M + Pt
PtG2-2h 0.1 5.27 � 10�3 5 0.7 2 G
PtG2-6h 0.1 5.27 � 10�3 5 0.7 6 G + Pt
PtG2-16h 0.1 5.27 � 10�3 5 0.7 16 M + Pt + G + H
PtG2-24h 0.1 5.27 � 10�3 5 0.7 24 M + Pt

a TMAH = tetramethylammonium hydroxide (25% w/w).
b G = goethite (a-FeOOH), H = hematite (a-Fe2O3), M = magnetite (Fe3O4).
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2. Experimental

2.1. Preparation of samples

Iron(III) chloride hexahydrate (FeCl3�6H2O) of analytical purity,
supplied by Kemika, platinum(IV) chloride (PtCl4), supplied by
Fig. 1. 57Fe Mössbauer spectra (recorded at 20 �C) of samples obtained after various
heating periods in the presence of 1 mol% Pt.
Merck, 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 PtCl4

solutions and twice-distilled water were mixed, then TMAH was
added as a precipitating agent. The exact experimental conditions
Fig. 2. 57Fe Mössbauer spectra (recorded at 20 �C) of samples obtained after various
heating periods in the presence of 5 mol% Pt.



Table 2
57Fe Mössbauer parameters calculated for iron oxide samples formed in the presence of various amounts of Pt(IV) ions.

Sample Spectral line d (mm s�1) 2e (mm s�1) hBhf i* or Bhf (T) C (mm s�1) Area (%) Identification

G M 0.37 �0.26 34.5* 0.24 100 a-FeOOH
PtG1-2h M 0.37 �0.26 34.5* 0.25 100 a-FeOOH
PtG1-6h M 0.37 �0.26 35.1* 0.23 100 a-FeOOH
PtG1-16h M1 0.37 �0.27 36.5* 0.21 83.8 a-FeOOH

M2 0.66 0.01 46.0 0.31 10.6 Fe3O4–Fe(II)/Fe(III) octahedral sites
M3 0.28 0.02 49.2 0.27 5.6 Fe3O4–Fe(III) tetrahedral sites

PtG1-24h M1 0.37 �0.26 38.3 0.27 18.1 a-FeOOH
M2 0.66 0.01 46.0 0.34 52.2 Fe3O4–Fe(II)/Fe(III) octahedral sites
M3 0.27 �0.01 49.0 0.30 29.7 Fe3O4–Fe(III) tetrahedral sites

PtG1-72h M1 0.66 0.01 46.1 0.33 64.1 Fe3O4–Fe(II)/Fe(III) octahedral sites
M2 0.28 �0.01 49.1 0.30 35.9 Fe3O4–Fe(III) tetrahedral sites

PtG2-2h M 0.37 �0.27 34.1* 0.24 100 a-FeOOH
PtG2-6h M 0.37 �0.25 35.2* 0.27 100 a-FeOOH
PtG2-16h M1 0.37 �0.26 37.7 0.40 8.5 a-FeOOH

M2 0.37 �0.20 51.7 0.23 8.7 a-Fe2O3

M3 0.66 0.02 46.0 0.31 54.9 Fe3O4–Fe(II)/Fe(III) octahedral sites
M4 0.27 0.00 49.1 0.25 27.8 Fe3O4–Fe(III) tetrahedral sites

PtG2-24h M1 0.67 0.00 45.9 0.32 62.3 Fe3O4–Fe(II)/Fe(III) octahedral sites
M2 0.28 �0.01 49.0 0.28 37.7 Fe3O4–Fe(III) tetrahedral sites

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

Fig. 3. XRD patterns of obtained powder samples, recorded at 20 �C (G = a-FeOOH, M = Fe3O4, H = a-Fe2O3, Pt = Platinum, � = Al-holder).

Table 3
Unit cell parameters and the mean crystallite size for pure and Pt-substituted a-FeOOH phase in the selected samples.

Sample 100�[Pt]/([Pt] + [Fe]) Unit cell parameter (Å) V (Å3) Mean crystallite size (nm)

a b c a-Axis b-Axis c-Axis

G 0 4.614(1) 9.954(7) 3.022(0) 138.8(1) 18(1) 43(1) >71
PtG1-2h 1 4.615(1) 9.953(6) 3.022(0) 138.8(1) 14(1) 26(1) >42
PtG2-2h 5 4.617(1) 9.950(6) 3.024(0) 138.9(1) 13(1) 22(1) >35
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for sample preparation are given in Table 1. Thus formed aqueous
suspensions were vigorously shaken for �10 min, then heated at
160 �C, using the Parr general-purpose bomb (model 4744) com-
prising a Teflon vessel and a cup. After the proper heating time
the precipitates were cooled to room temperature (the mother li-
quor pH � 13.5) and subsequently washed with twice-distilled
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water to remove ‘‘neutral electrolyte”. The ultraspeed Sorvall RC2-B
centrifuge was used. After drying all precipitates were
characterized by X-ray powder diffraction, Mössbauer and FT-IR
spectroscopies, as well as high-resolution scanning electron
microscopy. The molar percentages of iron and platinum in the
particles were determined by EDS analysis.

2.2. Instrumentation

57Fe Mössbauer spectra were recorded 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.

X-ray powder diffractometer APD 2000 (Cu Ka radiation,
graphite monochromator, NaI-Tl detector) manufactured by Ital-
Structures (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
Fig. 4. FT-IR spectra (recorded at RT) of samples obtained after various heating
periods in the presence of 1 mol% Pt.
width at half maximum (FWHM) values of the diffraction lines
were obtained by fitting a pseudo-Voigt function to experimen-
tal data using the WinDust32 program (ItalStructures). The unit
cell dimensions were calculated from the positions of lines
020, 110, 130, 021, 111, 121, and 140 using the XLAT least
squares program [46]. The mean crystallite sizes along the crys-
tallographic axes were estimated from the line broadening of
the X-ray diffraction lines, after correcting the measured full
width at half maximum (FWHM) for instrumental broadening,
using the Scherrer equation and procedure described by Schulze
and Schwertmann [47]. The Scherrer equation assigns all line
broadening to crystallite size and does not take into account
line broadening caused by lattice strains or other imperfections
[48].

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 spec-
imens were pressed into small discs using a spectroscopically pure
KBr matrix.
Fig. 5. FT-IR spectra (recorded at RT) of samples obtained after various heating
periods in the presence of 5 mol% Pt.
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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 ana-
lyser) manufactured by Oxford Instruments Ltd. The specimens were
not coated with an electrically conductive surface layer.
(a)

(b)
3. Results and discussion

3.1. 57Fe Mössbauer spectroscopy

The Mössbauer spectra of synthesized samples are shown in
Figs. 1 and 2, while the calculated Mössbauer parameters and
phase identification are given in Table 2.

The spectrum of the sample obtained after 2 h of hydrothermal
treatment in the presence of 1 mol% of Pt ions (sample PtG1-2h,
Fig. 1) is a typical asymmetrical sextet corresponding to a-FeOOH
of medium crystallinity, almost identical to the spectrum of the
reference sample G [49]. The Mössbauer spectrum of goethite re-
corded at room temperature may vary from a well-shaped sextet
to a paramagnetic doublet in dependence on the particle size and
crystallinity [50]. The Mössbauer spectrum of goethite is also very
sensitive to the incorporation of metal cations into the crystal
structure. The main feature of this effect in the corresponding
Mössbauer spectra is a decrease in hyperfine magnetic field
(HMF) [16,51,52]. The sextet corresponding to a-FeOOH in the
Mössbauer spectra of obtained samples was fitted taking into ac-
count the HMF distribution. The average HMF in the sample
PtG1-2h was not reduced in comparison with the reference sample
(Table 2), which indicates no significant incorporation of Pt ions
into the structure of a-FeOOH.

Further hydrothermal treatment of the precipitation system (for
6, 16 and 24 h) caused the narrowing of the lines in a-FeOOH sex-
tets in the Mössbauer spectra of obtained samples (Fig. 1). Average
HMF was increased (Table 2) due to an improvement in crystallin-
ity by dissolution or aggregation of smaller a-FeOOH particles with
simultaneous growth of larger ones having fewer imperfections
[39]. Besides, the sextet corresponds to a-FeOOH, two characteris-
tic Fe3O4 sextets are visible in the spectra of samples PtG1-16h and
PtG1-24h. The outer sextet of the smaller area corresponds to
Fe(III) in tetrahedral sites and the inner sextet of the larger area
corresponds to Fe(III) and Fe(II) in octahedral sites [50,53]. The area
of these sextets increases with the prolongation of the hydrother-
mal treatment, which indicates a gradual transformation of a-FeO-
OH to Fe3O4. This transformation is completed in the sample
obtained after 72 h – only Fe3O4 sextets are present in the corre-
sponding Mössbauer spectrum.

The presence of 5 mol% of Pt ions during the hydrothermal
treatment brought about a slight reduction of the average HMF
in a-FeOOH (Table 2, sample PtG2-2h), which indicates the possi-
bility of Pt ions being incorporated into the a-FeOOH structure. A
higher concentration of Pt ions accelerated the a-FeOOH to Fe3O4

transformation. The Mössbauer spectrum of the sample obtained
after 24 h of hydrothermal treatment shows only the presence of
characteristic Fe3O4 sextets (Fig. 2). A small amount of hematite
was detected in sample PtG2-16h, based on the presence of a char-
acteristic hematite sextet of low intensity in the corresponding
Mössbauer spectrum (Fig. 2).
(c)

Fig. 6. FE-SEM images of samples: (a) reference sample G, (b) PtG1-2h and (c) PtG2-
2h.
3.2. X-ray powder diffraction

Crystalline phases were determined (Table 1) from the recorded
XRD patterns (Fig. 3) using JCPDS PDF cards No. 29-713 for a-FeO-
OH, No. 33-664 for a-Fe2O3, No. 19-629 for Fe3O4 and No. 4-0802
for platinum. Unit cell parameters, calculated from the positions
of the corresponding diffraction lines, and the mean crystallite size
of a-FeOOH for samples G, PtG1-2h and PtG2-2h are given in
Table 3.

XRD patterns of the samples obtained after 2 h of hydrothermal
treatment (Fig. 3) confirmed the result obtained by Mössbauer
spectroscopy that a-FeOOH as a single phase was formed in the
presence of 1 or 5 mol% of Pt ions. However, the presence of Pt ions
in the precipitation system led to the broadening of diffraction
lines (Fig. 3) due to the formation of a-FeOOH crystallites of lower
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mean crystallite size (Table 3). This decrease of crystallite size is
responsible for the reduction of HMF (Table 2, sample PtG2-2h).
Unit cell dimensions were only slightly changed (Table 3) due to
similar ionic radii of iron(+3) and platinum(+4) ions (0.645 and
0.625 Å, respectively [54]) and a minor Pt-for-Fe substitution into
the a-FeOOH structure.

Continued hydrothermal treatment of the precipitation system
(for 6 and 16 h) led to the narrowing of the a-FeOOH diffraction
lines due to improved crystallinity. The diffraction lines of Fe3O4

appeared in the samples obtained after 16 h of treatment; intensity
of these lines was stronger for the sample formed in the presence
of a higher concentration of Pt ions, which indicates a faster a-FeO-
OH to Fe3O4 transformation. XRD results confirmed the results ob-
tained by Mössbauer spectroscopy, i.e., that the a-FeOOH to Fe3O4

transformation was completed in the sample obtained after 72 h in
the presence of 1 mol% of Pt ions and in the sample obtained after
24 h in the presence of 5 mol% of Pt ions.

The presence of very broad diffraction lines corresponding to
metallic platinum (Pt0, cubic crystal system, space group Fm�3m)
indicates the formation of nanosize crystallites of that metal dur-
ing the hydrothermal treatment. XRD lines characteristic of a-
Fe2O3 in the diffraction pattern of sample PtG2-16h confirmed
the formation of this iron oxide during the a-FeOOH to Fe3O4

transformation.

3.3. FT-IR spectroscopy

The FT-IR spectra of the prepared samples in the wave number
range from 1100 to 300 cm�1 are shown in Figs. 4 and 5. The FT-IR
spectra of the samples obtained by up to 6 h of hydrothermal treat-
ment correspond to a single phase a-FeOOH [55–57]. The IR bands
(a)

(c)

Fig. 7. FE-SEM images of samples: (a) PtG1-6h, (b
at 891 and 796 cm�1 correspond to Fe–O–H bending vibrations,
whereas the bands at lower wave numbers correspond to Fe–O
and Fe–OH stretching vibrations or lattice vibration bands. A long-
er hydrothermal treatment of the precipitation system (for 16 and
24 h) caused shifts of all these vibration bands due to improved
crystallinity and/or changes in the shape of a-FeOOH particles
[39]. The appearance of the IR bands at 575 cm�1 in the spectrum
of sample PtG1-24h (Fig. 4) and at 580 cm�1 in the spectrum of
samples PtG2-16h and PtG2-24h (Fig. 5) confirmed the presence
of Fe3O4 in the said samples [58–61]. The above mentioned Fe3O4

IR band is dominant in the spectrum of sample PtG1-72h (Fig. 4),
which is in line with the dominance of Fe3O4 in that sample as ob-
served by Mössbauer spectroscopy and XRD. However, unlike the
results of Mössbauer spectroscopy and XRD, the IR spectrum of
sample PtG1-72h also contains the characteristic a-FeOOH bands
at about 900 and 800 cm�1, which indicates the presence of a small
amount of a-FeOOH in that sample. It is a well-known fact that due
to the high intensity of these Fe–OH bending bands the IR spectros-
copy is a method more sensitive to detect small amounts of a-FeO-
OH and other iron oxyhydroxides than XRD or Mössbauer
spectroscopy [62–64].

3.4. FE-SEM and EDS

The size and morphology of particles in the samples were
observed by FE-SEM and the characteristic images are shown
in Figs. 6–8. Reference sample G consists of uniform lath-
like a-FeOOH particles 150–200 nm in length (Fig. 6a). The FE-
SEM image of sample PtG1-2h formed in the presence of 1 mol%
of Pt ions showed the presence of similar lath-like particles
(Fig. 6b). The presence of 5 mol% of Pt ions in the precipitation
(b)

(d)

) PtG1-16h, (c) PtG1-24h and (d) PtG1-72h.



(a)

(b)

(c)

Fig. 8. FE-SEM images of samples: (a) PtG2-6h, (b) PtG2-16h and (c) PtG2-24h.

Fig. 9. EDS analysis of sample PtG2-24h (5 mol% Pt in initial reaction mixture,
heating period 24 h): (a) FE-SEM image, (b) EDS analysis of the area in the white
rectangle, and (c) EDS analysis of the area in the black rectangle.
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system also did not significantly change the size and shape of a-
FeOOH lath-like particles (sample PtG1-2h, Fig. 6c) compared to
reference sample G.

The FE-SEM image of sample PtG1-6h formed in the presence of
1 mol% of Pt ions (Fig. 7a) showed the presence of lath-like a-FeO-
OH particles similar to particles in reference sample G (Fig. 6a). A
longer hydrothermal treatment of the system (sample PtG1-16h,
Fig. 7b) results in larger and thicker a-FeOOH lath-like particles
of better crystallinity due to the aggregation and growth of initially
formed a-FeOOH particles. Nanoparticles of metallic platinum are
well visible in the FE-SEM image of that sample. The FE-SEM image
of sample PtG1-24h (Fig. 7c) showed the presence of Fe3O4 octahe-
dral crystals of a few micrometers in size, lath-like a-FeOOH parti-
cles and coalesced a-FeOOH particles of about 150–200 nm in
length, and metallic platinum nanoparticles located at the surface
of Fe3O4 or a-FeOOH particles. Hydrothermal treatment for 72 h
resulted in an almost complete transformation of a-FeOOH parti-
cles to Fe3O4 octahedral crystals in the presence of platinum nano-
particles (Fig. 7d).

Unlike the sample PtG1-6h (Fig. 7a), the sample obtained after
6 h of autoclaving in the presence of 5 mol% of Pt showed the pres-
ence of platinum nanoparticles formed on the surface of a-FeOOH
laths (Fig. 8a). The FE-SEM image of the sample obtained after 16 h
(Fig. 8b) showed the presence of micrometer-size Fe3O4 octahedral
particles, platinum nanoparticles and a small amount of a-FeOOH
laths. These a-FeOOH particles disappeared in the FE-SEM image of
sample PtG2-24h (Fig. 8c) due to the transformation to Fe3O4.
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Micrometer-size Fe3O4 octahedral particles and platinum nanopar-
ticles were visible. The elemental composition of the particles was
revealed by EDS (Fig. 9). It was confirmed that the micrometer-size
octahedral particles correspond to Fe3O4 and the nanoparticles cor-
respond to platinum.

The formation of platinum nanoparticles and the transforma-
tion of a-FeOOH to Fe3O4 can be presented by formal chemical
equations:

PtðOHÞ2�6 þ 4e� ! Pt0 þ 6OH�

3a-FeOOHþ e� !Pt
Fe3O4 þH2Oþ OH�

The source of electrons for the above mentioned reduction reac-
tions is TMAH and the products of its thermal decomposition
(methanol and trimethylamine). For the reduction of ferric iron
in a-FeOOH to ferrous iron in Fe3O4 in this system the presence
of a platinum group metal catalyst is necessary [45,49,59,65].
Without the presence of the platinum group metal nanoparticles
the transformation of a-FeOOH to Fe3O4 in the presence of TMAH
and its thermal decomposition products has not been obtained,
even in very long hydrothermal treatments [39].

4. Conclusions

� A strong influence of the presence of platinum(IV) ions, similar
to cations of other platinum group metals, on the formation of
iron oxides in a highly alkaline medium in the presence of tet-
ramethylammonium hydroxide was observed.
� In the presence of Pt ions lath-like a-FeOOH particles were

formed. In their shape and size these particles were similar to
the particles in the reference sample. However, the presence
of Pt ions in the precipitation system led to the formation of
a-FeOOH crystallites of lower mean size. A possibility of minor
incorporation of Pt ions into the a-FeOOH structure was sug-
gested on the basis of Mössbauer spectroscopy and XRD results.
� A longer hydrothermal treatment led to the formation of plati-

num nanoparticles by reduction of Pt(IV) ions with TMAH and
the products of its thermal decomposition.
� These platinum nanoparticles catalyzed the transformation of

a-FeOOH to Fe3O4 in the presence of TMAH and its thermal
decomposition products as a source of electrons necessary for
the reduction of ferric iron.
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