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AbstrACt
A solid solution can exist of magnetite (Fe3O4) and maghemite (γ-Fe2O3), which is commonly
referred to as nonstoichiometric or partially oxidized magnetite. The degree of stoichiometry in magnetite is quantitatively measured by determining the ratio of Fe2+ to Fe3+. Magnetite stoichiometry (x =
Fe2+/Fe3+) strongly influences several physical properties, including the coercitivity, sorption capacity,
reduction potential, and crystalline structure. Magnetite stoichiometry has been extensively studied,
although very little work exists examining the stoichiometry of nanoparticulate samples (<<100
nm); when the stoichiometry was measured for nanoparticulate samples, it was not validated with
a secondary technique. Here, we review the three most common techniques to determine magnetite
stoichiometry: (1) acidic dissolution; (2) Mössbauer spectroscopy; and (3) powder X-ray diffraction
(pXRD), specifically with nanoparticulate samples in mind. Eight samples of nonstoichiometric
magnetite were synthesized with x ranging from 0 to 0.50 and with the particle size kept as similar as
possible (BET specific surface area = 63 ± 7 m2/g; particle size ≈ 20 nm). Our measurements indicate
excellent agreement between stoichiometries determined from Mössbauer spectra and by acidic dissolution, suggesting that Mössbauer spectroscopy may be a useful means for estimating magnetite
stoichiometry in nanoparticulate, multi-phases samples, such as those found in the environment. A
significant linear correlation was also observed between the unit-cell length (a) of magnetite measured
by pXRD and magnetite stoichiometry, indicating that pXRD may also be useful for determining
particle stoichiometry, especially for mixed phased samples.
Keywords: Magnetite, maghemite, magnetite oxidation, nonstoichiometric magnetite, nanoparticle,
Mössbauer spectroscopy, stoichiometry, X-ray diffraction

introduCtion
Magnetite (Fe3O4) is an important mineral to several fields
of study. It has widespread uses in industrial processes as a
ferrofluid, including digital media recording and drug delivery
(Pankhurst et al. 2003; Raj and Moskowitz 1990). Magnetite is of
great interest to physicists, as it has unique magnetic properties,
undergoes the Verwey transition, and is a conductor (Garcia and
Subias 2004; Goss 1988; Sherman 1987; Walz 2002). Magnetite
is also widely used in water treatment as an effective sorbent
for many contaminants that can be easily separated from water
using an applied magnet field (Yavuz et al. 2006). In corrosive
environments, magnetite is a frequently observed product of
steel oxidation (Stratmann et al. 1983). In natural environments,
magnetite is a common end product of biological and abiotic reduction of ferric (Fe3+) oxides (Hansel et al. 2005; McCormick et
al. 2002; Tamaura et al. 1983), and a facile reductant for several
environmental contaminants found in groundwater (Gorski and
Scherer 2009; Lee and Batchelor 2002; McCormick et al. 2002;
Scott et al. 2005; White and Peterson 1996).
Magnetite has an inverse spinel structure (space group Fd3m),
which has an oxygen cubic closed-packed structure, and a 2:1
octahedral (Oct) to tetrahedral (Tet) site occupancy with Fe
atoms. As a result, the magnetite formula can be written more
precisely as TetFe3+[OctFe2+Fe3+]O4. In the literature, the TetFe is
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often referred to as the “A” site, and the OctFe is denoted as the
“B” site. For clarity of discussion, we will refer to these sites as
Oct and Tet throughout this paper. Within the unit cell, there are
eight TetFe3+, eight OctFe2+, eight OctFe3+, and 32 O atoms.
Magnetite can have a range of oxidation states dependent
upon the amount of structural Fe2+, which can be discussed
quantitatively as the magnetite stoichiometry (x = Fe2+/Fe3+).
For magnetite with an ideal Fe2+ content (assuming the Fe3O4
formula), the mineral phase is known as stoichiometric magnetite
(x = 0.50). As magnetite becomes oxidized, the Fe2+/Fe3+ ratio decreases (x < 0.50), with this form denoted as nonstoichiometric or
partially oxidized magnetite. When the magnetite is completely
oxidized (x = 0), the mineral is known as maghemite (γ-Fe2O3).
For nonstoichiometric magnetite, the structure is often written as
Fe3–δO4, where δ can range from zero (stoichiometric magnetite)
to 1/3 (completely oxidized). This formula can be expressed as
Tet
3+
Fe3+[OctFe2+
1–3δFe 1+2δδ]O4, where  are vacancies formed in
the crystal structure to account for charge balance. Note that this
model assumes that all vacancies occur in Oct sites, which is a
topic of debate in the literature (da Costa et al. 1996; Goss 1988;
Tronc et al. 1982). The stoichiometry can easily be converted to
and from this form by the following relationship:
Fe 2+
1 − 3δ .
(1)
=
Fe3+ 2 + 2δ
The magnetite stoichiometry can dramatically influence the
particles’ physical and chemical properties, including the reduc-
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tion potential (Gorski et al. 2010; Stockbridge et al. 1961; White
et al. 1994), conductivity (Itai et al. 1971; Verwey and Haayman
1941), and crystalline structure (e.g., Annersten and Hafner
1973). In our previous work, we demonstrated that stoichiometry
influences the measured open-circuit potential (EOCP), as well
as the reactivity of magnetite with nitrobenzene and dissolved
Fe2+ (Gorski et al. 2010; Gorski and Scherer 2009). Magnetite
stoichiometry is important to several other fields as well, as it
influences the sorption capacity for heavy metals (Peterson et
al. 1997), and affects the coercitivty, a property critical to digital
data storage (Goss 1988).
Due to the large influence of stoichiometry on the physical
properties of magnetite, it is critical to measure the stoichiometry
both accurately and precisely. The most common methods for
measuring magnetite stoichiometry include: (1) 57Fe Mössbauer
spectroscopy (da Costa et al. 1995; Daniels and Rosencwaig
1969; Schmidbauer and keller 2006; Vandenberghe and de Grave
1989; Volenik et al. 1975); (2) complete acidic dissolution (Annersten and Hafner 1973; Gorski and Scherer 2009; Jolivet et
al. 1992; Tronc et al. 1989; Volenik et al. 1975); and (3) powder
X-ray diffraction (pXRD) (da Costa et al. 1995; Gallagher et al.
1968; Jolivet and Tronc 1988; Schmidbauer and keller 2006;
Tronc et al. 1992; Volenik et al. 1975; Yang et al. 2004). Other
less common spectroscopic techniques have also been used to
characterized stoichiometry, including X-ray magnetic circular
dichroism (XMCD) and Fourier transform infrared spectroscopy
(FTIR) (Antonov et al. 2003; Carvallo et al. 2008; Gotic et al.
2009; Morrall et al. 2003).
Studies measuring magnetite stoichiometry are often done on
large particulate magnetite, with particle sizes typically being
larger than those of nanoparticulates (≥100 nm) (da Costa et al.
1995; Daniels and Rosencwaig 1969; Gotic et al. 2009; Ramdani
et al. 1987; Schmidbauer and keller 2006; Volenik et al. 1975;
Yang et al. 2004). In corrosion, environmental, and geochemical studies, however, nanoparticulate magnetite (<<100 nm) is
often examined due to it being more representative of samples
collected in the environment (Cornell and Schwertmann 2003;
Ferrey et al. 2004; Vikesland et al. 2007). As a result, it is difficult
to access if the classic techniques for measuring stoichiometry
of large particulate samples can be accurately applied to nanoparticulate samples. For example, room-temperature Mössbauer
spectra of magnetite are often used to extract the stoichiometry
of magnetite, yet similar room-temperature spectra of nanoparticulate samples cannot be fit due to the size-dependent magnetic
behavior that arises within the sample (i.e., superparamagnetism)
(e.g., da Costa et al. 1996). Similarly, it is unclear if the unit-cell
parameters and peak intensities extracted from fitted pXRD patterns are influenced by nanoparticulate effects (Reynolds 1989).
In the few cases where the stoichiometry was determined for
nanoparticulate samples (Jolivet et al. 1992; Tronc et al. 1989),
the stoichiometry was not measured with a secondary technique,
making it difficult to access the accuracy, precision, and possible
bias of these singular measurements.
Here, we measured the stoichiometry of eight nanoparticulate
magnetite (~20 nm particles) samples using three measurement
techniques: acidic dissolution (xd), Mössbauer spectroscopy (xMS),
and pXRD. Magnetite stoichiometries determine by Mössbauer
spectroscopy (xMS) are typically determined from room-temper-

ature (298 k) spectra, but nanoparticulate magnetite does not
produce well-resolved spectra at this temperature. We overcame
this issue by selecting a colder temperature of 140 k to collect
and fit spectra for nanoparticulate magnetite and using recently
developed modeling techniques. We found excellent agreement
between xd and xMS, with no observable bias in either method. We
also used pXRD to characterize the samples to determine relative
peak intensity and the fitted unit-cell length (a) as a function of
xd. We examined the general trends between stoichiometry and
pXRD fitted results with our samples as well as literature values
for magnetite samples with a wide range of particle sizes. Our
observations indicated that the particle size does not influence the
observed trend between the unit-cell length (a) and the stoichiometry, although trends between peak intensity and stoichiometry
were not observed here. This data suggests that pXRD may be
a useful technique for determining nanoparticulate magnetite
stoichiometry, although pXRD is likely to be less precise than
acidic dissolution and Mössbauer spectroscopy.

MAteriAls And experiMentAl Methods
Magnetite synthesis and characterization
Stoichiometric nanoparticulate magnetite was synthesized by creating a 2:1
Fe2+:Fe3+ acidic solution (pH < 1) in an anaerobic N2/H2 (94/6) glovebox. The solution was then titrated to an alkaline pH (10–11) using 5 M NaOH, while being stirred
and allowed to mix overnight (adapted from Schwertmann and Cornell 1991). To
form nonstoichiometric magnetite, concentrated H2O2 was added to the solution
after the overnight equilibration and allowed to equilibrate an additional day. For
all batches, the resultant solution was filtered within the glovebox, with minimal
washing used (1 rinse), as additional washing resulted in oxidation of stoichiometric
magnetite due to Fe2+ dissolution. The solids were then freeze-dried outside the
glovebox, and were then returned to the glovebox for sieving (100 mesh) and storage
prior to characterization. Maghemite was synthesized from magnetite by baking it
at 200 °C for 2 h outside the glovebox (Schwertmann and Cornell 1991).
Particles were characterized by acidic dissolution (xd), 57Fe Mössbauer spectroscopy (xMS), pXRD, BET, and some samples were examined using surface and transmission electron diffraction (SEM and TEM). BET specific surfaces areas (SSA) were
63 ± 7 m2/g, and have been provided for each batch in our previous works (Gorski et
al. 2010; Gorski and Scherer 2009). TEM images showed spherical particles that were
approximately 20 nm in diameter, in good agreement with the size expected from the
BET SSA (Gorski et al. 2010; Gorski and Scherer 2009). There were no discernable
trends between the stoichiometry and the particle morphology or size.
The large particulate magnetite was prepared from a natural magnetite single
crystal from Minas Gerais, Brazil (Ward’s Natural Science, Rochester, New York,
U.S.A.). The sample was ground in a mortar and passed through a 100 mesh sieve
in an anaerobic glovebox. The sample was characterized by dissolution, Mössbauer
spectroscopy, and pXRD. The particle size was determined to be large (>200 nm)
based on the pXRD patterns using the Scherrer equation.

Acid dissolution method
The dissolution stoichiometries (xd = Fe2+/Fe3+) were determined by dissolving the solids in 5 M HCl in an anaerobic N2/H2 glovebox. The target total Fe
concentration was 10 mM. The nanoparticulate solids took approximately 2–4 h
to completely dissolve, while the large particulate sample took several days. The
Fe2+ and total Fe concentrations were then measured using the phenanthroline
method (Tamura et al. 1974). The standard deviation was low between replicate
samples (σd < 0.01). Note that filtering the acidic Fe solutions at any stage of
analysis significantly oxidized the dissolved Fe2+, which was likely due to nitrate
groups present on the filter paper.

Mössbauer spectroscopy
Transmission Mössbauer spectroscopy was performed with a variable temperature He-cooled system with a 1024 channel detector. The 57Co source used
(~50 mCi) was in an Rh matrix at room temperature. All center shifts reported are
relative to α-Fe foil at room temperature. Samples were prepared by sealing the
powder specimen between two pieces of 5 mL kapton tape to avoid oxidation
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while mounting the sample.
Spectral fitting was done using Recoil Software (University of Ottawa, Ottawa,
Canada). Lorentzian, Voigt, and extended-Voigt fits were used to model the spectra
to determine the most accurate model. Unless noted, all fits presented were done
with extended-Voigt fitting. For all fits, the relative sextet peak areas (3:2:1:1:2:3)
were held constant. The Lorentzian linewidth was held at 0.12 mm/s for Voigt and
extended-Voigt fitting, as it was the linewidth measured on the spectrometer for an
ideally thick α-Fe foil. For all fits, unless otherwise noted, the center shift (CS),
quadrupole shift (QS), hyperfine parameter (H), and relative areas between sites
were allowed to float during fitting. Both sextets had two hyperfine components that
were allowed to float, as the fits were unacceptably poor when only one component
was used. The CS and QS were fit with single components in all cases.

Powder X-ray diffraction
pXRD patterns were collected using a Rigaku MiniFlex II system equipped with
a Co source (CoKα = 1.78899 Å). Sample powders were mixed with a small amount
of glycerol to form a thick paste in an anaerobic glovebox to avoid inadvertent
oxidation during analysis (Hansen 1989). Samples were analyzed from 5–80 °2θ
with a 0.02° step size and a 1.2 s dwell time. Patterns were analyzed and fit using
Jade 6 software (Materials Data, Incorporated, U.S.A.). For analysis, patterns were
smoothed, background subtracted, and Kα2 stripped prior to analysis and fitting. A
broad peak was observed at approximately 24 °2θ due to the glycerol, otherwise
all the peaks were characteristic of magnetite. Fitting was done using pseudo-Voigt
peaks with allowable displacement error to minimize error as outlined elsewhere
(Howard and Preston 1989).

results And disCussion
Mössbauer characterization of stoichiometric magnetite
Mössbauer spectra collected for a large particulate (>200 nm)
and a nanoparticulate (~20 nm) stoichiometric magnetite (xd =
0.50) at a series of temperatures ranging from room temperature
(298 k) to 13 k are shown in Figure 1. Mössbauer temperature
profiles are a useful method for characterizing iron minerals
because their magnetic behaviors, and subsequently observed
spectra, are highly temperature dependent as can be seen by the
change in peak localities and intensities in Figure 1.
For large particulate and single-crystal samples of magnetite,
two primary temperature domains exist at and below room temperature. From room temperature down to 121 k, a Mössbauer
spectrum of magnetite is characterized by two sextets. For the
large particulate magnetite spectrum at 298 k in Figure 1, the
left-hand side of the spectrum shows two clearly defined sextets, which overlap on the right-hand side of the spectrum. For
stoichiometric (x = 0.50), these two sextets correspond to the
Tet
Fe3+ and the OctFe3+ and OctFe2+. Magnetite, which is a conductor,
exhibits rapid electron hopping between the OctFe3+ and OctFe2+ at
room temperature, which is faster than the characteristic sample
time for Mössbauer spectroscopy (10–8 s). As a result of this fast
electron hopping, the OctFe atoms are observed with an average
valence state of 2.5+, with the sextet referred to as OctFe2.5+. For
samples that are partially oxidized (x < 0.50), an OctFe3+ sextet is
present in the spectrum, which closely overlaps with the TetFe3+
sextet. When an external magnetic field is used with Mössbauer
spectroscopy, the two signals (OctFe3+ and TetFe3+) can be discerned; however, in the absence of an external magnetic field,
they are typically modeled as one site (Daniels and Rosencwaig
1969; Vandenberghe et al. 2000; Vandenberghe and de Grave
1989). In the absence of an external magnet, 298 k magnetite
spectra are often fit to extract the stoichiometry by comparing
the relative areas of the Oct,TetFe3+ and the OctFe2.5+ using the following equation (da Costa et al. 1995; Daniels and Rosencwaig
1969; Vandenberghe and de Grave 1989):

Fe 2+
xMS = 3+ =
1
Fe

1
Oct

2

Oct

2

Fe 2.5+

Fe 2.5+ + Oct,Tet Fe3+
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.

(2)

In Figure 1, the room-temperature spectrum of the nanoparticulate magnetite (right) is significantly different than the large
particulate magnetite (left). For the nanoparticulate sample, two
sextets are still visibly present, but the sextets are significantly
broader and overlap considerably. The change in the Mössbauer
spectrum is due to the small particle size, which can cause a
greater distribution in magnetic behavior due to a higher percentage of surface atoms, additional stresses between atoms, and
superparamagnetic behavior due to the small domain sizes (da
Costa et al. 1995; Degrave et al. 1993; Lotgering and Vandiepen
1977; Morrish et al. 1976). Similar room-temperature spectra
have been previously observed for nanoparticulate magnetite
(Jolivet et al. 1992; Jolivet and Tronc 1988; Tronc et al. 1989).
The overlapping sextets make it difficult to fit the spectrum, and
our attempts to do so resulted in non-unique fits (i.e., different
xMS values) depending on the initial assumptions used. Note
that some previous work has used 298 k fits of nanoparticulate
magnetite to determine stoichiometry, despite the difficulty and
ambiguity of fitting (Jolivet and Tronc 1988).
Upon cooling the magnetite sample, both the large particulate
and nanoparticulate magnetite spectral features change considerably (Fig. 1). At 200 and 140 k, the large particulate magnetite
spectra look similar to the room-temperature spectrum, however
the inner sextet (OctFe2.5+) broadens. For the nanoparticulate
sample, the spectra become better resolved upon cooling, as
the size-dependent effects become less pronounced. The 200

FiGure 1. Mössbauer spectra of large particulate and nanoparticulate
stoichiometric magnetite (xd = 0.50) at several temperatures (298, 200,
140, 77, and 13 k).
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and 140 k spectra look similar to those of the large particulate
magnetite; however, the OctFe2.5+ sextet is broader for the nanoparticulate sample.
Upon cooling the magnetite sample further, a distinct change
in the magnetic properties occurs at 121 k, which is known as
the Verwey transition point (TV). Below this temperature, the conductivity of magnetite is significantly reduced, and the magnetic
behavior dramatically changes (Garcia and Subias 2004; Walz
2002). The cause for these changes is a controversial subject
in the literature, and, despite extensive work, a consensus has
yet to be reached. The effect of transition can be seen clearly
for the large particulate magnetite in Figure 1, where several
additional peaks can be seen in the 77 and 13 k spectra. For the
nanoparticulate magnetite, the 77 and 13 k spectra also look
considerably different with peaks absent that are present for
the large particulate magnetite. From these spectra, is unclear
if the nanoparticulate magnetite does not undergo the Verwey
transition, or, if the Verwey transition does occur, the resultant
spectra are different due to the small particle size. In one study,
it was shown that the Verwey transition is highly dependent upon
stoichiometry, but not of particle size (Ozdemir et al. 1993);
however, in that study, their small particulate magnetite (0.22
µm) was not a nanoparticulate sample (<100 nm), and was similar
in size to our large particulate sample.
Determining magnetite stoichiometry from Mössbauer spectra
Based on the temperature-dependent behavior shown in Figure 1, we chose to use spectra collected at 140 k to determine
the stoichiometry of nanoparticulate magnetite. Our goal was to
evaluate whether Mössbauer spectroscopy could be used to reliably estimate the stoichiometry of nanoparticulate magnetite by
comparing the stoichiometry measured by acidic dissolution (xd)
and Mössbauer spectroscopy (xMS). Note that for large particulate
magnetite, a room-temperature spectrum is often used and is
sufficient to calculate the stoichiometry using the relative areas
of the two sextets. For nanoparticulate magnetite, however, the
room-temperature spectrum is complicated and fitting does not
provide a unique set of parameters. Spectra collected at 140 k
were the best candidates because the temperature was low enough
to minimize the nanoparticulate superparamagnetic effects and
high enough (>121 k) to avoid complications arising from the
Verwey transition. Figure 2 contains model fits for 140 k spectra
for the large particulate and nanoparticulate magnetite. Despite
the effects of cooling to reduce the influence of particle size,
there are still discernable differences, such as the OctFe2.5+ sextet
is much broader for the nanoparticulate sample.
In addition to the relative abundance of phases within a
sample, spectral fitting provides additional parameters: the center
shift (CS), the quadrupole shift (QS), and the hyperfine field
(H), which are collectively known as the hyperfine parameters,
and measure the nucleus-electron interactions. Each hyperfine
parameter related closely to physical properties of the sample.
The center shift is proportional to the electron density for the
Fe atom, with an Fe2+ atom having a lower electron density than
an Fe3+ atom due to extra d-electron reducing s-electron density,
and thus the center shift of an Fe2+ atom is higher than an Fe3+
atom in most cases. For the OctFe2.5+ sextet, the observed center
shift is a combination of the Fe2+ and Fe3+, and is higher (~0.72

mm/s at 140 k) than the TetFe3+ sextet (~0.37 mm/s at 140 k).
The quadrupole shift is proportional to the relative bond symmetry of an Fe atom, with higher stresses and strains resulting
in a larger quadrupole shift. For a perfectly symmetrical atom,
like the TetFe3+ in magnetite, the expected quadrupole shift should
be zero. The hyperfine field is proportional to the strength of the
internal magnetic field (in the absence of an applied field). For
nanoparticles, the hyperfine field is typically smaller than their
large particulate analogs due to poorer ordering of spins within
the lattice (da Costa et al. 1996). Here, we observe significantly
smaller hyperfine field values for the nanoparticulate phases.
Two fundamentally different models exist for extracting the
hyperfine parameters from a Mössbauer spectrum: Lorentzian
and Voigt-based. For a Lorentzian fit, the width of the peaks
is accounted for by broadening a single Lorentizan peak; in
the Voigt model, however, the peak is modeled as a Gaussian
distribution of several Lorentzian peaks resulting from multiple
unique atomic sites within the sample. This difference is not
subtle, as it changes the shape of the peaks, and results in different
fits and extractable parameters. Rancourt and co-workers have
argued extensively for the merit of the Voigt-based model, citing
that floating the Lorentzian linewidth is a physically incorrect
assumption (Lagarec and Rancourt 1997; Ping and Rancourt
1994a, 1994b; Rancourt and Ping 1991). Previous work has often
assumed a Lorentzian model to fit the peak profiles (Daniels and
Rosencwaig 1969; Haggstrom et al. 1978; Vandenberghe and de
Grave 1989), which has worked well for large particulate magnetite due to the samples being well-crystalline, which results in
a narrow distribution of sites (and negligible Voigt distribution).
The Lorentzian fitting model could not be applied to the nanoparticulate magnetite in this study, however, because the peak
shapes were distinctly non-Lorentzian in shape. A Voigt model
was required to achieve reasonable fits that captured the peak
shape and distributions of the spectra. For example, Lorentzian
modeling of the spectra in Figure 2 resulted in xMS values for

F iGure 2. Fitted Mössbauer spectra of stoichiometric large
particulate magnetite (top) and nanoparticulate magnetite (bottom)
collected at 140 k. Fit parameters are shown in Table 1.
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both the large particulate and nanoparticulate magnetite that
were lower than the xd value of 0.50. The discrepancy was
much greater for the nanoparticulate magnetite, with an xMS of
only 0.27, and an xMS of 0.44 for the large particulate sample.
Modeling the spectra with the Voigt model provided xMS values
of 0.50 (large particulate) and 0.47 (nanoparticulate), which were
much closer to the xd of 0.50 (Fig. 2). Our results suggest that
for nanoparticulate magnetite, it is important to use appropriate
fitting models, such as Voigt-based models, when estimating
stoichiometry from Mössbauer spectroscopy.
Another consideration is that the spectral areas in a Mössbauer spectrum do not always directly correlate to the relative
abundance of sites because some of the sites are not completely
rigid (i.e., they have some recoil). The percentage of Fe atoms
that are rigid enough to undergo the necessary nuclear absorption
and emission process, which results in an absorption Mössbauer
spectrum is known as the recoilless fraction (f). In a previous
study, a room-temperature recoilless fraction ratio ( f2.5+/f3+) of
0.94 was determined (Sawatzky et al. 1969). More recently, others have found the f2.5+/f3+ ratio is closer to 1.00 (Annersten and
Hafner 1973; Volenik et al. 1975). As the temperature cools in a
sample, the f ratio should approach 1.00 (Sawatzky et al. 1969),
although this has not been experimentally validated for magnetite. The f ratio is critical to for extracting xMS, as the spectral
areas would need to be corrected for the recoilless fraction. To
determine the f ratio for our large particulate sample, the relative
areas of the two sextets (OctFe2.5+/Oct,TetFe3+) were fit at 298, 200,
and 140 k; the relative areas were modeled to be 1.976 (298 k),
1.955 (200 k), 1.976 (140 k) (data not shown), indicating that
f2.5+/f3+ is independent of temperature using this fitting method,
and is likely very near to 1.00 at temperatures up to 298 k for
the large particulate sample. A similar method could not be applied to the nanoparticulate samples, because fitting could only
be done in a narrow temperature range, so it must be assumed
that a similar f ratio of 1.00 exists at 140 k.
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over the full range of stoichiometry, that is, from maghemite to
stoichiometric magnetite.
It is worth noting that in previous works, the reliability of
determining the stoichiometry by acidic dissolution (xd) has been
questioned due to the possibility of inadvertent oxidation in the
dissolution process (da Costa et al. 1995; Ramdani et al. 1987).
As a result, the excellent agreement between xMS and xd observed
here provides validation of both techniques concurrently. We
suspect that since previous work was not done in an anaerobic
chamber, that inadvertent oxidation reactions would be more
likely. We have also found that filtering the acidic suspensions
can lead to significant oxidation of Fe2+ if nitrate groups are present on the filter. Additionally, the use of the 1,10-phenathroline
method used to measure dissolved Fe2+ coupled with the use
of fluoride to mask the presence of Fe3+ greatly increased the
precision of xd (Tamura et al. 1974).
Note that we used a pair-localized model to fit the Mössbauer
spectra, which explicitly assumes discernable OctFe3+ and OctFe2.5+
sites. This, however, is a controversial topic. Three models have
been proposed to explain the Mössbauer spectra of non-stoichiometric magnetite above the Verwey transition: (1) the “discrete”
model, where a combination of stoichiometric magnetite and
maghemite is present (da Costa et al. 1995, 1996); (2) the “pairlocalized” theory used here, where upon oxidation octahedral
Fe2+ and Fe3+ atoms pair, with unpaired Fe3+ atoms resulting in
the OctFe3+ signal (Daniels and Rosencwaig 1969; Degrave et al.
1993; Yang et al. 2004); and (3) the “band-delocalized” model,
where a pool of valence electrons is shared between all OctFe
atoms (Cullen and Callen 1970). The discrete and pair-localized

Spectral interpretation of nanoparticulate,
non-stoichiometric magnetite
Spectra of nanoparticulate magnetite samples with varying
stoichiometries collected at 140 k are presented in Figure 3. The
Mössbauer fit parameters are shown in Table 1 with literature
values at similar temperatures. As the sample becomes more
oxidized (smaller x), the OctFe2.5+ sextet area decreases and the
Oct,Tet
Fe3+ sextet area increases. Model parameters found for
the xd = 0.50 magnetite were used as initial values for fits of
the nonstoichiometric samples. For some spectra (indicated in
Table 1), the center shift (CS) of the OctFe2.5+ sextet was fixed
as 0.72 mm/s, as floating the value led to unrealistic values as
discussed later.
A comparison of the stoichiometry determined by acidic
dissolution (xd) and by Mössbauer spectroscopy (xMS) is shown
in Figure 4. For the entire range of stoichiometry, the agreement
between xd and xMS is excellent. The slope of the line is close to
1.0 indicating near-perfect agreement between xd and xMS [m =
0.96 ± 0.04 (±σ); R2 = 0.998, n = 8]. There does not appear to be
an indication of a systematic bias in either direction (i.e., overestimation or underestimation), suggesting that the fitting model
used is robust, and can be applied to nanoparticulate samples

FiGure 3. Mössbauer spectra of nanoparticulate magnetite with
varying stoichiometries (x = Fe2+/Fe3+) at 140 K. The hyperfine parameters
collected are shown in Table 1.
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Mössbauer parameters for magnetite of varying stoichiometry (x = Fe2+/Fe3+) at T = 140 K

Oct
Tet
Fe2.5+
Fe3+,OctFe3+
xd*
CS (mm/s) ε (mm/s)
H (T) st. dev. (H) (T) Area (%) CS (mm/s) ε (mm/s)
H (T) st. dev. (H) (T) Area (%) xMS†
This work
0.00
B.D.‡
B.D.
B.D.
B.D.
0
0.42
0.00
49.8
2.5
100
0.00
0.16
0.72§
–0.10
39.3
10.5
24.3
0.43
–0.01
48.1
3.2
75.7
0.14
0.25
0.71
–0.03
44.0
8.4
37.7
0.40
0.00
48.8
2.3
62.3
0.23
0.26
0.74
–0.02
46.4
4.4
41.3
0.39
–0.01
49.3
1.9
58.7
0.26
0.36
0.72§
–0.01
45.8
3.2
56.4
0.39
0.00
48.9
1.1
43.6
0.39
0.42
0.72
–0.02
46.8
2.5
58.5
0.37
0.00
49.5
0.8
41.5
0.41
0.49
0.74
–0.02
46.0
3.8
62.3
0.38
0.00
49.3
0.8
37.7
0.45
0.50
0.72
–0.02
47.4
2.8
64.1
0.38
0.00
50.2
0.1
35.9
0.47
LP|| (0.50)
0.76
0.00
48.2
2.1
66.4
0.37
0.00
50.4
0.6
33.6
0.50
Refs.
135 K††
0.75
–0.01
47.9
–
65
0.35
0#
50.4
–
35
0.48
150 K‡‡
0.65
0#
46.7
–
54
0.37
0#
50.6
–
46
0.37
130 K§§
0.68
0
47.7
–
51
0.37
0
50.8
–
49
0.34
120 K||||
0.77
0
48.1##
–
38
0.34
0
50.3
–
63
0.23
130 K***
0.76
0#
48.2
–**
64
0.35
0#
50.0
–
36
0.47
* xd = stoichiometry determined by acidic dissolution. σxd < 0.01.
† xMS = (½ OctFe2.5+)/(½ OctFe2.5+ + Tet,OctFe3+).
‡ B.D. = Below detection in fitting.
§ The CS was fixed at 0.72 because floating led to unrealistic parameters.
|| LP = Large particulate magnetite.
# Fixed at 0 during fitting.
** Not determined; this value is only available with Voigt-based fitting. The reference spectra were fit using Lorentzian models.
†† A synthetic well-crystalline sample (Degrave et al. 1993).
‡‡ Nanoparticulate magnetite (avg. diameter from TEM = 21 nm) produced from oxidizing nanoparticulate Fe metal via exposure to air (Kuhn et al. 2002).
§§ Natural large particulate polycrystalline magnetite taken from the Gällivare iron mine (Haggstrom et al. 1978).
|||| A natural soil sample containing magnetite as a constituent from Huangling, China (Vandenberghe et al. 1998).
## Fit using two signals, reported value is the weighted mean of the two sextets.
*** Large particulate magnetite (particle size > 200 nm) (da Costa et al. 1995).

FiGure 4. Comparison of magnetite stoichiometry determined by
Mössbauer spectroscopy (xMS) and acidic dissolution (xd).

models would result in the same observed spectra with discrete
Oct,Tet
Fe3+ and OctFe2.5+ sextets, whereas the band-delocalized model
would result in a TetFe3+ sextet and an OctFe2.z+ sextet, where 5 ≤ z
≤ 10. It has also been hypothesized that both the pair-localized
and the band-delocalized mechanisms may both be occurring
simultaneously (Ihle and Lorenz 1985). In our previous work
where we characterized the redox properties and reactivity of
magnetite, we concluded that the discrete model [i.e., a stoichiometric magnetite core (x = 0.5) with a maghemite shell (x = 0)]
is an inaccurate descriptor of nonstoichiometric nanoparticulate

magnetite (Gorski et al. 2010; Gorski and Scherer 2009), and
thus, we used the pair-localized model to fit the spectra here.
The good agreement between stoichiometries determined
from the Mössbauer spectra and the dissolution data, however,
does not necessarily imply that the pair-localized model is correct. Indeed, there are some indicators in the fit parameters (Table
1) that suggest that some band-delocalization may be occurring.
For example, as the stoichiometry decreases, the OctFe2.5+ sextet
has a lower average H, and the standard distribution [i.e., width
of the sextets; std(H)] increases; this can also been seen visually
in Figure 3. This suggests that the internal magnetic interactions
between OctFe are smaller (decreasing H), and that there is a wider
distribution of local OctFe environments [increasing std(H)]. It
has also been proposed that the larger std(H) is due to slowed
electron hopping rates in the conduction band, which would
also manifest in widening the sextet peaks (Cullen et al. 1996;
Ihle and Lorenz 1985). Others, however, have argued that these
observations are also consistent with the pair-localized model, as
one would expect the vacancies and reordering that must occur
as Fe2+ atoms become Fe3+ will cause local disorders (Annersten
and Hafner 1973; Lotgering and Vandiepen 1977).
A second indication that suggests band delocalization may be
occurring is that the CS had to be fixed at 0.72 mm/s for some
of the more oxidized samples (Fig. 3; Table 1) as noted earlier.
Figure 5 shows the fitted spectrum for the xd = 0.25 magnetite
with the fixed CS (i.e., pair-localized) and without (i.e., banddelocalized). Note that the fitted areas shift substantially, and the
CS drifts to 0.62 mm/s in the band-delocalized spectrum. If all
the octahedral atoms were pooling electrons, an OctFe2.z+ sextet
would be expected, and it should represent approximately two
thirds of the spectral area with a minor shift due to vacancies.
For the band-delocalized model, the OctFe2.z+ sextet accounts for
only 52% of the area, so at least some of the OctFe is still being
modeled as the Oct,TetFe3+ sextet. A quantitative means for com-
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paring the fits is to examine the goodness-of-fit parameter, χ2,
where lower values represent a better fit. The χ2 value is virtually
identical between the samples: 1.087 for pair-localized and 1.089
for band-delocalized, indicating that one fit does not appear to
model the data any better than the other. As a result, from our data,
we cannot determine if the pair-localized, band-delocalized, or
a combination of the two is the most accurate model to describe
nonstoichiometric magnetite. We can, however, conclude that
fitting the data with the pair-localized model results in excellent
agreement between xd and xMS. Note that the stoichiometries cannot be determined from the fitting the data with band-delocalized
model because the sextet areas would not correspond to known
Fe oxidation states (i.e., 3+ and 2.z+).
Characterization of magnetite using powder X-ray
diffraction
A third method that has been used to determine the stoichiometry of magnetite samples is pXRD. The pXRD pattern of
magnetite has previously been shown to be dependent upon stoichiometry in several studies examining large particulate magnetite (≥100 nm) (da Costa et al. 1995; Gallagher et al. 1968; Jolivet
and Tronc 1988; Tronc et al. 1992; Volenik et al. 1975; Yang et
al. 2004), yet the relationship for small nanoparticulate magnetite
(<<100 nm) remains largely unexplored. Stoichiometric magnetite, which has a cubic close-packed structure, has a reported
unit-cell length (a) of 8.396–8.400 Å (Cornell and Schwertmann
2003; Feitknecht et al. 1962; Gotic et al. 2009; Nakagiri et al.
1986; Volenik et al. 1975). As the magnetite becomes oxidized
(lower x), the unit cell becomes smaller due to the formation of
vacancies and the smaller atomic size of Fe3+ atoms as compared
to Fe2+. Maghemite (x = 0) has a similar cubic structure, but with
a slightly smaller unit-cell length (8.33–8.34 Å) (Annersten and
Hafner 1973; Cornell and Schwertmann 2003; Feitknecht et
al. 1962). In these studies, the stoichiometry is determined by

F iGure 5. Fitted Mössbauer spectra of nonstoichiometric
nanoparticulate magnetite (xd = 0.25) collected at 140 k. The pairlocalized fit assumes a CS of 0.72 mm/s (top), while the band-delocalized
spectrum allows the CS to float (0.62 mm/s) (bottom).
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linear interpolation between the two extreme stoichiometries
(i.e., 0 and 0.5) and their reference unit-cell lengths. It has been
proposed that the maghemite structure has additional symmetry
due to the ordering of vacancies, which results in additional peaks
observed in pXRD patterns (Gallagher et al. 1968; Tronc et al.
1982; Volenik et al. 1975). The method of maghemite preparation
appears to influence the presence and intensity of these peaks,
however, and it has been suggested that there are structurally
different forms of maghemite with varying degrees of vacancy
ordering (Annersten and Hafner 1973).
Selected pXRD patterns for magnetite over the range of
stoichiometries (xd = 0.50, 0.25, 0.00) are shown in Figure 6.
The patterns have been smoothed, background-subtracted, and
Kα2-stripped to aid in interpretation. The eight most intense peaks
have been labeled with their appropriate crystallographic planes
(hkl). The patterns appear nearly identical as the changes in the
unit cell are quite subtle and require fitting of peaks to extract.
As the sample becomes oxidized, additional peaks are observed
in both the xd = 0.25 and 0.00 samples, which have been labeled
with a star (*) for the xd = 0.00 sample in Figure 6. Note that the
small broad peak directly to the right of the (111) peak for the xd
= 0.00 is an artifact of using glycerol to avoid sample oxidation.
The additional peaks observed here suggest that some vacancy
ordering has occurred within the oxidized samples.
Diffraction patterns of the magnetites were fit to resolve
the relative peak localities and intensities to determine if they
could be used to estimate the stoichiometry of the samples. For

FiGure 6. Powder X-ray diffraction of nanoparticulate stoichiometric
(x = 0.50), significantly oxidized (x = 0.25), and completely oxidized
(x = 0.00) magnetite. The patterns have been smoothed, background
subtracted, and Kα2 stripped to aid in interpretation. The eight most
intense diffraction peaks are labeled with respect to their crystallographic
planes (hkl). Stars (*) denote additional peaks observed in the completely
oxidized sample.
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the samples in Figure 6, the fitted unit-cell lengths were 8.394
Å (xd = 0.50), 8.366 Å (0.25), and 8.339 Å (0.00). As expected,
the unit-cell length decreases upon the oxidation of magnetite
(which manifests in a slight left-shift of peaks in Fig. 7). The
same trend has been observed by several studies in the past for
large particulate (≥100 nm) samples.
The extracted unit-cell lengths are shown as a function of
stoichiometry determined by acidic dissolution (xd) in Figure 7.
The peak data and resultant fits are summarized in Table 2. The
error bars used for the data markers are the standard deviations
provided from the fitting software with the exception of the xd =
0.50 batch where five replicate samples were prepared, and the
error bars represent the standard deviation computed from these
samples. Data from previous studies that related stoichiometry to
the unit-cell length are also shown in Figure 7 for comparison. A
robust linear trend is observed between the studies using a linear
regression (R2 = 0.92, n = 42). The fitted line yields the equation:
a = 0.1094(±0.0050)xd + 8.3424(±0.0018), where a(xd = 0) =
8.3424 Å and a(xd = 0.5) = 8.3971 Å, both in excellent agreement
with the reference values above. This method also validates the
usage of pXRD to characterize stoichiometries of nanoparticulate
magnetite between the two extremes (i.e., 0 and 0.5); although
pXRD does not appear to be as precise as Mössbauer spectroscopy
and acidic dissolution methods. pXRD may be a useful means
for characterizing samples retroactively, and as a crude estimate
when additional characterization is not possible.
The relative intensity of the (111) peak has also been used to
determine stoichiometry in the past. It has been proposed that

FiGure 7. Unit-cell length of magnetite derived from fitting pXRD
patterns at varying stoichiometries (xd). Error bars shown are the
standard deviations provided from the full pattern fit. For the xd = 0.50
sample, the error bars shown are calculated from the standard deviation
of five replicate samples. The fit shown is for data from all studies; a =
0.1094(±0.0050)xd + 8.3424(±0.0018); R2 = 0.920; n = 43. A fit of the
data collected in this study (line not shown) yielded a linear relationship
of a = 0.108xd + 8.341; R2 = 0.914; n = 9. For literature values, x was
determined by acidic dissolution except for denoted samples: for one star
(*), the stoichiometry was determined using Mössbauer spectroscopy,
and for two stars (**), the stoichiometry was determined by the change
in mass upon oxidation.

as the magnetite becomes more oxidized (lower x), the (111)
peak will decrease due to octahedral vacancies (i.e., less atoms
to diffract). Linear relationships have been observed in the past
(Gallagher et al. 1968; Tronc et al. 1982; Volenik et al. 1975),
yet some studies have noticed no correlation (Annersten and
Hafner 1973; Goss 1988). As mentioned earlier, this apparent
contradiction has been rationalized by the possibility that different nonstoichiometric magnetite and maghemite structures
can exist, with vacancy location and structural ordering varying between samples synthesis methods (Annersten and Hafner
1973). The peak intensities were measured for the seven most
intense peaks in this study, with the data summarized in Table 3.
In this work, there appears to be a slight positive trend between
the (111) peak intensity and magnetite stoichiometry (R2 = 0.57,
n = 7); however, the noise of the data appears to be too great. For
the five xd = 0.50 replicates, the standard deviation of (111) peak
intensities was 3.1%, which was roughly the extent of change
observed between the samples.
Applicability of Mössbauer spectroscopy and pXRD for
determination of stoichiometry
Here, the three most common techniques for determining
magnetite stoichiometry have been validated for nanoparticulate
magnetite samples on the basis that there is good agreement
among the three methods. Acidic dissolution is a simple, easy
method for determining stoichiometry of synthesized samples,
but care must be taken to avoid oxidation by air-exposure and
filtration. There are many cases, however, when acidic dissolution of the sample is not a possibility. For example, natural and
mixed-phased samples can contain other redox active components (e.g., bacteria), or have functional groups adhered to the
particle surface for stabilization. In these cases, spectroscopic
techniques are preferred because the sample does not require any
additional treatment (e.g., washing) to characterize.
One important limitation of these methods is the effect of
substituent elements within the magnetite crystal lattice. For
example, aluminum can be readily substituted for TetFe atoms,
and work has shown that it will influence the relative ratios of
sextets in Mössbauer spectra, the unit-cell length in pXRD, and
the acidic dissolution values (Cornell and Schwertmann 2003;
da Costa et al. 1996). As a result, the stoichiometry could easily
be misinterpreted using these techniques, especially when applied to natural samples where the source elements are unknown.
Additional characterization will thus be needed to determine
the content of substituent. Furthermore, although the effects of
foreign cation substitution have been explored in physical and
mineralogical literature (da Costa et al. 1996; Gillot et al. 1975;
Moskowitz et al. 1998; Vandenberghe and de Grave 1989),
they remain largely unexplored with respect to environmentally
relevant reactions (Jentzsch et al. 2007), especially with the
magnetite stoichiometry in mind.
Despite this limitation, the strong trends observed among the
three techniques suggest that acid dissolution, Mössbauer spectroscopy, and pXRD are all valid approaches for determining the
stoichiometry of nanoparticulate samples. Discrepancies between
techniques observed in previous works for larger particulate
magnetite are likely in part due to the several structural forms
with which nonstoichiometric magnetite and maghemite can
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Table 2.

Observed pXRD peak locations from magnetite batches with varying stoichiometries

(hkl)
(111)
(220)
(311)
(400)
(422)
(511)
(440)

Ref. 2θ*
21.29
35.11
41.43
50.50
62.99
67.30
74.21

Ref. d (Å)* LP† (0.50)
4.8426
21.12
2.9655
34.95
2.5289
41.19
2.0969
50.27
1.7121
62.77
1.6142
67.19
1.4827
74.01

0.00
B.D.§
35.17
41.52
50.66
63.31
67.61
74.58

0.16
21.23
35.08
41.38
50.41
62.83
67.49
74.21

0.25
21.25
35.20
41.38
50.31
63.17
67.36
74.20

Nanoparticulate magnetite (xd)
0.26
0.33
0.36
21.24
21.50
B.D.§
35.02
35.27
34.94
41.28
41.56
41.14
50.38
50.68
50.22
62.79
63.14
63.03
67.24
67.54
67.14
74.16
74.40
73.96

0.42
21.50
35.20
41.42
50.58
63.06
67.36
74.24
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0.49
21.25
35.12
41.38
50.44
62.81
67.24
74.16

a fit# (Å)
8.3958
8.3876
8.3390
8.3584
8.3662
8.3776
8.3677
8.3852
8.3921
8.3895
σa** (Å)
0.0023
0.0034
0.0028
0.0031
0.0044
0.0029
0.0022
0.0054
0.0023
Notes: Whole pattern fits of the patterns were used to determine the magnetite unit-cell parameter (a).
* Nakagiri et al. (1986).
† LP = Large particulate magnetite (xd, xMS = 0.50).
‡ Values reported are the average of five identically prepared samples. Parenthetic values are the standard deviation between samples.
§ Below detection limit (<3% of maximum intensity peak).
|| Parenthetic values are the standard deviation of five replicate samples for x = 0.50 magnetite.
# Fit done using Jade 6 software (described in the Materials and Methods).
** Standard deviation of a from the whole pattern fit.

Table 3.

0.50‡
21.25 (0.067)||
34.98 (0.111)
41.24 (0.092)
50.33 (0.093)
62.82 (0.129)
67.12 (0.092)
74.02 (0.080)
8.3942
(0.0046)||

Relative peak intensities of fitted pXRD peaks for magnetites with varying stoichiometries

Nanoparticulate magnetite (xd)
(hkl)
Ref.*
LP†
0.00
0.16
0.25
0.26
0.33
0.36
0.42
(111)
8.2
4.4
B.D.‡
5.0
4.7
5.7
7.4
B.D.‡
5.2
(220)
28.4
23.7
32.5
34.3
24.2
27.9
31.2
22.9
29.9
(311)
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
(400)
8.1
23.2
26.6
32.1
27.0
30.9
34.2
29.7
32.4
(422)
9.2
7.5
10.0
7.5
8.0
7.6
7.3
10.0
6.5
(511)
24.3
31.7
24.8
24.4
25.3
29.9
27.3
40.9
28.4
(440)
41.7
30.9
43.9
60.2
45.9
47.8
46.1
69.5
43.6
* Nakagiri et al. (1986).
† LP = Large particulate magnetite (xd, xMS = 0.50).
‡ Below detection limit (<3% of maximum intensity peak).
§ Values reported are the average of five identically prepared samples. Parenthetic values are the standard deviation between samples.

take. As a result, caution should be taken in further interpretation of spectra and pXRD patterns, as the Mössbauer hyperfine
parameters and the (111) pXRD relative peak intensities are
likely to be dependent upon factors besides stoichiometry. Acidic
dissolution is thus a favorable characterization choice, as it will
be independent of particle size and synthesis method, although
it will not address sample impurities. The robust trend observed
for the pXRD data, however, suggests that the unit-cell length
(a) is likely directly related to stoichiometry and is thus probably
immune to the influence of synthesis methods.
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