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1. IMPACT OF CATALYSIS IN SOCIETY

A catalyst facilitates a chemical reaction by lowering the acti-
vation energy (Ea) of the reaction pathway [1-3]. This is
schematically shown in Figure 1 for a condensation reaction
between substrate molecules A and B. The condensation
product C is formed from a transition state structure C' or C"
in case of the non-catalyzed or catalyzed reaction, respec-
tively. Catalysts increase the reaction rate and therefore the
efficiency of the overall chemical process by lowering the ac-
tivation energy (Ea' <'Ea'). Besides being responsible for a
higher activity, catalysts also direct a reaction that influences
the selectivity of a chemical process. It is especially the latter
property which makes catalysis the key-technology for the
development of a sustainable society.

Car exhaust systems are surely one of the most recognized
examples of catalyst technology by non-chemists and these
catalysts represent an important market for catalyst manufac-
turers. On the other hand, people should be aware that almost
any chemical product we use in daily life has been in contact
with a catalyst. In this respect, it is no wonder that more than
85% of all bulk and fine chemicals are produced with the aid
of one or more catalysts [4, 5]. As an example, Figure 2
shows a picture of an industrial plant for the production of

olefins, a building block for making e.g. plastics. Each of the
five reactors of this installation is loaded with more than
40 tons of a Cr/A1203 dehydrogenation catalyst. The impor-
tance of catalyst materials is further underlined by the wide va-

riety of industrial catalytic processes as illustrated in Table 1
[4, 5]. Examples are the production of ammonia, methanol,
plastics and pharmaceuticals. They are also used to remove sul-

fur from crude oil and methane to make e.g. low-sulfur fuels.

Figure 3 gives an overview of most of the catalytic materi-
als presently available. Three types of catalytic materials can
be distinguished: biocatalysts, homogeneous catalysts and
heterogeneous catalysis [6]. The former group includes e.g.
enzymes and cells. They are considered ideal catalysts since
they usually operate in aqueous solutions at room tempera-
ture, normal pressure and with nearly 100% selectivity, mak-
ing them the ideal catalysts for oxidation reactions. They also

serve as an inspiration source for people designing the ligand
core of metals and transition metal ions in homogeneous
catalysis. Heterogeneous catalysts-the main materials cov-
ered in this textbook-are solids. They can be either bulk or
supported materials, several types and compositions of which
are available. Supports can be either amorphous (for example,

Pt clusters can be loaded on a porous alumina as shown in
Figure 4) or crystalline (for example, zeolite ZSM-5 crystals
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Figure 1. Energy scheme for a catalyzed and uncatalyzed reaction between two substrate molecules A and B leading to the for-

mation of reaction product C. The reaction between A and B leads to the formation of a transition structure C" or C' with dif-

ferent activation energies Ea" or in the presence and absence of a catalyst material.

I

transition structure for the
uncatalyzed reaction

C'

transition
structure for

reaction Ea'the
product

catalyzed
reaction = C

Figure 2. Plant consisting of five fixed-bed catalytic reactors used for the industrial production of olefins, such as

propylene. The catalyst is a chromium oxide supported on a porous aluminium oxide. Each catalyst bed has a

height of approximately 1-1.5 m.
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Table 1. Important industrial processes making use of catalyst materials.

Catalyst Industrial applications

V205/Ti02

CrO3/A1203

Cr03/Si02

Re2O7/A12O3

Selective reduction of NOx with NH3

Dehydrogenation of light alkanes

Polymerization of olefins

Metathesis of olefins

Ni/A1203 Steam reforming of methane

CuO/ZnO/Cr2O3 Synthesis of methanol

Pt1AI2O3 Isomerization of light gasoline

K20/Cr203/Fe304 Dehydrogenation of ethylbenzene to toluene

Zeolite Y Fluid catalytic cracking of crude oil

Co/Ti02 Fischer-Tropsch synthesis

Fe/K20/A1203 Ammonia synthesis

Pt/Rh Ammonia oxidation

CoS/MoS2/Al203 Desulfurization of crude oil

as shown in Figure 5). Supports mostly possess a high surface
area and porosity. These properties are needed to enhance the
number of catalytic active sites as well as to avoid diffusion
problems toward these active sites.

2. PROBING CATALYTIC EVENTS

Understanding how, for example, two substrate molecules A
and B in Figure 1 are transformed into the condensation prod-
uct C is a real challenge [7-11 ]. Ideally, chemists would like
to have fundamental insight in the reaction cycle and the
manner in which a catalyst material may affect this reaction
cycle. This would enable scientists to design better catalysts
to increase the conversion of A and B and the selectivity to-
wards the desired reaction product C.

A catalytic cycle is a hypothesized network of reaction steps

describing how the transformation of the substrate molecule to-

wards the envisaged reaction product occurs over one or a cas-

cade of catalytic active sites. The development of such a net-
work may occur at different levels of sophistication of which
the simplest is the formulation of the elementary reaction steps
and a description of the overall nature of the catalytic active
site. In contrast, the most sophisticated and desired level is the
description of the transformation process in terms of (a) reac-
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Figure 4. Transmission electron microscopy (TEM) picture of Pt particles

supported on a porous alumina support, a catalyst material used of the iso-

merization of light gasoline.

tion trajectories together with the reaction dynamics and kinet-

ics along those trajectories and (b) molecular insight in cat-
alytic active sites and the dynamics toward their coordination
environment. Understanding catalytic reactions at a fundamen-
tal level implies that the developed reaction network should be
experimentally and theoretically tested in sufficient detail.
Although many chemists have been working for decades to de-

Figure 3. General overview of the field of catalysis, including the domains Figure 5. Scanning electron microscopy (SEM) picture of some crystals of

of homogeneous catalysis, heterogeneous catalysis and biocatalysis. zeolite ZSM-5, a catalyst material for methanol-to-olefins (MTO) conversion.
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mystify catalytic events, only in a limited number of cases has
such detailed understanding been achieved.

The way to do so is to gather sufficient detailed information
about the catalyst material at each step of its lifespan [6].
Figure 6 illustrates the lifespan of a catalyst starting from its
genesis up to its deactivation [12]. In a first step, the catalyst
material is synthesized and an example of such preparation is
the impregnation of a porous solid (S) with an aqueous solu-
tion of a transition metal oxide (MO."'). The next step is heat-
ing the freshly prepared catalyst material in oxygen, often re-
ferred to as calcination, which will result in an anchoring of the

transition metal oxide onto the surface through interaction with

'its hydroxyl groups. As a consequence, a MO,"'-S catalyst
precursor material is formed. In a third step, the catalyst pre-
cursor is activated and this activation treatment often consists
of a reduction treatment in which the oxidation state of the ac-

tive metal oxide phase is changed (MOP'-S with p < n). The
obtained solid is now ready for catalytic operation and will be
able to convert a substrate molecule to the desired reaction
product. Gradually, the catalyst will deactivate because of e.g.
a change in dispersion of the active metal oxide phase. In other

cases, coke is formed deactivating the active sites. In some
particular cases, the deactivated catalyst can be regenerated.

Conventional spectroscopy now focuses on the study of the

freshly prepared, calcined, reduced or deactivated catalyst
material and such measurements are usually done under nor-
mal conditions; i.e., at room temperature and under ambient
pressure. Although interesting information can already be ob-
tained, the gathered information does not provide any insight
about what is really going on in the catalyst material during
catalytic reaction. In other words, only knowing the "before-
reaction part" and/or "after-reaction part" does not deliver in-
formation on how the catalyst behaves in the industrial reac-
tor and what species is active in the catalytic process. As

In-situ Spectroscopy of Catalysts

indicated by G. A. Somorjai, it is like studying a life with ac-
cess only to the prenatal and postmortem states" [13]. In
order to surpass this problem, researchers often measure an
active catalyst after quenching the material to room tempera-
ture and transferring it in e.g. a glove box to a spectroscopic
cell for characterization. This methodology can be coined
"fossilization of the catalyst material". Although already
much more relevant, this approach is still not ideal because
the catalyst material may restructure during cooling down
and because of the absence of the reactant molecules.

Therefore, the only solution is to adapt spectroscopic tech-
niques in such a way that they are able to monitor catalysts
in action"; in other words, to track the physicochemical

processes taking place in an active catalyst in real time and
under operating conditions. This is the field of in-situ spec-
troscopy [10, 11, 14-25]. On the ohter hand, the name
operando spectroscopy is gaining popularity in the field be-
cause the term defines in a better way the experimental condi-
tions under which spectroscopic data of a catalyst surface
should be measured [24]. Since the name in-situ spectroscopy
is still much more widespread, we will stick to this word.
Some authors, however, will use in their own book chapters
already the name operando spectroscopy. In any case, per-
forming the ideal in-situ spectroscopic experiment is far from
easy and may remain a fantasy as suggested by J. F. Haw
[25]. According to this author, a perfect in-situ experiment
would look inside an industrial reactor and reveal the most in-
timate details of a surface chemical reaction, including transi-
tion states of reactions. The envisaged sensor would profile
chemical compositions on the scale of catalyst particles as
well as spatial variations over the volume of the reactor with
a high time resolution. Haw differentiates, therefore, between
the "purest" definition of the term "in-situ spectroscopy", in
which the spectroscopic measurement should be made under
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Figure 6. The lifespan of a catalyst, indicating the preparation, activation, catalytic event and deactivation process of the catalyst material. M, O and S

are the transition metal ion, oxygen and support, respectively. The superscripts refer to the oxidation state of the metal ion.
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reaction conditions and a more inclusive definition, which
refers to any spectroscopic result that is relevant to reaction
conditions and teaches us about catalytic chemistry. In my
opinion, the ultimate dream should still be to perform the
ideal in-situ experiment. This should be possible if we can de-
velop technology to such advanced levels that no or only
minor concessions in time scale, temperature, pressure and
cell design have to be made and that the related data process-
ing and handling becomes less cumbersome.

3. SHORT HISTORY OF IN-SITU
SPECTROSCOPY

To the best of my knowledge, the history of in-situ spec-
troscopy in catalysis started as early as 1954 with two semi-
nal papers from the R. P. Eischens group [26, 27]. These au-
thors studied with infrared (IR) spectroscopy the interaction
of CO molecules with Cu, Pt, Pd and Ni supported on Si02
and of NH3 molecules with cracking catalysts. It is important
to recall that these studies can still not be seen as real in-situ
investigations of catalysts. Nevertheless, they represent an
important step forward to the in-situ approach since they con-
sider the importance of the dynamics of a catalyst surface in
the presence of adsorbates. Indeed, R. P. Eischens was most
probably the first to construct a spectroscopic-reaction cell
for measuring IR spectra of heterogeneous catalysts. The spe-
cial cell consisted of two cylindrical CaF2 discs and a Pyrex
tube. The catalyst film was deposited on one of the CaF2 win-
dows. The cell was then placed in a furnace with the CaF2
discs loosely in place. Molecules were chemisorbed on the
catalyst material after heating and evacuation. The CaF2 win-
dows were then pushed in place and fixed to the Pyrex tube.
The spectroscopic cell was transferred to the spectrometer
and IR spectra of the catalyst were measured at room temper-
ature. Around the same period, Russian groups also reported
the measuring of IR spectra of different molecules on siliceous
materials, but these materials cannot yet be considered as cat-
alytic solids [28-30].

Since these initial studies in IR spectroscopy, a continuous
progress toward the use of in-situ spectroscopic techniques

Year

Figure 7. Estimation of the number of publications on in-situ spectroscopy

of catalytic solids during the last five decades.
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can be observed. This is illustrated in Figure 7, which shows
the evolution of the number of in-situ spectroscopy papers in
the catalysis literature [31]. It is clear that in the 1960s, 1970s
and 1980s, the number of in-situ papers was still relatively
low, but starting from the year 1990, the application of in-situ
spectroscopic techniques for studying catalytic problems be-
came as important as it is today. M. Jacoby of Chemical &
Engineering News even stated that in-situ spectroscopy is a
real buzz-word in catalysis these days [13]. It is no wonder
that the number of research papers on in-situ spectroscopy to-
talled more than 300 in the year 2002.

4. POSSIBILITIES AND LIMITATIONS OF
IN-SITU SPECTROSCOPIC TECHNIQUES

Several research strategies can be used to investigate the fun-
damental relations between the physicochemical properties of
a catalyst material and its catalytic activity and selectivity [7].
This is schematically illustrated in Table 2. Scientists are
always faced with the dilemma between the level of informa-
tion they would like to obtain about a catalyst and the rele-
vance of this information regarding the real catalytic event.
One approach is to model the catalytic surface with that of a
single crystal. Application of appropriate surface science
techniques will lead to valuable information on the atomic
scale of the catalyst material. The disadvantage, however, is
that most of these techniques are carried out in ultra-high or
high vacuum, and not under relevant reaction conditions. In
this respect, one should be aware that some surface science
techniques, such as X-ray photo-electron spectroscopy, are
inching into interesting pressure ranges that allow the intro-
duction of reactants at several millibars.

The other approach is to investigate real catalyst systems
with techniques under reaction conditions or, as is still often
done, under a controlled environment after quenching the
chemical reaction to e.g. liquid nitrogen temperature. The dis-
advantage of this approach is that atom-scale information
cannot (yet) be obtained and one (still) ends up with an over-
all picture of the active catalyst material under reaction con-
ditions. Furthermore, in-situ spectroscopy is rather involved
since incident photons (ranging from radiowaves to X-rays),
charged particles (e.g. electrons) and neutral particles (e.g.
neutrons) will probe the gas and/or liquid phase surrounding
the catalyst as well as the catalyst material itself. In the case
of a catalytic solid, both the (catalytic active) surface and the
(catalytic inactive) bulk are probed. All these facts may lead
to a skewed interpretation of the spectroscopic data.

One can make a survey of the number of papers on cat-
alytic solids published in 2002 using a particular in-situ char-
acterization technique. The outcome of such literature search
is that the most important characterization techniques are in-
frared spectroscopy (IR) and Raman spectroscopy (RS).
These techniques will be covered in detail in part I of the
book. Other heavily applied techniques are X-ray absorption
spectroscopy (mainly EXAFS and XANES) and more infor-
mation on these techniques will be presented in part IL Part
III of the book deals with in-situ magnetic resonance tech-
niques. Nuclear magnetic resonance (NMR) has been used in
the past, however, very interesting results are now obtained
with electron paramagnetic resonance (EPR) as well. Part IV

350

300

250

200

150

100

50

0 - T- i = 0
h° 1° S° S`I' qtk 0 0° O°



6 In-situ Spectroscopy of Catalysts

Table 2. Research strategies available to relate the physicochemical properties of catalysts with their catalytic performances. The in-situ characterization tech-

niques covered in this book are indicated in italics.

Measurement conditions Real catalyst material Single crystal model catalyst

Reaction conditions Infrared spectroscopy Infrared spectroscopy

Raman spectroscopy Sum-frequency generation-surface specific

Extended X-ray absorption fine structure vibrational spectroscopy

X-ray absorption near edge spectroscopy Scanning tunneling microscopy

Nuclear magnetic resonance Atomic force microscopy

Electron paramagnetic resonance Temperature programmed techniques

Ultraviolet-visible spectroscopy

X-ray diffraction

Small angle and wide angle X-ray scattering

Positron emission tomography and profiling

Atomic force microscopy

Mbssbauer spectroscopy

Temperature programmed techniques, such as

temperature programmed desorption and

temperature programmed oxidation

Vacuum conditions (in some cases measurements X-ray photoelectron spectroscopy All surface science techniques

in millibar conditions in the presence Ultraviolet photoelectron spectroscopy

of a reactant are already possible) Auger electron spectroscopy

Secondary ion mass spectrometry

Secondary neutral mass spectrometry

Low energy ion scattering

Rutherford backscattering

Transmission electron microscopy

Scanning electron microscopy

covers less used in-situ techniques such as ultraviolet-visible
(UV-VIS) spectroscopy; X-ray diffraction (XRD) and X-ray
scattering (SAXS and WAXS); positron emission tomogra-
phy (PET) and positron emission profiling (PEP).

Each of the presented techniques has its own advantages
and disadvantages to reveal details on the active catalyst sur-
face. Table 3 summarizes the potentials and limitations of the
spectroscopic techniques covered in the book for conducting
in-situ studies on supported metal oxide catalysts. Each tech-
nique has a specific potential for quantitatively or qualita-
tively probing the oxidation state, the coordination environ-
ment and the dispersion of a metal ion. Needless to say, none
of the characterization techniques listed in Table 3 will be ca-
pable of providing all the information needed for complete
characterization of the catalytic solid under reaction condi-
tions. In this respect, it is remarkable that most of the in-situ
characterization studies found in the literature survey men-
tioned above are based on one spectroscopic technique only.
A possible explanation for this observation is that each spec-
troscopic technique is associated with specific expertise and
thus specialists. Catalysis laboratories, due to a lack of skilled

manpower, can therefore rarely have all these in-situ tech-
niques in house and apply them at advanced levels.

5. CONSTRUCTION OF IN-SITU CELLS

In order to obtain relevant information about the catalyst ma-
terial, spectroscopic and catalytic measurements have to be
done on the same catalyst at the same time under optimal
spectroscopic and catalytic conditions [10, 11]. The catalyst
material has to be placed in a catalytic reactor, which allows

the measuring of spectroscopic data at e.g. high temperatures
and pressures in the presence of a substrate. The catalytic ac-
tivity and selectivity of the catalyst material can then be ob-
tained via on-line gas chromatography or mass spectrometry.
The appropriate design and construction of spectroscopic-
reaction or in-situ cells is a crucial step in obtaining con-
nected spectroscopic and catalytic data. One challenge in de-
signing in-situ cells is that optimal conditions for performing
spectroscopic and catalytic measurements are not identical
and thus a compromise has to be found between both types of
measurements. Generally speaking, high measurement tem-
peratures and pressures always give rise to less resolved spec-
tra, which make their analysis more difficult. Furthermore,
finding a good compromise between spectroscopy and cataly-
sis often implies that sub-optimal catalytic performances are
measured in a spectroscopic-reaction cell. Nevertheless, there
are now in-situ cells available enabling the study of catalytic
processes up to 700-1000°C and 50-100 bars with properties
very close to those of real catalytic reactors.

The following aspects have to be considered if one wants
to construct a high quality in-situ cell for investigating cata-
lysts in action [10]:

1. Catalyst temperature: It is not uncommon that the ac-
tual temperature at the catalyst bed in the cell is lower
or higher than indicated by a temperature read-out. This
phenomenon is responsible for lower or higher catalytic
performances as would be expected for a real catalytic
reactor. These changes in temperatures will also affect
the spectroscopic data, a problem that can be partially
solved by careful choice of thermocouple placement
e.g. near the catalyst bed, and a homogeneous heating
system surrounding the optical parts of the cell. Inferior
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Table 3. Spectroscopic techniques covered in the textbook and their potentials and limitations to obtain information about supported metal oxide catalysts under

working conditions.

Potentials

Technique Oxidation state Coordination Dispersion Quantitative Limitations/Comments

IR + + +/ - Metal oxide vibrations are often obscured by the support vibrations.

- Use of probe molecules (e.g. CO) indirectly probes the coordination

environment of the metal ion.

RS + + +/- +/- - The Raman effect is not a sensitive process and, as a consequence,

low metal oxide loadings are difficult to study.

- Fluorescence may occur when measuring under reaction conditions.

- Catalyst material may undergo transformation when irradiated by the

Raman laser light.

- Only semi-quantitative if an internal (not catalytically active) standard is used.

EXAFS- + + +/- - Not a site-selective technique. Results in average coordination numbers

and bond lengths.

- Expensive beamtime at synchrotron radiation sources.

- Complicated data-analysis and interpretation.

- Catalyst damage may occur when irradiating the material for elongated

time periods.

- Applicable to almost every element.

NMR + - + - Not applicable to all nuclei.

- Quenching problems may occur in the presence of paramagnetic metal ions.

- Signal:noise ratio is always lower at higher measurement temperatures

because of the smaller spin population in the ground state.

EPR + + +/- + - Only applicable to paramagnetic nuclei (e.g. V'+ (d'))

- Signal:noise ratio is always lower at higher measurement temperatures

because of the smaller spin population in the ground state.

- Often complicated data-analysis and simulation are required:

UV-VIS + - Broad and overlapping absorption bands of metal oxide may complicate

spectrum interpretation.

- Quantitative measurements only possible at a low metal oxide loading.

- Blackening of sample during catalytic reaction may prevent the detection

of interesting spectroscopic features.

catalytic activity is also partially due to some heat loss
via the spectroscopic window. This may result in tem-
perature gradients over the catalyst material, which in
turn will affect the spectroscopic and catalytic data. A
temperature increase of the catalyst bed can also be re-
lated with the light source used for measuring spectro-
scopic data. Previous experience has demonstrated that
the use of a Raman laser source easily may increase the
catalyst temperature 10°C or more.

2. Catalyst form: Catalytic solids can be placed in the
in-situ cell either as powders, granules or as pressed
wafers. Powdered samples or catalyst granules allow
measuring under flowing conditions. Such continuous
operation is very similar to a fixed bed catalytic reactor
as gases flow through the catalyst bed. In the case of
catalyst wafers, the reactant gases can only flow along
the sides of the pressed wafer and irreproducible gas
stream profiles and concentration gradients may occur.
This may result in inferior catalytic properties and spu-
rious spectroscopic data.

3. Catalyst damage: This is an underestimated problem.
The used light source for in-situ spectroscopy can affect
the physicochemical properties of the catalyst material.
An example is the laser-induced dehydration of cata-
lysts when applying in-situ Raman spectroscopy. The
intense laser source results in an increase of the temper-
ature of the catalyst near the laser focus spot. It is re-

ported that UV Raman laser radiation may even lead to
coke formation during catalyst investigations. This
problem can be solved by lowering the measurement
time, lowering the laser power, changing the laser fre-
quency, using a rotating laser beam or by using an
in-situ cell with a rotating sample. Catalyst damage can
also take place with synchrotron-basird radiation (e.g.
EXAFS-XANES), however careful selection of the
beam-line station and measurement time can (partially)
solve this problem.

4. Catalyst activity and selectivity: Aside from the intrin-
sic lower activity and selectivity, one might also expect
another activity/selectivity pattern in the in-situ cell.
This can be due to some background activity of the
in-situ cell itself (due to the presence of e.g. a thermo-
couple, metal parts, etc.). Another problem is that gas
molecules, such as oxygen and water, may leak into the
in-situ cell, giving rise to different reaction pathways.
An example of the latter could be that a total combus-
tion process, instead of a selective oxidation reaction, is
studied by in-situ spectroscopy. Alternatively, reagents
and reaction products may also leak out of the in-situ
cell. Therefore, on-line monitoring of the reaction prod-
ucts formed in the in-situ cell is crucial.

5. Reaction cell volume: The dead space volume of an
in-situ cell should be as small as possible in order to re-
duce the absorption of e.g. the gas phase, which could

XANES

+ - +
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interfere with the absorption of the active catalyst mate-
rial, as well as to avoid gaseous bypass in the cell. A
small reaction cell volume is also beneficial if one
wants to perform transient reaction studies.

6. Spectroscopic window: High-quality spectroscopic
windows (e.g. high-purity quartz for UV-VIS measure-
ments) must be used due to the already inherent lower
signal-to-noise (S:N) ratio of the in-situ spectra. This is
also important in the case of in-situ EPR measurements
because small impurities of Fe3+ within the in-situ cell
material may easily show up in the spectroscopic data.
Sometimes problems may occur by focusing the light
source on the catalyst material (e.g. Raman laser), giv-
ing rise to signals of the spectroscopic window.

7. Safety: This is especially true for spectroscopic experi-
ments at high pressures and reaction temperatures. A
safety valve could be installed in order to avoid the
explosion of the in-situ cell or the blow out of the spec-
troscopic window (the weakest part of the set-up).
Appropriate temperature isolation and a separate hood
are critical when an in-situ cell is designed for high tem-
perature applications.

6. ACTIVE SITES, REACTION INTERMEDIATES
AND SPECTATOR SPECIES

Solid catalyst materials-the main topic of this textbook-
are very complex materials as illustrated in Figure 8. Several
species can be present at the catalyst surface simultaneously.
The following species can be distinguished:

1. Active sites; i.e., surface species, which can catalyze a
chemical reaction. They are denoted as A,, Az and A3.
Each of these species may bind a substrate, giving rise
to an active site-reaction intermediate surface complex
(e.g. A3-R3). Reaction intermediates (RI, R2 and R3) are

mostly short-lived and therefore difficult to detect. The
different active sites may exhibit a different activity and
selectivity pattern toward substrate molecules and a par-
ticular active site may be responsible for an unwanted
side reaction as well, resulting in some by-product for-
mation. It is important to stress that the active sites are

In-situ Spectroscopy of Catalysts

mostly present in low concentrations and identification
is often difficult.

2. Spectator species; i.e., surface species, which do not ac-
tively participate in the catalytic reaction, but are
formed during the reaction and thus are in an apprecia-
ble amount at the surface, complicate the spectroscopic
analysis.

It is clear that it will be necessary to discriminate between
true active sites and spectator species, however this is only
possible through the careful selection of a battery of comple-
mentary characterization techniques and the development of
site-selective spectroscopic techniques with a sufficient dis-
criminative power. Another challenge is the quantification of
active sites in a working catalyst. The ideal situation would be
a quantitative determination of each fraction of surface species

on the basis of spectroscopic data only, but to the best of my
knowledge, this has not been achieved to date due to the lack
of data regarding the extinction coefficients of mostly unusual
surface species formed in an active catalyst. The extinction
coefficients of such species cannot be simply found in spectro-
scopic textbooks nor can they be measured independently in a
specific experiment. Equally important to consider is the fact
that the surface species formed in a working catalyst are
mostly unusual identities, and consequently, the interpretation
of the spectroscopic data in terms of active sites, reaction in-
termediates and spectator species is far from trivial. A solution
can be given by using advanced theoretical tools for calculat-
ing experimental spectroscopic data. This requires the genera-

tion of theoretical spectra of relevant computer cluster models
on a series of potential active sites. A close match between the
theoretical and experimental spectra allows a detailed descrip-
tion of the structure of the active site or reaction intermediate.
Based on this knowledge, a reaction cycle can be proposed
and mechanistic insight can be obtained.

7. POTENTIAL ROADMAP FOR IN-SITU
SPECTROSCOPIC STUDIES

As stated above, until now, a lot of spectroscopic techniques
in the catalysis field have been used under experimental con-
ditions which are still far from relevant catalytic conditions.
In cases where realistic catalytic conditions were chosen, the

Figure 8. Complexity of catalytic solids, indicating the presence of different active sites (A1, A2 and A3), reaction intermediates (R1, R2 and R3) and

spectator species (S).
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studies were mostly limited to the use of one particular in-situ
spectroscopic technique measuring the catalyst under steady-
state conditions, leading to spectroscopic data that did not
change with increasing reaction time,

The disadvantages of this approach are threefold:

(1) The spectroscopic information obtained from a cata-
lyst material under ex-situ conditions is of little rele-
vance since important structural and physicochemical
changes can take place in the catalyst material when
present in the chemical reactor. The concessions made
for reactor design and reaction temperature/pressure
lead to information with sometimes little relevance for
the working catalyst.

(2) Each spectroscopic technique has its own sensitivity

(3)

and limitations (Table 3), meaning one technique will
not provide all necessary chemical information (e.g.
oxidation state, coordination environment, dispersion)
about the working catalyst. Thus, more research has to
be directed toward an intelligent combination of two or
more spectroscopic techniques in order to provide com-
plementary information on the molecular structure and
composition of a catalyst under working conditions.
The time resolution is often too low to detect reaction
intermediates. One of the challenges is to discriminate
between spectator species and species actively in-
volved in the catalytic event, as well as to decrease the

1

phase

2
phases

3

bases

high T,P
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time necessary for measuring unusual states and reac-
tion intermediates in an active catalyst. This requires
the development of time-resolved techniques for meas-
uring catalysts in the sub-second region in combina-
tion with fast on-line product analysis and transient
kinetic experimentation.

Based on these observations, one can attempt a roadmap for
in-situ spectroscopy and set the field for the years to come [11].

However, such an attempt risks failure or even incompletion.
Nevertheless, it has the advantage that it may stimulate some
discussion in the catalysis community. My ideas are summa-
rized in Figure 9 and three domains of interest for future in-situ

studies are proposed. Domain A can be named "measuring bet-

ter, measuring faster and measuring more", whereas domain B

concerns the logic extension of the operational window of
in-situ studies to catalytic liquid-solid and liquid-gas-solid re-
action systems. Domain C is much more speculative and can be

named "single molecule and single site in-situ spectroscopy-
microscopy". In what follows, I will discuss in detail how
in-situ spectroscopy may develop in these three domains.

The first step in domain A, "measuring better", means that
spectroscopic and catalytic measurements should be done on
the same catalyst material at the same time and under optimal
spectroscopic and catalytic conditions. Although it sounds
simple, this is not often the case. The crucial step is to design
the ideal in-situ cell in order to allow measuring at e.g. high

Better
measurement
conditions

Better time
resolution

Reaction
Substrate product

Figure 9. Potential roadmap for future in-situ spectroscopic studies. Three areas of interest are proposed: domain A, measuring bet-

ter, measuring faster and measuring more; domain B, extension of the operational window from mono-phase over bi-phase to tri-

phase reaction systems; domain C, single molecule and single site in-situ spectroscopy-microscopy.
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temperatures and pressures. A detailed description on several
aspects that must be taken into account when designing
in-situ cells has been discussed before. Step 2 in domain A,
"measuring faster", refers to developing the field of time-
resolved spectroscopy in the sub-second region. This devel-
opment should go hand in hand with the use of step/pulse-
response experiments to discriminate between active sites
and spectator species. Finally, step 3 in domain A, "measur-
ing more", implies that two or more spectroscopic techniques
should be combined in one spectroscopic-reaction cell. This
process introduces the multi-technique approach in the field

.of in-situ spectroscopy. Several studies in which different
characterization techniques are combined have already ap-
peared in literature: XRD-EXAFS [32-35], EPR-UV-VIS
[36-37], EXAFS-UV-VIS [38] and UV-VIS-Raman [39].

Domain B concerns the expansion of the application do-
main of in-situ spectroscopy from mono-phase to multi-phase
reaction systems. It is fair to say that in-situ spectroscopy of
homogeneous catalysis (mono-phase reaction systems) is rel-
atively simple because the catalyst material can be more eas-
ily explored with spectroscopic techniques. Within the field
of heterogeneous catalysis (multi-phase reaction systems),
one has to discriminate between bi-phase reaction systems
(catalytic solid-gas and solid-liquid interfaces) and three-
phase reaction systems (catalytic gas-liquid-solid interfaces).
Until now, most efforts in in-situ spectroscopy literature have
been devoted to gas-solid reaction systems, whereas the study
of catalytic solid-liquid and gas-liquid-solid reaction systems
can be regarded as still in its infancy. There are, however,
many challenges when studying the catalytic solid-liquid, and
later, solid-liquid-gas interfaces. One of the most important
difficulties is that the signals of interest from the interface are
usually much smaller than the signals of the surrounding liq-
uid phase and gas phase.

Domain C is more speculative, but also very challenging. It

could be named single molecule and single site chemistry as
revealed by in-situ spectroscopy-microscopy. It would be
wonderful if we could monitor the catalytic transformation of
a substrate molecule on a particular active site and detect the
formation of the corresponding reaction intermediately, and
then detect that of the reaction product molecule. However,
this would require focus on one single active site and the
monitoring of the chemistry taking place at this site.

8. CONCLUDING REMARKS

Many catalyst discoveries are based on serendipity or on a
trial-and-error approach often accelerated by the use of high-
throughput experimentation (HTE) and design of experiment
(DOE) techniques. Such discoveries continue to lead to new
industrial catalytic processes. However, rational catalyst de-
sign should still be the ultimate goal of catalyst scientists sim-
ply because it is an intellectual challenge to design new cata-
lysts based on fundamental knowledge about the active
catalyst surface. To obtain such detailed information, re-
searchers are developing and applying in-situ spectroscopic
tools. The main challenges in this exciting research field are:

(a) The development of time-resolved spectroscopy, in
conjunction with the design and construction of high

In-situ Spectroscopy of Catalysts

quality spectroscopic-reaction cells, which allows the
combination of complementary information of two or
more characterization techniques.

(b) The study of catalytic solid-liquid and gas-liquid-solid
reaction systems and the development of tools en-
abling the study of these catalytic interfaces.

(c) The combination of in-situ microscopy and spec-
troscopy with the possibility to focus on the catalytic
chemistry of one single active site. This requires the de-

velopment of site-selective spectroscopy-microscopy
techniques.

In-situ spectroscopy is considered to be very important for
the future development of catalysis science and engineering,
and its developed methodologies will also be useful for gain-
ing a better understanding of the fundamentals of catalyst
synthesis.
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