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Experimental methods in chemical engineering:
Mossbauer spectroscopy
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energy, just like a gun recoils after shooting a bullet. Nuclei bound to a crystal
lattice conserve energy when they absorb or emit gamma rays from a nuclear
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transition as they are fixed so their movement is restricted. This restriction is
recoilless nuclear resonance fluorescence—the Mossbauer effect. The energy
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Montréal, Montréal, Québec, Canada and magnetic properties but only when the atoms in the source and sample

Correspondence are the same isotope—>"Co/*’Fe is the most common couple. So, many of its
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applications are to identify iron species or how they change as a function of
environmental conditions, like corrosion. A bibliometric map identified six
major clusters centred around: nanoparticles and magnetite (Fe;0,4), crystal
structure and spectroscopy, oxidation and catalysis, X-ray diffraction (XRD)
and Raman spectroscopy, 57Fe and cathodes, and Co and thin films. In the last
30 years, the number of articles per year that mention the technique has hov-
ered around 1250. More recently, Mdssbauer spectroscopy has experienced a
great rediscovery, particularly in the industrial sector for the solution of some
problems, but also in space exploration.

KEYWORDS

corrosion, Mars, Mossbauer spectroscopy, phase transition, valence

1 | INTRODUCTION

Mossbauer effect. The extraordinary potential of this
phenomenon was soon directed to the development of a

In 1957, Rudolf L. Mdssbauer was a promising student of
the Technical University in Munich and at the Max-
Planck Institute in Heidelberg working on his doctoral
thesis under the supervision of professor Maier-Leibnitz.
He discovered recoilless emission and absorption of
gamma rays from nuclear transitions."! Only a few
years later, in 1961, he was awarded the Nobel Prize in
Physics at the age of 32 and his discovery took the name

new type of spectroscopy (Mdssbauer spectroscopy, MOS)
that has rapidly contributed to a large number of research
disciplines, such as solid state research, physics, chemistry,
industry, metallurgy, biology, geology, cultural heritage,
archaeology, and planetary exploration (Figure 1).4°°
MOS represents a powerful tool to investigate electronic
structure, magnetic behaviour, phase transitions, molecular
symmetry, and bonding properties of numerous materials.
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It is a non-destructive technique giving quantitative infor-
mation on hyperfine interactions, which are very small
energies from the interaction between the nucleus and its
neighbouring electrons and represent the fingerprint of
each material.

Although not all materials contain Mdssbauer-active
nuclides and the recoilless nuclear resonance absorption
of gamma rays is observable only in solid samples, over
the years, solutions have been found, for example by dop-
ing with small amounts of active nuclides (mainly °’Fe)
and working on frozen solutions. More recently, two
extraordinary instrumental advances have revolutionized
this technique: the miniaturization of the spectrometer
(miniaturized Mdssbauer spectrometer, MIMOS)”! and
the use of a synchrotron radiation as the source.®!

This tutorial review is part of series dedicated to
experimental methods in chemical engineering.m We
first introduce the basic fundamentals of MOS, including
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a cursory view of the instrument and the physics. We
then describe the applications and include a detailed
bibliometric map based on the top 100 keywords in the
3000 articles Web of Science (WoS) indexed in 2018,
2019, and 2020. Finally we highlight some of its uncer-
tainties and limitations.

2 | THEORY

Figure 2 features the periodic table of elements with the
Mossbauer-active elements highlighted in red. More than
70 isotopes of the more than 40 elements are Mdssbauer-
active. However, only 20 have a nuclear excited state that is
long enough or a transition energy high enough (e.g., Fe,
Sn, Ir, Ni, Ru, Au). Although M&ssbauer observed the effi-
cient y-ray emission and absorption process in '*'Ir, the
most prominent active nuclide is 5"Fe, so much so that
this spectroscopy is also known as >’Fe spectroscopy.

2.1 | Maéssbauer effect
The Mossbauer effect is defined as the recoilless emission
and absorption of gamma rays from nuclear transitions: a
nucleus with N neutrons and Z protons in the excited
energy state (E.) with a mean lifetime 7 (typically 100 ns)
emits a photon (y-ray) that another nucleus the same
number of neutrons and protons in its ground state (E)
absorbs (asborber) and, as a consequence, transitions to
the excited state of energy E. (resonance absorption). The
absorber transitions back to E; by the re-emission of a
photon of energy, y-quantum (Figure 3).

>’Co has a 270-day lifetime and is an excellent y radia-

FIGURE 1 Overview of the applications of Mdssbauer tion source for MOS. Figure 4 represents the nuclear
spectroscopy decay of *’Co by electron capture, leading to >’Fe in the
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FIGURE 2 The periodic table of elements. The red coloured elements are Mssbauer-active
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FIGURE 3 Recoilless emission and absorption of gamma rays

from nuclear transitions
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FIGURE 4 (Left) Nuclear decay of *’Co leading to *’Fe

emitting y-rays; (right) y-rays absorption by another nucleus

excited state (136 keV) with nuclear spin quantum num-
ber I = 5/2, that decays to the ground state (I = 1/2)
directly or through a 14.4 keV energy level (I = 3/2; half-
life ~ 100 ns) emitting a y-ray of 14.4 keV, that can be
absorbed by an absorber nucleus.

Resonance absorption happens only when then emis-
sion and absorption lines overlap. Free atoms or molecules
(e.g., liquids or gases) lose energy due to recoil: the nucleus
carries away momentum equal to and in the opposite direc-
tion of the emitted y-ray (no resonance is possible). Atoms
and molecules in the solid state absorb y -rays without a
corresponding change in momentum and the absorption
resonates when the lines overlap—recoilless emission.
Mdssbauer demonstrated experimentally that cooling the
source and the absorber to a temperature close to that of
liquid nitrogen, the emitting nucleus was incapable of
recoiling by itself. At sufficiently low temperatures, atoms
are so tightly bound to each other in the crystal lattice
that they are incapable of recoiling.

A typical Mossbauer spectrum consists of a plot of rela-
tive energy transmission versus a series of Doppler velocities
of the source. In fact, if both the emitter and absorber have
an identical local coordination, the Mdossbauer spectrum
will be a single peak with a Lorentzian line shape
(Figure 6A). However, in realty, the source and the absorber
have a different local environment, causing a shift of the
nuclear energy levels. Even though these energy shifts are
very small (neV, peV), they correspond to large changes in

Drive Source Collimator Sample Detector
FIGURE 5 Schematic of a Mdssbauer spectrometer
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FIGURE 6
spectra: (A) free atom decaying from excited to ground state,

(B) isomer shift, (C) electric quadrupole splitting, and (D) magnetic
Zeeman splitting

Hyperfine parameters observed in Mossbauer

absorbance. To bring the emitter and absorber in resonance,
it is necessary to change the gamma ray energy. This is pos-
sible by exploiting the Doppler shift.

A conventional Mossbauer instrument consists of a
velocity driver that moves a radiation source (typically >’Co)
generating y -rays (Figure 5).°! A collimator concentrates
the radiation onto a sample that is less than 1 to 5 g (50 pm
thick).*®! They pass through the sample and reach a NaI(TI)
scintillator detector or YAIO5(Ce).™"! The role of the drive,
which is generally a velocity transducer, is crucial because it
moves the source in a carefully controlled mode, shifting the
energy of the source y-rays exploiting the Doppler effect. This
is necessary in order to allow a partial overlap between emit-
ter and absorber. The velocity of the drive, mm s, is the
conventional unit for the x-axis of Mdssbauer spectra.

The detector measures the number of y -photons as a
function of the speed of the drive and the peaks represent
the decreased intensity due to the absorption by the sam-
ple (in fact the peaks go down in the standard representa-
tion of the spectra).
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2.2 | Hyperfine interactions
Typically, three types of hyperfine interactions can be
observed by MOS that represent the Mssbauer parame-
ters: isomer shift (6) (Figure 6B), electric quadrupole
splitting (AE,) (Figure 6C), and magnetic Zeeman split-
ting (AEy) (Figure 6D).

From these three parameters, the oxidation state, the
mineral phase identity, and in some cases the particle
size of a sample, can be determined.

2.2.1 | Isomer shift (6)

This parameter is related to Coulomb interactions
between protons in the nucleus and neighbouring elec-
trons (mainly s electrons). Although the electronic wave
functions cannot overlap with the nucleus, this is not the
case for s electrons having a finite probability to pene-
trate the nuclear volume. The overlap between electrons
and nucleus changes the nuclear energy levels, leading to
energetic changes in the entire system. This energy varia-
tion appears as a shift of the peak with respect to the res-
onance energy, = Esource — Eabsorber (Figure 6B). The
isomer shift relates to the oxidation state of the nucleus,
its spin state, and its bonding properties. Figure 7 shows
isomer shift expected for iron compounds that differ from
oxidation and spin state.

2.2.2 | Electric quadrupole splitting (AE,)

If at least one of the nuclear states involved in the
Mossbauer effect has an electric quadrupole moment
(I <1/2) and if at the same time the electric field around
the nucleus is heterogeneous (e.g., because of non-cubic
distribution of the valence electrons around the nucleus
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. Fe(l) S=1/2
I Fo(ll) S=2
 Fe(ll) S=1
I Fe(ll) S=0
I Fe(lll) S=5/2
. Fe(lll) S=3/2
(1) S=1/2
I Fe(lV) S=2
B Fe(lV) S=1

1 1 1 1 1 1 1 1
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Bl Fe(VI) S=1
1 1 1

FIGURE 7
for oxidation and spin states

Range of isomer shifts in iron compounds differing
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and/or non-cubic lattice surroundings), electric quadru-
pole interactions split the nuclear energy level into two
substrates having magnetic quantum number m; =3/2
and +1/2, respectively (Figure 6C). Figure 8 shows typi-
cal quadrupole splitting for three iron complexes.

The Mdssbauer spectrum of the low spin complex
K4[Fe(CN),] (Figure 8, top) does not show electric quad-
rupole splitting thanks to the regular octahedral symme-
try of the six CN-ligands allowing the six valence
electrons to be organized in a cubic symmetry. The
replacement of one of the CN-groups by another type of
ligand (e.g., NO) causes a significant distortion of the
cubic symmetry, leading to a quadrupole splitting
(Figure 8, bottom). In the case of the high spin complex
[Fe(H,0)6]SO,4- 7H,0, the non-cubic distribution of the
six valence electrons is responsible for the quadrupole
splitting (Figure 8, middle). In fact, the five d orbitals,
split owing to Jahn-Teller distortion, contain the six
valence electrons in order to have the lowest orbital occu-
pied by two electrons, whereas the other four orbitals are
each occupied by one electron.!'?

2.2.3 | Magnetic Zeeman splitting (AEj,)

Zeeman splitting occurs when the nuclear states involved
have a magnetic dipole moment and a magnetic field is
present at the nucleus. The interaction between the

|
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FIGURE 8
differing for spin and oxidation states

>7Fe Mossbauer spectrum of three Fe compounds



BIANCHI ET AL.

nuclear magnetic dipole and the magnetic field at
the nucleus splits the nuclear states having I>1/2 into
2 +1 substates characterized by the magnetic spin quan-
tum numbers m;. For a nuclide such as 'Fe, having a
I'=1/2 ground state and a I = 3/2 excited state, this inter-
action leads to a ground state doublet and an excited state
quadruplet. The Mdssbauer spectrum is thus magneti-
cally split into a sextet. In the case of a single magnetic
dipole interaction, the Mossbauer peaks are equidistant
(Figure 6D). This is not true when both magnetic dipole
and electric quadrupole interactions are present. In this
case, Figure 6D is an approximation. The sublevel struc-
ture is more complicated, and the six peaks are not equi-
distant. When the magnetic interaction is much larger
than the quadrupole interaction, the inner four peaks
shift to the left and the outer two peaks to the right if the
quadrupole interaction is positive (the opposite occurs for
a negative quadrupole interaction). The shift of each line
is known as the quadrupole shift (¢) and is proportional
to the electric field gradient at the nucleus.

2.2.4 | Magnetically ordered materials

Though the application of an external magnetic field to the
sample is often exploited in MOS, especially to improve the
resolution of complex spectra, it is the presence of an inter-
nal magnetic field in magnetically ordered (i.e., ferro-, ferri-,
or antiferro-magnetic) Mossbauer-active materials that
makes MOS such a powerful technique. This is especially
true for the important oxides of Fe, which magnetically
order at critical temperatures T, spanning a wide range of
temperatures from 950-78 K. Above T., a Fe oxide is
paramagnetic and its Mdssbauer spectrum typically con-
sists of a quadrupole-split doublet. Below Mdssbauer, the
magnetic splitting due to the internal field dramatically
splits the spectrum into a sextet. The widely dissimilar
temperature dependence of the Mdssbauer spectra, cau-
sed by magnetic phase transitions, and the considerably
different Mdssbauer parameters among the Fe oxides,
make MOS a powerful technique to identify, character-
ize, and quantify the Fe oxides in complex mixtures. For
instance, lepidocrocite (y-FeOOH) is paramagnetic at
room temperature (20-25°C) and its Mossbauer spectrum
consists of a quadrupole-split doublet; it becomes a sextet
only below T. =77 K, when lepidocrocite becomes mag-
netically ordered. Conversely, goethite (a-FeOOH) is
already antiferromagnetically ordered at room tempera-
ture (T. =400 K) and its Mossbauer spectrum is a sextet
down to 4.2 K. Finally, akaganeite (f-FeOOH) is para-
magnetic at room temperature, its spectrum displaying
two quadrupole-split doublets, but it antiferromagneti-
cally orders when cooled down to (~240 °C) and its
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spectrum then consists of a sextet with asymmetric lines.
It is thus clear that these three Fe oxides can be easily
identified and quantified by collecting Mossbauer spec-
trum at a few temperatures. When a magnetically
ordered Fe oxide is present as small particles (<1 pm), it
can be in the superparamagnetic regime, when the mag-
netization, and hence the internal field, rapidly changes
its space orientation due to random thermal motion. In
this case, the magnetically split sextet collapses in a
quadrupole-split doublet. Since superparamagnetism
strongly depends on particle size and temperature, the
former can be measured by collecting Mdssbauer spectra
below T.. Finally, MOS is very sensitive to °’Fe (and few
other isotopes) and insensitive to many elements and iso-
topes (Figure 2), and this makes MOS a technique of
choice for samples where the Fe oxides are too low in
concentration or in crystallinity to be investigated and
quantified by X-ray diffraction (XRD).

3 | APPLICATIONS

MOS is an elegant tool that researchers apply in indus-
trial sectors,*3! biology,'* cultural heritage (art and
archaeology),''>!®! and so on. In the last 3 years, WoS
has indexed 3000 articles that mention the technique, of
which one-third were in the category of multidisciplinary
materials science.'”! Condensed matter physics was
ranked second among WoS scientific categories during
this period with 555 articles, followed by physical chemis-
try (545), applied physics (389), and multidisciplinary
chemistry (373). Chemical engineering was tenth with
120 articles. Compared to Raman and Fourier transform
infrared spectroscopy (FTIR), which grew from 1000 arti-
cles per year in the late 1980s and early 1990s to over
20000 in 2020,'®1°1 MOS has stagnated at 1250 100
(n=30) since 1991. These three techniques address the
molecular level changes and reactivity (bottom rows of
Figures 9 and 10), but MOS has been less successful inte-
grating operando versus the other two.!?!

VOSViewer online software builds word maps based
on bibliometric data indexed by WoS and Scopus. It
grouped the 100 most mentioned keywords of the 3000
articles published in 2018, 2019, and 2020 into six clusters
(Figure 11). The red cluster has 24 keywords and is
centred on nanoparticles (NPs), Fe;O4, and microstruc-
ture. Crystal structure and spectroscopy were the two
most mentioned keywords in the green cluster that had
23 keywords. The blue cluster with almost as many key-
words (21) contains FeOx, oxidation, and oxide. The close
proximity of FeOx and Fe;0, demonstrates that they are
closely related even though they assigned to different
clusters. Yellow, magenta, and light blue clusters are all
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FIGURE 9 Spectroscopic techniques in catalysis.>>*?!! Class
A techniques (left side of the figure) probe the nature of the phases.
Class B instruments (centre) measure composition while Class C
instruments (right side) assess morphology (Figure 10). MOS
(Mdssbauer spectroscopy) straddles all three columns at the
molecular level (bottom row), which includes coordination,
valence, electronic energy levels, and reactivity. Techniques in red
are the most frequently applied in Can. J. Chem. Eng."”!

Bulk (plus surface)

A( Nature | B c
of Composition Morphology
phases
Surface J \
Y y \ 4
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Shape Distribution ‘ Acidity { A — ] SETE
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[ Coordination, valence, e~ energy levels ][ Reactivity ]

FIGURE 10 Physico-chemical properties corresponding to the
analytical instruments in Figure 9.12% Typically, we consider the
surface to include up to the first three atomic layers (1 nm, but here
several of the analytical techniques, like energy-dispersive X-ray
spectroscopy (EDX), penetrate to 1 pm)

closely related as they are concentrated in the same area.
XRD, Raman, and FTIR are the most common spectro-
scopic techniques that researchers apply with MOS. *’Fe
and Co are the two most common keywords for the yel-
low cluster and magenta cluster, respectively.

The journals that published the most articles include
Journal of Magnetism and Magnetic Materials (148 of the
3000 articles), Journal of Alloys and Compounds (119), and
Inorganic Chemistry (92). Of the 3000 articles, the top three
cited were related to catalysis: ‘Microporous Framework
Induced Synthesis of Single-Atom Dispersed Fe-N-C Acidic
ORR Catalyst and Its in Situ Reduced Fe-N4 Active Site
Identification Revealed by X-ray Absorption Spectroscopy’

BIANCHI ET AL.

(metal organic frameworks),** ‘Alumina-Supported CoFe
Alloy Catalysts Derived from Layered-Double-Hydroxide
Nanosheets for Efficient Photothermal CO, Hydrogenation
to Hydrocarbons’ (Fischer-Tropsch type reactions),*”! and
‘Highly Efficient and Sustainable Non-Precious-Metal
Fe-N-C Electrocatalysts for the Oxygen Reduction Reac-
tion’.1®! Applied Catalysis B: Environmental published some
of the most cited articles in the chemical engineering science
category: ‘Degradation of Atrazine by Zn,Cu,;-xFe,O, Nano-
material-Catalyzed Sulfite Under UV-Vis Light Irradiation:
Green Strategy to Generate SO,-’,*”! ‘Methanation of CO, on
Iron Based Catalysts,*®! and *Controlled Formation of Iron
Carbides and Their Performance in Fischer-Tropsch Synthe-
sis’.*! Finally, the lively interest in the industrial applica-
tions of MOS is witnessed by the ISIAME (International
Symposium on the Industrial Applications of the Mdssbauer
Effect) conference series, held every 4 years since the early
1980s.

3.1 | Mineral identification
MOS determines valence states (oxidation and spin state),
local symmetry, and magnetic properties (Figure 10).
Researchers apply it most to differentiate Fe*" from Fe®"
and identify their local coordination from the isomer shift
and AE,. The technique is nondestructive, which is an
advantage compared to conventional analysis of soils and
sediments that generally require a strong acid to
completely dissolve the matrix before applying a spectro-
photometric technique. Thanks to its high sensitivity and
selectivity, MOS identifies traces of iron species in min-
erals. In some respects, MOS is similar to X-ray powder
diffraction (XRPD) because it produces a fingerprint for
each mineral on the basis of the hyperfine parameters
(6, AE,, and AE)) but is capable of quantifying amor-
phous phases undetectable by XRPD.

MOS contributes to characterizing green rust, which
is a mixture of unstable hydroxyl salt minerals'>!:

[FeX* FeX* (OH),|™" [(x/m)A"™ -(m/n)H0~ (1)

where A "~ is the intercalated anion (typically SO,*~,
CO,%", and CI7), Y strongly affecting anoxic groundwater
and soil horizon. Miniaturized MOS is capable of measuring
oxidation states and the intermediate phases of green rust of
the highly unstable complexes in air much better than tradi-
tional spectroscopic techniques.***! Even though the tech-
nique clearly differentiates Fe*" from Fe®", because the
spectra have two distinct doublet peaks, in reality the high
oxygen-sensitivity distorts Fe*" and thus Fe*"/Fe*" and mul-
tiple signals appear. However, reducing the experimental
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FIGURE 11

Méssbauer spectroscopy bibliometric map of articles indexed by in 2018, 2019, and 2020 (3000 articles)."*”>*! The plot

comprises 100 of the most often mentioned keywords grouped in six clusters by the VOSViewer software (distinguished by their colour and
the general close proximity). The size of the circles and fonts are proportional to the number of articles: NP (357 articles), crystal structure
(256), FeOx (165), °"Fe (126), Co (128), and XRD (248). The smallest circles for each category are MOF (metal organic framework, 36),
kinetics (38), solid solution (40), and crystallization (40), conductivity (40), and nano-crystal (n-crystal, 47). Lines represent citation links.
Five keywords were removed from the map because of their size: Mdssbauer (1623), magnetic properties (549), Fe (437), temperature (236),

and performance (109)

temperature mitigates the abiotic oxidation.*®! By exploiting
the hyperfine parameters, information on anions can also be
retrieved (Table 1).*”)

The Fe*"/Fe®" depend on the oxidation level of the
green rust and are sensitive to background noise, espe-
cially that related to the presence of Fe-based clays.!*®!

3.2 | Corrosion

Corrosion represents a major economic burden in indus-
try. Because corrosion products are mainly iron oxides
and oxyhydroxides, MOS is particularly effective to study
the process. Moreover, MOS characterizes and quantifies
very small dispersed particles ( < 10 nm), where generally
XRPD fails (Figure 12). The necessity to investigate the
composition of thin surface layers of bulk materials is
particularly important in some sectors, as in the case of
industrial field. In this regard, conversion electron
Mossbauer spectroscopy (CEMS) is a powerful tool for

TABLE 1 Green rust Fe**/Fe*" ratios measured by Mossbauer
spectroscopy!>”!
Fe’'/Fe3" Anion
1.9 SO~
2.7 CI™
1.9 CO5>"

qualitative and quantitative analysis of iron containing
surface layers. CEMS is especially well suited to investi-
gate a few hundreds thick surface of solids. Conse-
quently, this approach is appropriate to measure sample
thickness, composition of the corrosion layers, and other
physico-chemical properties.[*’!

Magnetite Fe;O, has an inverse spinel structure con-
sisting of an fcc lattice of oxide anions, where one-eighth
of the tetrahedral sites are occupied by Fe*>" ions and half
of the octahedral sites are occupied by Fe*" and Fe*"
ions equally. The formal composition of magnetite can be



BIANCHI ET AL.

is why it looks red. NASA’s researchers equipped Spirit
and Opportunity, twin Mars Exploration Rovers, with an
MOS (MIMOS II instrument) to sample Mars’ soil to detect
traces of water, the basic conditions for life.l*! Exploring
Meridiani Planum, Opportunity made a very exciting dis-
covery: it recorded the Mdssbauer spectrum of the ferric sul-
phate hydroxide mineral jarosite, KFe;(SO4),(OH)s, the
best evidence of water on the planet that in the past perco-
lated through the rocks.[*?! It then demonstrated that at
Meridiani Planum, 2% of water in the sedimentary rocks
arises from jarosite alone. In the same year on the opposite
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FIGURE 12 °’Fe Mossbauer spectra of iron oxides. Left: >"Fe

Mdssbauer spectra of iron oxides acquired at 295 K. Right: >’Fe
Mossbauer spectra of p-FeOOH and y-FeOOH acquired at 295 K
and at liquid nitrogen temperature (80 K) show the magnetic
ordering of the former at T > 80 K. Adapted from Giitlich and
Garcial*”

written as [Fe*" |eual Fe* Fe* ]oea[O* 4. Above 850 K
(T.), magnetite is paramagnetic and its Mossbauer spec-
trum can be resolved in a singlet due to the tetrahedral
sites and a quandrupole split doublet for the octahedral
sites. Below T, magnetite has overlapped sextets related
to Fe*" ions in tetrahedral sites, and a second one in the
superposition of two sextets arising from Fe*" and Fe*"
ions in octahedral sites that are indistinguishable at room
temperature because of rapid electron transfer between
the two ionic species. Below the Verwey temperature
(120K), the Mossbauer spectrum of magnetite becomes
complicated due to the reduction of crystal symmetry.

Haematite, a-Fe,03, is antiferromagnetically ordered
below T, =995 K. Above T., it has a quadrupole split dou-
blet. At room temperature, the spectrum comprises a sextet.
Owing to very small difference in size of the internal mag-
netic field, the MOS spectra of a- and $-Fe,0; are indistin-
guishable, but, by adjusting temperature, the oxyhydroxides
a-, f-, and y-FeOOH can be identified. In fact, at room
temperature a-FeOOH (Goethite) displays a magnetically
split sextet, whereas - and y-FeOOH show a broad band.
However, lowering the temperature down to 80, f-FeOOH
undergoes a magnetic order phase transition showing a
split sextet, whereas y-FeOOH still exhibits a large broad
band. In fact, even lower temperatures are required to
magnetically order y -FeOOH (~ 30 K). MOS is now
applied routinely to resolve common industrial corrosion
problems, such as identifying finely dispersed particles that
form in the cooling systems of power plants.!**!

3.3 | Discovering Mars

Iron oxide pigment covers most of the surface of
Mars and it is widely dispersed in the atmosphere, which

side of the planet (Columbia Hills) the twin Mars Rover
Spirit analyzed the composition of the rocks, discovering a
mineral rich in Mg and Fe and poor in Ca that constitutes
16%-34% of the rocks.**! A humid environment rich in
CO, can account for high concentration of carbonate in the
rock. These discoveries have strongly contributed to
increasing the interest of the international scientific com-
munity towards exploring the Red Planet, which still repre-
sents one of the greatest human challenges.

4 | UNCERTAINTY

The accuracy of MOS analyses is related to four primary
independent sources of uncertainty: errors fitting the
Mdssbauer spectra (o ), errors associated with the cali-
bration reference materials (o¢, ), thermal corrections to
the spectra because of second order Doppler shift (ca5),
and other experimental errors like assuming a flat back-
ground (Gerr)[44]

2_ 2 2 2 2
05 = Ofj + Ocal + OAs + Oerr (2>

The greatest contribution to uncertainty comes from the
complexity of the Mdssbauer spectra and degraded spec-
trum line sharpness. For magnetite nanoparticles (blue
cluster and red cluster), the contribution of cerr t0 Ggelta
was negligible.!**! Above 120°C, o5, contributes most to
the variance while below 120°C, 6,5 contributes most
(Figure 13). o is insensitive to temperature.

In general, the errors introduced by calibration are negli-
gible compared to other errors: larger contributions come
from sample contamination of compounds having similar
nuclides, temperature variations during spectra acquisition,
and so on. Based on Figure 13, the calculated magnetite con-
tent in the samples at each temperature were 4(1)% at 16 K, 5
(6)% at 120 K, 41(33)% at 250 K, and 9(6)% at 295 K. Even
when constant uncertainty values are reported (0.005 and
0.01 mm s~ *) and the detection limit for complex Mdssbauer
spectra is considered to be within a few percent,*>*! in
realty numerous other parameters are involved and have to
be taken into consideration to minimize approximations.
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FIGURE 13 Contributions to the uncertainty as a function of

temperature for magnetite nanoparticles.**! The y-axis scale to the
left goes with the blue symbols. The y-axis scale to the right goes
with the dark green symbols. The lines are trend lines only. The
contribution from o (Equation (2)) is negligible

MOS is a sensitive technique thanks to the high energy of the
detected y photons (14.4 keV for °’Fe) and the narrow
natural linewidth (~107%eV), the latter showing that
MOS is also a high-resolution technique. However, MOS
is ill suited for chemical analysis since relating the
absorption intensity to the amount of the resonant iso-
tope in the sample involves several parameters (e.g., the
recoilless fraction). Thus, the determination of the abso-
lute concentration of a compound by MOS is hardly pos-
sible. Conversely, if several compounds of the resonant
isotope are present in a sample, it determines relative
amount accurately.'*”!

We now focus on *’Fe as the resonant isotope since it is
the most investigated and industrially important. The best
compromise between sensitivity and reliability of the spec-
tral quantification is achieved using a specimen of areal
density ~10 mg c¢cm 2 of iron, a value that considers
the natural abundance (2.14%) of *’Fe, that is, it refers
to all iron isotopes.*”! This value corresponds to a thin
specimen of solid Fe metal or oxide (< 50pum) or to a
millimetre-thick sample containing a few percent of
Fe. To the best of our knowledge, a detailed study of the sensi-
tivity of MOS to the relative amount of the iron phase has not
been published. A literature survey of MOS, as used to quan-
tify iron oxide phases in industrial samples, leads to the rea-
sonable estimate that the sensitivity limit of MOS to the
relative amount of iron oxide phase is = 5%. In the follow-
ing, the given percentages all refer to relative amounts.
In fine steel corrosion particles formed in the cooling sys-
tem of a power plant, comprising a complex mixture of
six iron oxide phases, 2% of /y-FeOOH was detected by
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MOS.**! The MOS analysis of steel corrosion products in
different environments could detect 3% of y-FeOOH in
samples mainly consisting of a-FeOOH.*®! In a different
context, MOS was used to analyze samples at different
stages of coal production in a South African plant. As
low as 10% of jarosite [KFe;(SO,4),(OH)s] in a sample of
as-mined coal and 8 % of an unidentified Fe(III)-
containing species in coal ash were determined (the coal
ash contained just 0.05 gg~' of iron oxide). Similar sensi-
tivity was demonstrated in studies of iron-containing
natural sediments.'*! Finally, an interesting application
of MOS to an element different from iron is the analysis
of gold-containing samples from the Fairview BIOX plant
in South Africa by '*’Au MOS. As low as ~ 6% (relative
amount) of chemically-bound Au was detected after the
oxidation stages.!*"’

5 | CONCLUSIONS

MOS research has reached a plateau of 1000 articles/year
over the last two decades, which is an order of magnitude less
than nuclear magnetic resonance (NMR), which reached a
plateau of 20 000 in 2015.5" In the early days (up to 1975) as
many as 70% of the articles mentioned Mossbauer in the title,
but this fraction linearly decreased with time to the present-
day value of about 20%. This spectroscopic technique is
well-established and constitutes a tool for chemical-physical
characterization rather than a focal point of research. Inter-
estingly, the relative proportion of these articles is the same
since 1985, with physics accounting for more than one-third
of the papers, chemistry about one-fourth, and material
science about one-fifth—these three fields account for 80%
of the MOS articles. Space research is an exciting field of
application, but down on Earth much is concentrated on
corrosion and material identification rather than quantifica-
tion. Another application identifies Fe impurities in Si for
electronic and solar panel applications. The measurement
error is lowest for magnetite, for example, below 100 K, while
the standard deviation exceeds 30% at 250 K.
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