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A new kind of magnetically separable composite consisting initially of magnetite and cerium carbonate
nanograins was investigated using magnetic and Mössbauer methods at room and low temperatures. Various
stages of calcination treatment in air resulted in a transformation of the cerium carbonate into cerium dioxide and
magnetite into more complicated iron oxide compositions. The final CeO2 nanograins on the surface of α-Fe2O3

were obtained after calcination at 973 K.
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1. Introduction

Iron oxides nanoparticles, such as magnetite,
maghemite and/or hematite, attract still great attention
in various technological and industrial applications due
to their unique properties [1, 2]. Recently they appear
in combination with cerium dioxide for photocatalytic
applications [3] or as a magnetically separable reactive
sorbent tested for degradation of the organophosphorus
pesticide parathion methyl and some chemical warfare
agents - nerve gasses, e.g. soman. A reversed-mode co-
precipitation of Fe3+/Fe2+ salts with aqueous ammonia
was used to prepare the magnetite core. Subsequently
the magnetite grains were coated with cerium carbon-
ate. The calcination treatment in air has evoked a
conversion of the cerium carbonate into cerium oxide,
magnetite into maghemite and above 973 K maghemite
into hematite [4]. The present paper deals with more
detailed analysis of iron oxides after individual steps of
calcination using Mössbauer spectrometry.

2. Experimental

Details concerning the preparation of magnetite and
subsequently magnetite coated by cerium carbonate as
well as a procedure of obtaining magnetic reactive sor-
bents are described in Ref. [4]. All procedures resulted in
a series of samples which are denoted here as ST, where
T is the calcination temperature in Kelvins (473 ≤ T ≤
973). The sample prior calcination is denoted “S0”.
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Powdered samples for TEM study were treated ultra-
sonically in an ethanol bath for 5 min and then placed on
holey carbon copper grids for observations in an electron
microscope Philips CM12 STEM equipped with thermoe-
mission electron source operating at 120 kV.

The magnetic measurements were performed using a
Physical Property Measurement System Quantum De-
sign, Inc at room and low temperatures (RT, LT).
The hysteresis (HS) curves were taken in magnetic field
of ±4000 kA/m, the field-/zero-field-cooled, FC/ZFC,
curves were measured in magnetic field of 8 kA/m.

Mössbauer measurements were carried out at RT and
for the selected samples at LT of 5 K in standard trans-
mission geometry using a 57Co(Rh) source. The calibra-
tion of velocity scale was performed with α-Fe. All spec-
tra were evaluated within the transmission integral ap-
proach using the program CONFIT [5]. In the Mössbauer
spectrum the ferromagnetic (fm) phase is represented by
sextuplets while the paramagnetic (pm) one by singlets
and/or doublets of Lorentzian lines. A weakly resolved
atom ordering and/or highly defected region are repre-
sented by Gaussian distribution of hyperfine induction.
The relative phase representation is denoted by A.

3. Results and discussion

Figure 1 shows TEM micrographs of powders in the as-
prepared state, S0, and after various stages of annealing
S773, S873, S973. A clear change in morphology of pow-
ders is seen after annealing at 873 K and higher. The S0
consists of particles of irregular shapes the size of which
ranges from about 5 to 50 nm (Fig. 1a). The annealing
up to 773 K did not change the particle size substan-
tially. The better defined smallest particles below 10 nm
are seen in the S773 sample (Fig. 1b). The next step
of annealing has produced powder with broadened size
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distribution (Fig. 1c). The highest annealing tempera-
ture of 973 K has contributed to an increase in size and
producing well defined rounded particles of hematite and
smaller CeO2 particles on their surfaces (Fig. 1d).

Fig. 1. TEM micrograph of powders in the initial state
S0 (a) and after calcination S773 (b), S873 (c), and
S973 (d).

Fig. 2. Changes in magnetic characteristics in depen-
dence on calcination temperature taken from the hys-
teresis loops with accuracy ±5% (a), FC/ZFC curves
for selected samples (b), changes of mean hyperfine in-
duction with calcination temperature (c), and with mea-
suring temperature (d) for selected samples.

The magnetic parameters obtained from the HS curves
measured at RT and 2 K (Fig. 2a) show either slightly in-
creasing or nearly constant behavior for both measuring
temperatures up to 673 K. The magnetization begins to
decrease at the S773 and reaches the lowest value at the
S973. This is connected with changes in iron oxide com-
position as it will be seen from the Mössbauer spectra
analysis below. On the other hand the coercivity is influ-
enced predominantly by the particle size. The FC/ZFC
magnetization curves (selected seen in Fig. 2b) were used
for determination of the blocking, TB , and irreversible,
Tirr, temperatures corresponding to a maximum at the
ZFC curve and to a point at which both curves separate.
The TB corresponds to most probable particle size in the
given ensemble while Tirr is a blocking temperature of
the largest particles. The difference between them can
be taken as quantitative measure of size distribution of
particles. Differences Tirr - TB = 59, 62, 59, 51, 0, and

21 K for samples S0 up to S873, respectively, document
the similar size distribution of particles up to 573 K. At
the sample S773 both TB and Tirr are close to each other
reflecting the narrow particle size distribution support-
ing microscopy observations. The FC/ZFC curves of the
S973 sample differ from the previous ones substantially.
The temperature TM in the Fig. 2b agrees well with the
Morin transition of hematite [6].

Fig. 3. Mössbauer spectra of the S0 up to S973 sam-
ples measured at room temperature. Left insets show
the distribution of hyperfine induction, right insets the
spectra taken at 5 K.

TABLE I

Mössbauer parameters of the S773 sample measured at
5 K: magnetic induction, B, isomer shift, δ, quadrupole
splitting, ∆.

phase γ-Fe2O3 ε-Fe2O3 α-Fe2O3 Fe3O4

B [T] 51.6, 48.1 45.9, 51.5 53.9 53.3, 49.7
δ [mm/s] 0.48, 0.41 0.33, 0.25 0.46 0.46, 0.58
∆ [mm/s] –0.01, 0.00 0.31, 0.02 0.23 –0.17, –0.37

The RT Mössbauer spectra of all samples are seen in
Fig. 3. The spectra of the S0 up to S673 samples are
very similar and were fitted by two distributions of hy-
perfine induction with average values at about 30 T and
44 T and by two discrete components with hyperfine pa-
rameters corresponding to magnetite; B1,2 = 49.2 T,
45.7 T, isomer shift δ1,2 = 0.39 mm/s, 0.58 mm/s, and
quadrupole splitting ∆1,2 = −0.02 mm/s, 0.01 mm/s
(left insets in Fig. 3). The marked doublet in the middle
of spectra consists of three sub-components. The first one
(∼ 6%) yields the hyperfine parameters; δ = 0.32 mm/s,
∆ = 1.05 mm/s due to the fraction of very small ox-
ide nanoparticles, detected also by TEM, with a super-
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paramagnetic behavior. The hyperfine parameters are
similar to those published for maghemite nanoparticles
in Ref. [7]. This sub-component exists in smaller rep-
resentation (∼ 3.2%) at the S873 and diminishes at the
S973. The next doublet is seen at all samples at RT
and LT and its hyperfine parameters (δ ∼ 0.23 mm/s
and ∆ ∼ 0.35 mm/s) change only slightly with anneal-
ing. It can be speculated that some of the iron reso-
nant atoms are located in the Ce-oxide making it visible
by Mössbauer effect and/or that it is a contribution of
grain Fe-oxide/Ce-oxide boundaries. The last doublet,
δ ∼ 0.40 mm/s and ∆ ∼ 0.70 mm/s, could represent d-
positions in β-Fe2O3 even if the doublet corresponding
to b-positions cannot be resolved in the measured spec-
tra due to its low intensity. Two quadrupole split com-
ponents represent the crystallographically non-equivalent
cation b- and d-positions in the structure [8]. The rela-
tive ratio of the fm and pm phases Afm/Apm slightly
changes in dependence on treatment temperature for the
benefit of fm from 2.17 (S0) to 4.68 (S673). The broad
distributions imply that besides the stoichiometric mag-
netite also nonstoichiometric magnetite containing, e.g.,
γ-Fe2O3 is present. It is known that magnetite trans-
forms into metastable maghemite at lower temperatures
because both are of the same crystalline structure. The
spectrum of the S773 sample slightly differs. A single dis-
tribution had to be used besides discrete sub-components
to obtain a proper fit. The discrete sextuplets represent
magnetite (9%) and three polymorphous Fe2O3 oxides,
namely ε (8.8%), γ (12.7%), and α (8%) with hyperfine
parameters in good agreement with Ref. [6]. No pm β-
Fe2O3 is present. The spectra of the S873 and S973 are
visibly different and consist of discrete six-line compo-
nents of hematite (S973) accompanied in the S873 sample
by small amount of Fe3O4 (10%), and ε-Fe2O3 (5%).

The RT Mössbauer results were in some cases sup-
ported by LT measurements. The right insets in Fig. 3
show the spectra of the S0 and S773 samples at 5 K.
While the magnetite at RT is represented by two com-
ponents corresponding to Fe3+ (tetrahedral sites) and
to Fe2.5+ (octahedral sites), the LT spectrum has to
be fitted with more components for each valence and
crystallographic sites. In most studies, the spectra are
fitted by five or more components but the exact rea-
son for these components is not fully clear. The six
components used here yield magnetic inductions B =
(53.3, 52.3, 51.3, 50.1, 48.5, 46.8) T. Different quadrupole
splitting values could be due to a complex monoclinic
symmetry resulting in an electric field gradient at the
cation sites in different sublattices. The values are
roughly the same as presented for magnetite nanopar-
ticles at 4.2 K, e.g., in Ref. [9]. Nevertheless, their inter-
pretation would require more detailed discussion. The
spectrum analysis of the S773 measured at 5 K has re-
sulted in a set of well resolved discrete sextuplets that
could be ascribed to the same Fe-oxide phases as were
detected in the RT spectrum but with lower accuracy.
The Mössbauer parameters are summarized in Table I.

Similarly, the Fe-oxide phases present at the S873 and
S973 at RT were confirmed by LT measurements. Fig. 2c
shows the changes of the mean B with calcination tem-
perature obtained from the analysis of spectra measured
at 300 K and at 5 K. Contrary to magnetization (Fig. 2a)
decreasing with temperature, the opposite is seen for B.
The magnetization decreases due to an increasing por-
tion of the weakly ferromagnetic hematite (bulk value
0.3 Am2kg−1) at the expense of ferrimagnetic magnetite
and maghemite present below 673 K. Fig. 2d shows B in
dependence on measuring temperature and documents
a marked influence of the hematite (B ∼ 54 T) in the
S873 (78%) and S973 (96%).

4. Conclusions

The RTMössbauer measurements indicated more com-
plex Fe-oxide compositions in the studied Ce-based sor-
bents. Contrary to Ref. [4] where only maghemite and
hematite were detected at 873 K, the Mössbauer analysis
of samples calcinated between 773 K and 973 K yielded
also the residual magnetite and ε-Fe2O3 oxide both ver-
ified at LT. Pursuant to new results, the changes of the
RT and LT macroscopic magnetic characteristics in de-
pendence on calcination temperature could be better ex-
plained. The decrease in saturation magnetization above
773 K is caused by increasing portion of the weakly fer-
romagnetic hematite which simultaneously increases the
value of internal magnetic induction.
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