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Abstract The term operando was coined at the begin-
ning of this century to gather the growing efforts devoted
to establish structure-activity relationships by simulta-
neously characterizing a catalyst performance and the
relevant surface chemistry during genuine catalytic opera-
tion. This approach is now widespread and consolidated; it
has become an increasingly complex but efficient junction
where spectroscopy, materials science, catalysis and
engineering meet. While for some characterization techni-
ques kinetically relevant reactor cells with good resolution
are recently developing, the knowledge gained with
magnetic resonance and X-ray and vibrational spectro-
scopy studies is already huge and the scope of operando
methodology with these techniques is recently expanding
from studies with small amounts of powdered solids to
more industrially relevant catalytic systems. Engineering
catalysis implies larger physical domains, and thus all sort
of gradients. Space- and time- resolved multi-technique
characterization of both the solid and fluid phases involved
in heterogeneous catalytic reactions (including temperature
data) is key to map processes from different perspectives,
which allows taking into account existing heterogeneities
at different scales and facing up- and down-scaling for
applications ranging from microstructured reactors to
industrial-like macroreactors (operating with shaped
catalytic bodies and/or in integral regime). This work
reviews how operando methodology is evolving toward
engineered reaction systems.
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1 From the ‘catalytic trinity’ to structured
catalysts

The nature of the catalytic act is the same for any kind of

catalysis, be it homogeneous, enzymatic or heterogeneous;
to some extent, we may take the academic liberty to call
these the ‘catalytic trinity,’ in the sense that the three are
one. Catalysis is a phenomenon that occurs at the atomic
scale when the molecules of reactants interact with active
sites; such interaction weakens bonds, rearranges them,
and electrons and atoms dance into new molecules.
However, while the catalytic act takes place at the atomic
scale, applied catalysis is framed in larger scale constraints.
In the case of homogeneous and enzymatic catalysis it is
crucial to ensure that the reaction medium is free of
diffusional limitations. Heterogeneous and enzymatic
catalysis encompass additional hurdles in the near field:
molecules mobility to reach and depart from the catalytic
site is critical to avoid diffusional control. Large scale
catalytic systems bring additional difficulties to enable an
atomic scale phenomenon to occur within the meters range.
Gradients become ubiquitous, and they have to be known
and steered to optimize catalytic performance.
In this review, we are going to focus on heterogeneous

catalysts, which can be organometallic compounds,
immobilized enzymes, or metals or metal oxides bond to
silicates, carbonaceous substrates, oxides or zeotypes,
among others. More precisely, we will focus on how
characterization should engage the process of bringing a
catalytic system idea into a real working catalytic reactor,
which is a multistage enterprise that progressively converts
a model/research seminal concept into a technical/
industrial final process, as Fig. 1, from a recent review
[1], nicely reflects.
Chemical engineering provides a phenomenological

approach to optimize the performance of large reactors,
combining reaction modeling with reactor design. Cellular
or structured catalytic reactors are gaining interest over
conventional packed bed reactors due to the low pressure
drop, high geometric specific area, low axial dispersion
and back-mixing, reduced fouling or plugging, and easy
cleaning and scale-up [2–4]. Honeycomb monoliths are
increasingly investigated for a wide range of reactions in
the environmental remediation field and the chemical/
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petrochemical/biochemical industries [5]. Similarly, in the
past two decades also foams have deserved attention in the
catalytic field [6]. Thus, shaping/structuring becomes a key
stage in the manufacturing of catalysts, because it
determines the final geometry (fluid dynamic properties)
and composition (physicochemical properties), and there-
fore the performance of the catalytic body; characterization
cannot be performed obviating this step.
Another approach to engineer catalysis is going small,

taking advantage of microstructured reactors. These are
reactors with three-dimensional structure and inner
dimensions between 10 and 100 µm; their main feature,
in comparison to macroreactors, is the high surface-to-
volume ratio [7]. Microreaction technology is an inter-
disciplinary field that has gained significant importance
due to the numerous advantages with respect to conven-
tional systems, such as the wider operating window and
tighter process control provided by the enhanced rate of
heat and mass transfer [8]. The former capability, for
example, allows fast heating and cooling, the suppression
of hot spots and a safely operation in processes which
would be within the explosive regime in conventional
reactors [9,10]. The latter permits, among others, higher
selectivity of the target product by preventing undesired
consecutive or side reactions [11]. The transport intensi-
fication inherent to microstructured reactors makes them
useful as laboratory tools so that even fast, highly
exothermic reactions can be performed isothermally and
in the absence of mass transfer limitations. Furthermore,
safer operation due to the small channel dimensions allows
exploration of new reaction pathways, in addition to

process intensification through high pressure and tempera-
ture chemistries [12]. Heterogeneous catalytic microreac-
tors are based mostly on reactive membranes, inert
membranes, or non-porous microchannels with packed
beds or wall-coated catalysts [13].
Little research is devoted to understanding the additional

complexity of engineered, industrially relevant catalytic
systems. Moreover, structured and packed bed (micro)
reactors may be highly heterogeneous due to non-uniform
distribution of active phase or reactants, or to non-uniform
reaction progress within shaped catalysts. Consequently,
advanced analytical tools [14] and adapted reaction test
rigs [15] are needed not only to probe the composition and
structure on nano- to millimeter-length scales, but also
their effect on the final performance of the developed
catalyst.
The operando methodology provides a direct grip

between the working catalyst active site structure and its
performance. It has been evidenced as an invaluable tool to
understand catalysis [16–32] and as method for real-time
operation control [33]. The value of the operando
methodology is that it characterizes a working catalyst
and simultaneously measures its performance. For this
reason, the operando reactor-cell has to be designed to
perform like the corresponding real system, delivering
reliable catalytic data. There is a growing awareness of the
need to engineer this methodology in order to be able to
map working catalysts and catalytic reactions within
reactors in the final shape with enough time- and space-
resolution to understand and optimize catalytic processes
[15,29,34,35]. This is poised to deliver two major

Fig. 1 Multiparametric evolution in catalyst development process. Reproduced with permission from [1]

510 Front. Chem. Sci. Eng. 2018, 12(3): 509–536



outcomes: a fundamental and an applied one. On the one
hand, we will be able to understand chemical structure-
activity relationships in a holistic manner, with resolution
in time and space. On the other hand, it will provide key
knowledge for real-time monitoring of the catalyst and the
catalytic reaction, endowing us with the ability to
implement solid process analytical technology systems
(PAT) [36].

2 Shedding light into the ‘black box’: The
operando1) methodology

In the past decades, the huge advance in molecular
calculations and characterization technologies has pushed
the progressive substitution of the empirical trial-and-error
research approach by a rational molecularly driven design
of active sites to optimize their quality, strength,
concentration, distribution and accessibility [22]. The
‘black box’ approach, where catalysts are characterized
before and after reaction, fails to provide complete
information of materials microstructure, composition and
reactivity because these may be sensitive to the tempera-
ture, pressure, irradiation, and composition of the reactive
environment. The ‘materials gap,’ the ‘temperature gap’
and the ‘pressure gap’ [23] have been nowadays mostly
overcome with the development of in situ techniques [26].
The operando methodology has gone a step forward,
combining the characterization of a catalytic material
during reaction (in situ characterization) with the quanti-
tative assessment of the actual performance of the catalyst,
i.e., with the simultaneous analysis of the fluid stream, to
calculate, for instance, conversion and selectivity. Detailed
physicochemical characterization of the solid and fluid
phases during operation in realistic conditions helps to
understand: (i) the mechanisms of the adsorption/deso-
rption, transport, and reaction processes taking place and
(ii) the behavior of precursors, active and adsorption sites,
reactants, intermediates, products, spectators, and poiso-
nous species. This insight stands on spectroscopy, which in
turn stands on the interaction of electromagnetic radiation
with matter. Virtually, catalysis cannot be understood
without spectroscopic characterization thechniques, which
provide multiple complementary insights into the state of
matter.
Spectroscopic techniques have been profitably used with

the operando approach to determine the nature, quantity,
structure and environment of atoms, ions and molecules
[30]. Among them, UV-vis is a powerful method to probe
the electronic transitions of organic deposits [37] and d–d
transitions of transition metals [34]; as a whole, it delivers
information on the oxidation state, chemical environment

and domain sizes [38]. Molecular spectroscopies, like
Raman and infrared, deliver complementary information
on local molecular structures based on their vibrational
states [22,30,35,39]. Both are sensitive to the states of the
catalyst, adsorbed reactants and, depending on the system,
to the reactants/products prior/after interaction with the
active site; however, Raman is a two-photon phenomenon,
more sensitive to covalent bonds vibrations, where
polarizability changes, while infrared is a single-photon
phenomenon, more sensitive to ionic bond vibrations,
where dipolar moment changes [40]. Different selection
rules endow Raman and infrared spectroscopies with
different and complementary sensitivities; e.g., for hetero-
geneous catalysts, Raman is preferentially used to
characterize catalyst chemical structure at work and, to a
lesser extent, to monitor adsorbed molecules, while
infrared has the inverse distribution of applications.
While in the operando arena UV-vis, Raman and

infrared spectroscopies are the most common techniques,
others are being increasingly used, such as magnetic
resonance spectroscopies [41–43]: EPR spectroscopy can
provide important information on paramagnetic species
with one or more unpaired electrons and thus characterize
the structural and electronic properties of transition metal
ions; meanwhile NMR characterizes the chemical envir-
onment, structure, and dynamics of molecules. NMR is
particularly informative about both catalyst state and
reaction progress in time and space. More specialized
synchrotron-based spectroscopic and non-spectroscopic
techniques are quickly developing to perform operando
experiments with high resolution [44], often including
complementary vibrational spectrometers as well [45].
Operando methodology has also been developed to
operate with techniques such as neutron scattering
[46,47], and the field of techniques adapted to the harsh
operando conditions for visualizing atomic-scale proper-
ties of active catalysts under actual working conditions is
continuously expanding [48,49]. For instance, major
progress with differential pumping has allowed performing
transmission electron microscopy (TEM) and X-ray
photoelectron spectroscopy (XPS) analyses at conditions
that increasingly resemble real catalytic operation, under
pressures of some mbar. More recently, graphene windows
are used as monoatomic frontier to preserve the vacuum
needed for TEM or XPS analyses while following
reactions in the liquid phase or at atmospheric pressure
[49].
The use of diverse techniques provides not only different

sensitivities, but also different time- and space- resolution
of measurement [50], as shown in Fig. 2. Space-time
constraints are deeply entangled and they are critical for
implementing comprehensive operando mapping of

1) Clarification: The term should be ‘operando’ and not ‘in operando’. Unlike ‘in situ’, ‘operando’ may not be preceded by ‘in’. While ‘in situ’ spectroscopy
refers to the spectroscopy of a sample that is ‘in’ a given site (‘in situ’ in Latin), operando spectroscopy denotes spectroscopy of a sample that is ‘working’
(‘operando’).
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catalysts. Higher space-resolution requires better time-
resolution to be significant. Moreover, to fully overcome
the ‘dimension gap,’ besides reducing the size of the area
to be probed (from which the information is averaged),
probing various areas of the solid is essential, in order to be
able to identify non-uniform features and their effect on the
catalytic performance. The choice of space resolution
defines the perspective of the look: space-resolved
operando is nowadays applied at the nano-, micro-, and
macro-scale to study intra- and inter-reactor, -catalyst, and
-molecule phenomena and their evolution, often with the
help of computational data treatment. The evolution and
achievements of imaging in heterogeneous catalysis at
different length and time scales has been greatly pushed
and reviewed by the group of Weckhuysen [44,51,52] and
others [29]. The development of microscopic methods and
of capillary and fiber optic probes has greatly contributed
to improve space-resolution [53], but also to perform
multi-probe characterization. An interesting example is the
operando study of the CrOx/Al2O3 extrudates deactivation
in a pilot-scale propane dehydrogenation reactor. The
experimental set-up combined UV-vis and Raman optical
fiber probes to follow the formation of coke deposits online
[54]. A flow of N2 was used to cool the Raman probe,
protecting the optics and Teflon O-rings, and to keep the tip
clear of coke deposits. The probe could be moved with
respect to the catalyst bed for focusing purposes, and the
signal of the Si‒O vibrations of the fiber was filtered. The
diffuse reflectance (R1) of the catalyst obtained by UV-vis
spectroscopy was used to correct the Raman signal for the
self-absorption effect due to catalyst darkening. This
approach provided a monitoring tool to minimize aging
due to thermal stress by decreasing temperature peaks on
reoxidation and also to modulate the feed to keep the
catalyst working around its optimum performance [33,54].
In summary, the operando spectroscopy methodology

has been adopted by catalyst scientists even before, but
especially since the term was coined in 2002 [27,55–57],
and the interest and success of this methodology is

exponentially increasing due to its ability to establish
fundamental molecular structure-activity/selectivity rela-
tionships. This is reflected in the literature on catalysis by
circa 100 operando publications per year [58], the ‘In-situ
characterization of heterogeneous catalysts’ themed issue
of Chemical Society Reviews guest-edited by B. Wec-
khuysen in 2010, and many other recent reviews
[17,53,58]. Major research effort is currently devoted to
investigating all kinds of catalytic systems, and thus new
set-ups are being developed to obtain a) more realistic
conditions not altered by the probe (P, T, environment,
mass and heat transfer limitations, see for example [25,59],
b) better time-resolution [60], c) better space-resolution in
the solid [61] and fluid [62,63] phases, and d) comple-
mentarity, coupling several techniques to obtain full
characterization data [64].

3 Chemical structure and activity in the
operando methodology

Operando methodology stands on two pillars: Chemical
structure and reactivity. Both must be accurately deter-
mined.

3.1 Catalytically relevant chemical structures

In heterogeneous catalysis a premise remains fundamental
for all characterization techniques: the chemical phase
relevant to the catalytic process must be identified.
Heterogeneous catalysis is an extremely surface-sensitive
phenomenon, the interactions occur at the outermost layer
of the catalysts, and the characterization has to be related to
the exposed surface (external or internal) of the solid to be
representative of active sites. This brings an important
conceptual constrain for operando investigations: They
must characterize the chemical structure that is relevant to
the reaction and measure the activity that is derived from it.
However, most spectroscopies are bulk sensitive or near-

Fig. 2 Overview of the spatial (left) and temporal (right) resolution of vibrational micro-spectroscopic techniques applied in
heterogeneous catalysis. Adapted from [50]
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surface sensitive. Most characterization techniques present
signals with contributions from both the bulk and the
surface, only very seldom are sensitive only to the
outermost layer. The interplay between the bulk and the
outermost domains can be critical for heterogeneous
catalytic systems. Two extreme examples would be
molecularly dispersed and bulk catalysts. The former are
characterized by having the active phase totally exposed at
the surface; the characterization of the dispersed molecules
or atoms corresponds to domains exposed to reactants, and
therefore possibly relevant. The latter possess an exposed
surface and an unexposed bulk domain, with a surface to
volume ratio that depends on the particle size; as we go
‘nano,’ the surface becomes dominant. Large bulk particles

will provide an overwhelming signal from the bulk domain
that precludes analyzing the evolution of the signal from
the outermost active layer during reaction. A more
convenient approach is the use of support-stabilized or
dispersed nanoscaled particles. The stabilization/immobi-
lization by a support, as in the case of supported mixed
molybdates [65] or antimonates [66], minimizes safety
issues related to nanoparticles exposure [67]. Moreover, in
the absence of a stabilizing support, sintering processes
during nanoparticles reaction would preclude the benefit of
a higher surface-to-volume signal ratio.
Supported oxides provide a nice example where it is

possible to assess the interaction between the reacting
molecules and the dispersed phase, free of interference

Fig. 3 Operando Raman-GC study of a VOx/Al2O3 catalyst. Raman spectra at different reaction temperatures (left) and activity data vs.
reaction temperature (right) during (top) propane ODH at 673 K, and (bottom) propane DH at different temperatures and in situ
reoxidation at 773 K. Catalyst weight: 150 mg, total flow: 67 mL$min–1, reaction feed: propane/oxygen/helium = 1/6/4 for ODH and 1/0/6
for DH. Reproduced with permission from [68]
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from bulk phase signal from the active component, and
ideally also from the support. Figure 3 shows the operando
Raman-GC study during propane dehydrogenation on
alumina-supported vanadia [68]. g-alumina has no Raman
bands; the mode at 1012 cm–1 indicates that alumina-
supported vanadia remains essentially oxidized and
dispersed during oxidative dehydrogenation (ODH).
When the reaction switches to non-oxidative dehydrogena-
tion (DH) the hydrocarbon reduces vanadia progressively;
once vanadia is reduced, carbon deposits build on the
surface. Upon reoxidation, carbon deposits are burnt-away
and the oxidized supported vanadium oxide species are
restored.

3.2 Relevant catalytic activity data

The very concept of operando methodology requires the
simultaneous characterization of reactants, products and
catalyst during operation. Not only the available char-
acterization techniques have been adapted to the reaction
conditions of the operando study, but also the reactors
themselves have been modified in the research laboratories
to serve as reactors and cells which provide high quality
data and allow a variable range of gas hourly space
velocities (GHSV) to play with the conversion factor.

3.2.1 Kinetically relevant reactor cells

Most operando reactor-cells follow the original idea [55]
of obtaining kinetically relevant activity data, so that
conversion and selectivity values are similar to those
delivered by the original reactor [69]. For example, Fig. 4
shows an operando fixed-bed reaction-cell and the ethane
conversion Arrhenius plots obtained for a ceria-supported
vanadia catalyst during successive runs. The catalyst
undergoes significant structural changes in the temperature

range. The activity data linear fits of the fresh and the
deactivated catalyst indicate that they have the same
apparent activation energy (slope), and thus the nature of
the active sites would not be modified, although their
number (pre-exponential factor) would be reduced upon
deactivation. The operando approach allows spotting
which functional group must be the active site, namely
the V‒O‒Ce bond.
Operandoreactor-cells must comply a minimum of

characteristics to obtain kinetically relevant activity data,
such as minimizing the dead volume, dissipating any heat
generated due to hot spots (to be able to work in isothermal
conditions), providing good contact between reactants and
catalyst, or avoiding reaction intermediates reabsorption
phenomena. However, some reaction cells have void
volumes or preferential ways that can compromise the
validity of the catalytic data. That may be the case of
diffuse reflectance spectroscopy cells, which can be used
for UV-vis, infrared or X-ray spectroscopy. In 1994–1996,
Wolf and Fehlner already reported the use of a modified
Harrick diffuse-reflectance infrared Fourier-transform
spectroscopy (DRIFTS) reaction cell: ‘The DRIFT cell
was designed so that the gases will flow into it from
beneath the sample and through it, ensuring an appropriate
contact between the gases and the catalysts.’ The DRIFT
cell was optimized for quantitative catalytic measurements
by providing spacing below (upstream) the fixed bed to
distribute gas flow [71–73]. A very detailed analysis and
fluid dynamics optimization in DRIFT cells was reported
recently by Meunier [25].
Microstructured reactors typically satisfy the above

requirements, since they allow good control of heat and
mass transfer and hydrodynamics and permit facile access to
spectroscopic catalyst characterization. In addition, they
have shown to inhibit lightoff and hysteresis effects as
compared to bigger reactors. Furthermore, microstructured

Fig. 4 Arrhenius plots obtained in an operando fixed-bed reactor using Raman spectroscopy with gas cromatography during ethane
oxidative dehydrogenation on vanadium oxide molecularly dispersed on ceria. Reprinted (adapted) with permission from [70], Copright
(2008) American Chemical Society
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channel reactors allow easy and modular integration of other
functional units (e.g., mixing, separation) and also the
incorporation of planar waveguides and optical fibers [7].
In the case of macroreactors care must be paid,

especially if we want to mimic industrial requirements
(temperature and pressure, GHSV, type of bed, geometry
of the catalyst, etc.), which are essential in the final
efficiency of the catalyst and may mark and define the
conditions that must be adopted for operando methodol-
ogy. Plug-flow catalytic reactors operating at low conver-
sion values will have rather limited changes in the flow
composition and thus the environment can be assumed to
be homogeneous in the whole catalyst bed. In these
differential reactors, activity data obtained in the reactor
outlet can be used to calculate reaction rates and correlated
with structural characterization obtained at any position of
the catalytic bed. However, low conversion is usually not
representative of true industrial conditions, and relevant
effects may go unnoticed or be misunderstood under this
controlled operation. In integral-type reactors, operation
may be in stationary state in time, but there may be
significant gradients in space. Thus, resolution along the
axial and often radial directions is crucial for gaining
insight into the mechanisms and optimizing the perfor-
mance, because prominent concentration and temperature
gradients, and thus structural changes, exist [74].

3.2.2 Transient conditions

Steady-state reaction conditions are typically used in
kinetic investigations; however, further insight can be
obtained under transient conditions. Step/pulse-response
experiments where one variable is modified (concentra-
tion, temperature, irradiance, etc.) help to increase the
detection sensitivity and selectivity. Especially useful for
operando studies is the steady-state isotopic transient
kinetic analysis (SSITKA), because the microstructure and
reactivity are not altered by the isotopic exchange.
SSITKA studies have allowed demonstrating mechanistic
aspects, such as the role of species as real reaction

intermediates or simple spectators. For instance, Meunier
et al. [75] demonstrated that surface formate and carbonate
species were not reactive intermediates during water-gas
shift reaction on Au/Ce(La)O2 catalyst at 155°C (Fig. 5).
Another approach reported by Thibault et al. used fast

pressure jumps and microsecond infrared spectroscopy to
monitor adsorbed CO as a probe molecule [76]. This was
used to investigate the accessibility and evolution of
platinum nanoparticles supported on ZSM-5; as Fig. 6
reflects, they identified different sintering mechanisms in
the mesopores and the zeolite external surface.

3.2.3 Wafer catalyst

Geometries other than conventional fixed-bed reactors may
be required in some operando set-ups even though they
may alter the reactor fluid dynamics, which is critical for
kinetically relevant activity measurements, and/or their
preparation may alter the textural properties of the catalyst.
This is the case of thin wafers, which may be useful to
represent a honeycomb wall or to allow spectroscopic
techniques operation in transmission mode, as in the case
of X-ray absorption spectroscopy (XAS) [77,78] or
infrared absorption spectroscopy. The use of a wafer-
shaped catalyst is particularly demanding from the
operando perspective because the performance must be
free of diffusional limitations. There is thus a dual
requirement: (i) the need for efficient gas flow distribution,
and, (ii) efficient access of reactant to the active sites.
(i) On the need of efficient gas flow distribution: The

design of kinetically relevant transmission infrared cataly-
tic cells has been a constant challenge in the past years
[59,79,80]. Daturi’s group has reported an accurate design
with gas flow optimization for wafer catalysts, the so-
called ‘sandwich’ cell (Fig. 7). Flow simulations con-
cluded that the flow regime in the ‘sandwich’ IR reactor
cell is a combination of ideal plug-flow reactors both in
series and parallel. An operando SSITKA study of
methanol adsorption onto ceria as model probe reaction
pointed out the relevance of the sample holder design and

Fig. 5 Relative evolution of the FTIR bands of 12C-containing carbonate, 12C-containing formate and 13CO2 at (A) 155°C and
(B) 220°C under 2% 13CO+ 7% H2O, following steady-state under 2% 12CO+ 7% H2O. Reprinted with permission from [75]
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Fig. 7 Top: ‘Sandwich’ IR reactor cell (A) longitudinal, and (B) radial views. 1: Thermocouple location; 2: KBr windows; 3: O-ring;
4: Gas inlet; 5: Sample; 6: Sample holder; 7: Gas outlet. (C) Circular, and (D) square sample holders. Bottom: Flow model in the round
sample holder (left panel) and evolution of the concentration with time (right panel). Reprinted with permission [59]

Fig. 6 Sintering mechanism on Pt/ZSM-5 catalysts on the external surface and in the mesopores according to 2D IR pressure-jump
spectroscopy of adsorbed CO. Reproduced with permission from [76]
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the geometry of the catalyst to obtain reliable kinetic
results [59]. A square pellet in a square-shaped sample
holder led to a simpler flow distribution and a more
accurate kinetic model than a round wafer.
(ii) On the efficient access of reactant to the active sites:

It should be kept in mind that in operando cells there will
generally be a compromise between optimal spectral
quality and reliable activity data [77]. In this sense we
must also highlight the effect that pelletization may cause
in diffusional phenomena. This process inevitably modifies
the porosity of the sample (see Fig. 8). An excessive
pressure applied to obtain a thin wafer from powders will
modify the porous structure of the solid and it is well-
known that the pore size distribution affects the catalyst
efficiency. Macropores will disappear in exchange for a
greater contribution of meso- and micro-pores in the wafer;
this shift toward smaller pore sizes may hamper the
catalytic efficiency. This phenomenon can also apply to
conventional activity measurements when samples are too
fine and need to be pelletized and crushed to obtain
adequate particle size fractions for the catalytic bed.

Gas molecules will enter in the small pores, hit and
bounce on the walls and consequently, they will diffuse
more slowly. In case of sufficiently small catalyst particles,
the intraporous diffusion path is shorter and may be
enough to allow uniform access of the reactants to all the
active sites. However, in pellets, the intrinsic reaction rate
can be faster than the diffusion rate inside the catalyst wall.
The reactants are then used up within a thin superficial
layer of catalyst, while most of the inner catalyst wall
remains inactive. The directly proportional relationship
between the Thiele modulus and the thickness of the pellet

can be used as a simple procedure for evaluating
efficiencies on the basis of pellet dimensions and solid
phase characteristics [81]. Figure 9 shows the efficiency of
a titania-supported vanadia-tungsta catalyst pressed into a
self-supported wafer for NOx selective catalytic reduction
in an operando infrared transmission reactor. The wafer
thickness and the pressure applied to make it have a
dramatic effect on the efficiency number. Accurate
operando studies require careful control of the effect of
pelletizing for a correct calibration of the operando reactor.
Summarizing, the pelletizing procedure may have a

relevant effect on the activity, not only for transmission
FTIR operando set ups, but also for general catalytic
measurements; operando studies should be well aware of
the dramatic role of porosity on the reliability of activity
data. Spectroscopy, fundamental catalysis and chemical
engineering meet at the operando approach to understand
catalysis.

4 Engineering operando methodology

The progress in the reduction of the technical limitations of
operando studies has made it possible to go a step forward
and tackle the characterization of (micro)structured
reactors and solids in their final form, reproducing realistic
industrial conditions and helping to bridge the gap between
materials science and chemical engineering in heteroge-
neous catalysis. While fundamental research is mostly
carried out with powdered catalysts, the industrial ones are
typically shaped. Mass transfer limitations and pressure
drop are important factors to be controlled; in addition, all
sort of gradients appear: temperature, composition,

Fig. 8 Pore size distribution (line) and cumulative volume
(dotted line) for uncompacted and compacted titania-supported
vanadia-tungsta catalyst at different pressures [81]

Fig. 9 Effect of pelletizing pressure and wafer thickness on
catalyst efficiency and intrinsic activity during NOx selective
catalytic reduction on titania-supported vanadia-tungsta wafers in
an operando transmission IR reactor. Reproduced with permission
from [81]
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chemical structure and reactivity. The development of new
applications which performance is enhanced by shaped
materials is delivering a wealth of benefits whose
optimization requires an accurate mapping of those
gradients. The next sections will provide an overview on
the most recent and/or relevant approaches to bring
fundamental science to structured reactors by engineering
operando methodology.

4.1 From powders toward shaped bodies

The final composition (combination of active phase,
support, binder, and additives) and manufacture variables
(e.g., extrusion pressure or calcination temperature); and
also the thermal, mechanical and fluid-dynamic constraints
during operation may significantly alter the properties of
the catalyst when it is not a powder, but part of an industrial
solid (with beneficial and/or detrimental effects [82]). This
greatly justifies an effort for the characterization of
unmodified real catalytic bodies during synthesis, activa-
tion and reaction, which may provide key information for
an increasing number of catalytic systems and reactions of
interest. For instance, it may help controlling the selectivity
in partial oxidation processes, greatly influenced by
contact time and fluid dynamics, or determine the best
phase distribution in a monolith (uniform distribution, egg
shell, egg white, egg yolk...) [83]. Characterization,
however, is usually performed with the powdered form
or with previously crushed materials [84] or upon peeling
off the wash-coated device [85,86]. The results thus
obtained are informative, but incomplete, due to the lack of
a relevant dynamic regime and missing information about
gradients in space during catalyst operation. Computa-
tional modeling and simulation methods have been
successfully developed to describe the operation of shaped
catalysts (e.g., monolithic structures) in terms of hydro-
dynamics and mass and heat transfer [87]. However, due to
the complexity of combining the requirements of space-
and time-resolved solid- and gas-phase characterization
with real industrial conditions in reaction cells adapted to
the geometry of the catalyst, the application of the
operando methodology to functionalized bodies in the
final industrial form has been only scarcely attempted.
Over the past two decades, a large research effort has been

devoted to the development and optimization of analytical
tools, mainly using vibrational and electronic spectro-
scopies, magnetic resonance, and synchrotron X-ray,
which are aimed at resolving the evolution of the chemistry
at the macro-, meso- and nano-scale [88] within extrudate
pellets, honeycomb monoliths, or foams in operation, but
also within powdered packed-bed reactors [89] and
microreactors. However, most studies are far from
reproducing industrial operation and mostly characterize
small extrudates during synthesis stages or in designed
reaction experiments, or do not include activity data.

4.2 Local operando studies in integral reactors

In integral reactors, the spot of measurement is of
paramount importance, but obtaining spatial resolution
requires technical developments difficult to implement for
some analytical tools and/or geometries. In these cases,
single-point operando characterization of integral catalytic
reactors may provide useful information overlooked with
the ‘black box’ approach or during operando studies with
non-representative configurations (for instance with altered
fluid dynamics). In this line, Daturi’s and Bañares’ groups
have recently reported the first attempts which deal with
vibrational spectroscopy operando studies of honeycomb
monoliths, demonstrating the reliability of the devices
shown in Fig. 10.
A V2O5-WO3/TiO2-sepiolite monolithic catalyst was

monitored by FTIR-MS for NH3-SCR as case study to
validate the transmission FT-IR set-up for honeycombs
[39]. A hole was drilled through all the monolith walls
except for one, which was polished to allow IR beam
transmission. A number of characteristic bands were
detected in the mid-infrared region. The higher sample
thickness of the integral reactor, compared to a typical
wafer, and the presence of the sepiolite clay lead to
saturation in several spectral ranges (3000–3500 cm–1 and
below 1250 cm–1), hampering accurate analysis of
adsorbed ammonia bands. The assignment of the band at
1600–1650 cm–1 is not straightforward because of the
overlapping contributions of dOH and dasNH3; this
difficulty was overcome by Rasmussen et al. [90]
performing a chemometric analysis. They showed that on
a V2O5-WO3/TiO2-sepiolite honeycomb with pre-

Fig. 10 Vibrational spectroscopy operando reaction cells for monoliths. Left: transmission FT-IR, reproduced with permission from
[39]. Right: Raman, reproduced with permission from [15]
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adsorbed ammonia, it is possible to study the evolution of
ammonia and ammonium surface species (infrared) with
respect to NO selective catalytic reduction reaction (online
mass spectrometry). Both ammonia-related species,
ammonia on Lewis acid sites and ammonium on Brønsted
acid sites, appear involved in the reaction. The interplay
was further analyzed in a high time-resolution operando
transmission infrared cell on a wafer catalyst, showing that
SCR activity is much higher when adsorbed ammonia
reacts with water formed in reaction to create adsorbed
ammonium species (Fig. 11).

Propane ammoxidation was the probe reaction used to
assess the role of catalyst shape with the Raman system for
monolithic reactors [15]; the behavior of an alumina-
supported vanadium phosphorous oxide (VPO) catalyst
shaped as a monolith was compared to that of the
corresponding powdered fixed bed. The lower effective
thermal conductivity and pressure drop of the honeycomb
structure together with the different textural properties
result in different performance. The conversion of oxygen
compared at any given conversion of propane is lower for
the fixed-bed reactor configuration; thus operando Raman
spectra show the formation of VPO phases while dispersed
vanadia is apparent on the honeycomb configuration. The

value of this approach is to reach a relationship between
the chemical structure and performance of a given catalyst
formulation depending on its shape (powder vs. honey-
comb).

4.3 Space-resolved operando studies

The characterization of several areas of a working solid to
obtain a time-resolved profile can be approached by
sequential single-point characterization (with moving
catalysts/reactors or probes), by simultaneous multi-point
characterization to reduce the ‘time gap,’ or, the best space-
resolved option, by a technique+ detector combination
capable of probing a surface (2D imaging). Then a 3D
picture (tomography) can be obtained by displacement of
the sample. The whole characterization can be performed
in just one experiment if the process under study is in
steady-state or slow enough, or if the measurement+
displacement is fast enough; otherwise, for easily repro-
ducible fast processes the whole profile/picture/tomogra-
phy can be reconstructed from several experiments
measuring each time at a different location. Spectroscopic
methods with adequate temporal resolution are required to
follow with space resolution the dynamics of ignition or
extinction of reactions, catalyst formation or activation, or
transient or cyclic phenomena. Grunwaldt et al. [91]
presented an overview demonstrating that time-resolved
and spatially resolved spectroscopic studies are important
for understanding the preparation of catalysts and the
structural changes under dynamic conditions (e.g., activa-
tion and start-up) and reaction conditions.
In integral reactors not only the catalyst microstructure

should be characterized with spatial resolution, but also the
fluid phase composition and the temperature profiles in the
solid and fluid phases may provide useful information. The
ability to simultaneously probe both the gas and solid
phases of the heterogeneous catalytic system with several
space-resolved techniques will draw a highly defined
picture of the processes taking place. However, the
technical difficulty is high and the number of probes, the
space- and time-resolution, and/or the reproducibility of
true industrial conditions is usually limited. A recent and
complete review covers the spatial-resolution operando
methodologies applied to catalysts and catalytic reactors
[53], with careful emphasis on assessing the invasive
nature of physical sampling probes and the enabling
capabilities of space-resolved operando to improve kinetic
modeling. The following sections are an overview of the
advances toward operando studies applied to structured
reactors with space-resolved characterization of the solid
microstructure, the fluid composition and the temperature.

4.3.1 Mapping solids during operando studies

Movable/multiple probes connected by optical fiber to the
spectrometer can be used with DRIFTS [92], UV-vis-DRS

Fig. 11 Transient state operando study on a V2O5-WO3/TiO2-
sepiolite wafer catalyst. Top: FTIR spectra contour plot showing
the growth of ammonia-derived species on the surface after
changing from 20% O2/Ar to SCR conditions; Middle: FTIR area
profiles of NH3,ads and NH4

+; Bottom: evolution of gas phase
species concentration measured by MS. Reproduced with permis-
sion [90]
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[93] and Raman [94] to characterize with space resolution
(within a limited spectral and thermal range). In the
literature on operando vibrational spectroscopy studies
only a couple of examples get spatial resolution by
displacing the sample/reactor using a motorized support.
Figure 12 shows how the combination of both surface-
sensitive (DRIFTS) and bulk-sensitive (Raman) time-
resolved detection at three different catalyst-bed positions
(2.5 mm distance) during NOx storage and reduction on Pt-
Ba/CeO2 was useful in establishing a delay in the
formation of nitrite and nitrate surface species, and also a
decrease in their surface coverage downstream [18].
Weckhysen’s group reported the use of diagonal offset

Raman spectroscopy, in which the laser and collection
optics are fixed at a 90° angle one to another, so that the
spectral contributions of surface and subsurface layers can
be separated using multivariate analysis. The sample is
moved diagonally and can be translated and rotated. It has
allowed for spatiotemporal in situ studies of impregnation,
drying, and calcination steps in the preparation of catalytic
bodies [83,95] and could be used to monitor them at work.

This recently developed technique is an alternative to
invasive sample bisection for intracatalyst characterization
[92]. In another interesting development, tip-enhanced
Raman spectroscopy can monitor photocatalytic reactions
at the nanoscale [96].
The conventional Raman spectrometer limits the

application of this spectroscopic technique in parallel and
only sequential detection is possible. However, in the case
of FTIR spectroscopy an alternative to common detectors
is the focal plane array detector, which can be used for
FTIR imaging. The advantage is that tens of thousands of
spectra can be collected simultaneously with spatial
resolution for the measurement of different sections of
the monolith or for high-throughput screening of catalysts
with parallel operando cells [97].
The use of X-ray microscopy and tomography in

catalysis has been thoroughly reviewed by several authors
[44,98]. The combination of micrometrer-length-scale full-
field X-ray microscopy, 10–100 nm length-scale scanning
X-ray microscopy and atomic-scale electron microscopy
covers the whole range of catalyst characterization. For

Fig. 12 Top: schematic illustration of a cell for space- and time-resolved DRIFTS-Raman experiments; Bottom: DRIFT (A–C) and
Raman (D–F) spectra during NOx storage reduction at the front, middle, and back positions of a Pt-Ba/CeO2 catalyst bed. Reproduced with
permission from [18]
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macroscopic operando studies on millimeter-sized bodies
hard X-ray with spectroscopic or scattering contrast can
provide order information at local (XAS), short (small
angle X-ray scattering) and long (wide angle X-ray
scattering) range, crystalline structure information (X-ray
diffraction, XRD), or elemental and density analysis
(Compton and fluorescence effects). The technical pro-
gress in the field is constant, aided by the development of
complex algorithms for data collection and analysis. For
instance, the combination of X-ray pair distribution
function (PDF) method with computed tomography can
overcome the limitation of diffraction techniques to obtain
reliable, quantitative, 3D information on the nanostructure
of phases without long range order [99]. To reduce the
space resolution lower energy radiation must be used, and
therefore the penetration depth is reduced to dozens of
microns (soft X-ray microscopy) or just a few microns
(electron microscopy) and the sophistication of reactor-
cells for operando studies increases. However, these
operando set ups are developing fast [48], as well as
high-brilliance synchrotron sources and high-quality fast
detectors with space and spectral resolution [100], which
has led to the construction of hard X-ray microscopes with
resolution on the scale from 10 to 100 nm and potentially
below.
Many studies have applied the different X-ray techni-

ques to characterize the active phase distribution in
catalytic bodies during the synthesis steps, but less
frequently, and only in this decade, to reveal the chemical
structure-reactivity relationships during real operation
[77,101]. A nice example is the dynamic study of Ni/g-
Al2O3 extrudates of Fig. 13 [102]. First, the 3D profiles
constructed from μ-XRD-CT (computed tomography)
combined with μ-absorption-CT during the impregnation,
calcination in N2 and air, and H2 reduction steps revealed
the influence of the complexing agents on the structural
evolution and dispersion of nickel during the catalyst
preparation and activation. Then, during methanation
reaction, they demonstrated the stability of the crystalline
metallic Ni face-centered cubic (fcc) component from 200
to 450°C in terms of phase constitution, spatial distribution
and average particle size, and thus concluding that it was
the active component of the catalyst.
In a very recent work, shown in Fig. 14, a 3 mm Co/g-

Al2O3 catalyst was studied by μ-XRD-CT/μ-PDF-CT to
elucidate the evolution of the Co phases first during
activation (reduction in H2) and then under Fischer-
Tropsch synthesis conditions; activity measurements were
performed using the same reaction conditions as used for
the in situ μ-XRD-CT/μ-PDF-CT study, but not simulta-
neously [103]. The high volume of data was processed
with high-throughput software; their quality allowed
following the spatiotemporal dependency of Co speciation
from Co3O4 to CoO to fcc Co metal nanoparticles. The
complementary data revealed the presence of small
nanoparticles difficult to reduce due to high interaction

with the support, and agglomerates with weak interaction
that are easily reduced. At the sample periphery a
significant amount of agglomerated small fcc Co metal
nanoparticles oxidize to CoO/Co3O4 during reaction
coinciding with a decrease in CH4 selectivity and increased
water-gas shift activity, which explains the sintering effect
that had been previously observed for such catalysts.
The space-resolved operando approach has also been

increasingly applied to electrochemical processes. How-
ever, in the dynamic imaging studies on fuel cells [104]
usually little information is reported concerning the
performance of the cell. As a recent example, the
distribution and oxidation state of a Pt cathode catalyst
in a membrane electrode assembly were followed under a
polymer electrolyte fuel cell operating conditions. Com-
puted-tomography imaging with X-ray absorption near
edge structure spectroscopy (XANES) combined with X-
ray absorption fine structure spectroscopy (EXAFS)
revealed the heterogeneous migration and degradation of
Pt during an accelerated degradation test [105]. In another
fuel cell, especially designed for the study, phase contrast
X-ray imaging has been employed to obtain a 3D
quantitative distribution of the very low water content
within the nm-sized pores of carbon-based microporous
layers [106]. Also, a simplified binder-free model high
performance Li/S cell was designed to monitor at work a
N-doped reduced graphene oxide/carbon monolith used as
cathode [107]. The operando experiment, which combined
electrochemical impedance spectroscopy and X-ray radio-
graphy characterization during galvanostatical charge/
discharge cycles, observed several macroscopic effects:
the formation and disappearance of centimeter length
sulfur dendrites; the surplus electrolyte soaking toward the
circular hole lithium anode during discharging; and the
occurrence of a fast reaction front moving from the edge of
the anode to the center of the cathode at the end of each
discharge step (Fig. 15).
Sezen et al. [108] reported the use of operando XPS for

chemical and electrical measurement of a CdS-based light-
dependent resistor, providing analyses of states under
actual working conditions. This work is not in the catalysis
arena, but is very relevant to electrochemical changes. A
particularly interesting technique is the scanning electro-
chemical microscopy, an electroanalytical probe that scans
substrate topography and local reactivity providing high
resolution [109]. It has a major interest in the case of
electrochemical reactions, as it was been reported by
Fermin and coworkers, mapping hydrogen evolution
reaction catalyzed by two-dimensional assemblies of
palladium nanoparticles on mica substrates [110]. They
show that the potential of palladium nanoparticles is
effectively determined by the local concentration ratio of
the redox probe. The reactivity of the palladium nano-
particles is comparable to that of the bulk metal counter-
part; this would be in line with the bulk-like electronic
structure present in palladium nanoparticles of this size.
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Fig. 13 Methanation over Ni/g-Al2O3 monolithic catalyst. The activity was followed by MS. The stability of crystalline and non-
crystalline distributions was proven by m-XRD-CT (2D during heat ramping, then 3D) and m-absorption-CT. The high quality summed 1D
XRD patterns confirmed that no reaction intermediates were formed. Figures reproduced with permission from [102]
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4.3.2 Mapping the fluid phase composition and states
during operation

Previous section points out how catalyst profiling/imaging
is developing swiftly. However, the activity is still
frequently measured at the end of pipe. Only few studies
report spatially resolved kinetic data, and in these cases the
characterization of the catalyst, with or without spatial
resolution, is frequently missing.

Gaseous species profiles can be obtained with signifi-
cantly high resolution by translation of one or more
capillaries along the flow direction of a reactor and/or axial
rotation. This method was developed independently at Oak
Ridge National Laboratory (SpaciMS, marketed by Hiden
Analytical) [62,111], the Paul Scherrer Institute [112] and
the University of Minnesota [113]. The analytical tool is
usually mass spectrometry, but a gas-phase FTIR analyzer
has also been used in a NH3-SCR monolithic catalyst

Fig. 14 Reconstructed 2D weight percent composition maps of Co/g-Al2O3 during H2 reduction and Fischer-Tropsch synthesis and
composition profiles compiled from the integrated and scaled reflection intensities for the various cobalt-containing phases from the
summed 2D diffraction data. Adapted from [103]. Figure cited with permission of ACS as source

Fig. 15 X-ray radiography images showing the evolution of surplus electrolyte ring between the separator and the lithium anode hole at
different states (A–H) of charge/discharge (%) during the first cycle. The plot shows the charge/discharge curve and the measured
thickness d (red color in the scheme and the plot). Reproduced with permission from [107]
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[114], and gas chromatography could also be adapted
[115]. Special attention must be paid to the alteration of the
operating conditions by the probe, and time- or space-gaps
between fluid and surface measurements should not be
disregarded; these may introduce interpretation errors
[111]. Capillary size MS probes minimally alter the flow
regime (Fig. 16) [111], but they may have an effect on
other configurations [63].
Assessing what is the state of catalyst and reactants and

how they both evolve not only in time, but also in space
during reaction is still a challenge for the operando
methodology. Simultaneous kinetic and spectroscopic
characterization with spatial resolution in both activity
and chemical structure measurements is rarely performed.
Figure 17 illustrates this approach; in this case, tempera-
ture profiles are also obtained. Distortions caused by
turbulence and backmixing produced at the capillary open
end were avoided using a sealed capillary with a side
sampling orifice [117]. The capillary was translated up and
down with μm resolution through a fixed-bed tubular
reactor by means of a stepper motor [116]. The spatial
profiles of all major gas phase species of the ODH of
ethane to ethylene were measured by MS through the
sampling orifice, and gas temperature and the Raman shift
on g-Al2O3-supported MoO3 were monitored by a
thermocouple or an optical fiber sensor, respectively,
inserted into the capillary and aligned with the sampling
orifice. It must be mentioned that the Raman fiber lacked
sensitivity to follow all relevant vibrations and that the
Raman spectra were corrected to remove the contribution
from fused silica generated inside the fiber optic.

All NMR spectroscopy methods can take advantage of
magnetic resonance imaging (MRI); hence spatially
resolved chemical conversion measurements are possible.
However, obtaining adequate signal-to-noise ratios is a key
requisite to achieve successful results, acquisition time
may be long and NMR signal decreases with temperature.
Several reviews provide a comprehensive view on
operando applications of NMR in catalysis [118,119].
The majority of the early operando NMR studies
addressed the heterogeneity in transport within catalyst
pellets. In-plane spatial resolution achieved in those
investigations was approximately 30 μm, and the pellets
themselves were of typical dimension 1–5 mm. Conven-
tional spin-echo imaging typically takes the order of a few
minutes. NMR signal can be dramatically enhanced by
hyperpolarization [120,121]. Koptyug reported on high-
resolution applications of NMR in the study of micro-
reactors [122]. The acquisition speed of a magnetic
resonance (MR) image may be improved by three
sampling strategies: Echo planar imaging (EPI), rapid
acquisition with relaxation enhancement (RARE), and low
excitation angle imaging [118].
An example of application of EPI was the study of a

drying process depicted in Fig. 18. This technique was
sufficiently robust to spatially resolve drying within a
packed bed of 100-mm glass spheres. The motivation for
this investigation was to understand the origins of
heterogeneity in the optical properties of pigments dried
from a slurry, but such data also provide insights into the
effects of drying on the homogeneity of metal loading
during catalyst manufacture. Although the drying process

Fig. 16 Calculated velocity profile in a monolith showing the negligible effect of a capillary MS probe situated in the corner of the
central channel. Temp. = 200°C, u0 = 0.016 m∙s–1, channel size = 0.001 m, probe diameter = 250 µm. Reproduced with permission from
[111]
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was characterized by a uniform water mass loss with time,
the MR images clearly show the spatial heterogeneity in
the drying process. These observations have been used to
aid the development of an invasion–percolation modeling
strategy, which predicts both the drying rate and the
heterogeneity of the drying process [123].
Cattaneo et al. [125] reported the feasibility of operando

1H electrochemical NMR microscopy for the determina-
tion of the proton distribution in membranes of polymer
fuel cells at low humidity level. They studied the adsorbed
water distribution before starting the cell operation and at
operation. Their zero-time echo images (Fig. 19) provide
an insightful tool to investigate water production and
management in fuel cells at high temperature and under
low humidity conditions, which is relevant for automotive
applications. Isotopic enrichment of the samples with 2H
provides means to investigate diffusion and exchange
processes among the polymer matrix, phosphoric acid and
water.
An additional advantage of magnetic resonance imaging

is that it may analyze within visually opaque materials.
RARE was applied, for example, to follow an oscillatory
chemical reaction occurring within an opaque packed bed
reactor [126]; MR offered the opportunity to map the
chemical state of the heterogeneous flowing phase and the

product distribution within it. The 2-D MR images of the
traveling (reaction-diffusion) waves shown in Fig. 20 were
acquired in a tube of internal diameter 16 mm containing
1 mm glass beads filled with a manganese-catalyzed
Belousov-Zhabotinsky solution. Vertical images from the
center of the tube illustrate the displacement of the waves.
Relaxation contrast was used to monitor in time and space
the interchange of Mn2+ and Mn3+ ions in the stream.
Ulpts et al. [127] developed a 3D magnetic resonance

spectroscopic imaging (MRSI) method to map the
concentration distribution within regularly and irregularly
structured monoliths; it was validated with cordierite
structures coated with 1 wt-% Pt/Al2O3 during ethylene
hydrogenation (Fig. 21). With this method temperature can
be mapped by using ethylene glycol filled glass capillaries
[128].
Zheng et al. [129] developed a method to calculate

liquid-solid mass transfer coefficients and map inter- and
intra-pellet chemical composition within fixed-bed reactors
by space-resolved 13C distortionless enhancement by
polarization transfer (13C DEPT) pulse sequence NMR;
the partial least squares regression method is used to
discriminate between intra- and inter-pellet species. This
allowed them to detect changes in selectivity along the
reactor during 1-octene hydrogenation and product

Fig. 17 Simultaneous measurement of thermal, kinetic and spectroscopic profiles through a fixed-bed tubular reactor. Left: Catalytic bed
of 50 wt-%MoO3/g-alumina spheres; Middle: probe geometry; Right: Raman spectra, temperature and composition profiles. Reproduced
with permission from [116]

Fig. 18 2-D slice section through 3-D MR images of water distribution within an initially water-saturated packing of 500-µm glass
spheres. Voxel resolution is 94 mm � 94 mm � 94 mm. Data are shown before drying commenced and at three time intervals during the
drying process. Only the water within the inter-particle space of the bead packing was imaged (white pixels). No signal was obtained from
the solid and gas phases present. Reproduced with permission from [123,124]
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accumulation inside the 0.3 wt-% Pd/Al2O3 catalyst,
attributed to mass transfer limitations. They calculate the
bed porosity/wetting efficiency/total liquid holdup from
the ratio between the number of pixels associated with the
void space/wetted surface/interpellet liquid and the cross-
section of the bed with Fig. 22 images.

4.3.3 Temperature mapping in operando studies

Temperature profiles can be measured with thermocouples/
temperature sensors inside moving capillaries. This option
is invasive, and thus can alter local heat and mass transport

properties [130], but it is an easy solution to complement
MS capillary profiles (see Fig. 17). Thermocouples focus
mainly on the gas phase, and not on the interphase, while
infrared thermography can monitor the solid surface
temperature profiles. In a pioneering work, Wolf and
coworkers [131–133] reported the use of infrared thermo-
graphy to monitor transient and oscillatory behaviors of
several catalysts for CO oxidation (Fig. 23); those
oscillations were connected to changes on the surface
state of the catalyst [131].
The combination of temperature profiling by spatially

resolved NMR thermometry with activity measurements

Fig. 19 1H zero-time echo images and axial slices extracted from the corresponding 3D data set obtained from a membrane-electrode
assembly operating with H2 and air at 80°C and 30 mA. (a) Fuel cell at 25°C before operation (0 V); (b) t = 0 min (0.44 V); (c) t = 420 min
(0.42 V); (d) fuel cell at 25°C 14 h after the switch off at 420 min. Reproduced with permission from [125]

Fig. 20 2-D MR image of an oscillating chemical reaction occurring within a bed packed with glass beads. Chemical waves are imaged
as a result of the oscillatory production of Mn2+ and Mn3+ species, identified as dark and light bands, respectively. Reproduced with
permission from [126]
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unveils close relationships between catalytic performance
and catalyst state, albeit without chemical characterization
[134,135]. Deeper insight is enabled when chemical
structure characterization is available. Infrared thermo-
graphy was used in combination with a high-speed X-ray
camera and online reactor effluent analysis by mass
spectrometry, which was reported for the ignition of the
catalytic partial oxidation of methane in a fixed-bed
capillary microreactor, as shown in Fig. 24 [136]. The
authors could show how catalyst reduction and reaction
ignition are deeply entangled. The temperature profiles vs.
time in Fig. 24(f) are from a separate experiment in the

same cell, since X-ray absorption configuration does not
allow simultaneous profiling of temperature.

4.4 Operando studies in microstructured reactors

Many studies have been carried out combining different
spectroscopic techniques with microfluidic reactors, but
despite the interest of this kind of reactors owing to the
advantages mentioned in Section 1, operando studies
relevant to heterogeneous catalysis are rather limited.
An early work was an operando Raman-GC study

reported by Cao et al. [137] on methanol oxidation over

Fig. 21 Operando study of ethylene hydrogenation over cordierite monoliths coated with 1% wt. Pt/Al2O3. (a) Cross-section
photographic image of the honeycomb catalyst; (b) NMR ethylene image of the cross section under a non-reactive mixture of ethylene and
argon measured by 3DMRSI; (c, d) ethane concentration (%vol) maps at low and high flow rate, respectively; (e) experimental and model
ethane/ethylene ratio profile of the low flow-rate experiment. Adapted from [127]

Fig. 22 2D 1H MRI data from which bed porosity, liquid holdup and wetting efficiency of 0.3 wt-% Pd/Al2O3 catalyst pellets were
calculated. (a) bed flooded with liquid 1-octene, and (b) bed during 1-octene hydrogenation reaction. Reproduced with permission from
[129]

Raquel Portela et al. Understanding catalysis in time and space 527



silver in a silicon-glass microreactor. The authors analyzed
local microstructural changes by single-point Raman
during oxidation/reaction activation cycles and their
influence on the activity and selectivity for the catalytic
oxidation of methanol to formaldehyde. These studies
allowed to: (i) identify the stabilization of subsurface
atomic oxygen species as determinant to obtain higher
CH2O yield, (ii) detect the silver surface restructuration by
methanol oxidation (Fig. 25).
Some relevant space-resolved studies using capillary

reactors have been already commented in previous sections
(see Fig. 12 and Fig. 24). In another capillary microreactor,

loaded with Pt/Al2O3, Gänzler et al. [138] combined global
online catalytic activity measurements with spatially and
time-resolved IR thermography and XANES/EXAFS to
investigate the oscillatory CO oxidation. This combination
allowed them to correlate the catalytic performance with
local thermal effects and structural changes. The results
showed a cyclic switch between more active reduced Pt
particles and less active oxidized platinum (Fig. 26),
bringing understanding on parameters connected with the
oscillatory CO conversion. The position of the active and
inactive catalyst zones could be distinguished and was
identified to depend on the reaction conditions.

Fig. 23 Thermographs showing an ignition sequence on a 5 wt-% Rh/SiO2 catalyst wafer; the flow is parallel to the wafer surface,
flowing from the bottom left corner to the top right one. Reproduced with permission [132,133]

Fig. 24 Space-resolved operando study on the ignition of the catalytic partial oxidation of methane in a fixed-bed capillary microreactor.
(a–d) Oxidized catalyst (yellow-orange), formation of the front of reduction (red-violet), advance of the front toward the inlet; (e) X-ray
absorption image where the single reduced particles can be identified; (f) temperature profile evolution measured by IR-thermography.
Reproduced with permission from [136]
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Fig. 25 Operando Raman-GC results of silver catalyst during oxidation/reaction cycles at 773 K. Raman spectra at the end of: (a, c, e)
Oxidation, and (b, d, f) reaction steps. Oxidation in a flow of O2 (4.1%), He as balance; reaction in a flow of CH3OH (8.75%), O2 (3.5%)
and H2O (6.63%), He as balance. Reproduced with permission from [137]

Fig. 26 Space- and time-resolved data during CO oxidation at 110°C with a Pt catalyst in a capillary reactor in 1000 ppm CO, 10%O2 in
He, total flow of 50 mL$min‒1. (a) Catalyst bed scheme with the characterization points location and global gas-phase MS results, (b) LCF
of XANES spectra, and (c) k2-weighted Fourier-transformed QEXAFS data (k-range: 3.0–9.0 Å‒1). Reproduced with permission from
[138]
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Grunwaldt and coworkers mapped chemical structure
heterogeneities of Rh/Al2O3 [139] and Rh-Pt/Al2O3 [140]
catalyst in a capillary bed by XAS during the catalytic
partial oxidation of methane, while following the global
reaction by online mass spectrometry. The rhodium and
platinum species were mainly in oxidized states in the
entrance zone of the catalyst bed, whereas more reduced
noble metal species were detected downstream (Fig. 27).
Temperature and space velocity were found to determine
the relative distribution of Rh-species, as expected by their
influence on the relative distribution of the reaction
products.
In microreactors, as in macroreactors, chemical profiles

occur in the catalyst, but also in the fluid phase; the latter
heterogeneity is illustrated for example by Fletcher et al.
[141], using an inverted Raman microscope spectrometer
to profile the spatial evolution of reactant and product
concentrations within a T-shaped channel network. The
synthesis of ethyl acetate from ethanol and acetic acid was
investigated as a model system (Fig. 28). The contact
between the two liquids and the formation of co-flowing
laminar streams down the leg of the ‘T’ can be clearly seen.
Under steady-state conditions the concentration at each
position corresponds to a different time on stream.
These works illustrate the state of the art in space-

resolved monitoring the nature of the catalyst at work and
the state of the reaction in microreactors; both views, of the
catalyst and the reaction, are the pillars of operando
methodology, blending these approaches in one experi-
ment will deliver the much-needed complete spatial
resolution to operando studies.

5 Concluding outlook: Measure locally,
think globally

Operando methodology appeared as an answer to the need
of characterizing chemical structure and activity in a

simultaneous manner. This approach provides the best
positioning to assess structure-activity relationships at a
molecular scale and has been very successful. Deeper
knowledge of catalysis through operando methodology
has multifold evolutions. One is that complementary
insights became important: several groups developed
multispectroscopic operando set-ups so that information
about the catalyst came from several techniques; this has
been instrumental for major progress in understanding
catalysis. Another evolution arises from the fact that
single-point local operando spectroscopy misses a reality
that occurs at laboratory-scale reactors and that is
determining in larger industrial reactors: the existence of
gradients. Catalysis is a phenomenon that takes place
locally, but it has to be understood globally, because
catalytic processes progress in time and in space. The state
of the active sites at a given time is not the same at several
locations of the catalytic reactor. As we move downstream
the catalytic bed the reactants are increasingly converted,
generating reaction intermediates and products. Gradients
in temperature, in the fluid phase composition, in the
adsorbate-catalyst interaction, and in the very state of the
catalyst are immediate consequences. A molecularly local
insight into the catalytic act hampers a global under-
standing of the process. Connecting global activity of a
catalyst bed with its structure at specific locations has
uncertainties that can only be minimized operating in a
differential regime. This approach is valid for fundamental
research, delivering molecular comprehension of structure-
activity relationships, but it is increasingly hampered as we
mimic more real systems, where conversion usually goes
beyond differential regime values.
Spatial evolution over time of temperature (of fluid and

solid phases), hydrodynamics and chemistry along the
reactor must be known as well, which requires that
operando methodologies become space-resolved not only
regarding the spectroscopic characterization, but also the
activity measurement and other variables relevant to the

Fig. 27 Map of a Rh/Al2O3 catalyst during methane partial oxidation. (a) Oxidized Rh-species, (b) reduced Rh-species, (c) featureless
background, and (d) relative concentration of the oxidized and reduced Rh-particles in the axis of the fixed-bed (conditions: Temp. = 362°C,
space velocity = 1.9 � 105 h‒1). Reproduced with permission from [139]
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catalytic act. Mapping both the catalyst state and reactivity
will provide the ultimate tool to scaling-up the operando
methodology to real catalytic systems.
Several approaches face the challenges of time-resolved

in situ mapping of catalysts at work and of time-resolved
reaction imaging. This review highlights how these are
poised to blend into time-resolved operando mapping of
catalysts and catalysis. The successful implementation of
space- and time-resolved operando methodology not only
paves the ground to understand real industrial catalysts, but
may also provide feedback for real-time control of the
catalytic process and optimization of the catalyst perfor-
mance and stability.
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