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From wustite to hematite: thermal transformation
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Abstract We have investigated the oxidation behavior
of iron oxide nanoparticles in air at elevated tempera-
tures. By wet chemical synthesis under reducing condi-
tions, polycrystalline iron oxide nanoparticles of differ-
ent sizes were produced. The samples were character-
ized by x-ray diffraction and transmission electron mi-
croscopy. The freshly prepared particles show domi-
nantly the wustite phase and, in addition, one or both
of the spinel-like phases maghemite or magnetite. The
hematite phase is absent. By annealing under air at
different temperatures, we observe a successive trans-
formation of the initial phases to phases of higher oxi-
dation state, until the samples consist completely of the
hematite phase. During this transformation, the relative
amount and the evolution of the crystallite sizes of the
different phases are in the focus of the investigation. We
found that the maximum temperature required for a full
conversion into the hematite phase depends on the par-
ticle size and increases for the larger particles. At the
same time, the average crystallite size of the large par-
ticles decreases during the initial annealing procedure,

passing through a minimum, before increasing again
until single crystalline particles are formed.
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Introduction

Transition metal oxide nanoparticles show interesting
size-dependent properties due to a wide diversity in their
crystal structures and metal oxidation states. For exam-
ple, iron oxide particles show antiferromagnetic and
ferri- or ferromagnetic properties, depending on the
oxidation state and crystallographic phase. Iron oxide
can crystallize in the halite-, spinel-, and the corundum
structures. Magnetic properties of such nanoparticles do
not only depend on the oxidation state or crystal struc-
ture but are also influenced by finite size effects,
resulting, e.g., in superparamagnetism (Bean and
Livingston 1959; Berkowitz et al. 1968; Janzen et al.
2003). They also can show enhanced catalytic properties
compared with macroscopic material (Li et al. 2003).
Therefore, there is a high potential for applications in a
variety of fields like catalysis (Liang et al. 2008; Huang
et al. 2012; Li et al. 2008), energy storage (Poizot et al.
2000), water treatment (Yavuz et al. 2010), or usage of
the magnetic properties in medicine, e.g., as contrast
agents or for hyperthermia applications (Fang and
Zhang 2009; Armijo et al. 2012; Dutz and Hergt 2013).
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The stable crystallographic phase depends, for exam-
ple, on the oxidation state, crystallite size, and thermo-
dynamic parameters like pressure and temperature.
Therefore, various applications require knowledge of
the behavior of the particles (e.g., phase transitions) as
a function of temperature under ambient atmosphere.
From the bulk phase, it is known that under ambient
conditions hematite (α-Fe2O3) is the most stable phase,
while wustite (Fe1-xO) decomposes into metallic iron
and magnetite (Fe3O4) (Cornell and Schwertmann
2003). The metastable magnetite contains Fe2+, which
will further oxidize even under ambient conditions to
Fe3+, resulting in maghemite (γ-Fe2O3). Maghemite
transforms ultimately at temperatures > 300 °C to the
hematite phase (Cornell and Schwertmann 2003;
Mendili et al. 2012). In contrast, nanocrystalline
maghemite may be stable even for temperatures up to
670 °K (Krispin et al. 2012).

Here we investigate the synthesis of iron oxide nano-
particles and their evolution when treated at elevated
temperatures in air.

Experimental section

Particle samples of two different size distributions (40 ±
10 nm, 95 ± 15 nm) were synthesized by thermal de-
composition of iron oleate precursor in a high boiling
solvent, adapting the procedure described by Park et al.
(2004). An iron(III)-oleate complex was used as precur-
sor, synthesized from iron(III)-chloride, oleic acid, and
NaOH by wet chemical reaction in a water/ethanol/
hexane mixture at 70 °C for 5 h, followed by a subse-
quent cleaning and drying process, resulting in a dark
brown, highly viscous liquid.

The precursor (1 g) was decomposed in pure oleic
acid (10 g), acting as high-boiling solvent and reducing
agent (Chen et al. 2010) at the same time. The educts
were placed in a 250ml three-neck flask inside a heating
mantle. A reflux unit, a thermometer, and a N2 inlet were
attached to the flask.

Two samples were prepared. The first was heated to a
temperature of 350 °C within 60 min, the second to
360 °C within 65 min. This resulted in two batches of
differently sized and shaped particles, as shown by
transmission electron microscopy (TEM), in Figs. 1 a
and b, respectively.

The two batches with different particle sizes are
referred to as sample A and B, respectively. Sample A
(Tmax = 350 °C) consists of smaller particles with a

diameter of 40 ± 10 nm and of nearly spherical shape
without sharp edges. Sample B (Tmax = 360 °C) is com-
posed of cubic-like larger particles with an edge length
of 95 ± 15 nm. This results in a volume difference
between the two kinds of particles of a factor of more
than 20. We assume that the different shape can be
explained by the difference in total surface area of the
particles in the system. Shape control is possible by
surfactants like sodium oleate (Kovalenko et al. 2007,
Wetterskog et al. 2014, Shavel and Liz-Marzán 2009).
During the synthesis, traces of sodium in the precursor
may form sodium oleate with the oleic acid. In case of
the small particles, few of the particles appear almost
cubic, but the sodium oleate concentration is too low to
rule the shape of all particles. In case of the larger
particles, the total surface area is less, therefore a lower
concentration of surfactant is sufficient to cover the
surface and alter the particle shape.

After preparation, particles were cleaned three times
using the following procedure: 1 ml of the oleic acid-
particle-dispersion was diluted with 1–2 ml n-hexane.
Then the particles were precipitated with isopropanol,
and the dispersion was centrifuged at 6000 rpm for
10 min. After decanting the clear liquid phase that
contains side products, the particles were re-dispersed
by adding of 2–3 ml n-hexane, and again precipitated
with isopropanol. After the last cleaning step, the parti-
cles were dispersed in n-hexane and stored in a glass
vial. The prepared dispersions were stable, i.e., no pre-
cipitation was observed during the experiments. For
TEM analysis, particles were deposited on a carbon
coated copper grid by dipping the grid into the solution
for 1 s, and drying the grid under ambient conditions for
several minutes.

For further processing (annealing) and x-ray
diffraction (XRD) investigation, the particles were
deposited on flat, 25-mm diameter glass substrates.
This was performed by applying droplets of the
dispersion on the substrate, giving the solvent time
to evaporate before applying the next droplet. By
this method, several substrates with thick layers
(compared to particle size) of particles were pro-
duced. These layers were successively annealed at
different temperatures for specific time periods (1,
5, 24 h) under ambient conditions and then ana-
lyzed by XRD. For temperatures up to 490 °C, a
heating plate was used. For higher temperatures, a
tube furnace was used. For each annealing temper-
ature, a separate substrate was prepared and used.

168 Page 2 of 8 J Nanopart Res (2019) 21: 168



The XRD measurements were performed using cop-
per Kα1 and Kα2 radiation of a Seifert 3003TT XRD
instrument in Bragg-Brentano geometry. The internal
peak broadening of the diffractometer was determined
by a silicon standard sample. During measurement, the
sample was rotated with ~ 1 Hz for better counting
statistics. Data were processed and evaluated with
Match! software.

Results I: synthesis

Typical XRD pattern obtained from freshly prepared
particles of both types are shown in Fig. 2. All observed
reflexes can be assigned to pure iron and iron oxide
phases, respectively. The most intense peaks character-
ize the wustite phase. The other peaks are assigned to

maghemite (γ-Fe2O3) or magnetite (Fe3O4). These two
phases exhibit very similar diffraction pattern except
two additional, but weak reflexes for maghemite at 2θ
values of 24° and 26°. Therefore, due to peak broaden-
ing, resulting from the nanocrystalline nature of the
particles, it is impossible to quantify these two phases
separately for the majority of the samples. Hence, we
will treat the maghemite (γ-Fe2O3) and magnetite
(Fe3O4) phase together as “spinel phase” in the follow-
ing. It should be noted that there is evidence for conver-
sion of Fe3O4 to γ-Fe2O3 during the annealing steps for
all samples, manifested by a shift of the broadened
peaks to higher angles, i.e., shift of the lattice constants
to lower values (from ~ 8.40 to ~ 8.34 Å), in combina-
tion with the occurrence of the aforementioned weak
reflexes at 24° and 26°, respectively. This conversion

Fig. 1 a Sample A synthesized at
Tmax = 350 °C. Size range of
particles is 30–50 nm; b sample B
synthesized at Tmax = 360 °C.
Edge length of cubes is 80–
110 nm

Fig. 2 Typical XRD pattern of
samples A and B without heat
treatment as synthesized and
stored under ambient conditions
for 7 weeks. Main reflexes are
marked (asterisk symbol, spinel;
degree sign, wustite; number sign,
iron)
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takes place in addition to the conversion of the material
to α-Fe2O3.

In the following, we focus on the thermally induced
evolution of hematite (α-Fe2O3), which is the most
stable iron oxide phase.

The phase contents of freshly prepared sample A
(diameter 40 ± 10 nm) are presented in Fig. 3b. The
dominating phase is the wustite phase. Since there are
no peaks at 24° or 26°, we conclude that the spinel phase
content is dominated by maghemite. Crystallite size
estimation based on XRD by the Scherrer method
(Scherrer 1918) results in a smaller coherence volume
for the spinel phase with values of around 8 nm, com-
pared with an average crystallite size of 22 nm for the
wustite phase for sample A. Based on the fact that in the
TEM images no separated particles with diameter of
10 nm are observed, and based on the relative volume
fraction of the phases, it can be concluded that the
particles must be polycrystalline. However, in TEM
images, only a few particles show a significant contrast
difference indicating polycrystallinity.

Sample B shows an initial phase composition of
almost equal amounts of wustite and the spinel phase
(see Fig. 4), but, in contrast to sample A, a small amount
of pureα-iron is present in the particles. We assume that
this iron originates from disproportionation of wustite to
magnetite and pure iron. This effect is well known for
wustite bulk material when cooled down slowly to room
temperature from temperatures above 567 °C (Cornell
and Schwertmann 2003). Due to the particle size, they
may also show this property. There may be two reasons

why we could not observe elemental iron in sample A:
first, due to the larger surface to volume ratio, iron
formed during the cooling process under inert atmo-
sphere would oxidize rapidly when the particles are
exposed to atmosphere during the preparation for
XRD. Second, small wustite particles appear to be stable
against disproportionation, as observed by Chen et al.
(2010), who observed a slow oxidation of such wustite
particles prepared in a very similar way to the spinel
phase within several months without disproportionation.
The crystallite size of the iron is determined to 30 nm
from the XRD measurement. Since we could not find
isolated particles with this size on the TEM sample, we
conclude that the iron must be part of the large particles.

The phase composition of the freshly prepared sam-
ples does not change rapidly under ambient conditions.
The phase evolution of samples stored for 7 weeks
under ambient conditions can be seen in Fig. 2. The
phase contents of these samples are shown in Fig. 3b
and Fig. 4b, respectively. Sample A shows an increase
of the spinel phase content from 15 to 28%, while
sample B shows only a change from 50 to 55% due to
slow oxidation. There is no evidence of the formation of
the hematite phase at room temperature.

Results II: annealing experiments

Evolution of the diffraction pattern for both batches
during the annealing process is shown in Fig. 3a and
Fig. 4a, respectively.

Fig. 3 a Typical XRD pattern of sample A after thermal treatment @400 °C. b Phase contents (by weight) of sample A for various thermal
treatments
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When annealed at 400 °C for 1 h, sample A shows a
full conversion fromwustite to the spinel phase (see Fig.
3). The spinel phase remains stable even for annealing
times up to 24 h. This effect has also been observed for
particles of 10 nm in size that were synthesized by the
same method (Krispin et al. (2012)). The same anneal-
ing procedure applied to sample B leads to a small
amount of hematite phase. It should be mentioned that
the amount of hematite phase stays constant at least for
annealing times up to 96 h (not shown). We note also
that the amount of hematite phase in the annealed sam-
ple roughly corresponds to the amount of pure iron in
the freshly prepared sample. To achieve a full conver-
sion to hematite within 1 h, a minimum temperature of
600 °C is required in case of sample A and of 700 °C for
sample B, respectively.

The crystallite sizes (as determined fromXRD) of the
spinel phase of sample B is plotted over the annealing
time for an annealing temperature of 400 °C in Fig. 5.
For other temperatures, similar behavior is observed.
The crystallite size passes through a minimum at 1-h
annealing time. After this minimum, it increases until it
saturates after 48 h. This leads to the assumption that the
particles develop from polycrystalline to nearly single-
crystalline during the annealing procedure. The tenden-
cy to single-crystalline material is confirmed by the
comparison of crystallite size determined by TEM and
XRD, which agree very well. The lattice parameter of
the spinel phase decreases during the annealing process
from 8.38 to 8.35 Å as can be seen from Fig. 5b. In the
first hour, a drastic drop of the lattice constant is

observed. After this, the value slowly decreases within
the next 96 h, still not reaching the literature value for
maghemite.

During the annealing process of sample B, a change
of the particle shape from square-edged cubic to
rounded-off shapes is observed as shown in Fig. 6a. At
the same time, the weak structures visible in the TEM
images of the particles apparently vanish suggesting a
decrease of lattice defects and strain due to annealing.

Significant coagulation of the particles is observable
at annealing temperatures above 600 °C for both sam-
ples. Figure 6b shows coagulated particles of sample A
after 24 h at 600 °C. The initially well separated, 40 ±
10-nm spherical particles have transformed to pure he-
matite particles with a non-uniform size of > 100 nm,
aggregated to larger clusters. Interestingly, the average
crystal size determined by XRD is still around 40 nm.

Discussion

The observed evolution of the iron oxide nanoparticle
phases, i.e., from wustite to hematite, with intermediate
meta-stable spinel-like phases magnetite and
maghemite, is expected for nanoparticles heated at am-
bient conditions. However, the detailed temperature de-
pendencies and transition rates are size-dependent and
differ from those expected for bulk material.

Under ambient conditions, the phase composition of
the large particles is stable, while the small particles
show a slow oxidation, manifested in an increase of

Fig. 4 a Typical XRD pattern of sample B after thermal treatment @560 °C. b Phase contents (by weight) of sample B for various thermal
treatments
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the spinel phase from 16 to 28% (by weight) within
7 weeks. The higher reactivity of the smaller particles
can be explained by their larger surface area in combi-
nation with shorter diffusion paths.

All annealed particles show in a first step a strong
increase of the spinel phase. After this increase, the
spinel phase fraction is constant for temperatures ≤
490 °C for at least 24 h. During further annealing, the
lattice constant of the spinel phase decreases, indicating
an increasing amount of maghemite. The conversion
rate slows down after the first hour. We assume that this
can be explained by the fast oxidation of the surface of
the particles within the first hour, followed by a slower
oxidation of the core, based on diffusion.

For higher temperatures, the spinel phase converts
irreversibly to the hematite phase. The increase of the
relative amount of the hematite phase is larger for

smaller particles (40 + − 10 nm) than for larger particles
(95 ± 15 nm). From this observation, we conclude that
the process is dominated by diffusion and that size
effects (surface/volume energy ratio) do not play an
important role.

The behavior of the smaller particles is consistent to
literature for small γ-Fe2O3 particles around 12 nm.
Here, Ye et al. (1998) found the onset of the transition
fromγ-Fe2O3 toα-Fe2O3 at around 470 °C. At the same
time, the average crystallite size of the hematite phase is
increasing with increasing temperature up to 54 nm at a
quenching temperature of 730 °C, while the crystallite
size of the γ-Fe2O3 phase is almost constant up to
470 °C. Furthermore, the transition temperature in-
creases with decreasing grain size (Ye et al. 1998).

At first sight, this may also not match thermodynamic
considerations, assuming that the most stable phase

Fig. 5 a Crystallite sizes of the spinel phase from XRD of sample
B (400 °C) after different annealing times with pronounced min-
imum after 1 h. Average value is determined from fitting the three
most intense reflexes at 2θ = n30°, 35°, and 63°, respectively. b

Lattice constant evolution from spinel phase, sample B (400 °C).
Literature values for bulk maghemite and magnetite (Cornell and
Schwertmann 2003) correspond to top and bottom border of
diagram, respectively

Fig. 6 a Shape change of cubic
particles after 94 h@400 °C; b
coagulation of particles (sample
A) after 24 h@600 °C

168 Page 6 of 8 J Nanopart Res (2019) 21: 168



(based on the volume energy contribution) is hematite.
One would expect that for smaller particles the energy
barrier for the transformation from maghemite to hema-
tite is higher, compared with large particles or bulk
material. Here the opposite seems to be the case. How-
ever, the situation is more complex due to the fact that
the particles are not single-crystalline. A closer inspec-
tion spinel phase of the larger particles reveals a drastic
decrease of the crystallite sizes after 1 h calcination, yet
below the size of the corresponding crystallites of the
smaller particles. This may explain the lower transition
temperature and its dependency on the crystallite sizes.
The reason for this reduction of the crystallite sizes is
not finally known. It could be explained by lattice strain
caused by the volume change due to oxidation of the
iron and wustite phase in the large particles. However,
other mechanisms like defect accumulation and
ordering as proposed in Vasilevskaia et al. (2016) could
be possible.

The crystallite size of the spinel phase increases
slowly during further annealing and saturates after
48 h at around 50–60 nm for the large particles. The
hematite crystal size, however, grows within the first
24 h of annealing up to 80 nm and stays constant for
longer times. The hematite crystals in the small particles,
however, do not show such a growing behavior. Once
formed, for all temperatures and annealing times values
of ~ 40 nm were found (not shown), even after the
particles start to coagulate (Fig. 6b). The spinel phase
in the small particles just grows during the first hour,
saturating at around 30 nm (not shown).

Conclusion

The transition of wustite/spinel nanoparticles to pure
hematite particles was observed for different annealing
temperatures and times. The minimum temperature for a
full conversion within 1 h was 600 °C for 30–50-nm-
sized particles, whereas larger particles of 80–110 nm
required 700 °C. At lower temperatures, up to annealing
times of 24 h, no full conversion to hematite was ob-
served for both particle size distributions. Up to 400 °C,
there seems to be no significant change of the spinel
phase to hematite, but a slight change of the lattice
constant is observed, indicating the conversion from
magnetite to maghemite.

The crystallite sizes of the hematite and spinel phase
shows a different behavior for the small and large

particles, respectively. In the large particles (80–
110 nm), the crystallite size of the spinel phase decreases
during the first annealing step, before it increases again
up to 40–50 nm after 48 h. Further, the hematite crys-
tallite sizes in the large particles grow until a value of
80 nm is reached after 24 h of annealing. The small
particles (30–50 nm) do not show such a behavior.
Instead, the crystallite sizes of the hematite phase, once
formed, show an average value of 40 nm for all temper-
atures and times. The size of the spinel crystallites
increases during the first hour from 8 nm to about
30 nm for all temperatures, remaining constant for lon-
ger annealing times.
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