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1. Introduction: Setting the scene

The design and optimisation of heterogeneous catalytic pro-
cesses requires a full understanding of the relationship be-
tween reaction kinetics and structure over many length scales.
On the nanometre or atomic scale, the structure of a catalyst is
decisive for controlling the interaction of adsorbates and reac-
tions on the surfaces and active centres of nanophase materi-
als. For example, catalytic activity is strongly dependent on the
surface plane exposed[1] and/or the geometries of active cen-
tres (e.g. , tetrahedral versus octahedral Ti in epoxidation reac-
tions[2]). As important as the atomic scale and surface science
approach, is the design of a catalyst on the macroscopic scale
(product design) in connection with a chemical engineering
approach.[3] Catalytically relevant centres must be supported
on specially shaped carriers that allow them to be placed in re-
actors. Pre-shaping of the carriers is needed to achieve high ef-
ficiency of the catalyst by allowing optimal flow and heat
properties, while ensuring a low pressure drop and a minimised
reactor volume. Hence, both the micro- and the macro-scale
are important, as outlined in Figure 1.

Despite the development of a number of methods for the
structural identification of catalysts under reaction condi-
tions[1g, 4] the direct imaging of catalysts during reactions, both

at the macro- and at the micro-scale, is still in its infancy.[3b,e, 5]

Such “imaging at work” is essential because nanoscale particles
are highly dynamic under reaction conditions and a change in
reaction gas atmosphere can induce both morphological
changes and the migration of active centres.[1d–f, 6] Techniques
are required to follow such changes, both in a time-resolved
manner and with sufficient spatial resolution, ideally in three
dimensions. On a more macroscopic scale, the shaping of cata-
lysts needs to be investigated during their preparation. More-
over, concentration and temperature gradients in axial and
radial directions in catalyst beds need to be studied, as these
also affect catalyst structure and performance. Such variations
may need to be imaged not only on the mm, but even on the
mm and cm scale. Similar considerations apply to studies of
flow through the catalyst bed between catalyst particles, to
the molecular diffusion of reactants, intermediates and prod-
ucts within the particles, to mass transfer between the intra-

Figure 1. Hierarchical approach for catalyst design and understanding of cat-
alyst structure and resulting catalytic performance.

This review highlights the importance of developing multi-
scale characterisation techniques for analysing operating cata-
lysts in their working environment. We emphasise that a hierar-
chy of in situ techniques that provides macro-, meso- and
nano-scale information is required to elucidate and optimise
catalyst performance fully. This combined methodology should
ideally embrace spatially resolved and spatio-temporal moni-
toring of a) the structure, catalytic activity, temperature and
heat/mass transfer pattern in axial and radial directions in real
reactors, b) the structure and temperature/heat/mass transport
gradients in shaped catalysts and catalyst grains and c) meso-
and nano-scale information about particles and clusters, whose
physical and electronic properties are linked directly to the
micro-kinetic behaviour of the catalysts. Techniques such as X-
ray diffraction (XRD), infrared (IR), Raman, X-ray photoelectron
spectroscopy (XPS), UV/Vis, and X-ray absorption spectroscopy
(XAS), which have mainly provided global atomic scale infor-

mation, are being developed to provide the same information
on a more local scale, often with sub-second time resolution.
X-ray microscopy, both in the soft and more recently in the
hard X-ray regime, allows two- and three-dimensional informa-
tion to be collected down to 10 nm spatial resolution in a gas
atmosphere or liquid, although this improvement is at the ex-
pense of temporal resolution. Electron microscopy, which pro-
vides excellent local atomic scale structural and spectroscopic
information, is being developed towards tomographic imaging
and realistic conditions, allowing gaps to be bridged in pres-
sure, reaction conditions and length scales, up to the meso-
and macro-scale. In addition, new techniques such as single
molecule fluorescence spectroscopy and non-linear spectro-
scopic techniques are emerging. In this review, we discuss
prospects for the development and combined application of
both existing and new techniques for in situ catalyst
characterisation.
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and inter-particle space and to the imaging of “devices” such
as high throughput reactor and microreactor arrays.

In this review article, we describe recent progress in the
imaging of catalysts and catalytic reactors, using selected ex-
amples taken from the literature and from our own research.
Wherever possible, we report on studies of catalysts while they
are “working”. In order to highlight future opportunities, exam-
ples of studies performed under idealised conditions in terms
of pressure, reaction environment and temperature are de-
scribed. Emphasis is given to the different length and time
scales that are required and to the potential for improving spa-
tial and temporal resolution under conditions that resemble
the operating conditions of the catalysts as closely as possible.
Moreover, we highlight some of the “engineering” issues relat-
ed to in situ spectroscopy that result in the need to find a com-
promise between the specific question of the identity of the
active species, the characterisation methods that are available,
and the properties of the reactor that is used in the laboratory
when performing real world catalysis.

2. Imaging Catalytic Reactors and Catalyst
Bodies: Catalyst Design, Start-up and Catalysts
at Work

The modelling of catalytic reactors in terms of fluid flow, heat/
mass transport and catalyst design,[7] which is often termed
“product design” in chemical engineering sciences,[8] requires
experimental measurements to be made in a spatial or spatio-
temporal manner with a spatial resolution on the cm, mm or
mm length scale.[3a–d] For example, the monitoring of the igni-
tion or extinction of reactions, heat and mass transfer and dif-
fusion processes requires time resolutions on the millisecond

scale.[9] As a result of external and internal diffusion processes,
the required time resolution is moderate, starting from a few
milliseconds, which can be achieved using methods such as in-
frared (IR) spectroscopy, Raman spectroscopy, X-ray absorption
spectroscopy/imaging, X-ray diffraction, magnetic resonance
imaging (MRI) and UV/Vis spectroscopy. What is more demand-
ing is the design of catalytic reactors to monitor the catalyst
bed, either in two dimensions or, ideally, in a tomographic
manner.

2.1. Structure of pre-shaped catalyst bodies and their
evolution during preparation

An important step in catalyst development is the preparation
of catalyst bodies, the simplest being impregnation. A typical
example of the impregnation of a cylindrically-shaped Al2O3

pellet (3.2 mm � 3.6 mm, Engelhard) with a CuCl2 solution is
shown in Figure 2.[3c] These images were obtained by using X-

ray tomography by recording the absorption of X-rays on an
X-ray sensitive camera (pixel size 2.36 mm, spatial resolution
4 mm, original setup described in ref. [10]). By using a third
generation synchrotron source, such images can be taken on
a time scale of minutes.

In Figure 2, the evolution of a sharp front of the copper con-
stituent with time is visible as a result of the stronger absorp-
tion coefficient of copper compared to that of alumina at the
X-ray energy used (18.0 keV). The images provide information
about the grainy structure of the catalyst particles, which has
also been investigated using other X-ray micro tomography[11]

Figure 2. Slices from a three-dimensional reconstruction of Cu/Al2O3 ob-
tained using X-ray tomography, showing measurements of the absorption
coefficient m at an energy of 18.0 keV a) 1 min and b) 10 min after impregna-
tion of the catalyst pellet with a CuCl2 solution. Field of view:
3.54 mm � 2.36 mm. Reprinted from ref. [3c] , Copyright (2009), with permis-
sion from Elsevier.
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and micro X-ray fluorescence studies.[12] As another example,
Ni-Mo hydrotreating and Fischer–Tropsch catalysts have been
characterised using micro-X-ray fluorescence to reveal elemen-
tal distributions.[12] The importance of monitoring the impreg-
nation process is not new. In the 1980s, Baiker and Holstein[13]

modelled the impregnation of alumina pellets with copper
chloride and compared their predictions to experiments by
cutting the pellets after different impregnation times. Mang
et al.[14] investigated the adsorption of platinum complexes
onto SiO2 and Al2O3 catalyst bodies using UV/Vis diffuse reflec-
tance and Raman spectroscopy and found an egg-shell profile
on g-Al2O3 as a result of H2PtCl6 adsorption, but a homogene-
ous distribution on SiO2.

Recent progress has led to the development and application
of the non-invasive techniques mentioned above (X-ray to-
mography, micro-X-ray fluorescence tomography) and MRI,[15]

tomographic energy-dispersive diffraction imaging[16] and XAS
tomography.[3c, 5, 17] In addition, microspectroscopic techniques
have been applied by Weckhuysen and co-workers[3b] to study
different preparation steps, including non-dried and non-cal-
cined samples. Despite the use of techniques such as Raman,
UV/Vis and IR microspectroscopy and scanning electron mi-
croscopy (SEM), which usually require cleavage of the catalyst
bodies along their z-axis, a much better understanding of the
impregnation process could be achieved. Zandbergen et al.[18]

recently applied diagonal offset Raman spectroscopy (DORS)
to also use Raman spectroscopy in a non-invasive manner. As
the impregnation of molybdates, Co, Ni and other metal com-
plexes is strongly dependent on pH, the presence of ligands,
aging and calcination time, the preparation process can be im-
proved by making use of information obtained from detailed
spatial analysis.[19] One example is given in Figure 3, which

shows that the strong interaction of phosphates with an alumi-
na surface results in disintegration of the impregnation com-
plex H2PMo11CoO40

5�, with the cobalt complex then diffusing
faster, as concluded from spatially-resolved Raman and UV/Vis-
NIR microspectroscopy.[19c, d] The Raman microscope was oper-
ated with a spot size of �50 mm, while the UV/Vis-NIR spec-
trometer had a spatial resolution of �100 mm. By selecting ap-
propriate conditions (extra phosphate and citrate), the forma-

tion of the heteropolyanion H2PMo11CoO40
5� and an optimal

distribution of cobalt and molybdenum were achieved.[20] This
approach is important for industrially relevant hydrodesulphur-
isation catalysts.[21] Lysova et al.[15a] provided additional insight
into the phosphorus distribution by using 31P-MRI. This tech-
nique is well suited for studying catalyst preparation, as it is
rapid and non-invasive. MRI has also been applied by Berg-
werff et al.[15b, 22] to determine Co distributions in Co/g-Al2O3

Fischer–Tropsch catalysts that had previously been studied
using UV/Vis microspectroscopy.[23] Quantitative distributions
of paramagnetic metal-ion complexes could be deduced from
1H-MRI images of water protons because paramagnetic ions
such as Co2 + , Ni2 + and Cu2+ have a detrimental effect on the
1H-nuclear magnetic resonance (NMR) signal.

Shown in Figure 4 is an example of the distribution of Co2 +

complexes obtained using 1H-MRI measurements (spatial reso-
lution �200 mm, recording time 4–5 min). UV/Vis microspectro-

scopy provided complementary molecular information, e.g. ,
about the formation of citrate complexes and interactions with
the alumina surface as a function of the pH value. By carefully
altering the reaction conditions, the distribution of Co2 + could
be varied from egg-shell to uniform.

Very few such studies have been performed truly “in situ”,
with impregnation followed after certain time intervals. Spatial-
ly-resolved studies during catalyst preparation have only re-
cently been performed during calcination and reduction using
tomographic energy-dispersive diffraction imaging.[16b] More
effort is required in this direction in the future. It should also
be noted that the spectral resolution of 50–100 mm currently
offered by UV/Vis, Raman and MRI should be improved. One
possibility is to use full-field or scanning X-ray microscopy,
which provides a spectral resolution of a few mm or
less[3c,e, 5, 17, 24] and is complementary to tomographic energy-dis-
persive diffraction imaging, which requires the presence of
crystalline particles. Very recent studies in this direction have
been performed by using computed tomography (CT) on Ni/
Al2O3 catalysts for CO methanation by synchrotron m-XRD-CT
and m-absorption-CT.[25] These studies allowed solid-state
changes to be followed in both two and three dimensions
within crystalline materials during calcination and, additionally,
during reaction.

Figure 3. Schematic diagram of the distribution of Mo and Co complexes
and the disintegration of the H2PMo11CoO40

5� anion during impregnation,
owing to strong interaction of phosphates with an alumina support, as con-
cluded from spatially resolved Raman and UV/Vis-NIR microspectroscopy.[19d]

Figure 4. Co distribution on an Al2O3 pellet (3.85 mm diameter) derived from
1H-magnetic resonance imaging at pH 1 for different Co/citrate ratios.[15b]

Further experimental details can be found in ref. [15b].
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2.2. Gradients in structure, adsorbates, temperature and
concentration in catalyst beds during reaction

After shaping, preparation and activation of the catalyst parti-
cles, the next task is to study the evolution of the catalyst in
a spatially-resolved and time-resolved manner under working
conditions during the reaction. In continuous heterogeneous
catalytic reactors, gradients in concentration, temperature and
structure may be present. The characterisation of such gradi-
ents requires not only in situ spectroscopic methods, but also
spatially-resolved and often spatio-temporal studies. Similar
methods to those described in the previous section can be
used to identify structural gradients, including surface struc-
ture. Techniques of particular interest for such measurements
include micro-Raman, micro UV/Vis, micro IR and micro-XAS,
resulting in the need for reactors that are equipped with ap-
propriate window materials.

2.2.1. Temperature and concentration profiles in catalytic
reactors

A number of studies have been performed to measure temper-
ature profiles in catalytic reactors, mainly using infrared ther-
mography.[26] Shown in Figure 5 is an example of temperature

profiles measured during the ignition stage of the catalytic
partial oxidation of methane in a capillary reactor. The catalyst
bed is initially heated up as a whole, owing to the exothermic
nature of the total oxidation reaction. Within a small tempera-
ture interval, a pronounced hot spot forms in the catalyst bed,
which is associated with the production of synthesis gas (CO/
H2) and the ignition.

An alternative method has recently been reported by Kop-
tyug et al. ,[27] involving the use of NMR thermometry during
the hydrogenation of propylene over Pd/g-Al2O3. Both the
27Al NMR signal intensity of the support and the relaxation

time revealed pronounced temperature dependence, with
a higher temperature at the beginning of the catalyst bed. The
temperature gradient became more homogeneous with time-
on-stream as a result of deactivation of the catalyst.

Just as for temperature profiles, concentration profiles in cat-
alysts beds have also been measured. Both the organic and
the inorganic part of the catalyst have to be probed. One pos-
sibility is to introduce a capillary at different positions in the
catalyst bed. This approach has been used to study millisecond
partial oxidation processes,[28] the oxidation of propylene,[29] cy-
cling over NOx-storage-reduction catalysts[30] and diesel oxida-
tion catalysts.[31] Bitsch-Larsen et al.[32] recently extended this
approach to higher pressures, obtaining spatial profiles of con-
centration during the catalytic partial oxidation of methane up
to 13 bar in a foam monolith with a spatial resolution of
300 mm. In the latter study, a quartz capillary was moved using
a linear translation stage.[32] Since, in many cases, the use of
mass spectrometry disturbs the catalytic reaction, other spec-
troscopic methods such as micro Raman or micro IR-spectros-
copy have been used. In particular, the monitoring of chemical
reactions using Raman spectroscopy is becoming more
common and is now widely used in microreactor devices.[33]

Urakawa et al.[34] used micro Raman analysis to monitor catalyt-
ic performance during the hydrogenation of cyclohexene over
2 wt % Pd/Al2O3 along a catalyst bed, while at the same time
obtaining information about the phase behaviour from the in-
tensity and shift of the characteristic Raman bands of carbon
dioxide.

Similar measurements are required to quantify transport pro-
cesses in a reactor and in porous solids, in order to relate them
to chemical conversion.[35] Such studies require analysis of the
diffusion of reactants, intermediates and products within the
catalyst particles, as well as the flow of liquid/gas between the
catalyst particles in the reactor. UV/Vis and fluorescence mi-
croscopy have proved to be very powerful techniques for visu-
alising catalytic activity, e.g. , in zeolite crystals.[3b, 36] In addition,
diffusion has been studied with guest molecules using interfer-
ence microscopy and NMR (see refs. [37]).

The imaging of multiphase flows in chemical reactors has re-
cently been achieved using MRI techniques. Both liquid and
gas flow have been studied in monolithic catalysts,[38] while
single-phase flow and gas-liquid distributions have been
imaged in fixed beds.[39] An example of the study of fluid flow
in a heterogeneously catalysed gas-liquid reaction, involving
the catalytic hydrogenation of a-methylstyrene, is shown in
Figure 6.[40] In this work, the bed consisted of spherical Pd/
Al2O3 catalyst pellets (1 wt. % Pd, bed diameter 10.5 mm, bed
length 3–4 cm).

An overview and perspective on such studies has been pre-
sented in recent articles,[35, 41] in which the typical spatial resolu-
tion achieved is reported to be 100–200 mm. An alternative
technique is microtomography, which has an achievable spatial
resolution of 1 mm.[42] Apart from fluid flow imaging, the prog-
ress of reactions can also be visualised using MRI.

Figure 5. Temperature profiles recorded using infrared thermography during
the ignition of the catalytic partial oxidation of methane over a 2.5 % Rh/
Al2O3 catalyst, while increasing the oven temperature in 10 8C steps; insets
show thermographic images recorded below and above the ignition tem-
perature of 330 8C.[26h]
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2.2.2. Gradients in surface and bulk structure in catalytic
reactors

In addition to temperature and concentration gradients, it is
equally important to study the surface and bulk structures of
catalysts. Strong gradients in bulk and surface structure along
catalytic reactors have been found during the partial oxidation
of methane over Rh/Al2O3 using X-ray absorption spectroscopy
with a 0.5 mm � 0.5 mm or micro focused X-ray beam,[9b, 43] as
well as during coke formation in the dehydrogenation of pro-
pane over Cr/Al2O3 using micro Raman and micro UV/Vis spec-
troscopy[44] and in NOx-storage-reduction catalysts using micro
Raman and micro IR spectroscopy.[45] Similar gradients have
been identified in other oxidation and exhaust gas removal re-
actions,[46] emphasising the need for spatially resolved spectro-
scopic techniques in operating reactors. The same behaviour
has recently also been reported for monolithic catalysts using
IR spectroscopy.[47] Therefore, the best compromise between
reactor design (optimal catalytic performance) and spectro-
scopic cell design (windows, penetration depth, geometry[4e, 9a])
needs to be found. For in situ and spatially resolved UV/Vis/
Raman measurements, a quartz reactor equipped with optical
grade quartz windows has been used,[44a] while spatially re-
solved XAS has involved the use of quartz glass capillaries,[48]

as described earlier for integral XAS and XRD studies.[9a, 49] In
addition, both scanning X-ray absorption microscopy using
a microfocused X-ray beam[3c, 26h] and full-field X-ray absorption
microscopy using an X-ray sensitive camera[3c, 26h, 48, 50] have
been used. In principle, the latter approach allows much faster
acquisition of XANES data. Typical measurements obtained
using XAS during the partial oxidation of methane over
a 5 % Rh/Al2O3 catalyst are shown in Figure 7.

The same setup can be extended to XRD or Raman spectro-
scopic monitoring[4a, 49, 51] if a micro X-ray beam or a microfo-
cused Raman beam is used. In all cases, the catalytic perfor-
mance is measured at the same time, which can evidence
beam damage. This is a well-known phenomenon in many
spectroscopic studies and must also be taken into account.
One nice approach was presented by Beato et al.[52] who re-
cently improved in Raman spectroscopy by using fluidised-bed
reactors.

Examples of measurements of the spatial distribution of sur-
face species have recently been reported by Urakawa
et al. ,[45, 53] who monitored dynamic surface and bulk processes
occurring during NOx storage and reduction using both (sur-
face-sensitive) diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) and (bulk-sensitive) Raman spectroscopy
at different positions in a specially designed plug-flow reactor
under rich and lean conditions on different supports (Figure 8).

The results shown in Figure 8 suggest that storage starts at
the beginning of the catalyst bed in the form of surface ni-
trates, before bulk nitrates are detected. This study, which was
performed in both the space- and the time- domains, provided
further proof of the importance of the proximity of Pt and Ba
in NOx storage-reduction catalysts. The same issue should be
studied in other two- or three- component systems. It is per-
haps even more powerful to use an infrared camera equipped
with a focal plane array (FPA) detector to achieve high spatio-
temporal resolution[54] and spatio-temporal XAS studies (see
also below). Tan et al.[55] recently reported the use of a Si mi-
croreactor cell for the study of the oxidation of CO over a Pt/
SiO2 model catalyst using FTIR. In an earlier study, adsorbates
were monitored with a spatial resolution of a few tens of mm
during the electrooxidation of CO[56] using attenuated total re-
flectance IR spectroscopy with an FPA detector, highlighting
the potential for obtaining information at a solid/liquid inter-
face in a spatio-temporal manner.

Figure 6. Example of the application of magnetic resonance spectroscopic
imaging (MARSI) to study the catalytic hydrogenation of a-methylstyrene
over spherical 1 % Pd/Al2O3 pellets. a) Schematic representation of the bed
and the chosen axial bar. b) Mixed spatial-spectral 2D map corresponding to
the axial bar. c) Distribution of the liquid phase along the axial bar obtained
as an integral projection of (b). d)–f) NMR spectra acquired from the liquid
phase at different heights along the bar, obtained as horizontal sections of
the map in (b). The locations of the cross-sections are indicated in (b, c) by
horizontal lines. Each spectrum corresponds to a volume of
0.66 mm � 1.3 mm � 2 mm. The two vertical dotted lines are drawn to show
the differences between the relative positions of the outer peaks in the
spectra.[40]

Figure 7. Full-field X-ray absorption spectroscopic imaging of the oxidation
state of Rh during the partial oxidation of methane over 5 % Rh/Al2O3, show-
ing a) oxidised Rh species, b) reduced Rh species and c) other elements,
which show a featureless absorption spectrum; (d) typical spectra in the oxi-
dised (line 1) and reduced (line 2) regions, obtained by using a linear combi-
nation of spectra extracted from 150 X-ray images around the Rh K edge.
The original image taken using a CCD camera was 3.0 mm � 1.5 mm in size.
The 6 % CH4/3 % O2/He reaction gas mixture enters from the left. Reprinted
from ref. [48] , Copyright (2006) American Chemical Society.
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Rapid X-ray absorption near-edge structure/extended X-ray
absorption fine structure (XANES/EXAFS) data recording on the
sub-second timescale using a 100 mm X-ray beam and the
quick-scanning EXAFS (QEXAFS) technique have been used to
verify the reduction of Pt and Rh components in less than
a second during the ignition of the partial oxidation of metha-
ne.[9b, 57] By monitoring the catalyst bed at different positions, it
was observed that the reduction of the noble metal first oc-
curred at the outlet of the catalytic reactor. In parallel, the
system was also investigated using an X-ray camera.[26i] By
tuning the energy of the incident X-rays to the Pt L3 white-line
energy at the 11 568 eV maximum and collecting X-ray trans-
mission images of the microreactor using a fast-readout low-
noise camera (FReLoN)[58] at a frame rate of 4 s�1, a strong de-
crease in X-ray absorption was observed, owing to the reduc-
tion of the Pt constituent during the ignition of the CPO of
methane.[26i] Shown in Figure 9 are the processes occurring at
the end of the catalyst bed in reddish and violet colours,
which indicate less X-ray absorption and thus the presence of
reduced Pt species.

The images in Figure 9 b) to f) were obtained by subtracting
the X-ray absorption image taken at the time indicated from
that recorded before ignition (Figure 9 a), both to emphasise
the difference in absorption and to correct for inhomogenei-
ties in the sample. Closer inspection of the images indicates
that not all of the catalyst particles at the end start to reduce
simultaneously, but that some of the macroscopic particles are
reduced first, with the reaction front moving towards the en-
trance of the catalyst bed (cf. refs. [26i, 59]). The front acceler-
ates towards the middle of the catalyst bed and then deceler-
ates until the gradient stabilises (see the steady state situation

shown in Figure 7). These stud-
ies were extended to other
noble metal catalysts. Interest-
ingly, on Pd/Al2O3 an oscillating
behaviour was observed. Once
the CPO of methane ignited,
the Pd particles were reduced
at the end of the reactor and
the structural gradient moved
towards the beginning of the
reactor. At this moment, the re-
action extinguished and the Pd
particles were re-oxidised, as re-
vealed by using a combination
of time-resolved and spatially-
detected X-ray absorption
data.[43b, 60]

These examples illustrate the
importance of studying reactors
with both spatial and temporal
resolution and underline the
need for a chemical engineering
approach for spatially-resolved
in situ studies. Such studies are
still in their infancy and should
be implemented more exten-

Figure 8. Time-resolved DRIFT spectra recorded at three positions in a catalyst bed during lean and rich cycles
over a)–c) Pt-Ba/Al2O3 and d)–f) Pt-Ba/TiO2 during NOx storage and reduction. Adapted from ref. [53a] , Copyright
(2009), American Chemical Society.

Figure 9. Spatio-temporal characterisation of the Pt oxidation state during
ignition of the catalytic partial oxidation (CPO) of methane over 5 % Pt-
5 %Rh/Al2O3 at �330 8C at the end of a catalyst bed, measured by recording
X-ray absorption with a FreLon camera at the white line energy of Pt (Pt L3

edge; 11 586 eV): a) X-ray absorption image recorded below the CPO ignition
temperature; b–f) Images recorded as a function of time. Differences are
shown between the measured X-ray absorption and that shown in (a) ; a red-
dish colour indicates lower absorption and thus the formation of a reduced
Pt-containing species. Adapted with permission from ref. [26i] , Copyright
(2009), American Chemical Society, and ref. [3e] with permission from the
Royal Society of Chemistry.
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sively in the future. Currently, only a few approaches can pro-
vide spatial resolutions down to a few tens of mm combined
with sub-second time resolution. Future experiments may in-
volve the increasing use of cameras that are designed for infra-
red imaging, thermography and X-ray absorption. A future
challenge is to extend such studies from two dimensions to to-
mographic imaging, as has been demonstrated for X-ray to-
mography, X-ray absorption tomography and tomographic
energy dispersive diffraction imaging. The recent use of non-
linear microspectroscopic techniques promises to allow such
studies to be extended to provide 3D information, e.g. , about
reaction profiles and heterogeneous catalysts (cf. [18, 61] and
references therein).

3. Towards Spatial Information on the Meso-
to the Micro-scale

Just as for the macro-scale, there is a pressing need for infor-
mation about catalytic processes both at the meso-scale
(50 nm to 1 mm) and at the atomic scale (Figure 1). Whereas
imaging on the atomic scale has
been achieved using both sur-
face science techniques and
high-resolution transmission
electron microscopy (HRTEM),
the meso-scale has not been
considered extensively, in part
because of the short penetra-
tion depth of electrons, which
makes it difficult to study such
length scales using TEM, espe-
cially under in situ conditions
and in three dimensions. It is
also difficult to tackle the meso-
scale using the techniques out-
lined in section 2, owing to the
need for an extremely good camera and/or a highly focused X-
ray beam. Single-molecule fluorescence microscopy is a promi-
nent tool to study heterogeneities in catalytic activity.[62] Chen
and co-workers recently investigated single turnovers over Au
nanoparticles on appropriate fluorescent molecules,[63] provid-
ing indirect information about the fact that the rate of the oxi-
dative deacetylation of non-fluorescent Amplex Red to fluores-
cent resorufin by H2O2 increases from the centre of a Au-nano-
rod supported on SiO2 to its end. Similarly, diffusion in solids
can be monitored by dye molecules.[64]

For many years, the structures, morphologies and chemical
compositions of supported catalysts have been studied using
a wide range of TEM techniques,[65] allowing heterogeneities in
industrially-relevant high surface area catalysts to be imaged
directly. Furthermore, nano-analysis using an electron beam as
a probe has been used to provide information about local
chemical compositions. Electron tomography, which allows
structural and chemical information to be obtained in three di-
mensions with nanometre spatial resolution, is complementary
to the nanofocusing of X-rays, which has a larger penetration
depth than for electrons. Both approaches are quantitative,

can be used to record a range of different contrast signals
(fluorescence, absorption, scattering, diffraction[3e, 5, 66]) and
complement each other when looking at materials under reac-
tion conditions.

3.1. Imaging of catalysts and their chemical compositions in
projection at the nanometre scale

For many years, the technique of choice for obtaining atomic
scale information on the nm and sub-nm scale about nanopar-
ticle structures, surfaces and interfaces has been TEM. Howev-
er, the interpretation of TEM images is not always straightfor-
ward, as lens aberrations and the non-monotonic dependence
of contrast on sample thickness can make image interpretation
difficult.[67] Recent advances in TEM techniques and instrumen-
tation now allow the spherical aberration coefficient (CS) of the
TEM objective lens to be adjusted or corrected using hardware
and/or software. These developments, in turn, allow the forma-
tion of more directly interpretable images with improved spa-
tial and chemical resolution,[68] as shown in Figure 10. Unfortu-

nately, in many high-resolution TEM studies, it is still the case
that no direct information about the chemical compositions of
nanoparticle surfaces is obtained using spectroscopic tech-
niques to verify the interpretations of measured surface struc-
tures and lattice spacings. Nevertheless, comparisons of high-
resolution TEM images with simulations have recently been
used to infer the presence of gas molecules interacting with
supported nanoparticles.[69]

The ability to acquire chemical as well as structural informa-
tion about supported nanoparticles with close-to-atomic spa-
tial resolution is made possible by correcting for the spherical
aberration of the condenser lens system of a scanning TEM
(STEM).[68a,b,h, 70] In such an instrument, a sub-�ngstrçm-diame-
ter electron beam can be focused and rastered across a thin
specimen. A chosen combination of high-angle annular dark-
field (HAADF) intensity,[71] in which the contrast is strongly de-
pendent on atomic number, and either electron energy-loss or
energy-dispersive X-ray spectra, can then be acquired point-
by-point across the field of view. HAADF STEM images have
been used to measure the particle size distributions of sup-
ported catalysts[72] and to compare measured particle morphol-

Figure 10. Electron-optical phase images of three 6 nm Pt nanoparticles supported on graphitic C, obtained by
applying exit wavefunction restoration to defocus series of CS-adjusted high-resolution TEM images acquired at
200 keV using a JEOL 2200FS transmission electron microscope.[68d]
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ogies with EXAFS results.[73] Such experiments have also been
used to provide atomic-resolution images with corresponding
chemical information about clusters, nanoparticles and
catalysts.[68g, 74]

These studies represent the present state-of-the-art in the
chemical characterisation of variations in chemical composition
in individual metal and oxide nanoparticles. However, they
could be extended in the future both by the use of new gener-
ations of aberration correctors,[75] specimen stages, spectrome-
ters and electron guns and by making use of the enhanced
spectral information that results from the use of monochroma-
tisation of the electron beam.

Whereas these developments have allowed new information
to be obtained on the sub-nm and sub-� scale, the 10–500 nm
scale is equally important. Here, focused ion beam sectioning
techniques in the scanning electron microscope are becoming
increasingly powerful.[76] Moreover, scanning X-ray microscopy
using a nanofocused beam, which is similar to the scanning X-
ray microscopy techniques described in section 2, can be used
to provide X-ray absorption spectroscopic,[17] fluorescence[77]

and scattering (wide- and small- angle X-ray scattering,
WAXS[78] and SAXS[79]) contrast. In this way, local structural in-
formation can be obtained on the meso-scale. The latter tech-
nique is developing rapidly and has been applied on the sub-
100 nm scale in the soft X-ray regime using Fresnel zone
plates. Figure 11 shows a schematic diagram of a scanning

transmission X-ray microscope (STXM) based on a Fresnel zone
plate.[80] For harder X-rays, Kirkpatrick-Baez (KB) mirrors[81] and
refractive optics are used. Today, spatial resolutions of well
below 100 nm can be achieved using each of these configura-
tions and spot sizes of below 10 nm have been demonstrat-
ed.[82] For scanning microscopy with absorption spectroscopic
contrast, X-ray mirrors are best suited, as they are achromatic
and the focus is (nearly) independent of the X-ray energy. Ab-
sorption spectroscopic microscopy is well established in the
soft X-ray range using Fresnel zone plates and has more re-
cently also been pursued in the hard X-ray range.[17] This tech-
nique still requires improvement in spatial resolution, which

will be possible for harder X-rays in third generation synchro-
trons that have higher brilliance, e.g. , PETRA III in Hamburg.[83]

In recent years, coherent X-ray diffraction imaging (CXDI)[84]

has emerged as a result of the availability of highly coherent
synchrotron radiation, allowing an object to be illuminated
with coherent X-rays and its far-field diffraction pattern to be
recorded. By making use of additional known information
about the object, such as its support environment, the sample
can be reconstructed numerically. In this way, the technique
circumvents X-ray optics and spatial resolutions down to
�3 nm have been achieved.[85] However, further developments
are needed to make this technique accessible on a routine
basis and to combine it with spectroscopic information (e.g. ,
by using contrast at the X-ray absorption edge). An interesting
extension is ptychography, which combines scanning micros-
copy with coherent diffraction imaging[86] by reconstructing
diffraction patterns while scanning. This technique has not
been applied to catalysis yet, but quantitative high-resolution
high-contrast images of a microchip[87] and of an ensemble of
30–50 nm gold particles on a silicon nitride membrane have
been studied successfully using X-rays (Figure 12, ref. [88]). In
addition, 2-5 nm particles have recently been studied using
30 keV electrons in an SEM,[89] demonstrating the potential of
this technique. The spatial resolution of ptychographic imaging
using X-rays is presently a few tens of nm, limited primarily by
the mechanical stability of the X-ray microscope and by as-
pects of data acquisition and interpretation. Although only
a few experiments have been performed so far,[3e, 88, 90] in princi-

Figure 11. Schematic diagram of a soft X-ray microscope at the Advanced
Light Source (ALS) with a spatial resolution of better than 12 nm. This micro-
scope uses a micro zone plate to project a full-field image onto a CCD
camera that is sensitive to soft X-rays. Partially coherent hollow-cone illumi-
nation is provided by a condenser zone plate. A central stop and a pin-hole
provide monochromatisation. Reprinted from ref. [80a] , Copyright (2005),
with permission from the Nature Publishing Group.

Figure 12. a) Ensemble of four 30–50 nm gold particles on a silicon nitride
membrane used as a test object for coherent X-ray diffraction imaging
b) Diffraction pattern recorded from the object in (a) by illuminating it with
a coherent nanobeam at 15.25 keV. c) Object reconstructed from the diffrac-
tion pattern in (b). Reprinted from ref. [88] , Copyright (2010), with permis-
sion from the Polish Academy of Sciences.
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ple all coherent diffraction imaging techniques can be com-
bined with X-ray absorption spectroscopy.

3.2. Tomography on the nanometre scale

The results in the previous section have mostly described infor-
mation obtained about catalysts in projection. In reality, cata-
lysts are three-dimensional objects on both the meso-scale and
the nanometre scale in terms of their shape, composition, po-
rosity and arrangement. In section 2.1, the ability to obtain
three-dimensional information about catalyst pellets using X-
ray tomography, providing information about pore structure,
particle distribution and particle structure, was described. By
exploiting the long penetration depth of X-rays and nanofo-
cusing, it is also possible to obtain this information on the
sub-mm scale. The TEM and STEM techniques described in the
previous section also usually provide, to a first approximation,
projections of the three-dimensional microstructure of a speci-
men in the electron beam direction, modified by dynamical
scattering and by microscope imaging parameters. In order to
obtain three-dimensional information, as in X-ray microscopy,
the acquisition of extended series of images of a region of in-
terest from different angles is required. Typically, STEM HAADF
or bright-field TEM images are recorded as a function of speci-
men tilt angle. Three-dimensional information about the posi-
tions, orientations, morphologies and internal structures of
nanoscale features in the specimen are then obtained from
these images by using well-established reconstruction tech-
niques, usually with sub-nm spatial resolution.[91] Spectroscopic
signals can also be used,[92] although the resulting reconstruc-
tions are often noisier than for STEM HAADF electron tomogra-
phy. Defects such as dislocations can also be imaged in three
dimensions by combining dark-field imaging with electron
tomography.[93]

Shown in Figures 13 and 14 are examples of the use of
STEM HAADF electron tomography to measure the crystallo-
graphic shapes, positions and orientations of 5–20 nm Pt and
PtCr nanoparticles on carbon, which are used in the electrodes
of proton exchange membrane fuel cells.[94] For a comprehen-
sive review and bibliography of recent results obtained by ap-

plying electron tomography to the study of heterogeneous
catalysts, the reader is referred to Friedrich et al.[95]

Some of the artefacts that are introduced during the recon-
struction of electron tomograms can be reduced through the
use of larger specimen tilt angles and improved reconstruction
or segmentation algorithms.[96] True atomic-resolution electron
tomography is only now being developed, with recent prog-
ress made by acquiring bright-field atomic-resolution tilt series
of images of specific samples such as inorganic fullerenes[97] or
Au particles[98] and atomic-resolution HAADF images of the
same specimen viewed from a small number of well-defined
directions.[99]

A major challenge for electron tomography is to improve
the time resolution of measurements, so that dynamic image
sequences can be recorded in three dimensions. Electron to-
mographic measurements are not currently possible in real
time. Future developments may result from the use of higher-
brightness electron guns, improved detectors, new specimen
stages and improved reconstruction algorithms that make use
of very few projections,[99a] as well as from alternative ap-
proaches such as depth sectioning in the STEM.[100] As the pen-
etration depth of electrons is small, these studies should go
hand in hand with X-ray tomographic studies, for which focus-
ing down to 10–20 nm is expected to allow objects in the
100–500 nm size range to be imaged.

3.3. Spatial information on the meso- and nano-scale under
in situ conditions

The dynamic nature of catalysts under reaction conditions was
discussed in section 2.2, in relation to the importance of ob-

Figure 13. Isosurface visualisation of a tomographic reconstruction of three
6 nm Pt nanoparticles supported on graphitic C, obtained from a high-angle
annular dark-field tilt series of images acquired at 200 keV using a Tecnai
F20 transmission electron microscope over a specimen tilt range of �708 to
+ 688 with a tilt increment between successive images of 18. Reprinted from
ref. [68i] , Copyright, with permission from IOP Publishing Ltd.

Figure 14. Tomographic reconstruction of PtCr nanoparticles supported on
graphitic C, obtained from a high-angle annular dark-field tilt series of
images acquired at 200 keV using a Tecnai F20 transmission electron micro-
scope using a specimen tilt range of �748 to + 758 with a tilt increment be-
tween images of 28, using an inner detector semi-angle of 40 mrad. The re-
construction shows that most of the particles are on the surface of the C
support.[94b]
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taining atomic scale information using spectroscopic methods.
Atomic scale and meso-scale information under reaction condi-
tions should ideally be obtained by imaging. However, the
imaging of catalysts in reaction environments is complicated
by the short mean free path of electrons in gases and liquids.
Therefore, early studies of the working states of catalysts were
limited to quasi-in situ sequences, in which samples were
transferred from the reactor to the electron microscope at cer-
tain times. In the best cases, the catalysts were transferred in
sealed containers at room temperature before being inserted
into the high vacuum of the electron microscope (e.g. , [101]).
Even though such experiments provided new information, the
change in environment (gas and temperature) could alter the
catalyst structure from its working state. For example, in the
partial oxidation of methane, the catalyst adopts its active
state only under reaction conditions (see section 2.2 and
refs. [1f, 48]). Nowadays, in situ TEM can partially bridge the
pressure gap between surface science and industrial reactors,
as illustrated in Table 1.

Although in situ TEM can refer to the application of many
different external parameters or stimuli to a specimen in the
electron microscope, in catalysis the processes that are pres-
ently of most interest are: a) sintering,[102] b) poisoning[102c–e]

and c) morphological changes[1d, 6a, 69, 102c–e, 103] of supported par-
ticles in real time, in a gas environment and at elevated tem-
perature. Such experiments are by no means trivial in the TEM,
as significant hardware modifications are required. Although
closed-cell heating specimen holders that utilise micro-electri-
cal-mechanical systems (MEMS) technologies are now becom-
ing available for both high pressure gas and liquid studies,[104]

allowing samples to be exposed to ambient pressure during
electron microscopy, drawbacks include limited sample geome-
try and the difficulty of acquiring reliable energy dispersive X-
ray (EDX) spectra. Accordingly, here we concentrate on gas re-
action cells that are installed directly in the electron micro-
scope column, permitting regular TEM specimen holders to be
used for in situ experiments,[105] as shown schematically in
Figure 15.

Short historical reviews on environmental transmission elec-
tron microscopy (ETEM) can be found in refs. [65e, 105] . In
such instruments, specific regions of the specimen can be fol-
lowed during chemical reactions over extended periods of
time by acquiring TEM images, diffraction patterns or spectro-

scopic information. STEM image acquisition during chemical
reactions is more difficult, in part because of the difficulty of
recording scanned images during dynamic processes and in
part because of the lower maximum cut-off angle in an ETEM
for detecting high-angle scattering.

Illustrated in Figure 16 is the use of a Philips CM300 ETEM,
without aberration correction, to study the effect of different
gas environments on changes to the equilibrium shapes of
metallic Cu nanocrystals supported on ZnO in a catalyst used
for methanol synthesis.[6a] The crystals, which have sizes of 3–
6 nm, are formed by the in situ reduction of a CuO/ZnO pre-
cursor in H2 and subsequently imaged in the ETEM in different
gas mixtures at 220 8C. Figure 16 shows that, under less reduc-
ing conditions (in the presence of H2O in addition to H2), the

Table 1. Approximate pressures achieved during catalytic reactions in dif-
ferent instruments and reactors.

Technique Pressure [Pa]

conventional TEM 10�6

differentially-pumped environmental TEM 103

scanning soft X-ray microscope 103

scanning and transmission hard X-ray microscope 105

closed-cell environmental TEM 105

bench-scale reactor 105

industrial reactor 107

Figure 15. Schematic diagram of a differentially-pumped TEM column. FEG:
field emission gun; IGP: ion getter pump; TMP: turbo molecular pump;
RGA: residual gas analyser ; PC: plasma cleaner ; C1: first condenser aperture;
SA selected area aperture. Reprinted from ref. [105a], Copyright (2010), with
permission from Maney Publishing.
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particles transform to more spherical shapes, terminated by
a higher fraction of (110) and (100) facets than in pure H2. The
contact area with the ZnO does not change significantly, sug-
gesting that water adsorption on the exposed facets of the
crystals is the primary driving force for the reshaping of the
crystals. In contrast, under more reducing conditions (in the
presence of CO in addition to H2), the crystals transform to
disc-like structures, in agreement with an earlier model based
on XAS measurements performed under operating condi-
tions.[1d] The interfacial area then increases by approximately
50 %, suggesting a decrease in interface energy. Further exam-
ples of dynamic shape changes in this system were reported
by Vesborg et al.[103] Very recently, Behrens et al.[106] further in-
vestigated the Cu/ZnO catalyst for methanol synthesis, focus-
ing on a more industrially relevant catalyst. By using a combina-
tion of spectroscopic techniques, in situ TEM and theory it was
concluded that the active site in methanol synthesis consists
of Cu steps decorated with Zn atoms.

An example of the use of an FEI Titan ETEM to study the sin-
tering of nanoparticle catalysts is shown in Figure 17 for
a model system of Au nanoparticles on BN.[105a] The successive
frames show a selection of aberration-corrected TEM images of
in situ nanoparticle sintering taking place in 130 Pa of H2 at
400 8C. Two sintering mechanisms are generally discussed,
based on either migration of particles over the support and co-
alescence when they are in close proximity or Ostwald ripen-
ing, which involves mass transport from smaller to larger parti-
cles by the diffusion of atoms or molecular species. Interesting-
ly, Figure 17 shows that both mechanisms can take place on
the same sample under the same conditions. Between Fig-
ure 17 a and b, particles 1 and 2 coalesce. The same phenom-
enon is observed for particle 3 between Figure 17 b and c. In
contrast, particle 4 becomes smaller between Figure 17 c and f,
suggesting that Ostwald ripening is taking place. Some caution
is required, however, as the ETEM is not an ultra-high-vacuum
environment and observations may be influenced by the pres-
ence of graphitic layers and hydrocarbons on the specimen
surface, which may not be readily discernible.

In contrast to the shape
changes and sintering processes
shown in Figure 16 and
Figure 17, Figure 18 illustrates
the use of a Tecnai F20 ETEM to
study the role of catalysis in the
nucleation and growth of
carbon nanotubes, which can
be detrimental if they grow in
industrial catalytic reactors, but
are also of interest for their
novel electrical, optical and me-
chanical properties. Figure 18
shows images taken from
a video-rate ETEM study of the
growth of single-walled carbon
nanotubes (SWCNTs) from Ni
nanocrystals supported on SiOx

in C2H2 at 615 8C.[107]

Figure 16. In situ TEM images of a Cu/ZnO catalyst imaged in three different gas environments at 220 8C, together
with corresponding Wulff constructions of the Cu nanocrystals. a) 1.5 mbar 3:1 H2/H2O. b) 1.5 mbar H2. c) 1.5 mbar
95:5 H2:CO. Reprinted from ref. [6a] , with permission from the AAAS.

Figure 17. Frames taken from a sequence of high-resolution TEM images of
Au nanoparticles on a BN support imaged in 130 Pa of H2 at 410 8C at the in-
dicated times. The images were recorded using a 300 keV primary electron
energy, with the spherical aberration coefficient of the objective lens set to
below 5 mm. The numbers refer to particles that undergo different sintering
mechanisms. See text for details. Reprinted from ref. [105a], Copyright
(2010), with permission from Maney Publishing.
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Shown in Figure 18 a–c is the formation of a single SWCNT
by base growth and illustrated is the fact that the Ni catalyst
reshapes distinctly. A carbon cap, which initially has the shape
of the apex of the Ni particle, is seen to lift off from the cata-
lyst particle, which is itself then restructured. As the nanotube
grows, it constrains the Ni particle to have a cylindrical shape.
Finally, growth terminates when the graphitic lattice encapsu-
lates the Ni catalyst particle down to the level of the support.
The models shown in Figure 18 d–f summarise the sequential
stages of growth. Similar experiments have been performed by
Helveg et al.[6b] for studying the growth of carbon nanofibres
with diameters ranging from 5 to 20 nm in CH4. Just as in
Figure 18, shape changes were observed in the Ni catalyst par-
ticles, which remained crystalline during growth. Sharma and
Iqbal[108] used an ETEM to study SWCNT growth at 750 8C from
a Mo-Mg oxide catalyst in C2H2 and multi-walled carbon nano-
tube (MWCNT) growth at 450 8C from a Ni catalyst in C2H2.
Schlçgl and co-workers recently also reported more detailed

studies[109] in which TEM was
combined with in situ XPS to
obtain surface and near-surface
information.[110]

Figure 19 illustrates a different
application field for ETEM ex-
periments, involving the study
of microstructural changes in
a solid oxide fuel cell (SOFC)
anode in an FEI Titan ETEM.[111]

The anode is made from
a nickel-yttria stabilised zirconia
(Ni-YSZ) cermet.[112] The Ni is ini-
tially in its oxidic state (NiO)
during SOFC production and is
reduced to metallic Ni during
the first cycle of operation.
During operation of the fuel
cell, oxidation of Ni can occur

as a result of high fuel consumption, air leakage or uncontrol-
led shut-downs. The resulting volume change from Ni to NiO
is detrimental to the microstructure of the thin supported elec-
trolyte and can lead to failure of the device. Figure 19 shows
bright-field TEM images of NiO and YSZ grains. In situ exposure
of the sample to 130 Pa of H2 at temperatures of up to 500 8C
was used to follow reduction of the NiO grains and the result-
ing formation of porosity.[111] Diffraction patterns showed an
epitaxial relationship between the NiO grains and the growing
metallic Ni. The sample was then exposed in situ to 320 Pa of
O2 at temperatures of up to 500 8C, in order to reoxidise the Ni
grains. During the reoxidation process, the pores that had
been created in the grains were re-filled with polycrystalline
NiO. The stress that resulted from the volume change in the
Ni-containing grains, which was observed in the form of dif-
fraction contrast variations in the YSZ, is thought to lead to
the failure of the device during operation.

Figure 18. a)–c) ETEM image sequence of Ni-catalysed single-walled carbon nanotube root growth recorded in
8 � 10�3 mbar C2H2 at 615 8C. The relative times of the images are indicated. d)–f) Schematic models of different
stages of nanotube growth. Reprinted with permission from ref. [107], Copyright (2007) American Chemical
Society.

Figure 19. a) and b) Bright-field TEM images acquired before and after in situ reduction of a NiO-YSZ anode precursor in 130 Pa of H2 at 500 8C for 2 h.
c) Bright-field TEM image acquired after in situ re-oxidation in 320 Pa of O2 at 500 8C for 2 h. Reprinted from ref. [111] , Copyright (2010), with permission from
Elsevier.
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Further recent examples of the use of ETEM for fundamental
studies of catalysts in their working state have been reported
in refs. [69, 113], including in situ high temperature TEM obser-
vation of a catalyst in a highly moist air atmosphere.[114] Re-
cently, the use of visible light in combination with ETEM has
been explored.[115] The light can be used to drive reactions and
potentially also for spectroscopy if it can be guided from the
sample to external spectrometers.

In all experiments performed in the ETEM, the total gas pres-
sure, gas composition and specimen temperature have to be
optimised for each gas-solid interaction of interest, in addition
to optimisation of the usual microscope parameters. In addi-
tion, care is required with respect to electron beam damage
and heating as well as interactions between the gas and both
the incident high-energy electron beam and lower-energy sec-
ondary electrons emitted from the specimen, which can result
in ionisation of the gas, changing its reactivity. Zhang et al.[116]

recently described the dynamics of small gold particles in an
electron beam and the effect of the electron beam for a TiO2/
SBA-15 supported VxOy catalyst. In addition, when examining
specimens at elevated temperature in the presence of gas, the
spatial resolution and information limit are affected by the sta-
bility of the combined system, while scattering of the incident
electron beam by the gas molecules degrades image
resolution.[104d, 105, 117]

Such interactions with gas molecules are less of an issue
when using X-rays. The ensemble of gold particles shown in
Figure 12 was recorded at ambient pressure and temperature.
Most interesting are hard X-rays (>6 keV), which can penetrate
both gas and liquid phases (Table 1). However, owing to the
fact that until recently soft X-rays could be focused much
better, in situ X-ray microscopy was developed in the soft X-
ray regime. Drake et al.[118] investigated the reduction of a Cu/
SiO2 catalyst using soft X-rays at the Cu L3 edge. Interestingly,
the XANES data showed that Cu did not reduce in the same
way at all locations on the catalyst. The first true in situ STXM
study with sub-50 nm spatial resolution under reaction condi-
tions was reported by de Smit et al. ,[119] who used a significantly
improved cell very similar to that mentioned above for in situ
TEM[104a] to study a Co-SiO2 based catalyst for Fischer–Tropsch
synthesis (Figure 20). The nano-reactor,[104a] which had a gas
path length of 50 mm, an area of 500 mm � 500 mm and 10 nm
Si3N4 windows, was used at the STXM beamline 11–0.2. of the
Advanced Light Source (ALS) and achieved a spatial resolution
of 15 nm. The contour plots, shown in Figure 20, reveal 35 nm
spatial variations in the iron valence and its metal/carbide/
oxide nature. In addition, the composition of the iron oxide is
observed to change after H2 treatment when compared to syn-
thesis gas conditions.

Figure 20. 2D STXM contour plots of Fe-based Fischer–Tropsch catalysts acquired a) at room temperature, b) after reduction in H2 at 350 8C and c) after CO
hydrogenation at 250 8C, obtained by recording XANES spectra at the Fe L2 and L3 edges (plots d, f, h), the O K edge (plots e, g, i) and the C K edge (not
shown). Reprinted with permission from Macmillan Publishers Ltd. ,[119] Copyright (2008).
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The resulting iron carbides were associated with regions
where a-Fe formed after reduction, as confirmed by the Fe L2,3

XAS spectra. This study demonstrates the complementarity of
such experiments to ETEM studies and the importance of mon-
itoring heterogeneous catalysts in the 10 to 100 nm regime.
The latter point was also highlighted in a separate study of the
reduction of Fe3O4/SiO2.[120] Strong changes due to the expan-
sion/contraction of the lattice and the mobility of silica species
were observed, just as in TEM studies of Cu/ZnO catalysts (Fig-
ure 16,[6a]), nanofibre growth over Ni-particles (Figure 18,[6b])
and oxidation/reduction of SOFCs (Figure 19,[111]). A recent
study of RuO2 on MWCNTs has further demonstrated that spec-
troscopic insight into changes in valence state can be obtained
on the nm scale[121] and the technique is attractive for studies
of CNTs in general.[122] The STXM approach was further applied
to zeolite materials at work[123] while Meirer at al.[124] and
Nelson et al.[125] demonstrated the successful application of
full-field transmission X-ray microscopy for recording spatially-
resolved XANES data with a spatial resolution of better than
50 nm in battery materials.

For soft X-rays, such measurements have a maximum pene-
tration depth of 100 mm. The catalyst particles need to be kept
small and the reactor design sophisticated, because the dis-
tance between the sample and the order-sorting aperture
behind the Fresnel zone plate is only a few mm. Although
nano-reactors are presently being developed for operation at
1000 8C at 25 bar pressure, the realisation of in situ cells would
be much easier for hard X-rays. Such studies have not yet
been reported in the hard X-ray range. However, hard X-ray
beams with lateral sizes of below 50 nm have been produced
with diffractive, reflective and refractive optics. Recently, the
10 nm barrier has been broken at 20 keV.[82a] As new hard X-ray
microscopes that are based on different optics emerge at
modern synchrotron radiation sources,[3e, 83] so in situ studies of
chemical reactions will become feasible on these length scales.
Owing to the smaller numerical aperture of hard X-ray optics
when compared to that in the soft X-ray range, the depth of
focus is much larger and thicker samples can therefore be ex-
amined. In addition, parallel measurements of catalytic perfor-
mance will become easier. The fact that the examination of
thicker samples may lead to smearing of the spatial informa-
tion because layers from below are also recorded may be
solved by tomographic imaging. The use of a smaller numeri-
cal aperture means that the working distance for hard X-ray
nano-optics is usually larger than that used for soft X-rays,
ranging from a few mm to several cm, alleviating the spatial
requirements on sample environment. From the point of view
of spectroscopy, soft and hard X-ray microscopy provide com-
plementary information. The choice of specimen determines
which energy range is preferable.

4. Conclusions and Outlook

The case studies presented in this review highlight the fact
that the development of in situ techniques for imaging cata-
lysts at work is an important but also a multi-faceted topic. A
hierarchical approach across both length and time scales is re-

quired to fully understand and design heterogeneous catalysts
with final applications in industrial processes. This conclusion
is not surprising, since catalysts are very dynamic in their struc-
ture. Spatial heterogeneities occur in catalytic reactors, shaped
catalysts, catalyst grains and nanoscale clusters and particles
on the cm, mm, mm and nm scales, respectively. None of these
length scales can be neglected during catalyst development,
but all have to be considered for the efficiency of the process
(Figure 1). Hence, a broad toolbox needs to be fully developed,
starting from “conventional” techniques (IR, Raman, XRD, NMR,
EXAFS,…) that are applied in situ and allow probing down to
the mm length scale. New developments also come into play,
including non-linear spectroscopic techniques and single mole-
cule fluorescence microscopy studies that can be used to pro-
vide information about variations in porous solids on multifac-
eted particles and porous structures. The turnover must be
low and can be achieved by appropriate dilution. Light of high
brilliance, from IR to hard X-rays, can be obtained in the
newest third generation synchrotron radiation sources, making
these techniques ideal for spatially resolved studies. Apart
from the higher brilliance and better focusing techniques for
X-rays, new techniques such as ptychography also promise to
contribute to better spatially resolved information in the
future. Nanofocused X-rays together with absorption, fluores-
cence and diffraction contrast are expected to provide impor-
tant insight into the 2D and 3D structure of catalysts on the 5
to 500 nm scale. On the other hand, electron microscopy has
made tremendous progress not only as a result of the develop-
ment of improved lenses/correctors and in situ cells but also in
gaining spectroscopic information simultaneously. Further-
more, 2D projections of catalyst particles and reactors are pres-
ently complemented by more time-consuming tomographic
studies, which provide 3D distributions of catalytically active
entities. Substantial developments in such studies are possible
in the future and electron and X-ray based techniques will not
only complement but even more approach each other. Anoth-
er important challenge is to study the dynamics of the parti-
cles, since they are usually not static but dynamic[1d, 6a,b, 116]

across all relevant time scales (cf. Figure 1).
New tools need to be developed to bridge the nano- and

the macro-scale, as well as to provide improved information
about catalysts under idealised and realistic reaction condi-
tions. The ideal approach is to bridge the length scales in the
same experiment on the same sample, so that erroneous con-
clusions from either more global or more local probing tech-
niques and the effects of specimen transfer between measure-
ments can be excluded. A first step is the combination of dif-
ferent techniques. Full-field and scanning microscopic tech-
niques should be combined with more emphasis. Presently,
the popular approach for catalyst characterisation is based on
“zooming in” from the reactor, via the shaped catalyst to the
catalyst grains and molecular structure. In the future, more
focus on a “bottom up” approach involving rational design,
starting from molecular structures and including monitoring
during synthesis, is desirable. Ideally, the desired synthesis of
the active centres, its further transformation during activation
and its behaviour under reaction conditions should be per-
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formed in a well-defined manner, which then also allows for ra-
tional product design combined with theoretical evaluations
across all length scales. Finally, the information from the differ-
ent length scales should be transferred to a hierarchical multi-
scale modelling of catalysts and reactors. Hardly any informa-
tion from meso- and macro-scale characterisation has been im-
plemented in such models. Such studies will be decisive for
proving the power of this emerging but also fascinating field.
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