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Iron(II) oxalate dihydrate has been used as a readily decom-
posable substance for the controlled synthesis of nanosized
iron(III) oxides. The polymorphous composition, particle size
and surface area of these iron oxide nanoparticles were con-
trolled by varying the reaction temperature between 185 and
500 °C. As-prepared samples were characterized by XRD,
low-temperature and in-field Mössbauer spectroscopy, BET
surface area and the TEM technique. They were also tested
as heterogeneous catalysts in hydrogen peroxide decomposi-
tion. At the selected temperatures, the formed nanomaterials
did not contain any traces of amorphous phase, which is
known to considerably reduce the catalytic efficiency of
iron(III) oxide catalysts. As the thickness of the sample
(≈ 2 mm) was above the critical value, a temporary tempera-
ture increase (“exo effect”) was observed during all quasi-
isothermal decompositions studied, irrespective of the reac-
tion temperature. Increasing the reaction temperature re-
sulted in a shift of the exo effect towards shorter times and
an increased content of maghemite phase. The maghemite
content decreases above 350 °C as a result of a thermally in-

Introduction

Iron oxides, in their various forms, are very important
and interesting materials, therefore research into their prop-
erties is at the forefront of modern science. The structure,
size, shape and morphology of iron oxide particles deter-
mine their properties and behaviour and lead to diverse ap-
plications within the fields of medicine,[1–6] industry and en-
vironmental protection. Among the numerous applications
to exploit the specific properties of iron oxides, the pro-
duction of inorganic pigments and magnetic storage me-
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duced polymorphous transition into hematite. The catalytic
data demonstrate that the crystal structure of iron(III) oxide
(i.e. the relative contents of maghemite and hematite) does
not influence the rate of hydrogen peroxide decomposition.
However, the rate constant increases monotonously with in-
creasing sample surface area (and decreasing thermolysis
temperature), reaching a maximum of 27�10–3 min–1(g/L)–1

for the sample with a surface area of 285 m2 g–1. This rate
constant is currently the highest reported value of all known
iron oxide catalytic systems and is even slightly higher than
that observed for the most efficient catalyst reported to date,
which has a significantly larger surface area of 337 m2 g–1.
This surprisingly high catalytic activity at relatively low sur-
face area can be ascribed to the absence of a amorphous
phase in the samples prepared in this study. Taking into ac-
count these new findings, the contributions of the key factors
highlighted above (surface area, particle size, crystal struc-
ture, crystallinity) to the overall activity of iron oxides for
hydrogen peroxide decomposition are discussed.

dia,[7–11] the development of gas sensors and electronic and
optical devices, information storage, colour imaging, mag-
netocaloric refrigeration, bioprocessing and ferrofluid tech-
nology[12–19] can be highlighted. Iron oxides are also indis-
pensable catalysts for many industrially important reac-
tions[20–23] due to their environmental benefits. Significant
attention has been paid over the last two decades to the
degradation of organic pollutants in wastewaters and con-
taminated soils.[24–43] Iron oxides have been extensively
tested as alternatives for soluble forms of FeII and FeIII,
which are frequently used as homogeneous catalysts for hy-
drogen peroxide decomposition.[44–47] During this process,
a highly reactive hydroxyl radical (HO·) is formed which is
able to oxidatively decompose even highly resistant (bio-
toxic) aromatic compounds. The kinetics of H2O2 decom-
position is strongly influenced by catalyst type and, of
course, by experimental conditions such as pH and hydro-
gen peroxide and catalyst concentration.[39,48,49] In the case
of homogeneous catalysis, an acidic pH (typically 2–4) is
required for efficient pollutant degradation. The major
drawbacks for application of these homogeneous catalysts
are the need for pH adjustment and separation of the ferric
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oxyhydroxide precipitates formed in the reaction mixtures.
The processes that use iron(II) or iron(III) ions as catalysts
are well known to be Fenton or Fenton-like reaction sys-
tems, respectively. The use of iron oxides as heterogeneous
catalysts is possible over a wider pH range, including at
neutral values, and physical sedimentation can be used to
separate the catalyst after completion of the reaction.

It is well known that surface area is the main aspect influ-
encing the reaction rate during heterogeneous catalysis, as
exemplified by the detailed study of the catalytic efficiency
of three iron(III) oxides with different chemical composi-
tions (ferrihydrite, goethite and hematite) for hydrogen per-
oxide decomposition reported by Huang et al.[39]. The spe-
cific surface areas for ferrihydrite, goethite and hematite
were reported to be 190, 40 and 9 m2 g–1, respectively. The
rate constant obtained for ferrihydrite was two orders of
magnitude higher than those for goethite and hematite, al-
though the catalytic activity of all three oxides was nearly
comparable when the rate constants were normalized to the
surface area. This conclusion confirms the principal role of
the surface area of the catalyst used and also indicates that
catalytic efficiency is not dramatically affected by the chemi-
cal composition of iron(III) oxides.

In a previous paper we reported a new factor affecting
the catalytic activity, namely the crystallinity of the iron(III)
oxide, which can prevail over the surface area effect.[50] The
key conclusion of this study was that the highest rate con-
stant was not observed for the almost amorphous ferric ox-
ide sample with the largest surface area (401 m2 g–1) but for
the sample with a significantly lower surface area
(337 m2 g–1) but with a much higher content of crystalline
α-Fe2O3 phase. This study proved that the surface “quality”
can play an important role in the catalytic efficiency of
iron(III) oxide catalysts. Unfortunately, there are still no re-
ports describing the possible catalytic effect of particle
structure (i.e. hematite vs. maghemite) or particle mor-
phology on hydrogen peroxide decomposition.

This scientific gap is due, among others, to the difficulty
in controlling the main catalytic parameters (surface area,
particle size and crystallinity, particle structure and mor-
phology) in the framework of one synthetic procedure. The
most frequent synthetic methods for producing iron(III) ox-
ide nanoparticles include a precipitation approach, sono-
chemical syntheses, thermolysis of Fe-containing solutions,
oxygen-hydrogen flame pyrolysis, electrochemical syntheses,
sol-gel methods, vaporization-condensation processes, mi-

Table 1. Specific surface areas and particle sizes for samples A1–A18 prepared at different temperatures.

Tcalc
[a] SSA[b] PS[c] Tcalc

[a] SSA[b] PS[c] Tcalc
[a] SSA[b] PS[c]

185 °C, A1 285 3–7 235 °C, A7 160 – 295 °C, A13 100 –
190 °C, A2 259 – 245 °C, A8 146 – 300 °C, A14 93 20–30
195 °C, A3 240 5–8 255 °C, A9 141 10–15 350 °C, A15 36 30–50
205 °C, A4 220 – 265 °C, A10 130 – 400 °C, A16 27 50–100
215 °C, A5 195 – 275 °C, A11 122 – 450 °C, A17 24 70–130
225 °C, A6 177 8–12 285 °C, A12 114 – 500 °C, A18 14 100–200

[a] Reaction Temperature. [b] Specific surface area [m2 g–1]. [c] Particle size [nm].
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croemulsion techniques, diode sputter depositions and ther-
mal decomposition of iron-containing materials in the solid
state.[51] The thermally induced solid-state decomposition
of appropriate Fe precursors is a powerful method that al-
lows the particle structure, size, morphology, surface area
and crystallinity of the iron oxide phase to be controlled by
varying the reaction conditions (atmosphere, temperature,
powder thickness) and precursor properties (composition,
structure, particle size and morphology). One of the most
commonly used precursors is ferrous oxalate dihydrate
(FeC2O4·2H2O), which is a typical example of a readily de-
composable substance. The course of ferrous oxalate ther-
molysis has been extensively studied in recent years,[52–59]

although it is still difficult to reach an unambiguous conclu-
sion from the published data. Differences in the published
results arise due to the different experimental conditions
applied, which substantially affect the final composition of
the iron oxide product.[60,61]

Herein we demonstrate that the polymorphous composi-
tion and particle size of iron(III) oxides prepared by ther-
mal treatment of iron(II) oxalate dihydrate can be con-
trolled by varying the amount of precursor used (sample
layer thickness) and the reaction temperature. Thus, a series
of iron(II) oxalate dihydrate samples were heated at dif-
ferent reaction temperatures for a constant time (6 h) and
the resulting nanomaterials identified as mixtures of hem-
atite and maghemite by Mössbauer spectroscopy and X-ray
powder diffraction (XRD). The specific surface areas of
these materials were determined by BET analysis and the
morphology of the samples was studied by transmission
electron microscopy (TEM). The resulting iron(III) oxide
products show remarkable differences in their catalytic effi-
ciencies for hydrogen peroxide decomposition. Kinetic
analyses of hydrogen peroxide decomposition were carried
out for all samples prepared and data obtained are com-
pared with our previous results.[50]

Results and Discussion

The Effect of Decomposition Temperature on the Crystal
Structure and Particle Size of Iron(III) Oxide
Nanomaterials

The thermolysis of iron oxalate at temperatures ranging
from 185–500 °C yielded iron oxides with different particle
sizes, surface area and phase composition. The particle
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sizes, as determind by TEM, and specific surface areas, as
determined by the standard BET method, for the samples
studied in this work are summarized in Table 1. The depen-
dence of the samples’ surface areas on the preparation tem-
perature can be seen from Figure 1, which shows a gradual
decrease in surface area with reaction temperature as a con-
sequence of the different rates of particle growth resulting
from the thermally induced crystallization.

Figure 1. Dependence of the specific surface areas of catalysts on
the reaction temperature.

The presence of maghemite and hematite in sample A1,
which was prepared at the lowest temperature (185 °C), was
confirmed. These nanoparticles have a globular shape with
a size distribution in the range 3–7 nm, as can be seen from
the TEM image (Figure 2, a). The diffraction peaks corre-

Figure 2. TEM images of representative samples A1 (a), A9 (b) and
A16 (c) prepared at 185, 255 and 400 °C, respectively.
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sponding to hematite and maghemite can clearly be seen in
the XRD pattern for this sample (Figure 3, a), although
they are still very broad due to the very small size of the
emerging nanograins. The room-temperature Mössbauer
spectrum contains only the expected superparamagnetic
doublet (Figure 4, a), thereby reflecting the ultra-small size
of these particles. The hyperfine parameters of this doublet
(Table 2) are similar to those reported previously for Fe2O3

nanoparticles prepared by other synthetic routes.[62–65] The
non-Lorentzian shape of the doublet is caused by the distri-
bution of the quadrupole splitting and reflects the distorted
symmetry of the charge distribution around the Fe3+ cores.

Figure 3. XRD patterns of representative samples A1 (a), A9 (b)
and A16 (c), demonstrating a gradual increase in crystallinity with
increasing reaction temperature.

The Mössbauer spectrum at 5 K in an external magnetic
field of 5 T was measured to determine the phase composi-
tion of sample A1 (Figure 5, a). This spectrum can be fitted
by three sextets differing primarily in their effective mag-
netic fields, quadrupole shifts and line intensities. The first
sextet, which has a hyperfine magnetic field of 50.9 T, be-
longs to hematite and the next two sextets, with hyperfine
magnetic fields of 54.7 and 47.4 T, respectively, are assigned
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Figure 4. Room-temperature Mössbauer spectra of representative
samples A1 (a), A9 (b) and A16 (c) prepared by isothermal decom-
position of FeC2O4·2H2O at 185, 255 and 400 °C, respectively.

to the maghemite phase. In the case of well-crystalline hem-
atite, the second and the fifth spectral lines are distinctly
enhanced (ideally 3:4:1:1:4:3) and those of maghemite at-
tenuated (ideally 3:0:1:1:0:3). These differences arise from
the antiferromagnetic and ferrimagnetic behaviour of hem-
atite and maghemite, respectively. The particles in sample
A1 are very small and/or preferentially oriented, therefore
the second and fifth spectral lines of hematite are less in-
tense in the corresponding in-field sub-spectrum, whereas
the second and fifth spectral lines in the in-field sub-spectra
of maghemite are clearly observed. These non-ideal inten-
sity ratios are caused by so-called spin frustration, which
induces disorder of the atomic moments’ directions.[51,66]

The sextet corresponding to hematite exhibits a negative
quadrupole shift (–0.13 mm/s) typical for weakly ferromag-
netic hematite above the Morin temperature (normally
265 K). It should be noted at this point that hematite nano-
particles smaller than 20 nm commonly exhibit such a
massive reduction of the Morin transition temperature.[51]

The other two sextets have quadrupole shifts close to zero

www.eurjic.org © 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2010, 2343–23512346

and are ascribed to maghemite. The maghemite sub-spectra
area ratio (5/6 here, ideally 3/5) reflects the tetrahedral and
octahedral Fe3+ positions in the maghemite structure, there-
fore this deviation suggests a highly vacant structure.

The room-temperature Mössbauer spectra of the samples
prepared at reaction temperatures of 195 °C or higher con-
tain sextets in addition to the expected superparamagnetic
doublet (Figure 4). The gradual increase in the area of these
sextets observed with increasing sample-preparation tem-
perature is accompanied by a corresponding decrease in the
relative content of the central superparamagnetic compo-
nent. These changes in the room-temperature spectra are
caused by the gradual growth of hematite and maghemite
particles. Growth of the crystalline phase is also obvious
from the XRD data (Figure 3) and TEM analysis (Fig-
ure 2). Thus, the XRD pattern of sample A9 shows much
sharper diffraction peaks belonging to hematite and mag-
hemite (Figure 3, b) than the XRD pattern of sample A1
(Figure 3, a). Furthermore, the TEM image (Figure 2, b)
shows nanoparticles with a size distribution of 10–15 nm.
It should be noted that the spectral area of the hematite
sextet decreases at the expanse of maghemite sextets. A
gradual increase in maghemite content is found in those
samples prepared at temperatures between 185 and 350 °C,
as can be seen from their Mössbauer spectra (see Table 2).
After reaching a maximum of 84 %, the maghemite content
gradually decreases until the sample prepared at 500 °C
contains only hematite. The dependence of the hematite
and maghemite ratios on the preparation temperature is
shown in Figure 6.

The room-temperature Mössbauer spectrum of sample
A16 (400 °C) is composed of sextets only (Figure 4, c). The
fact that the superparamagnetic doublet is no longer ob-
served indicates that the crystalline phases are well devel-
oped. The XRD peaks for this sample are distinct and
sharp (Figure 3, c) and the TEM image shows particles
ranging from 50 to 100 nm in size (Figure 2, c).

The highest sample-preparation temperature used was
500 °C, and the resulting product was unambiguously iden-
tified as single-phase hematite by both XRD and Möss-
bauer techniques.

The data presented in this work indicate that both the
decomposition temperature and the sample thickness have
a significant influence on the phase composition of the re-
sulting product. Thus, if the thickness of the sample layer
is above a minimum thickness, a steep time-dependent in-
crease in the temperature (exo effect) is observed during the
thermal decomposition.[61] In the case of ferrous oxalate di-
hydrate, the exo effect leads to the formation of maghemite,
whereas below the critical thickness hematite is the only
polymorph produced at the same reaction temperature. In
the case of sample A1, the exo effect arises about 43 min
after inserting the crucible containing the precursor into the
furnace (Figure 7). In light of our previous results,[61] we
suppose that, upon thermolysis, amorphous Fe2O3 and he-
matite form gradually in the upper layer of the sample
where oxygen is readily accessible, whereas during the exo
effect, the remaining FeC2O4 rapidly decomposes to form
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Table 2. Mössbauer parameters of iron(III) oxide samples prepared by thermal decomposition of FeC2O4·2H2O at different temperatures.

Sample Tcalc
[a] Tmeas

[b] δ ∆EQ εQ B [T][f] RA Site
[mms–1][c] [mms–1][d] [mms–1][e] [%][g] assignment

A1 185 °C r.t. 0.35 0.83 100 SP Fe2O3

5 K/5 T 0.49 –0.13 50.9* 50 α-Fe2O3

0.44 0.04 54.7* 23 γ-Fe2O3

0.41 0.03 47.4* 27 γ-Fe2O3

A2 255 °C r.t. 0.35 0.75 42 SP Fe2O3

0.37 –0.19 49.3 16 α-Fe2O3

0.32 0 44.8 42 γ-Fe2O3

5 K/5 T 0.48 –0.09 50.7* 32 α-Fe2O3

0.44 –0.04 53.5* 24 γ-Fe2O3

0.46 –0.02 47.6* 44 γ-Fe2O3

A14 300 °C r.t. 0.31 0.77 20 SP Fe2O3

0.35 –0.19 50.5 16 α-Fe2O3

0.31 –0.06 48.4 21 γ-Fe2O3

0.33 –0.06 42.8 43 γ-Fe2O3

5 K/5 T 0.48 –0.09 52.3* 23 α-Fe2O3

0.41 –0.02 54.4* 23 γ-Fe2O3

0.46 –0.01 48.6* 54 γ-Fe2O3

A15 350 °C r.t. 0.37 –0.18 51.1 17 α-Fe2O3

0.31 –0.01 49.5 72 γ-Fe2O3

0.31 0 42.8 11 γ-Fe2O3

5 K/5 T 0.49 0.1 54* 16 α-Fe2O3

0.33 –0.04 54.3* 31 γ-Fe2O3

0.48 –0.04 48.4* 53 γ-Fe2O3

A16 400 °C r.t. 0.37 –0.19 51.5 34 α-Fe2O3

0.31 0.01 49.7 66 γ-Fe2O3

5 K/5 T 0.49 0.23 53.5* 33 α-Fe2O3

0.33 –0.04 54.2* 26 γ-Fe2O3

0.49 –0.04 48.4* 41 γ-Fe2O3

A17 450 °C r.t. 0.38 –0.21 51.5 87 α-Fe2O3

0.32 0.01 49.8 13 γ-Fe2O3

A18 500 °C r.t. 0.35 –0.2 51.6 100 α-Fe2O3

5 K/5 T 0.49 0.21 53.4 100 α-Fe2O3

[a] Reaction temperature. [b] Temperature at which the spectrum was recorded. [c] Isomer shift (with respect to metallic iron �0.01). [d]
Quadrupole splitting (�0.01). [e] Quadrupole shift (�0.01). [f] Hyperfine magnetic field (�0.5). [g] Relative spectrum area (�1). * These
values represent an effective magnetic field, which is a vector sum of the external and hyperfine magnetic fields.

a maghemite phase in the bottom layer due to its oxygen
deficiency. Once the exo effect is complete, the crystalline
maghemite and hematite particles grow slowly for the re-
maining time. Thermolysis of sample A1 led to a product
containing 50% maghemite and 50 % hematite, as deter-
mined from the in-field Mössbauer spectra (Figure 6). The
time-dependence of the sample temperatures (Figure 7) un-
ambiguously shows that the exo effect occurs earlier as the
reaction temperature increases. Shortening of the interval
between onset of thermolysis and appearance of the exo
effect markedly affects the amount of maghemite in the fi-
nal product such that if the exo effect occurs almost imme-
diately after onset of the decomposition process, most of
the precursor is transformed into maghemite. Hence, the
maximum amount of γ-Fe2O3 (84%) was found in the sam-
ple prepared at a reaction temperature of 350 °C (A15),
where the exo effect emerged as early as after 5 min. The
exo effects occur even earlier in the case of samples A16–
A18 (400, 450 and 500 °C, respectively), although these
higher temperatures induce the rapid structural transition
of maghemite into hematite. Moreover, these samples are
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characterized by a larger interparticle space, thus allowing
oxygen to penetrate further into the samples and resulting
in a further decrease in the maghemite content of the prod-
ucts (Figure 6). Changes in the interparticle spaces can be
seen by the BJH distributions for samples A1 (185 °C) and
A16 (400 °C) shown in Figure 8. It is apparent from the
distribution curves that sample A1 is characterised by inter-
particle spaces of around 3 nm arising from ultra-small
nanoparticles, whereas this maximum is suppressed for
sample A16. The larger interparticle spaces in sample A16
are confirmed by the occurrence of a different maximum at
around 30 nm. These differences between the BJH curves
are in accordance with the particle-growth data (Table 1
and Figure 2).

The data presented above show that, in agreement with
our previous findings,[61] the combined influence of tem-
perature and sample thickness has a decisive impact on the
resulting amount of individual iron(III) oxide polymorphs
formed during thermal decomposition of ferrous oxalate,
which could explain the discrepancies found in the literature
concerning the identified reaction products.
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Figure 5. Mössbauer spectra of representative samples A1 (a) and
A9 (b) taken at 5 K in an external magnetic field of 5 T applied
parallel to the γ-ray propagation.

Figure 6. Maghemite and hematite contents as determined from
the in-field Mössbauer spectroscopy data for samples prepared at
different temperatures.

Figure 7. Time dependence of the temperature during thermal
treatment of iron(II) oxalate dihydrate at different reaction tem-
peratures.

www.eurjic.org © 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2010, 2343–23512348

Figure 8. BJH distribution of interparticle spaces, as determined
from adsorption/desorption isotherms.

The Catalytic Efficiency of Iron(III) Oxide Nanomaterials
in Hydrogen Peroxide Decomposition

The rate constants of hydrogen peroxide decomposition
over the prepared iron oxide catalysts were determined for
all samples (A1–A18). The dependence of the rate constants
on surface area is shown in Figure 9, where the rate con-
stants obtained from our previous research[50] are included
for comparison. The set of experimental points determined
in this work is labelled as MH (Maghemite-Hematite),
whereas the points determined in our previous study are
labelled as AH (Amorphous-Hematite). The results of our
previous study can be summarised as follows:[50] the catalyst
(ferric oxide) containing a crystalline phase (α-Fe2O3) ex-
hibited a markedly higher catalytic efficiency than amorph-
ous iron(III) oxide despite having a significantly lower spe-
cific surface area (337 vs. 401 m2 g–1). Due to the different
crystallinity of the samples, the obtained rate constants ex-
hibited a non-monotonous dependence on the surface area
of the iron oxide samples.

Figure 9. Dependence of the rate constant on the specific surface
area of the synthesized Fe2O3 catalysts.

The MH series contains samples prepared by varying the
reaction temperatures (185–500 °C) at constant reaction
time (6 h), whereas the AH series contains samples pre-
pared by varying the reaction time (6–100 h) at constant
temperature (175 °C). The maghemite-to-hematite phase



Catalytic Efficiency of Iron(III) Oxide Nanoparticles

composition of the samples in the MH series depends on
the reaction temperature. Furthermore, it should be noted
that an additional decrease in temperature towards the
minimum decomposition temperature of ferrous oxalate
(175 °C), which is assumed to be the next step in the tem-
perature-dependence series, leads to the formation of a mix-
ture of hematite and amorphous iron(III) oxide, in other
words to the first point in the AH series. Thus, even a
slightly higher decomposition temperature (185 vs. 175 °C)
can result in a major difference in the phase composition
of the reaction products (MH vs. AH) and, consequently,
in a dramatic difference in the catalytic efficiency of
iron(III) oxide nanoparticles (27� 10–3 vs. 3�10–3 min–1 [g/
L]–1). This is the key conclusion derived from Figure 9 and
also from the study as a whole.

The highest catalytic efficiency for the MH range there-
fore belongs to sample A1, which has a surface area of
285 m2 g–1. The rate constants determined for the other
samples decrease gradually with their surface area. Taking
into account the varying maghemite and hematite content
in the samples prepared at different temperatures (see Fig-
ure 6), the observed monotonous dependence of the rate
constant in the MH series illustrates that the crystal struc-
ture type of the iron(III) oxide catalyst (maghemite vs. he-
matite) does not affect the catalytic efficiency. Indeed, a
comparison of the two plots demonstrates that the most
efficient catalyst in the MH series has a significantly lower
surface area (285 m2 g–1) than the most efficient sample
from the AH range (337 m2 g–1). This is evidently due to
the absence of an amorphous phase and thus a higher crys-
tallinity for the sample from the MH series. Furthermore,
the best catalyst from the MH series has the highest rate
constant (27�10–3 min–1 [g/L]–1) of all iron oxide based cat-
alysts reported in the literature to date.

Conclusions

We have provided an insight into the influence of the
reaction temperature on the thermolysis of iron(II) oxalate
and the polymorphous composition of the resulting
iron(III) oxide nanoparticles as well as their size, surface
area and catalytic efficiency in hydrogen peroxide decompo-
sition. At an appropriate sample thickness above the critical
thickness, we have been able to control the surface area of
the samples as well as the content of their crystalline mag-
hemite and hematite phases by varying the reaction tem-
perature. The increasing maghemite content between 185
and 350 °C is explained by the earlier appearance of the exo
effect. Hematite prevails in samples prepared above 400 °C
due to the combined effects of increased sample porosity
and thermally induced polymorphous transition of mag-
hemite.

The key conclusion of this study is that the catalytic effi-
ciency of the iron(III) oxides prepared herein in the decom-
position of hydrogen peroxide is not dependent on their
phase composition (molar ratio of hematite/maghemite).
Indeed, as these nanomaterials were prepared by heating
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the precursor in conditions above the critical thickness, we
were able to completely inhibit the formation of an
amorphous iron(III) oxide phase, therefore the sample pre-
pared at the lowest temperature studied (185 °C) exhibited
a higher catalytic efficiency at a considerably lower surface
area than the catalyst previously reported to be most ef-
ficient of all the iron oxide based systems studied pre-
viously.[50]

Experimental Section
Catalyst Synthesis: Iron(II) oxalate dihydrate (FeC2O4·2H2O;
Sigma–Aldrich) was used as a precursor for the solid-state synthesis
of the iron(III) oxide nanomaterials described herein. The precur-
sor was finely homogenized in an agate mortar before thermal
treatment, then 1 g of this powdered precursor was spread in a thin
layer (ca. 2 mm thick) on the bottom of a crucible and heated in
air. Thermal decomposition of iron(II) oxalate dihydrate was per-
formed at different temperatures (185–500 °C) for a constant reac-
tion time (6 h). The samples are denoted as A1–A18.

Catalyst Characterization: TEM images were recorded with a JEOL
JEM 2010 microscope operating at 200 kV (LaB6 cathode). The
images were collected with a KeenView CCD camera with a resolu-
tion of 1392�1040 pixels using the ITEM software package. Sam-
ple material was disintegrated in ethanol solution by ultrasound,
then the suspension was placed on a copper grid coated with holey
carbon. The ethanol was then removed by evaporation at ambient
temperature.

The transmission 57Fe Mössbauer spectra (512 channels) were col-
lected using a Mössbauer spectrometer in constant acceleration
mode with a 57Co(Rh) source. The basic measurements were car-
ried out at room temperature. In-field Mössbauer spectra were re-
corded at 5 K in an external magnetic field of 5 T, applied parallel
to the propagation of gamma rays, using a cryomagnetic Oxford
Instruments system. The isomer shift values were referenced to α-
Fe at room temperature.

X-ray powder diffraction experiments were performed with a
PANalytical X’Pert PRO instrument (Co-Kα radiation) equipped
with an X�Celerator detector and programmable divergence and
diffracted beam anti-scatter slits. Samples were placed on zero-
background Si slides, gently pressed in order to obtain a sample
thickness of about 0.5 mm and scanned in the 2θ range 15–90° in
steps of 0.017°.

Surface areas were determined by nitrogen adsorption at 77.4 K
using the static volumetric technique on a Sorptomatic 1990
(Thermo Finnigan) instrument. All samples were degassed at 25 °C
for at least 20 h prior to the measurements, although outgassing
pressures lower than 0.1 Pa were commonly reached after 2–4 h.
The adsorption-desorption isotherms were measured up to satura-
tion pressure of nitrogen. The specific surface areas were deter-
mined by the multipoint BET3 method in the 0.0–0.5 relative
pressurs range. Data analysis was performed with the ADP 4.0 (CE
Instruments) software package.

Kinetic Measurements of Catalytic Decomposition of Hydrogen Per-
oxide: A flask containing a mixture of hydrogen peroxide (c0 =
0.02 ) and the appropriate catalyst (1 gL–1; H2O2/Fe2O3 molar
ratio: 3.2) was shaken during the reaction to provide sufficient dis-
persion of the catalyst particles. The pH of the reaction mixture
was not adjusted with buffer solution to avoid reaction of HO·

radicals with the buffer solution. The pH varied from 6.3 to 6.5, as
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expected for a reaction in distilled water under standard atmo-
sphere conditions. Samples of the solution were removed at various
time points, filtered and the hydrogen peroxide concentration deter-
mined by titration with permanganate. Decomposition of hydrogen
peroxide in the presence of iron oxide based catalysts follows first-
order kinetics (–d[H2O2]/dt = kobs[H2O2]), therefore ln ([H2O2]/
[H2O2]0) = –kobst, where kobs is the observed first-order rate con-
stant and [H2O2] and [H2O2]0 are the concentrations of hydrogen
peroxide in the solution at any time t and at time zero, respec-
tively.[37] This model was used to fit the collected kinetic data. The
observed half-life for the least and the most efficient catalysts were
1691 and 25.7 min, respectively. As predicted, the kinetics of cata-
lytic hydrogen peroxide decomposition obeyed first-order kinetics,
as confirmed by a statistical analysis of the kinetic curves
(R2 ranged from 0.9988 to 0.9997).
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