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ABSTRACT: Three different magnetic samples with particle sizes ranging from
10 to 30 nm were prepared by wet chemical methods. The powders were heated
at 100, 150, 200, and 250 °C during 30 min under air. Ferrous and total iron
contents were determined immediately after the synthesis and after the thermal
treatments. All samples were characterized by X-ray diffraction, transmission and
integral low-energy electron Mdssbauer spectroscopy (ILEEMS) at 298 K. These
samples are composed of a mixture of individual particles of maghemite and
magnetite, which implies that once oxidation starts in this kind of material, it
occurs throughout the entire particle volume. The existence of a maghemite/
magnetite core—shell model was ruled out. A linear correlation between the
average isomer shift and the magnetite content was found, allowing the estimation
of the amounts of magnetite and maghemite in an unknown sample without the
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need of performing chemical analysis.

B INTRODUCTION

Iron oxide nanoparticles have been extensively used for
biomedical applications.' > Their safety for use in biological
systems has been investigated, and their short- term or long-
term toxicity is a subject of continuing debate.* Upon cell
uptake, nanoparticles are encapsulated in endocytic organelles
where degradatlon and incorporation into the metabolic cell
cascade occurs.”® However, the oxidation state of the iron in
these nanoparticles is not generally considered, the toxicity
studies commonly having been carried out on so-called “iron
oxide nanoparticles” without assessing whether magnetite or
maghemite is used. As a rule of thumb, it is accepted that
magnetite nanoparticles are examined; however, nanosized
magnetite is known to naturally oxidize, at least partly, toward
maghemite, thus leading to an unknown composition of the
tested product.” Furthermore, it is important to consider that
after cell uptake and decomposition, magnetite nanoparticles
can release Fe?" in solution, which may incur undesirable side
effects due to the catalytic production of reactive oxygen species
(ROS) (egs 1 and 2 hereafter).® Additionally, the naturally
occurring superoxide radical (eO,”), can react with Fe’" to
produce Fe?* and enhance the catalytic Haber—Weiss reaction
(eq 3 hereafter).”'® The superoxide radical is produced both
intra- and extracellularly by cell lines such as phagocytes or
endothelial cells, among others."’ As a result, the possible
toxicity considerations do have a direct effect independently of
the application or target of the nanoparticles.

Fe’* + H,0, - Fe’* + OH™ + OH"* (1)
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Fe’ + H,0, — Fe’™ + OOH® + H ®)

Fe’* + ¢0,” = Fe’* + O, 3)
Biological systems do have in place enzymatic pathways to
scavenge unwanted naturally occurring radical species such as
the superoxide dismutase (SOD), which is extremely efficient
and neutralizes the superoxide radicals. Additionally, SOD
generally 1nh1b1ts the generation of radicals from the reaction of
Fe** with H,0,."> However, the presence of nanoparticles in a
biological system may produce additional stress caused by the
generation of new ROS and thus alter the redox equilibrium
inside the cells, leading to toxicity. Bare iron oxide nano-
particles were found to be considerably toxic at high
concentrations (2.5—5 nM) on lung cancer cells (AS49) and
HeLa cells, with an increase of ROS production and subsequent
toxicity after 96 h."> Interestingly, a similar study was carried
out on AS49 upon exposure to 100 pg/mL of iron oxide
nanoparticles: the results showed a 10-fold increase of ROS
after 24 h, which was toxic for cancer cells; while noncancerous
cells viability was not altered significantly.'* On the other hand,
the ROS production on astrocytes exposed to iron oxide
nanoparticles was found to initially increase but return to basal
level after 3 days with no significant changes in viability."®
Together these reports illustrate the fact that the effect of the
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presence of Fe*" in cells is not yet fully understood and thus a
deeper knowledge of the composition of the used material is
needed before we can truly ensure stability and controlled
behavior of iron oxide nanoparticles once they are introduced
into biological entities.

Several different methods of synthesis and coating of the
magnetic particles have been described in the literature, and
Mossbauer spectroscopy has played an important role in the
characterization of these materials. However, we believe that in
many cases the interpretation of the Mossbauer spectra might
not be entirely correct because the possible presence of
maghemite might have been disregarded.

The room-temperature Mossbauer spectra of well-crystal-
lized maghemite (Fe®**[Fel%[],,3]0,), magnetite
(Fe’*[Fe**Fe*"]0,), and a partially oxidized magnetite
(Fe** [Feat,Fed .l 006]O4) made at 1300 °C in a controlled
O, partial pressure are displayed in Figure 1 (] stands for
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Figure 1. Room-temperature Mdssbauer spectra of well-crystallized
maghemite, magnetite, and partially oxidized magnetite.

vacancies). The area ratio of the inner sextet versus that of the
outer sextet in the spectrum of magnetite is close to 1.9 and
decreases with increasing deviation from stoichiometry, that is,
increasing degree of oxidation. In this case the area ratio ryg =
Sa/Sg of the A-site Mossbauer sextet to that for the B-site often
deviates significantly from the ideal value of 0.52 for pure
stoichiometric magnetite as dictated by the equation:

Sa fA N

A o= A g s

Sp fyms hy (4)

in which n; is the number of iron species on site I and f; is the
recoil free fraction for that site (fraction of iron, in general,
contributing to the spectrum). In some cases, this deviation can
be interpreted as a partial oxidation of the magnetite. Partial
oxidation means that, in contrast to ideal Fe;O, the B
sublattice contains more Fe®* than Fe®*. The excess ferric irons
(y) must be compensated by the presence of neutral vacancies
([0), because the species must stay electrically neutral. This
reasoning then leads to the chemical composition:

Fe F 3+(F 3+F Z+)D2 2x— y] O (5)

where pure maghemite corresponds to x = 0 and y = °/3, and
pure magnetite corresponds to ¥ = 1 and y = 0.

A magnetite molecule will be electrically neutral if the total
charge of the cations within the [ ] is S+:

3y+3x+2x=5x+3y=395 (6)

As a result of the fast electron hopping, the (Fe**, Fe**) pairs
produce the low-field (Hy,; ~ 460 kOe) component in the room
temperature magnetite spectrum. The remaining Fe* species
on the B sites (y p.fu.) generate a subspectrum that generally
cannot be resolved from the A-site subspectrum, having a
hyperfine field of ~490 kOe. Therefore, in a quantitative
analysis concerning partially oxidized magnetite, the alleged A-
site-component’s spectral area will be more or less grossly
overestimated due to the contribution of the unpaired
octahedral Fe*" cations to the A-site subspectrum. Considering
this reasoning, the ratio n,/ny in eq 4, instead of being 0.5 as
for stoichiometric magnetite, should be taken as (1 + y)/2x,
and hence one obtains:

N Fe + Fe 1+ y
rap = 1.0S— = 1.0S— 2+ = 1.05
fig Fe." + Fe, 2x 7)

From eqs 6 and 7, one can then calculate the quantities x and y.
Finally, the Fe?"/Fe’" ratio ¢ in the partially oxidized magnetite
phase is given by

x

e= ———
1+x+y (8)

Although the spectra shown in Figure 1 seem to be quite
different, it is not possible to distinguish these phases if they
exist in a mixture. This fact is due to the complete overlap of
the A-site contribution of magnetite with the two unresolvable
sextets of maghemite. Small-particle sizes result in line
broadening, but the essential feature of the spectrum of
magnetite, that is, the existence of two clearly resolved sextets,
is preserved. All this information has long been known and was
well documented in the 1970s and 1980s literature.'*™"®
However, in recent years a large number of papers have
appeared associating the broad envelope of maghemite to
magnetite. Several examples of this doubtful interpretation will
be presented hereafter.

The use of X-ray diffraction to differentiate these three iron-
oxide phases is also ineffective because they possess the same
cubic structure with nearly equal unit-cell parameters. Thus, in
this work attention was focused on the well-known dichromate
titrimetric method to quantify Fe’* in magnetic nanoparticles
which subsequently enabled the derivation of a correlation
between the Mossbauer spectrum and the amount of Fe?* in
these kinds of materials.

B EXPERIMENTAL SECTION

Three different magnetic samples were prepared by the
following methods: (i) Sample Ca7, ferric chloride was reduced
by sodium sulphite;'” (i) Sample Ca8, ferrous sulfate mixed
with KOH and KNO;?° (iii) Sample Cal0, similar to CA8 but
with different proportions of reactants.>"**

Samples Ca7, Ca8, and Cal0 were heated at 100, 150, 200,
and 250 °C during 30 min under air. Ferrous and total iron
contents were determined immediately after the synthesis and
after the thermal treatments. To this purpose, the potassium
dichromate method (~0.0036 mol-L™') was used after
dissolving about 50 mg of the samples in warm concentrated
HCI. The crucial step here was to titrate as quickly as possible
to minimize Fe** spontaneous oxidation in air.
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Mbssbauer absorbers were prepared immediately, although
the spectra were collected some days later. The absorbers were
covered with a layer of Styrofoam previously dissolved in
benzene to prevent any further spontaneous oxidation at room
temperature. The effectiveness of this measure was confirmed
by also collecting the spectra 30 days after the respective initial
runs, and within the experimental errors no alterations were
observed.

Transmission MG0ssbauer spectra were collected at room
temperature (298 K) with a time-mode spectrometer using a
constant-acceleration drive with triangular reference signal.
Data were accumulated in 1024 channels (unfolded) covering a
velocity range of approximately —11 to +11 mm/s, with a
velocity increment of ~0.045 mm/s per channel. The velocity
was calibrated from the MGssbauer spectrum of a standard a-Fe
foil at room temperature. The spectra were computer-fitted
either with model-independent distributions of magnetic
hyperfine fields and quadrupole splittings or with discrete
sextets.”**

X-ray diffraction (XRD) patterns were collected in a
Shimadzu XRD 6000 diffractometer equipped with an iron
tube (Fe Ka) and a graphite monochromator. The scans were
done between 20 and 60° (20) with a scanning speed of 1°/
min and step-size of 0.02°. Patterns were fitted with a Pearson
function after subtraction of the background and the Ka2
contribution. Cell parameters of the magnetic phases were
calculated using angular and intensity weighting of the peaks
located at ~38, 45, and 55°. Particle sizes were estimated from
the Scherrer equation.

Simulated patterns (Fe Ka) based on line intensities and
positions were produced for mixtures of maghemite (PDF card
39-1346) and magnetite (PDF card 19-0629) using the relative
intensity ratios (RIR) given in their PDF files: 1.4 for
maghemite and 4.9 for magnetite. For these simulations low
(3000) and high (300000) intensity (I) counts were
considered, and the fluctuation of the data was modeled as
dev = (9 X (random — 0.5) X I'/?). The effect of small (15 nm)
and large particle-sizes (150 nm) was also simulated. A Pearson
VII function was used, with a step size of 0.02° and inclusion of
the Ka2 contribution. Data analysis and simulation were done
with the software Jade from Materials Data Inc.

B RESULTS AND DISCUSSION

Characterization. The XRD patterns of samples Ca7, Ca8,
and CalO are very similar (Figure 2) and could be indexed both
with maghemite (PDF card 39-1346) and magnetite (PDF card
19-0629). The estimated particle sizes are 10 nm (Ca7), 40 nm
(Ca8), and 30 nm (Cal0). As discussed below, is it not possible
to distinguish between maghemite and magnetite by XRD, and
hence at this point all that can be concluded is that magnetic
iron oxide nanoparticles have been obtained.

Total ferric and ferrous contents in the original and heated
samples, as determined using the potassium dichromate
method, are shown in Table 1. Magnetite contains 24.1 wt %
Fe®’, and therefore none of the Ca samples can be considered
to be pure magnetite, as the ferrous contents are lower than the
above value. The amounts of magnetite and maghemite in these
samples are estimated assuming that all Fe** belongs to
magnetite and no other Fe-bearing phases are present. Thus:

magnetite (wt %) = 4.14 x Fe+2(wt %)

Fe, ., (in magnetite) = 3 X Fet?(wt %)
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Figure 2. X-ray diffraction patterns of samples Ca7 (bottom), Ca8
(middle), and CalO (top).

Table 1. Ferrous, Ferric, Magnetite and Maghemite
Contents (wt %) in the As-Prepared and Heated Samples.
Absolute Errors for Fe** and Fe,, are 0.5 wt %

sample Fe Fe’* Fe*'/Fe** Fe,, magnetitt maghemite
Ca7 8.6 56.0 0.1S 64.6 39.1 60.9
Ca7-100 5.6 59.0 0.095 28.3 74.7
Ca7-150 0.34 64.3 0.0083 1S 98.5
Ca7-200 0.39 64.2 0.0060 1.7 98.3
Ca7-250 0.08 64.6 0.0012 0.3 99.7
Ca8 194 51.9 0.37 71.3 81.1 18.9
Ca8-100 18.6 52.7 0.35 77.7 22.3
Ca8-150 79 63.4 0.12 32.5 67.5
Ca8-200 7.3 64.0 0.11 30.0 70.0
Ca8-250 0.47 70.8 0.0066 2.0 98.0
Cal0 18.3 52.4 0.35 70.7 77.1 229
Cal0-100 16.6 54.1 0.31 69.7 30.3
Cal0-150 6.5 64.2 0.10 29.7 70.3
Cal0-200 2.5 68.2 0.037 10.3 89.7
Cal0-250 0.04 70.7 0.0006 0.2 99.8

Fe’* (maghemite) = Fe,; — 3 X Fe’*(wt %)

maghemite (wt %)
= [Fe, — 3 X Fe’*(wt %)]/(2 x 55.85/159.7)
1.43[Fe,, ., (wt %) — 3Fe**(wt %)]

The results of these calculations were normalized to 100 wt
% and are included in Table 1. The total iron contents in the
heated samples were assumed to be the same as those of the
original samples.

X-ray Diffraction. Simulated patterns for 15 nm
maghemite, magnetite, and some mixtures of them are shown
in Figure 3. All patterns are similar, except for those materials
containing 60, 80, and 100 wt % of maghemite, in which a few
additional weak lines are found between 30 and 35° (20).
However, experimental patterns normally show a much more
pronounced scatter in their background, and hence these lines
are hardly seen in the patterns of poorly crystallized maghemite.
After simulation, each pattern was fitted using one peak
modeled by a Pearson VII function for each reflection. The
cubic cell parameters a were subsequently calculated using

dx.doi.org/10.1021/jp5055765 | J. Phys. Chem. B 2014, 118, 11738—11746
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Figure 3. Simulated XRD patterns of 15 nm maghemite, magnetite,
and mixtures of them.

angular and intensity weighting of the five peaks of highest
intensity.

A correlation between the cell parameters and the
composition of the system is depicted in Figure 4. A nonlinear
relationship is observed, which shows that the usual assumption
of a linear decrease of the cell parameter in going from
magnetite to maghemite is not correct.

a(A)
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Figure 4. Variation of the cell parameters of 15 nm magnetite-
maghemite mixtures as a function of the maghemite content.

The effect of the particle size on the calculation of the cell
parameter of maghemite is shown in Figure S, in which the
patterns were simulated for particle sizes of 150 nm. A mixture
of 60 wt % maghemite and 40 wt % magnetite shows at 20 >
40° the presence of peaks of both phases, which allows the
calculation of the cell parameter of maghemite without
significant influence of the magnetite peaks. Under these
conditions, a value of ~8.358 A was found for the simulation
with low (3000) as well as high (300 000) counts, which was in
agreement with the reference value (PDF card 39-1346). The
obtained cell parameter for the same composition with 15 nm
particles (Figure 4) was 8.384 A. The difference is easily
explained as in Figure 4 the plotted values refer to the cell
parameter of the whole sample, and not only maghemite.

Real samples, however, normally do not present such narrow
lines as used in these simulations (0.10° 20), meaning that in
the vast majority of cases there is no separation of the
maghemite and magnetite diffraction lines. Therefore, X-ray
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Figure S. Simulated XRD patterns of 150 nm magnetite (a),
maghemite (b), and of a mixture of 60 wt % maghemite and 40 wt
%. The inset shows the separation of the main peaks of magnetite
(45.0°) and maghemite (45.2°).

diffraction is definitely not an appropriate tool to confirm the
possible presence of maghemite (or magnetite) in this type of
sample.

Mossbauer Spectroscopy. The transmission Mdossbauer
spectra of all the samples are shown in Figures 6, 7, and 8, and
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Figure 6. Transmission Mdssbauer spectra (298 K) of Ca7 samples.
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Figure 7. Transmission Mdssbauer spectra (298 K) of Ca8 samples.
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Figure 8. Transmission Mdssbauer spectra (298 K) of Cal0 samples.

relevant numerical data derived from the fits are given in Table
2. All Ca7 samples show one broad asymmetric sextet and
attempts to fit Ca7 and Ca7—100 with only one hyperfine-field
distribution (HFD) component failed. Reasonable fits of these
spectra were obtained using superpositions of two distributed
sextet components and one quadrupole-splitting distribution
(QSD). For the first sextet component the hyperfine field was
allowed to vary within the range from 400 to 500 kOe with a
step of 5 kOe. The quadrupole shift was fixed at 0 mm/s and
the line area ratios at 3:2:1. The initial value for the isomer shift
was chosen to be 0.26 mm/s. For the second sextet the field
ranged from 150 to 470 kOe with a step of 10 kOe. As for the
first sextet component the quadrupole shift was fixed at 0 mm/s
and the area ratios were set at 3:2:1. The initial value for the
isomer shift was input as 0.66 mm/s. For the QSD the
quadrupole splitting of the symmetric doublet ranged between
0.2 and 1.0 mm/s with a step of 0.1 mm/s. As seen in Figure 6,
this procedure resulted in an adequate description of the
experimental line shapes, and the derived Mossbauer
parameters for the sextet components (Table 2) seem to
have physically meaningful values. It should be emphasized that
the results for the broad central envelope, which was modeled
as a doublet, are likely to be unrealistic. Moreover, it remains

unclear as to which Fe phase this broad central absorption is
due. The adjusted isomer shift values are indicative of the 6-fold
coordinated Fe®" species, but more specific details cannot be
inferred.

It is tempting to correlate the outer and inner sextets with
the A- and B-sites of magnetite, respectively. However, the
hyperfine fields are significantly lower than in pure magnetite.
Another crucial parameter in this respect is the isomer shift
derived for the inner sextet (~0.45 mm/s), which is drastically
lower than the value commonly found for magnetite, that is,
0.66 mm/s.'®'®>> Thus, despite exhibiting two sextets in their
Mossbauer spectra, samples Ca7 and Ca7-100 cannot be
regarded as pure magnetite, as could actually already be
expected on the basis of their low Fe** contents.

The transmission Mdssbauer spectra of sample Ca7 heated at
150, 200, and 250 °C were adjusted with one HFD (range from
200 to 520 kOe, step of 10 kOe, line intensities 3:2:1 and
quadrupole splitting fixed at 0 mm/s) and one QSD (fitted as
described above). Some misfits are obvious, but considering the
complexity of these spectra the fits may be considered as
acceptable. The absence of a second sextet in these
experimental line shapes is no proof for the absence of
magnetite because the B-site contribution of the latter could be
hidden by the broad sextet component and therefore totally
unresolved, especially if the magnetite phase would be present
as a minor constituent. On the other hand, the obtained
parameters (Table 2) suggest maghemite to be the dominant
Fe oxide in the involved samples.”*">® Hence, materials which
present Mdssbauer spectra that are similar to those of samples
Ca7, or that show the S,/Sp area ratio significantly different
from 0.52 (eq 4), cannot be considered as being magnetite, in
contrast to what is claimed in several papers that have been
published.*~*

Two sextets are clearly seen in the transmission M0ssbauer
spectra of the Ca8 and Cal0 samples heated at temperatures of
up to 200 °C (Figures 7 and 8), but not even the spectra of the
as-prepared unheated samples closely resemble the Mdssbauer
spectrum of pure magnetite (Figure 1). As compared to the
latter, the lowering of the peak depths of the outer negative-
velocity absorption lines of the inner sextet is noticeable,
especially when going from the sample heated at 100 °C to that

Table 2. Hyperfine Parameters Derived from Fitting the Room-Temperature Mdssbauer Spectra®

sample Hyq 6, S, Hyp
Ca7 464 0.27 13 429
Ca7-100 466 0.30 22 428
Ca7-150 459 0.34 73
Ca7-200 459 0.34 74
Ca7-250 460 0.34 74
Ca8 487 0.27 35 457
Ca8-100 488 0.28 39 458
Ca8-150 500 0.32 73 450
Ca8-200 497 0.32 72 448
Ca8-250 498 0.34 99
Cal0 487 0.28 37 456
Cal0-100 487 0.28 40 457
Cal0-150 495 0.32 71 447
Cal0-200 496 0.32 74 426
Cal0-250 497 0.34 99

0, S, $1/8, AEq [ S
0.44 77 0.17 0.5 0.28 10
0.40 68 0.32 0.5 0.31 10

0.7 0.36 27
0.7 0.39 26
0.8 0.34 26
0.65 65 0.54
0.66 61 0.64
0.62 27 2.70
0.62 28 2.57
0.4 0.32 1
0.65 63 0.59
0.65 60 0.66
0.55 29 2.4S
0.51 26 2.85
0.4 0.3 1

“Hy is the maximum-probability hyperfine field (kOe), & is the isomer shift relative to a-Fe (mm/s), AE is the maximum-probability quadrupole

splitting (mm/s), and S is the relative area (%).
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heated at 150 °C. The spectra for the samples heated at
temperatures of up to 200 °C could be adequately fitted using
superpositions of two discrete Lorentzian-shaped sextets, and
the derived hyperfine fields and isomer shifts (Table 2) are
similar to those of magnetite.18 However, the A- to B-site
relative area ratios differ from those of stoichiometric
magnetite, indicating that these samples are either a mixture
of magnetic phases or that they consist of partially oxidized
magnetite.

The transmission Mdssbauer spectra of samples Ca8-250 and
Cal0-250 were fitted with only one HFD (range from 200 to
520 kOe, step of 10 kOe, line intensities 3:2:1 and quadrupole
splitting fixed at 0 mm/s) and one QSD (fitted as described
above). The obtained values of the hyperfine parameters
suggest that maghemite is the main iron phase present in these
samples.**~

As discussed above, it is possible that some samples such as
Ca8-100 contain partially oxidized magnetite instead of a
mixture of magnetite and maghemite. The numerical results for
x and y and for the Fe*"/Fe®" ratios € as calculated from the
Mossbauer parameters S; (= S) and S, (= Sg) are listed in
Table 3. It is clear that the values of the calculated ferrous to

Table 3. Parameters Derived from the Mdssbauer Spectra
Considering the Samples To Consist of Partially Oxidized
Magnetite: Fe}" [Fe)"(Fe'Fel), _ 5, _,]50,4

sample x y €
Ca7 1.33 —0.56
Ca7-100 1.17 -0.29
Ca7-150
Ca7-200
Ca7-250
Ca8 0.99 0.017 0.49
Ca8-100 0.92 0.13 0.45
Ca8-150 0.39 1.02 0.16
Ca8-200 0.41 0.99 0.17
Ca8-250
Calo 0.96 0.073 0.47
Cal0-100 0.91 0.15 0.44
Cal0-150 0.42 0.97 0.18
Cal0-200 0.38 1.04 0.16
Cal0-250

ferric ratios € are significantly different from those obtained by
chemical analysis (Table 1). In addition, negative values for y
imply that the model is not correct; hence, the possibility that
the involved samples are single-phase partially oxidized
magnetites can most probably be ruled out, and these samples
rather consist of mixtures of magnetite and maghemite. Of
course, the possibility of the existence of three-component
systems cannot be excluded and in that case quantitative
conclusions about the compositions can neither be derived
from their Mdssbauer spectra nor from chemical analyses.
Recently Salazar et al. reported a study of the properties of
nanoparticles of ferrimagnetic iron oxides in terms of the
magnetite/maghemite molar ratio.** They propose that the
larger (>20 nm) particles have a core—shell structure,
consisting of a magnetite core surrounded by a maghemite-
like shell layer. They described their room-temperature
Mossbauer spectra with a magnetic HFD with the isomer-
shift value of the elemental sextet components being correlated
to their hyperfine field. The mean stoichiometry of their

samples, that is, the molecular fractions of magnetite and
maghemite, was estimated from the evaluated mean isomer
shift, thereby assuming specific values of the isomer shifts for
octahedral and tetrahedral Fe** and for octahedral Fe’*.
However, it is not clearly described in their paper how the
calculations were exactly carried out, and the estimated
compositions were not compared with results of chemical
analyses of the respective ferrous contents.

Building on the idea of Salazar et al., we have calculated the
mean isomer shifts J,,,, of the investigated samples as

1
=— V'ss
100 o 9)

where §; and S; are the isomer shifts and relative area ratios (in
%), respectively, of all components resolved from the
corresponding Mossbauer spectra. The variation of J,,., with
the magnetite contents (Table 1) is shown in Figure 9. A
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Figure 9. Correlation between the mean isomer shifts and the
magnetite contents determined by chemical analysis.

constant error of 0.01 mm/s for J,,, was assumed, and data
points referring to the average isomer shifts of maghemite (0 wt
% Fe®) and magnetite (24.1 wt % Fe®"), that is, 0.32 and 0.53
mm/s, respectively, are included in the plot. A nearly linear
correlation is obtained and can be expressed as

Ope(mm/s) = 0.335 + 0.00215 X magnetite (wt %)
(r* = 0.97) (10)

From this equation the amount of magnetite present in a
magnetite/maghemite mixture can be estimated. However, with
an error of 0.01 mm/s in the J,,, values, the uncertainty in the
magnetite content will be of the order of S wt %. In view of the
fairly complicated line shapes of the Mossbauer spectra, it is
believed that the estimated error of 0.01 mm/s for J,,, is not
unrealistic as it can be expected that different fitting approaches
(e.g, different upper and/or lower limits for the HFDs, smaller
or lower step values, etc.) might possibly produce slightly
different values for &, Despite the relatively large uncertainty
in the magnetite content, eq 10 is useful to estimate the
amounts of magnetite and maghemite in an unknown sample
without the need to perform chemical analysis.

As mentioned above, the room-temperature transmission
Mossbauer spectra of our samples as well as those reported in
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Figure 10. ILEEMS M&ssbauer spectra (298 K) of Cal0 samples.

Table 4. Hyperfine Parameters Derived from Fitting the Room-Temperature Transmission (TMS) and ILEEMS Méssbauer

Spectra®
sample Hpg | I
CalO-fresh (TMS) 489 0.29 0.28
Cal0-Sweeks (TMS) 490 0.36 028
(ILEEMS) 487 0.42 0.28
Cal0-100 (TMS) 490 0.36 028
(ILEEMS) 488 043 0.29
Cal0-150 (TMS) 494 047 0.30
(ILEEMS) 490 0.49 031
Cal0-200 (TMS) 498 0.55 0.32
(ILEEMS) 493 0.59 0.32

S Hyp L6 %, S o
36 459 0.56 0.66 64 0.52
42 460 0.60 0.66 58 0.50
44 456 0.66 0.66 56 0.49
42 460 0.62 0.66 58 0.50
44 455 0.73 0.66 56 0.50
SS 460 0.92 0.65 44 0.45
54 458 1.00 0.66 46 0.47
69 454 1.34 0.61 31 0.41
60 452 1.68 0.65 40 0.45

“Hy is hyperfine field (kOe), § is the isomer shift relative to a-Fe (mm/s), I' 4 is the full-width at half maximum of lines 1 and 6 (mm/s), and S is

the relative area (%). The average isomer shift (mm/s) is given by &

aver*

the literature for similar materials show a strong superposition
of the A- and B-site sextets. Several authors have obtained the
transmission M0ssbauer spectra at 77 K in an attempt to better
resolve these two sextets. However, we believe that this
procedure is impractical in the sense that it does not provide
any new information regarding the composition and magnetic
behavior of these materials. The 77 K Mossbauer spectrum may
show a different shape when compared to the 298 K spectrum,
but this is not a conclusive proof for the existence of magnetite,
maghemite, nor partially oxidized magnetite,'®'”?>*5~%/

The maghemite/magnetite core—shell model has been
invoked by almost all researchers to explain the composition
of materials similar to the present samples. However, to the
best of our knowledge, no conclusive proofs have been
presented so far regarding this core—shell model. In an attempt
to clarify this issue, we have collected ILEEMS spectra for some
samples. ILEEMS stands for integral low-energy electron
Mossbauer spectroscopy, a variant that counts the low-energy
resonant electrons that are predominantly emitted by Fe
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species located in a surface layer of a few nanometers
thickness.*** Therefore, if the ILEEMS reveals different
parameters compared to those of the transmission spectrum,
then the surface layer has indeed a different composition from
that of the inner part of the particle. The reverse is also true,
that is, if both spectra have the same parameters, then the
sample might be composed of individual particles of two
different phases.

ILEEMS and transmission spectra of a new batch of Cal0,
Cal0-100, Cal0-150, and Cal0-200 samples were collected
during the same period of time. As the transmission spectra of
the samples of this second batch are identical to those shown in
Figure 8, only their ILEEMS data are shown in Figure 10. The
preparation of Cal0 was carried-out in Brazil, but the ILEEMS
spectra were collected in Belgium 5 weeks later, and
unfortunately no ILEEMS spectrum of the freshly prepared
sample is available. It is interesting to note that a significant
alteration of the relative area ratios occurred after this five-week
lapse of time, indicating a partial oxidation of the sample at
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ambient conditions. All spectra were fitted with two discrete
Lorentzian-shaped sextets and the numerical results are
displayed in Table 4. The hyperfine fields, isomer shifts, and
relative area ratios are the same, within experimental errors, for
both transmission and emission spectra. This is of course also
true for the average isomer shift. On the other hand, the line
widths of both sextets are broader in the ILEEMS spectra as the
surface layer is more defective than the core. Another
observation is that the line widths for the inner sextet are
much broader than the widths of the outer sextet. For the
sample heated at 200 °C, the value is 1.68 mm/s, a value much
larger than the natural line width. These broader lines reflect
the heterogeneity of the particles compositions and structural
defects. Therefore, small differences in the line widths caused
by different fitting procedures will cause variations in the
relative area ratios of the two sextets. For this reason it is
believed that the transmission and emission parameters are the
same even for sample Cal0-200.

In terms of particle compositions, as mentioned above, the
existence of partially oxidized magnetite could already be ruled
out. Hence, the next plausible proposition would be the core—
shell model. However, as the ILEEMS results turned out to be
the same as those from the transmission spectra, this core—shell
model is also unlikely to be real. Thus, it is proposed that this
kind of material essentially consists of individual particles of
maghemite and magnetite, which implies that once oxidation
starts, it occurs throughout the entire particle volume. Most
methods to synthesize iron oxides make use of heterogeneous
precipitation, implying the formation of particles with a
relatively broad particle-size distribution. In the case of
magnetite, the oxidation process is known to occur more
easily in the smallest particles leading to the formation of
maghemite.

B CONCLUSIONS

The synthesis or storage of magnetite nanoparticles under air
atmosphere results in partial oxidation, and as a consequence
maghemite is also formed. The results of this work have proven
that the investigated samples are composed of individual
particles of both magnetite and maghemite. The core—shell
model that is invoked in literature to explain the composition of
these particles was found to be unrealistic for the present
samples. A linear correlation between the average isomer shift
and the magnetite content was found, allowing the estimation
of the amounts of magnetite and maghemite in an unknown
sample without the need to perform chemical analysis.
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