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Abstract. Chemical and structural information as obtained by Mössbauer spectroscopy when
applied on the study of the catalysts under controlled temperature and pressure of the sample
environment or under conditions close to the reaction ones is reviewed. Several cells for these in situ
or operando measurements, respectively, are described: working at high and/or low temperature,
under vacuum or rather high pressure, in a static atmosphere or in a flow, in gas or liquid phase, in
the presence of magnetic fields or by applying the electric field. Examples of catalytic reactions being
studied in such in situ cells are given, focusing on the oxide catalysts either crystalline or amorphous
or on the oxide supported catalysts. The advantages of in situ measurements were noticed, especially
for unraveling the reaction mechanism.
Key words: Mössbauer spectroscopy, in situ Mössbauer cell, oxide catalysts, oxide supported
catalysts.

INTRODUCTION
Since its discovery in 1958 [1], Mössbauer (or nuclear γ resonance) spectroscopy
has found considerable applications within the area of materials science and has
demonstrated remarkable success in both pure and applied [2] research. The
parameters such as isomer shift, quadrupole splitting and magnetic hyperfine
splitting, which may be extracted from a Mössbauer spectrum, allow a detailed
analysis of the chemical state of certain atoms within the material. Mössbauer
spectroscopy has penetrated also into the problems dealing with the catalyst
systems, the studies being carried out either before or after the sample is actually
used as catalyst in a given process. Furthermore, for some isotopes it is possible to
determine these parameters at high pressures and temperatures and various gaseous
environments namely under conditions close to catalyst operating conditions. For
example, Mössbauer spectroscopy has played a key role in the in situ characterization
of iron catalysts for ammonia and Fischer-Tropsch synthesis. In addition, the recent
development of conversion electron Mössbauer spectroscopy enhances the surface
sensitivity of this technique, enabling systems that are not microcrystalline to be
studied and also allowing to obtain spectra from various depths within the solid.
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Extensive reviews of applications of Mössbauer spectroscopy in catalysis are
available in the literature (e.g., [3–7]), especially for catalyst characterization, but
there are a few in situ Mössbauer studies. Oxide catalysts have particular features
among the catalysts from this point of view and they need a special attention. That
is why, in the following, after summarizing the essential features of Mössbauer
spectroscopy and describing some Mössbauer cells for in situ measurements,
recent in situ applications of this important analytical technique in heterogeneous
catalysis on oxide catalysts (either bulk oxides with different structures, metallic
ions upon oxides or even metals supported onto oxides) are presented, along with
other types of catalysts. Some results obtained in the laboratory of the authors are
included as well.
1. MÖSSBAUER SPECTROSCOPY
1.1. MAIN PARAMETERS
Mössbauer spectroscopy is based on the incorporation of the emitting and
absorbing nuclei within a solid matrix, which enables resonant recoil free
absorption and emission of γ-rays. Its importance lies in the very narrow line
width of the emitting photon resulting from the relatively long lifetime of the
excited nuclear state – typically of 10–8 s, corresponding to a natural line width of
the order of 10–8 eV – and the consequent ability to probe the variations in nuclear
energy levels resulting from any discrete changes in the chemical state and/or
environment of the Mössbauer nucleus. Such changes in nuclear energy levels are
measured by modifying the energy of the probing γ-rays by applying a Doppler
shift: a Mössbauer spectrum therefore consists of a plot of counts against applied
Doppler velocity (positive and negative), the velocities corresponding to the
addition and subtraction of Doppler energy shifts to the γ-ray energy.
Mössbauer active elements are given in Fig. 1.

Fig. 1 – Mössbauer active elements in the periodic table.
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The list of the isotopes suitable for convenient studies is short (57Fe, 57Co,
119Sn), but investigations on other nuclei (67Zn, 99Ru, 121Sb, 125Te, 129I, 151Eu,
155Gd, 193Ir, 197Au, etc.) can also be accomplished with extended facilities.
Significant recoil-free-fractions occur only for? γ energies less than 150 keV.
Whilst some isotopes have quite low energy γ rays, as the energy of the γ ray
increases so does the necessity of collecting data with the sample and or source at
low temperatures. Thus, for 121Sb Mössbauer it is customary to hold both the
source and sample at temperatures close to liquid nitrogen temperatures (or lower).
This limitation obviously means that high temperature Mössbauer work is possible
only for a limited number of elements (57Fe, 119Sn, 151Eu). The combination of
natural abundance of the isotope (sometimes leading to the necessity of working
with isotope-enriched samples) coupled with the half-life of the source also limits
to some extent the feasibility of a study. 181W (Mössbauer source for 181Ta) for
example, has a half-life of 140 days and a natural abundance of 99.99 %. For nickel
(61Ni isotope) the source 61Co has a half-life of 99 min and a natural abundance of
only 1.25 %.
More than 70% from Mössbauer studies are carried on 57Fe isotope. In Fig. 2
the decay scheme for this isotope is presented along with the processes which
accompany the γ-ray absorption.

Fig. 2 – Decay scheme for radioactive source used for 57Fe isotope
and the processes which accompany the γ-ray absorption.

a) Isomer shift (σ) arises because the nuclear energy levels are sensitive to
changes in electron density at the nucleus, from differences in local topology as
well as in valence state of the Mössbauer isotope. Screening effects from orbitals,
which do not have a finite electron density at the nucleus, modify the value of the
isomer shift. Consequently, changes in valence charge resulting from the addition
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or removal of (d) electrons also modify the value of the isomer shift. It is, therefore,
possible to determine changes in oxidation state, or gain an indication on the
strength of bonding between the Mössbauer isotope and the surrounding atoms or
ions. This ability to monitor bond strengths is particularly useful for investigating
species adsorbed. We should note that the value of σ (which must be considered
relative to the natural line width of the γ-ray) depends directly upon the difference
in radii of the ground and excited nuclear states.
To a good approximation [6] the isomer shift may be expressed as the
difference between the transition energy of the absorber and the source. Therefore,
it is necessary to quote isomer shift values relative to a particular reference. A
Doppler shift is required to produce resonance between source and absorber when
they are not in chemically identical environments. Isomer shifts are expressed in
velocity units, mm/s, and are usually given with respect to the position of a
reference such as metallic iron (Fig. 3a).

Fig. 3 – Mössbauer spectra corresponding to: a) the isomer shift;
b) the electric quadrupole splitting; c) the magnetic hyperfine
splitting; d) the case when electric quadrupole interaction is much
smaller than magnetic interaction to magnetic hyperfine splitting.

b) Electric quadrupole splitting (ΔEQ) arises for any nucleus with nuclear
spin quantum number I greater than 1/2 and which, therefore, possess a non-spherical
charge distribution. The magnitude of this non-sphericity is given by the nuclear
quadrupole moment Q, the sign of which depends on the shape of the deformation,
i.e., whether the charge distribution is oblate or prolate about the nuclear spin axis.
If the symmetry of the surrounding electronic charge is not spherical (for the
atomic electrons) or cubic (for the surrounding ions) the degeneracy of the nuclear
spin is lifted and two or more absorption lines are seen, the number depending on
the values of I in the ground and excited states.
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The Mössbauer spectrum corresponding to the quadrupole splitting present
when I = 3/2 in the excited state and I = 1/2 in the ground state (e.g., in 57Fe and
119Sn) is given in Fig. 3b.
c) Magnetic hyperfine splitting. Any interaction between the nuclear dipole
moment with a magnetic field lifts the degeneracy of the magnetic sublevels and
gives rise to 2I + 1 levels. For iron, where I = 1/2 and 3/2, this results (by applying
the selection rule mI = ± ½) to a characteristic 6-line pattern (Fig. 3c). Separation
between the peaks in the spectrum is proportional to the magnetic field at the
nucleus.
Measuring the magnetic hyperfine splitting permits to gain extremely useful
information about the magnetic properties of the compounds investigated, information
about directions of easy magnetization and size of magnetic interactions. Particle
size determination may also be made since the temperature at which magnetic
ordering occurs depends critically on the particle size.
All hyperfine interactions can occur simultaneously. In magnetically ordered
compounds with a non-vanishing electric field gradient the shape of the spectrum
depends on the relative strengths of the magnetic dipole and the electric quadrupole
interaction. Usually for catalysts, the electric quadrupole interaction is much
smaller than magnetic interaction. In this case all the peaks shift by energy E,
however, the outer lines shift in the opposite direction to the inner four lines, as
shown in Fig. 3d: a Mössbauer spectrum is presented for the case when electric
quadrupole interaction is much smaller than magnetic interaction.
d) Recoil free fraction (f – factor). A necessary condition for absorption to
occur is that the emitting and absorbing atoms form part of a rigid lattice, such that
recoil energy associated with emission and absorption of the γ-quantum is taken up
by the lattice as a whole. The probability of such an event depends on the size of
the recoil energy and the spectrum of quantified vibrational energy levels that
describes the motion of the lattice. The intensity of the Mössbauer effect is thus
determined by recoil free fraction or f-factor f = exp(–k2<x2>), where k is the wave
number of the γ radiation (k = 2π/λ), <x2> is the mean squared displacement of
atoms from their average position due to lattice vibrations. In the Debye model,
f-factor can be expressed as a function of temperature and a parameter called
Debye temperature, which indicates the stiffness of the lattice.
1.2. EXPERIMENTAL
Doppler effect is used to vary the energy of the radiation within a narrow
window. Thus, if we move the emitter towards the absorber at a velocity v, the
energy of the photon becomes E(ν) = Eo(1 + v/c), where E(v) is the energy of the γquantum emitted by the source, Eo the energy difference between the excited state
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and the ground state of the (unperturbed) nucleus, and c the velocity of light.
Whenever the energy of the incident radiation equals that of a possible transition in
the nucleus of the absorber, absorption takes place. In this way a Mössbauer
spectrum arises with one or several absorption peaks at different velocities in
transmission geometry. Practical energy range for the most used isotopes is:
57Fe 500 neV (Doppler velocities in the range of –10 to +10 mm/s), 119Sn 500 neV
(Doppler velocities in the range of –10 to +10 mm/s), 151Eu 4000 neV (Doppler
velocities in the range of –100 to +100 mm/s).
Fig. 4 shows schematically the transmission and scattering geometries of
Mössbauer spectroscopy (MS) [2a]. The normal transmission geometry investigates
iron-containing samples of thickness typically less than 30 μm. However in
scattering geometries, surfaces, coatings and thin films can be studied on substrates
and to various depths through the detection of emitted conversion electrons
(CEMS) (0–300 Å), X-rays (XMS) (0–20 μm), and γ-rays (GMS) (0–30 μm). The
toroidal proportional detector has proven to be successful for XMS studies [8],
and can be coupled with a CEMS detector for simultaneous near-surface
characterization [9].

Fig. 4 – Schematic representation of the
transmission and scattering Mössbauer
geometries, which are commonly used
for measurements.

Some of the important analytical features are as follows: ability to
simultaneously undertake bulk and surface analyses, a non-destructive technique
that can be applied in situ, fingerprint technique, high resolution, low maintenance,
sensitivity to the ion charge, particle size (volume), microscopic magnetic
measurements. The limits of the method come from the long time of data acquisition,
laborious data processing, vibration sensitive, cryogenic requirements and limited
isotopes.
Mössbauer parameters are obtained by the general methodology described
elsewhere [10, 11], by fitting the spectra with sub spectra consisting of Lorentzian-
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shaped lines using a nonlinear iterative minimization routine. Isomer shifts are
reported with respect to a metallic iron foil.
Mössbauer spectroscopy has the unique ability to fingerprint materials and in
this context there is an enormous number of catalyst applications. Its high resolution
permits all Mössbauer active materials and their quantities to be uniquely identified
by a simple comparison with a searchable database of standard spectra, that is all
that are required. More specific material properties able to be measured include
particle size (volume), microscopic magnetic properties (sublattice magnetization,
opposed to bulk magnetization) and ionic charge. Mössbauer spectroscopy
measurements are often performed in parallel with other spectroscopic techniques
such as X-ray diffraction, infrared and Raman spectroscopy, etc.
2. IN-SITU DEVICES
Mössbauer measurements on catalysts are carried out in two ways:
– standard, before or after the catalyst is used in each step of a given process
on common spectrometers;
– in situ, with the sample under given conditions of temperature and pressure
of the reacting gas, either in a static or flowing atmosphere, in a special cell. This
cell might be inserted in the Mössbauer spectrometer either during the process or
after the treatment and/or use.
Measurements and treatments can be performed from the low temperatures
(77 K or even 4.2 K, up to 800–1000 K) in various ambient atmospheres, e.g.,
under vacuum (10–2 Pa), in various reactant gases and their mixtures (most
frequently hydrogen, nitrogen, carbon monoxide, etc.). As a further extension, the
gas streams can be saturated with vapors of volatile fluids, as well.
In the case of standard measurements, conclusions about the surface state of
the catalyst during catalysis are mostly extrapolations. In the in situ case, the
surface forms should be identified with reaction intermediate with caution.
Therefore, in both cases the conclusions reached must be confirmed by other
methods, involving observation of the state of the catalyst directly during the
associated catalytic reaction.
The idea behind in situ experiments is very simple. However, its realization
meets certain difficulties, among which there are the following: (a) the selection of
an active (possibly highly dispersed) catalyst that contains a Mössbauer atom
which either directly participates in or is a “witness” of the catalytic process;
(b) designing a system that is simultaneously a catalytic reactor and a cell for
Mössbauer spectroscopy; (c) selection of a reaction with a sufficiently high rate,
the products of which do not accumulate on and poison the catalyst surface during
the prolonged contact. In addition, recording reliable Mössbauer spectra at typical
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reaction temperatures is difficult since the recoil free fraction, which is proportional
to spectra intensity, decreases rapidly with increasing temperature due to the well
known softening of lattice vibrations.
A Mössbauer spectroscopy cell for catalytic in situ studies fulfils some
requirements as follows: it has windows transparent to the γ-radiation, can operate
at temperatures of interest for reactions (up to rather high temperatures of e.g.,
1000 K) under dynamic conditions asked by the circulation of the reactants and
products of the catalytic process. At the same time, for a better observation of
hyperfine interactions, the cell has to operate at low temperatures too (usually till
77 K). The mode of operation might be that of the catalytic reactor (integral or
differential) and the flow rate of the reactant gas mixture similar as through the
reactor.
The literature mentions rather few Mössbauer measurements during the
catalytic reactions when comparing with the huge number of standard investigations.
Moreover, in situ catalytic cells are homemade in research laboratories. Sometimes
the catalysts are enriched in Mössbauer isotopes.
a) Glass cell allowing temperatures up to 700 K and gas flow
A simple system to study the catalytic processes at temperatures higher than
300 K was designed by Dumesic et al. [12] and is shown in Fig. 5. The Mössbauer
catalytic reactor is cylindrically shaped, and the two ends of this cylinder serve as
the γ-ray windows. The entire cell is made of Pyrex glass allowing studies to be
made at temperatures up to 700 K and the windows for γ-ray transmission are of
150 μm thick. During operation the catalyst, in powder form, lies in the cell as a
thin layer over the cylinder base with the cell placed in a vertical γ-ray beam; in
this position the reactant gas mixture flows horizontally over thin catalyst layer.
Connected to the reactor is the gas handling system, which supplies the reactant gas
mixture.

Fig. 5 – Schematic view of the
Mössbauer catalytic reactor and
circulation system [12].
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In one mode of operation (simple flow operation) the reactant gas mixture
passes through the reactor only once; after this single contact with the catalyst the
gas mixture is analyzed to obtain the product concentrations. During this single
pass, a measurable conversion of reactants to products must take place; therefore,
the overall reaction rate and the catalysts surface coverage by reaction
intermediates at given temperature are dependent on the gas phase concentration
gradients within the reactor, e.g., integral flow cell.
In the second mode of operation the reactant gas mixture is brought into
contact with the catalysts many times using a circulation pump, but during each
contact the extent of conversion of reactants to products is very small. After each
pass of the reactants over the catalysts the products formed are frozen out of the gas
phase using appropriate cryogenic traps, and the total pressure in the circulation
loop is measured using a manometer. To begin operation, the circulation loop is
filled with the reactant gas mixture and the gas circulation is started with the
catalytic reactor by-passed. The stopcocks are then rotated so that the gas
circulation path includes the cell.
b) Stainless steel cell working up to 800 K and 1.4 bar
A cell which facilitates the collection of Mössbauer data on absorber wafers
at temperatures up to 800 K in mixtures of adsorbing or reacting gasses at pressures
up to 1.4 bar presented in Fig. 6 [13] as a side view with the sample holder block
assembly in a raised position. A hollow boron nitride screw K and stainless steel
spacer hold the sample I (a pressed wafer of 15.88 mm diameter) rigidly in a
vertical position perpendicular to the γ-ray transmission axis. The sample is heated
by four cartridge heaters placed in holes C drilled into sample holder block H. The
large mass of the stainless steel sample holder block allows achieving a uniform
and stable temperature. Temperature gradients in the region of the sample are
minimized by mounting ultra thin aluminum foil on the machined flat surfaces at
the ends of the horizontal hole containing the absorber wafer. Two thermocouples
monitor the temperature: One touches the edge of the absorber wafer and the
second the surface of the sample holder in the annular space inside the cell. The
thermocouples are connected through feedthroughs A welded in the conflate flange.
Reactant gases enter the cell through stainless steel tube B. Gases are preheated
as they flow through block and then pass directly over the absorber wafer, giving
maximum gas-sample contact. The gases exit through stainless steel tube P that
also serves as an evacuation port.
The sample holder block is welded to the upper part of the conflate flange.
When the cell is evacuated, the annular space between the sample holder block and
the outer shell D of the cell provides good insulation. When the cell run at
atmospheric pressure, however, the outer shell heats up, and an additional heat
shield F is required to protect the Mössbauer source and the detector. The heat
shield is formed from copper sheet with Be windows N for γ-ray transmission.

436

I. Bibicu, L. Frunza

10

Fig. 6 – Mössbauer cell with variable high temperature: (a) sample holder block, (b) side view of the
cell [13]. E-gasket for conflate flange; G-Be window; J-retaining ring; K-hollow boron nitride screw;
L-cell mount; M-screws to secure cell and mount; P-gas outlet; other symbols are given in the text.
Reprinted with permission from W. N. Delgass et al., Absorber cell for Mössbauer spectroscopy of
heterogeneous catalysts at reaction conditions, Rev. Sci. Instrum. 47, 968, 1976. Copyright 1976,
American Institute of Physics.

With heat shield when the sample is at 773 K, the outer shell temperatures
less than 523 K and the source and detector remain at room temperature. In this
configuration the minimum source to detector distance is 80 mm.
c) Cell allowing to apply magnetic fields
Mössbauer cell working in situ and allowing at the same time to apply magnetic
fields [14] is presented in Fig. 7. It is designed to fit into the gap of an electromagnet
with iron pole shoes. For studies in the presence of applied magnetic fields, a main
requirement is compactness of the construction; the cell is the result of a compromise
between this requirement and the necessity for heating, cooling, admission of gases
and insulation against heat conduction. The cell is connected directly to the bottom

Fig. 7 – Mössbauer cell with variable temperature
and applied magnetic field capabilities. P are
pole shoes. a) side view of the cell; b) the cell
between the magnetic poles [14]. Permission to
reproduce is given by IOP Publishing Ltd from
B.S. Clausen et al., Mössbauer in situ cell with
variable temperature and applied field capabilities,
J. Phys. E Sci. Instrum. 12, 439, 1979.
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of a vacuum-insulated liquid nitrogen Dewar through a thin-walled stainless steel
tube. A movable piston, made of a copper disc, controls the liquid nitrogen level in
this tube. When the piston is at the bottom of the tube, the copper block is cooled to
77 K, but when the piston is raised, the liquid nitrogen and the block are separated
by nitrogen vapors below the piston. With this very simple system, temperatures
between 77 K and room temperature were obtained with a heating power of up to
about 10 W in the heating wire.
The temperature was monitored and regulated by two thermocouples. A
temperature stability of better than 0.1 K was obtained by using an electronic
regulating system. In the middle of the copper block and with its plane perpendicular
to the horizontal γ-ray transmission axis, the absorber is firmly attached by a thread
ring. The mass of the block is made as large as possible in order to achieve a
uniform and stable temperature and to reduce the vibrations. The sample is heated
by resistive wire that is in mechanical contact with the block and wound around it
in such a manner that the net magnetic field at the sample produced by the heating
current is negligible. Gases can be led into the bottom of the cell through a stainless
steel tube, which is in contact with the copper block in order to preheat the gas.
This inlet tube also serves as an evacuation tube. The gases leave at the top of the
cell through another tube. Thereby the gases are forced to pass the sample wafer.
For operation below room temperature the vacuum shield with Mylar windows was
used. For operation at high temperatures, a similar shield with ultra-thin nickel foil
windows was used. There are heat (and vacuum) shields in the direction of the
magnetic field and in the γ-ray direction.
d) Electrochemical cell working in liquid phase
An electrochemical cell for in situ Mössbauer experiments allowing experiments
in oxygen and argon saturated solutions is shown in Fig. 8 [15]. A mercury-sulfate

Fig. 8 – Mössbauer cell for electrochemical measure-ments: (a) the cell; (b) the experimental setup during
Mössbauer experiments [15]. Reprinted with permission from A. L. Bouwkamp-Wijnoltz et al., On activesite heterogenity in pyrolyzed carbon-supported iron por-phyrin catalysts for the electrochemical reduction
of oxygen, J. Phys. Chem. B 106, 12993, 2002. Copyright 2002, American Chemical Society.
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electrode was used as a reference electrode. Its compartment was connected to the
cell via agar-agar salt bridge. Two thin silicon spacers minimized the electrolyte
layer. The working electrode was made of Teflon-sintered catalyst.
The current collector was platinum in the form of a coarse mesh screen. The
cell contained two electrolyte compartments. Laminar flow of the electrolyte was
achieved by blocking one of the gas out flows and in this way, complete penetration
of the electrode with electrolyte was accomplished. Two platinum counter electrodes
were used to ensure a reasonable current distribution. The counter electrodes were
interconnected.
The Mössbauer experimental setup is given in Fig. 10 b. For the potentialdependent measurements, the cell was quickly cooled to liquid nitrogen temperature
(77 K). As soon as the electrolyte resistance reached a high value, indicated by the
overload signal of the potentiostat, the latter was turned off and the leads were
disconnected from the cell. Because of the position of the cell outside the cryostat,
the temperature could not be maintained at 77 K, but it slowly rose to about 130 K,
which then, however, remained rather constant during the experiment.
e) Cell for Mössbauer emission spectroscopy
Van der Kraan et al. [16, 17] have built a special cell (Fig. 9) in which
industrial Fischer-Tropsch catalysts can be studied by Mössbauer emission
spectroscopy (MES) in situ at rather high pressures under steam injection and
temperatures up to 723 K. It is able to handle the production of wax and continuous
catalyst test runs of up two months. The special cell consists of a high pressure
Mössbauer in situ reactor and some additional infrastructure. The main process
conditions were as follows: temperatures up to 723 K; pressures up to 20 bar;

a)

b)

Fig. 9 – High pressure Mössbauer emission spectroscopy cell: (a) schematic representation of the
cell; (b) photograph of the cell [17]. Reprinted from Catal. Today 71, 369, 2002, M. W. J. Craje et al.
The applications of Mössbauer emmission spectroscopy to industrial cobalt based Fischer-Tropsch
catalysts. Copyright 2002, with permission from Elsevier.
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10 bar steam injection (which implies that all tubing must have a heat tracing);
handling of wax production; continuous Fischer-Tropsch synthesis test runs up to
2 months; use of argon, air, hydrogen, synthesis gas; gas flow through the catalyst
sample; the reactor should be constructed of stainless steel. To get gas-flow through
the catalyst bed the catalyst was put onto a sintered metal filter (pore diameter of
5 μm), and gas flows from top to bottom. The filter thus allows the produced wax
to drain downwards into a collecting compartment. To fulfill all safety aspects the
following provisions were made: The cell consists of two pressure compartments,
the inner chamber for the high pressure and high temperature experiments and an
outer compartment to trap the radioactive 57Co in case the inner compartment (e.g.,
window) would fail. The volume of the high-pressure compartment is as small as
possible. The temperature of the outside of cell exposed to the laboratory is below
333 K. Be windows are optimized for high iron content. It should be easy to
change the catalyst sample.
The main demands on the reactor for Mössbauer spectroscopy reasons were
as follows: Catalyst sample had to be in a horizontal position. Transmittance of the
beryllium windows should be optimized within the demands of the strength of the
windows (thickness versus diameter). Distance between the catalyst sample and the
detector was minimized which implies that also the amount of reaction gas between
the sample and the detector was minimized.
f) Cell working at variable temperature and pressure (vacuum or effluent)
Longitudinal section of the Mössbauer cell for in situ study of catalysts at
variable temperature and pressure [18], realized in our institute is presented in
Fig. 10. The case of the cell is a stainless steel cylindrical body closed at one end
by a welded cover and at the other end by a flange with O-ring seal (F). Both the
cylindrical case and the bottom flange are double walled for water-cooling. Two
low-Z material windows (W) mounted with O-ring seals in the end covers allow the
passing of γ-ray along the cylindrical axis. The γ-windows are pressed against the
covers by screw caps and can be easily interchanged. A sample housing is
supported by the flange F by means of three thin stainless steel tubes in order to avoid
the vibrations of the sample container and to minimize the heat losses to the flange.
The powder sample (S), sandwiched between two thin glass textures, forms
the bottom of the chamber, while its top base is a demountable low iron thin mica
window (M). The sample holder is located in the center of the heater H. The heater
is an antimagnetic winding on a cylindrical ceramic body, concentrically placed
around the sample housing. Inlets lead the heater wires through the flange F. The
temperature is controlled by a thermocouple with the hot junction located on the
down side of the sample.
A system of stainless steel heat shields of high reflectivity protects the case of
the cell and the γ-windows: three cylinder-shape shields (E) concentrically placed
around the heater and six disc reflectors (E ′). On each side of the sample housing
there is a very thin aluminum foil obstructing the central goal of the nearest disc.
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b)

Fig. 10 – a) Longitudinal section of the Mössbauer cell at variable temperature and pressure:
Al-aluminium foil, E-cylinder shields, E’-disc reflectors, F-flange, H-heater, M-mica window,
S-sample, W-window. Reproduced with permission from D. Barb et al., Rev. Roum. Phys. 27, 395,
1982. Copyright of the Publishing House of the Romanian Academy. b) Photograph of the cell from
the γ-rays output side.

The cell is provided with three gas passages. One of them, fitted in the
bottom flange, permits the reactant enters the sample chamber. This way is used
only in flow operation, otherwise it is kept tightly closed and the upper part of the
chamber I may be removed. The other two passages welded in the cylindrical body
connect the cell with the vacuum or the effluent line. The transmission to 14.4 keV
γ - rays through Mylar windows (without sample) is of 80%. The irradiated sample
area is of 2 cm2. Due to the heat protection system and the water-cooling of the cell
case, both the source and the detector remain all time at room temperature. The
temperature stability on the whole range is better than 0.1 K.
The whole internal construction is practically completely supported by the
flange F that can be easily removed.

3. RESULTS OBTAINED USING IN SITU DEVICES

In this chapter we present some typical examples of how in situ Mössbauer
spectroscopy is commonly applied in the characterization of several catalyst
systems. Investigations concerning oxide catalysts received a special attention.
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a) Reduction of (supported) metal oxides to dispersed metal particles
An important area of research in catalysis and Mössbauer spectroscopy is the
study of small particle systems, and of particular interest in this field is the particle
size dependence of the catalytic and solid-state properties of the dispersed material.
The in situ cell (Fig. 7) was used for reduction of α-Fe2O3 supported on silica gel,
pressed to a pellet in flowing hydrogen at 703 K. Fig. 11a shows spectra of the
sample after reduction for 48 h. All the spectra were obtained with the samples in
the hydrogen atmosphere [14].
The room-temperature spectrum in zero magnetic field is dominated by
paramagnetic components, but also contains a ferromagnetic (six-line) component
of low intensity. However, application of an external magnetic field or cooling
results in a significant increase in the intensity of the six-line component, which
has an isomer shift and hyperfine field typical of metallic iron. These results give
evidence of the presence of super paramagnetic, small metallic iron particles.
From the field dependence and the temperature dependence of the spectra,
both the particle and the anisotropy energy may be estimated. The necessity of in
situ studies of such very small particles was seen from the fact that the iron was
completely oxidized to Fe3+ upon room-temperature passivation in nitrogen with
traces of oxygen.
Others studies [19] on the same system showed that the spectral area is
composed of metallic iron, with the balance made up of Fe2+ (main phase). The
Fe2+ is composed of a high-coordination or bulk Fe2+ with a larger isomer shift and
quadrupole splitting and a low-coordination or surface Fe2+ with a smaller isomer
shift and quadrupole splitting.
In Fig. 11b are presented Mössbauer spectra of the iron catalyst supported on
carbon, measured at different temperature [7, 20, 23]. The spectrum at room
temperature shows only a broad contribution in the central region, which is
difficult to be interpreted. Spectra of the same catalyst measured at lower
temperature give more information. The spectrum obtained under hydrogen at 5 K
reveals a sextet with a magnetic hyperfine field characteristic of bcc iron [20]. Thus
the spectrum at room temperature contains a singlet of super paramagnetic iron,
implying that the particles are so small that thermal excitations are sufficient to
decouple the magnetization from lattice. Consequently the magnetization vector of
each particle fluctuates rapidly over all directions and the Mössbauer transition,
which takes on time scale of 10–8 s, feels an average magnetization of zero [21].
The external field orients the magnetization vector of the particles, but thermal
excitations let the magnetization vector fluctuate, thereby making the observed
magnetic splitting a function of both temperature and applied field.
At a fixed temperature, application of the Langevin equation [22] enables
determination of the total magnetic moment per particle, which is a measure for the
number of atoms in a particle. Using this method on the Fe/C catalyst of Fig. 11b
indicates a particle size of 3.7 nm on average [20].
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Fig. 11 – Mössbauer spectra of small iron particles supported on: a) silica at
different temperatures and magnetic fields (A – room temperature, H = 0;
B – room temperature, H = 1.24 T; C – 78 K, H = 0) [14]. Permission to
reproduce is given by IOP Publishing Ltd from B.S. Clausen et al.,
Mössbauer in situ cell with variable temperature and applied field
capabilities, J. Phys. E Sci. Instrum. 12, 439, 1979. b) carbon after reduction
[20]. Reproduced from Catal. Lett. 13, 195, 1992, In situ Mössbauer
spectroscopy of carbon supported iron catalyst at cryogenic temperatures and
in external magnetic fields. With kind permission of Springer.

The usual techniques for the determination of particle sizes of catalysts are
electron microscopy, chemisorption, XRD line broadening or profile analysis and
magnetic measurements. The advantage of using Mössbauer spectroscopy for this
purpose is that one can simultaneously characterize the state of the catalyst (degree
of reduction) [23].
b) Reactions followed in real time
Recording a complete Mössbauer spectrum of an iron catalyst typically takes
several hours, which is too slow for following the reactions in real time.
Nevertheless, measuring the intensity of a characteristic peak at constant velocity
can monitor processes occurring on the time scale of minutes to hours, such as the
reduction of oxides.
An elegant example has been reported by Hummel et al. [23, 24], who studied
the stability of the nitride ξ-Fe2N in different gases. The spectra obtained in this
constant velocity Mössbauer experiment during the denitridation of a sample in
different gases at 525 K are presented in Fig. 12.
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Fig. 12 – The spectra during the denitridation of
Fe2N in different gases at 525 K, obtained at
constant velocity [24]. Reprinted from, J. Catal.
113, 236, 1988, A. A. Hummel et al.,.Surface
and bulk changes in iron nitride catalysts in
H2/CO mixtures, with permission from Elsevier.

Complete Mössbauer spectra show that the denitridation of Fe2N in H2 yields
metallic iron. However, in the synthesis gas carbonitride is formed as well. The
constant velocity spectra of Fig. 12 reflect the rate at which the nitride is converted
and reveals the kinetics of this process under reaction conditions. The reaction is
fast in hydrogen, retarded by CO, whereas the nitride is stable in inert gas.
c) Carbon-supported transition metal ions
Carbon-supported transition metal (TM) N4-macrocycles are well-known
catalysts for the electrochemical reduction of oxygen, with possible application in a
direct methanol fuel cell with acidic electrolyte. Some pyrolized carbon-supported iron
porphyrin catalysts have been studied also by in situ Mössbauer spectroscopy [15]:
fresh (HT 325), heat-treated at 500 and 700 K (HT 500 and respectively, HT 700).
Mössbauer spectrum of HT 700 sample with 7 wt % 57Fe in the catalyst and
its deconvolution is presented in Fig. 13. The in situ Mössbauer data on the
(57Fe-enriched) HT 500 and HT 700 samples show they are quite heterogeneous;
four doublets were necessary to get reasonable fit. Contacting the electrode with
electrolyte does not change its spectrum, indicating that the presence of
0.5 M H2SO4 does not modify the structure of the iron sites. Polarization to low
potential does change the spectra quite considerably, and the fits, although qualitative,
indicate that the majority of the Fe ions has changed valence, which would imply
that a lot of the iron is cyclic voltammetry invisible but still responds to a potential
change, either because their redox potentials are distributed over a broad range or
because their electron transfer kinetics are too sluggish.
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Fig. 13 – Mössbauer spectrum of HT
700 7 wt % 57Fe FeTPP-Cl/Vulcan
catalyst, electrode in 0.5 M H2SO4,
at –0.05 V, argon 130 K, and its
deconvolution [15]. Reprinted with
permission from A. L. BouwkampWijnoltz et al., On active-site
heterogenity in pyrolyzed carbonsupported iron porphyrin catalysts
for the electrochemical reduction of
oxygen, J. Phys. Chem. B 106, 12993,
2002. Copyright 2002, American
Chemical Society.

The differences observed between the HT 500 and HT 700 electrodes at O2
reduction potentials are too small to readily explain their difference in O2 reduction
activity, although the suspected active Fe(II) site is somewhat more abundant
forthe HT 700 material. Thus the redox model of O2 electrocatalysis by TM
chelates might be still suitable, the availability of Me(II)-N4 sites at O2 reduction
potentials is an important parameter. However, it was supposed [15] that only a
fraction of the available Fe – N4 sites appears to be involved in the catalysis.
d) Fischer-Tropsch catalyst
The ability of Mössbauer spectroscopy to approach specific industrial
problems is illustrated by in situ characterization of Fischer-Tropsch catalysts [17].
The Fischer-Tropsch process concerns the conversion of a mixture of carbon
monoxide and hydrogen, which can be obtained from coal or natural gas to, fuels,
chemical feedstocks and specialty chemicals. Although this process has used for
several decades iron-based catalysts, these have a limited lifetime and more
recently supported cobalt catalysts have attracted widespread attention. Van de
Kraan and co-workers [16, 17] have built a special cell above described (Fig. 9) in
which industrial Fischer-Tropsch catalysts was studied by Mössbauer emission
spectroscopy. Oxidation of the cobalt catalyst during Fischer-Tropsch synthesis
when a ratio of the pressure of hydrogen to water (PH2/Ph2O) of 1 is used and the
absolute water pressure is between 4.6 and 7.6 bar was tested as well.
The catalyst was prepared by adding ca. 1000 ppm of 57Co to a
15Co/0.025Pt/100Al2O3 catalyst, which was reduced in hydrogen at 653 for 16 h.
The catalyst was subsequently treated at 423 K in the cell in a hydrogen-water gas
mixture with (PH2/Ph2O) = 1 at 1, 5 bar and 10 bar of pressure corresponding to a
water pressure of 0.5, 2.5 and 5 bar. Mössbauer emission spectra [17] recorded
in situ (Fig. 14) showed that the amount of metallic cobalt increased from ca. 70%
to 76, 78 and 86% after treatment at 1, 5 and 10 bar of total pressure.
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Fig. 14 – 57Co Mössbauer emission spectra recorded
at 423 K of 15Co/0.025Pt/100Al2O3 catalyst with ca
1000 ppm of 57Co during treatment in a H2/H2O gas
mixture with (PH2/PH2O) = 1 and at (a) 1 bar, (b) 5 bar,
(c) 10 bar of total pressure [16]. ]. Reprinted from
Catal. Today 71, 369, 2002, M. W. J. Craje et al., The
applications of Mössbauer emmission spectro-scopy
to industrial cobalt based Fischer-Tropsch catalysts,
Copyright 2002, with permission from Elsevier.

The results therefore demonstrated that at 423 K the catalyst resists to
oxidation and becomes more reduced during treatment with hydrogen and water as
the total pressure and therefore water pressure is increased.
e) Molecular sieves and aluminosilicate catalysts
Although the 3D arrangement of the aluminosilicate framework of molecular
sieves has been already determined, the position of the exchangeable cations (and
their movements during the dehydration) is not well established in all the cases,
especially due to the dependence on the working conditions.
The cell presented in Fig. 10 was used for a dehydration and chemisorption
experiment on a Fe-exchanged mordenite heterogeneous catalyst. The spectra
obtained in this experiment are illustrated in Fig. 15a.
The Fe content of the sample was 1 wt%. Spectrum a) corresponds to the
sample as initially prepared. Spectrum b) is obtained for the sample evacuated 4 h
at 803 K and 10–4 Pa. Increased quadrupole splitting upon dehydration, corresponding
to the increased asymmetry of the Fe2+ environment is very clearly evidenced.
Drastic chemisorption effects are observed in spectra c) and d). While ammonia
molecules, small enough to penetrate all internal channels of the mordenite, alter
all spectral components (c), the toluene chemisorption shows a spectral change
only for iron species in or near the main channels (d).
In situ spectra for Eu-exchanged mordenite at 773 K illustrate the application of
the cell presented in Fig. 6. Fig. 15b shows Mössbauer spectra of Eu3+ in Euexchanged mordenite (EuM) taken at 773K and 1 atm pressure with a 151Sm in a
Sm2O3 source. The Eu content of the sample was 6.2 wt%. Spectrum (a) corresponds
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Fig. 15 – Mössbauer spectra of A) Fe-exchanged mordenite [18] (reproduced
with permission from D. Barb et al., Rev. Roum. Phys. 27, 395, 1982. Copyright
of the Publishing House of the Romanian Academy) and B) Eu-exchanged
mordenite [13] (reprinted with permission from W. N. Delgass et al.,
Absorber cell for Mössbauer spectroscopy of heterogeneous catalysts at
reaction conditions, Rev. Sci. Instrum. 47, 968, 1976. Copyright 1976, American
Institute of Physics). The room temperature spectra of iron containing sample
were collected for a) initially prepared, b) evacuated 4 h at 803K, c) exposed
to ammonia, 10 Pa; d) evacuated as b) and exposed to toluene 100 Pa. The
spectra for Eu3+ ions were collected in: A) sample dehydrated in He; B) sample
in He +H2O.

to EuM dehydrated for 6 h at 773 K in a stream of dry helium. The wafer was then
contacted with water vapor at 773 K by bubbling the He through a water saturator
at 294 K before it entered the cell. The He + H2O flow was maintained for 12 h
before spectrum b was taken. Low recoil-free fraction and unusually large line
widths [25] prevented observation of Eu2+ in hydrogen-reduced EuM at 773 K. The
absence of the Eu3+ peak for EuM in a flowing H2 + CO2 mixture was used,
however, to identify the oxidation state of Eu in the presence of the reverse watergas shift reaction mixture as Eu3+. Quadrupole interactions are possible, particularly
in the spectrum a.
Lewis-acidic properties of the octahedral extra-framework Fe2+ ions in
Fe-silicalite catalysts of various Si/Fe ratios were studied as well; it was found that
the proportion of Fe2+(Octahedral) component was correlated to the catalytic
activity in toluene conversion [26].
Changes in the coordination and oxidation states induced by reductionoxidation treatments were put into evidence in Fe-MFI, Fe-Beta and Fe-FER
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[27, 28]; bonding strengths of various iron species were distinguished by estimating
their Debye-temperatures [29]; the existence and role of dinuclear centers
containing framework and extra-framework iron ions linked by oxygen were also
demonstrated in Fe-FER [28] and Fe-MFI. The host influence on the redox
properties of iron was also followed in aluminophosphate molecular sieves
FeAPO-5, FeAPO-11, Fe-ETS-10 [30, 31].
Molecular sieves containing stannisilicates (Sn-MFI, Sn-MEL, Sn-MTW)
were characterized in redox treatments, the variations in the oxidation state and
bonding strength [32].
f) Oxide supported transition metal catalysts
The next example reveal how a bimetallic catalyst (FeIr/SiO2) changes its
structure while it goes from start up to steady state behavior. This catalyst is usually
used in the methanol synthesis. Methanol and methane are the main reaction
products in the CO hydrogenation. However, methane is produced from the beginning
of the reaction, while the production of methanol starts low and increases gradually
over a period of 1–2 days. An exception is the iridium-rich 1:5 FeIr catalyst, which
is stable from the beginning. Mössbauer spectra taken under high-pressure reaction
conditions (Fig. 16) show that the initially reduced FeIr catalyst, consisting of FeIr
particles and some unreduced iron, has changed significantly when the catalyst has
reached steady state [7, 33]. The bottom trace in Fig. 16 represents the difference
between the working and the initial catalyst. It is characteristic of iron carbide in
the super paramagnetic state.
Also, the total absorption area of the spectrum increased, indicating loss of
overall dispersion of the iron. Further characterization studies by Mössbauer

Fig. 16 – In situ Mössbauer spectra of a reduced
FeIr/SiO2 catalyst at reaction temperature and during
CO hydrogenation; bottom spectrum is the difference
between the two upper spectra [23]. Reproduced
from Topics Catal. 8, 133, 1999, J.W. Niemandsverdriet
et al., In situ Mössbauer spectroscopy in catalysis,
with kind permission of Springer.
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spectroscopy and EXAFS confirmed the interpretation and added much detail to it
concerning the composition of the surface. Thus, during high pressure CO
hydrogenation, the active part of the FeIr catalyst restructures from FeIr alloy
particles with a surface enriched in iron to an iridium-rich alloy accompanied by a,
probably largely inactive, iron carbide phase.
Pt/SnO2 [34, 35] and Pd/SnO2 [36] catalysts are widely used as low
temperature CO oxidation catalysts. Recently it was shown that alloy-type
Sn–Pt/SiO2 catalysts prepared by using anchoring-type controlled surface reactions
(CSRs) between tin tetra alkyls and hydrogen adsorbed on platinum are highly
active in this reaction [37].
The activity of the Sn–Pt/SiO2 catalysts strongly depend on the Sn/Pt ratio
and catalysts with Sn/Pt ratio between 0.4 and 0.7 have the highest activity.
Sn–Pt/SiO2 catalysts were characterized by in situ techniques applying both
Mössbauer and FTIR spectroscopy.
The catalysts were prepared by an organometallic method using 119Sn(CH3)4.
The catalyst samples were treated in situ and measured in the Mössbauer cell [38].
The duration of treatment in hydrogen atmosphere at 573 K was 1.5 h. The in situ
experiments were carried out at room temperature at a constant flow of CO:O2
(1:1) mixture (for 1.5 h). The 300 and 77 K spectra measured are presented in
Fig. 17. It can be seen that the 300 K spectra show species formed under dynamic

Fig. 17 – Mössbauer spectra of Sn-Pt/SiO2
catalyst: (a) as received, (b) after reduction at
573 K in hydrogen, (c) in situ CO oxidation
at 300 K, (d) in situ reduction in hydrogen at
300 K, (e) in situ CO oxidation at 300 K, (f)
in situ treatment in CO [38]. Reproduced
from J. Catal. 196, 200, 2000, J. L. Margitfalvi
et al., in situ characterisation of Sn-Pt/SiO2
catalysts used in low temperature oxidation
of CO, with permission from Elsevier.
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reaction conditions, while the 77 K spectra can be attributed to stabilized surface
species. Spectra revealed the presence of platinum-rich [PtSn(a)] and tin-rich
[PtSn(b)] alloy species as main tin-containing account for more than 85% of tin
after activation of the catalysts in hydrogen at 573 K.
The results of Mössbauer spectroscopy showed that the oxidation of the less
stable tin-rich PtSn(b) component with looser Sn–Pt bonds is primarily involved in
surface reactions taking place in the low temperature CO oxidation. The oxidation
of both PtSn(b) and PtSn(a) species leads to the formation of new species and sites,
such as (i) a tin oxide phase, (ii) a mobile Sn4+(so ) species, (iii) platinum sites, and
(iv) the appearance of a third alloy species, PtSn (1:1). The net result of this
transformation is the formation of highly active Sn4+–Pt ensemble sites, where Sn4+
sites are in the atomic closeness of Pt. In both CO oxidation and subsequent
reactivation in hydrogen a reversible PtSn(b) ↔ Sn4+ + Pt interconversion takes
place at room temperature.
The Mössbauer data indicate the surface location of the involved
components. The results of in situ FTIR spectroscopy provided further proof for
the above interconversion and unambiguous evidence of the involvement of both
Pt-rich PtSn(a) and Sn-rich PtSn(b) alloy species in the above interconversion.
The catalytic experiments are in full accordance with the results of spectroscopic
measurements. Based on these results the authors suggested that in the presence of
room temperature CO oxidation the supported bimetallic nanocluster is oxidized and
strongly reconstructed. It is suggested that the oxidation of CO takes place at the
Sn4+–Pt ensemble sites, formed in situ.
Another example is Au/Fe2O3 catalyst, which was investigated by a complex
approach (Mössbauer, FT-IR, and TAP reactor studies) leading to the understanding
of the mechanism of low-temperature CO oxidation [39].
g) Bulk oxide catalysts
Catalytically active oxides containing Mössbauer isotopes are Fe2O3, Fe3O4,
Fe4Bi2O9, FeAsO4, scheelite, SnSbO4, U-Sb-O systems, etc. For these catalysts, it
was shown by standard measurements that the active sites are formed from two
adsorption sites [6]. Those catalyst showing reversible adsorption properties
contain Fe3+ in an octahedral environment; furthermore, a strong correlation exists
between the adsorption heat and the isomer shift and quadrupole splitting.
The catalytic properties of non-supported oxide catalysts such as CoMoO4
doped with 3 at. % Fe were investigated by in situ measurements in the selective
oxidation of propene and methanol [12]. Different electronic states of iron ions
were detected and related to the catalytically active sites, which include also
negatively charged vacancies. Molybdenum participation was also revealed, by
combining Mössbauer investigations with ESR ones. For the partial methanol
oxidation onto iron molybdate, two types of defects were distinguished: those
formed during dehydroxilation and those appearing only during the catalytic
process.
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Reduction of aromatic nitro compounds with hydrazine hydrate in the
presence of an iron oxide-hydroxide catalyst was also studied in situ [40]. In the
absence of a nitro compound, the complete transformation of ferrihydrite to Fe3O4
(magnetite) was observed. After addition of 4-nitrotoluene the catalyst was
reoxidized to γ-Fe2O3 (maghemite). The same experiment carried out in the
presence of 4-nitrotoluene showed that after filtration and drying the catalyst still
remained ferrihydrite. Thus, reduction of the catalyst by hydrazine hydrate and
subsequent re-oxidation by 4-nitrotoluene seems to occur only at the surface of the
catalyst. No deactivation was observed after eight times recycling of the catalyst.
Carrying out the reduction at 328 K, increase of particle size was observed.
Increasing the reaction temperature from 328 to 373 K caused a successive increase
of particle size of the ferrihydrite catalyst as well as the formation of α- Fe2O3
(hematite) that led to a significant decrease in activity. During the filtration
procedure in air, the reduced catalyst showed pyrophoric behavior that led to the
formation of α-Fe2O3 (hematite).
Activity of iron and cobalt molybdates in propene oxidation was investigated
under reaction conditions [41]. The results allow explaining the catalytic properties
observed for a mixture of Bi2(Mo04)3 and FexCol–xMo04 samples. Thus, ferric,
ferrous and cobaltous molybdates are poor catalysts for partial oxidation of
propene, the solid solutions are neither very active nor selective, but the addition of
bismuth molybdate to these matrices increases in a big extent the selectivity and
activity to acrolein. Bi2(Mo04)3 stabilized Fe3+ sites and a good correlation is
observed between the catalytic properties and the presence of these sites. The
simultaneous presence of cobalt molibdate and of bismuth molibdate leads to the
conservation of Fe2+-Fe3+ pairs in FexCol–xMo04. In case of x > 0.26 such a phase
keeps a rather low iron content since a part of this element appears in ferric
molybdate. This latter decreases by a factor 2 during 60 h of reaction. Fe2+-Fe3+
pairs appear as being elements in the mechanism. When Bin+-Com+ pairs are
proposed as adsorption sites, the iron pairs can ensure the high electrical
conductivity favoring the electron exchange in the Mars-Van Krevelen mechanism.
Reaction of toluene total oxidation was followed in situ onto supported
EuCoO3 catalysts [42]. The spectra of 131Eu were collected at different temperatures
either under air flow or under air-toluene flow. Participation of A-site cations in the
perovskite structure was clearly established.
h) Other oxide materials
Other oxide materials with noncatalytic applications were also studied by in
situ Mössbauer spectroscopy. Thus, upon electrochemical reduction in a lithium
cell, crystalline FeBO3 and Fe3BO6 give amorphous compounds, which can be
cycled reversibly at low potential. The mechanism of reaction was investigated by
step-potential electrochemical spectroscopy and in situ Mössbauer and X-ray
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absorption spectroscopy on electrochemical cells encapsulated in thin sealed plastic
bags. The reduction mechanism consisting of the early destruction of the
crystallized borates and a direct Fe(III)-Fe(0) multiphase reduction on first
discharge were confirmed. On recharge and subsequent cycles, a reversible redox
reaction occurs between Fe(0) and Fe(II/III) in an amorphous or nanocrystalline
matter [43].
CONCLUSIONS

Mössbauer spectroscopy has the unique ability to fingerprint materials in
general and catalysts in particular. Identification of the Mössbauer active elements
with high resolution and their quantitative determination as well as measuring other
specific properties such as particle size (volume), microscopic magnetic properties,
ionic charge and their environment features are the main applications. Mössbauer
spectroscopy measurements are often performed in parallel with other
spectroscopic techniques such as X-ray diffraction, infrared and Raman
spectroscopy etc.
The time required for a spectrum acquisition, which is higher than 1 h for
typical samples, precludes its easy use for in situ transient measurements, during
initial phase transformations. However, due to the high sensitivity, in situ
Mössbauer spectroscopy started to develop in order to perform characterization
under reaction conditions for materials with or without catalytic properties. In the
latter case, Mössbauer spectroscopy plays a key role in establishing the active
species, giving their structural details and following the kinetics, especially for the
bulk phases.
Several types of in situ cells/systems were developed, made either from glass
or stainless steel. These cells may work under vacuum but also under pressure
higher than the atmospheric one. The temperature range is also rather large,
extending from 77 to 800 K and even higher. Cells working with liquid phase were
also described. When necessary, some types of such cells allow to apply magnetic
fields or may work as an electrochemical cell.
Even though there are a small number of isotopes Mössbauer active, this limit
was overpassed by using these isotopes as a probe to study other non-Mössbauer
active elements. Moreover, high temperature Mössbauer work is possible only for a
limited number of elements (57Fe, 119Sn, 151Eu).
Many oxide catalysts or supports were investigated by in situ Mössbauer
spectroscopy, and the reaction mechanism was established/unraveled.
Therefore, in situ Mössbauer spectroscopy entirely deserves to enter the
family of the other in situ techniques used in catalysis [44] and even more, in the
family the operando ones [45].
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