Turnover frequency

The turnover frequency is
defined as the turnover unit
per time. For most industrial
applications, the turnover
frequency is 10-3-102,

Structure sensitivity

A reaction in which not

all surface sites have the
same activity. The surface-
normalized activity changes
with nanoparticle size for
structure-sensitive reactions.
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The concept of active site
In heterogeneous catalysis

Charlotte Vogt

experimental and theoretical tools at hand.

The global revenue of the chemical industry in 2019
amounted to an approximate US$4 trillion', of which
an estimated 85% involved catalytic processes”. Few
things in catalysis are as important — yet, as elusive —
as the concept of the active site. The active site is what
makes a catalyst work. It brings, as we know from the
landmark studies of Wilhelm Ostwald (1853-1932),
Svante Arrhenius (1859-1927) and Jacobus van ‘t Hoff
(1852-1911), the kinetics of a chemical reaction in dis-
balance. This generally lowers the activation energy and,
thus, increases the speed of a desired chemical reac-
tion, leaving the reaction’s thermodynamics unaffected
(FIG. 1a). Heterogeneous catalysis is a diverse and highly
interdisciplinary field, which combines knowledge from
materials and surface science, physical, analytical and
theoretical chemistry, chemical engineering and, not
least, organic and inorganic chemistry. By combining
advanced knowledge in synthesis techniques®”, with
strides in space-resolved and time-resolved analytical
methods®"?, as well as advanced theoretical knowl-
edge for computational modelling'*~'%, one can argue
that we are at the doorstep to the era of rational cata-
lyst and process design. Defining the ‘active site’ along
with the various actors that determine its activity are the
ingress to conceptualizing the necessary novel catalysts,
concepts and processes to tackle some of the immense
challenges modern society faces, such as the quest for
an energy transition or a circular society aiding to abate
climate change.

.28 and Bert M. Weckhuysen@® '

Abstract | Catalysis is at the core of chemistry and has been essential to make all the goods
surrounding us, including fuels, coatings, plastics and other functional materials. In the near
future, catalysis will also be an essential tool in making the shift from a fossil-fuel-based to a
more renewable and circular society. To make this reality, we have to better understand the
fundamental concept of the active site in catalysis. Here, we discuss the physical meaning—and
deduce the validity and, therefore, usefulness — of some common approaches in heterogeneous
catalysis, such as linking catalyst activity to a ‘turnover frequency’ and explaining catalytic
performance in terms of ‘structure sensitivity’ or ‘structure insensitivity’. Catalytic concepts from
the fields of enzymatic and homogeneous catalysis are compared, ultimately realizing that the
struggle that one encounters in defining the active site in most solid catalysts is likely the one we
must overcome to reach our end goal: tailoring the precise functioning of the active sites with
respect to many different parameters to satisfy our ever-growing needs. This article ends with an
outlook of what may become feasible within the not-too-distant future with modern

As such, in this Review, we discuss the physical
meaning — and deduce the validity and, therefore,
usefulness — of some common approaches in hetero-
geneous catalysis, such as linking catalyst activity to a
‘turnover frequency’ and explaining catalytic performance
in terms of ‘structure sensitivity’ or ‘structure insensitiv-
ity’ To do so, we borrow and compare catalytic concepts
from the fields of enzymatic and homogeneous catalysis
(for example, ‘turnover number’).

The active site in a solid catalyst

Paul Sabatier (1854-1941) stated that, in order for a cat-
alyst (in his case, often a “finely divided metal”) to work,
the adsorbent should neither be adsorbed too strongly
nor too weakly, an observation which, among others,
earned him the 1912 Nobel Prize in Chemistry for his
seminal work on hydrogenation catalysis'/~*". Linus
Pauling (1901-1994) added that the catalyst (in his case,
an enzyme) must bind the transition state more tightly
than the substrate”’. These two concepts lie at the heart
of catalysis at the active site, summarized in FIC. 1a. Yet,
before we begin to analyse the active site in a bottom-up
manner, we must be aware of the multidimensional
factors across multiple scales that can contribute to
the observed activity of the ‘active site. Heterogeneous
catalysts often involve porosity on the micrometre to
nanometre scale””, and are subject to phase and mor-
phological transformations over a huge time range from
as long as years to as short as sub-milliseconds'****.
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Turnover number

In enzymology, the maximum
number of chemical conversions
of substrate molecule that a
single catalytic site will execute
for a given concentration. In
organometallic catalysis, the
number of moles of substrate
that a mole of catalyst can
convert before being
deactivated.

Taylor ratio

The fraction of the catalyst
surface that is catalytically
active.
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Fig. 1| Examining catalytic activity from an active site perspective. a| Principles of catalysis, involving the kinetics,
thermodynamics, as well as the role of the active site, including Sabatier’s concept, and Pauling’s transition state theory
and how they relate to catalysis at the active site. b | Several factors that influence active site activity and their length
scales and timescales are portrayed, as well as some novel approaches to increase site activity and their respective
length scales and timescales?®'*"%°?%_¢ | Geometric, electronic and confinement effects are three correlated but
separable parameters that heavily influence the activity of an active site.

Surfaces reconstruct®, while reactants and interme-
diates can be locally depleted® (FIG. 1b). To define an
active site in heterogeneous catalysis is to understand
these complexities and its dynamic variability in vari-
ous reaction environments, be they liquid phase or gas
phase, and as a function of reaction temperature and
pressure. Hugh Stott Taylor (1890-1974) was one of
the first to allude to this complexity and variability in
active sites. He realized that the entire surface of a metal
nanoparticle did not participate in a catalytic reaction
but, rather, certain active centres. In doing so, he defined
what is now termed the ‘Taylor ratio™~*, which relates
the fraction of active sites to the total exposed surface,
and is, hence, always <1. Several excellent review articles

and textbooks are available in the literature, which have
helped us to highlight and explain catalyst complexity
and variability in terms of surface reactivity*'**~*",

Types of active sites

There are many different kinds of heterogeneous cat-
alysts, and they can contain many different types of
surfaces, and, hence, also active sites (TABLE 1). Bronsted
acid (proton donating) and Lewis acid (electron with-
drawing) are the sites that lead to catalytic activity in
solid acid catalysts'™". The formation or breaking of a
covalent bond is often involved in these two types of
catalysis, and these two types of active sites are intimately
linked. Industrially, a prototypical example of the use of
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Bronsted acid sites as the active phase is the fluid cat-
alytic cracking (FCC) catalyst, which is currently used
to convert a large fraction of heavy crude oil fractions
into bulk chemicals, such as gasoline and propylene.
These FCC catalysts contain zeolites, which, themselves,
possess both Brensted and Lewis acidity, but are then
mixed in formulations with certain amounts of alumina
or silica as binders, which can also have Lewis acidity
(FIG. 2a). Furthermore, not all zeolites have the same
T (tetrahedral) sites (the site where a tetravalent sili-
con atom is replaced by, for example, a trivalent alumin-
ium atom), and T sites can vary both within a zeolite and
as a function of process time (as a result of, for example,
steaming). As the relative positions for Al substitution
can differ, different Bronsted acid sites can exist. The
same complexity holds for Lewis acid sites. BOX | goes
into more detail on the complexity of (among others) the
industrial FCC material as a prototypical example of a
heterogeneous catalyst.

Metallocene polymerization catalysts are a typical
example of catalysts believed to rely predominantly on
Lewis acid active sites (although it must be noted that
this is a somewhat simplistic definition and, in reality,
the active sites are likely combinations of Lewis acid-
ity and redox behaviour)**~*. Velthoen et al. recently
studied the structures of a multitude of group 4 meta-
llocenes (sandwich complexes of the metals with
cyclopentadienyl-derived ligands), using density func-
tional theory (DFT) and diffuse reflectance (DR) UV-vis
spectroscopy™. By building a library of several different
complexes, and simulating DR UV-vis spectra, their
greatly convoluted, experimentally obtained spectra
could be understood. They were, thereby, able to link
the formation of AlMe," to the activity of the polymer
catalysts. The active catalytic complex undergoes several
activation steps in a complex scheme. Cl ligand abstrac-
tion by AlMe,* eventually forms active (FIC. 2b) and
dormant species, which once more react with AlMe,*
in a delicate balance between the active species and the
polymeric form. Nevertheless, they also showed that
the degree of activation of these catalysts is certainly not
always 100% or even uniform. A showcase for this dis-
tribution in activity of sites is that the dispersity index of

Table 1 | Characterization of active sites by catalyst type and bonding, with an
example of a chemical reaction

Active Type of solid catalyst Type of bonds Chemical reaction

site involved example

Brensted  Solid acid Covalent Cracking of

acid site hydrocarbons, alkylation,

methanol to olefins

Lewisacid  Solid acid, atomically Covalent Olefin polymerization,
site dispersed catalysis cracking
Base site Mixed metal oxides, Covalent Lebedev process,
hydrotalcite Tishchenko reaction
Redox site  Atomically dispersed lonic, covalent  Selective catalytic
catalysis, clusters of atoms/ reduction of NO, with
ions, supported metal NH, selective oxidations
Metalsite  Supported metal, Metal covalent CO oxidation,
atomically dispersed hybrid (de)hydrogenation,
catalysis Fischer-Tropsch synthesis
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polymers is almost never 1. Another interesting notion
about polymerization catalysts is that they greatly
expand during catalysis, almost like pieces of popcorn
popping, thereby, dynamically and increasingly limiting
access to active sites'’".

The first evidence for the importance of basic active
sites in zeolites was given by Yashima et al. for the alkyla-
tion of toluene with methanol®. It is suggested that these
sites in zeolites are generally cationic sites of low coor-
dination, and the population of these sites was inversely
correlated with the Si/Al ratio. The Lebedev process to
make butadiene from ethanol is an example of a catalyst
with basic sites like those in, for example, SiO,-MgO.
These types of catalysts, nevertheless, almost always
also contain Brensted and Lewis acidity*~** (FIC. 2¢).
The Tishchenko process is another example of a reac-
tion catalysed by a strong base, whereby ethyl acetate is
formed by the esterification of acetic acid with ethanol
catalysed by, for example, an alkoxide*>*.

Redox sites are defined as those in which the valence
state of the active site changes during the catalytic
cycle. The formation of ionic bonds is often involved
at the active site of this type of catalysis, but covalent
bonds can also be formed®. An example of redox sites
described in the literature are the Ni-alkyl species that
create mobile active sites in SSZ-24 zeolite pores for
an ethene oligomerization catalyst>*->*. These sites are
proposed to be isolated Ni** cations grafted on, for exam-
ple, acidic silanol groups for the production of ethylene
oligomers®>*'. Another example of redox site formation
is the formation of a multinuclear Cu site in the selec-
tive catalytic reduction of NO, in a Cu-chabazite (CHA)
zeolite> ", In this example, Cu ions travel through the
zeolite pores but experience electrostatic tethering,
which limits their mobility. The nature of the active site
of this reaction is under debate, and FIC. 2d shows one of
the several proposed Cu nuclearities and conformations
in this reaction'®. This type of catalysis mainly occurs in
metal-zeolite catalysis, in redox or atomically dispersed
catalysis, such as is the case for olefin polymerization.
It is interesting to note that these two examples both
show that active sites themselves can be created, are
dynamic and that their structures are a function of the
exact reaction conditions that are applied to a catalyst
material. A more recent study by Copéret and colleagues
has reinvigorated the discussion of propylene epoxida-
tion catalysts (TS-1), in which, rather than the single
Ti atom sites that were the consensus for nearly 20 years,
dimeric Ti atoms are now proposed to be responsible for
the efficient industrial synthesis of propylene epoxide.
Their results were obtained with a relatively novel meth-
odology for these types of systems, using '”O-labelled
H,O, for NMR. This has often been the trend; a new
powerful analytical method often reveals a new feature
or provides new insights, and this, in turn, leads to the
proposal of a new active site**.

The last type of catalytic activity discussed in TABLE |
and FIG. 2 is that of a metal site. The distinction between
aredox site (in, for example, atomically dispersed cataly-
sis) and a metal site (in supported metal catalysis) is not
necessarily absolute but made here based on predom-
inantly single atom (ligand defect, redox site) versus
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bulk metal properties (metal site). The chemical bond
between an adsorbate and a catalytically active metal
surface can be classified as a hybrid between a covalent
and a metal bond® In an active metal site, often, more
than one metal atom participates to stabilize the transi-
tion state of the molecule that is to react™. This can be a
cluster of atoms with specific geometric properties, as in
the Fischer-Tropsch synthesis of hydrocarbons, where it
is postulated that a B; site (a site where an incoming mol-
ecule incurs five contact metal atoms)® is believed to be
the main active site for CO activation. But it can also
be a site, for example, at the interface between a metal
nanoparticle and its support®®>. A prototypical exam-
ple of metal-based catalysis is the automotive exhaust
catalyst®°, which consists of noble metals, such as
Pt or Pd, which are present as metal nanoparticles and
where, for example, carbon monoxide is oxidized to carbon

dioxide (FIG. 2e). Although it is generally accepted that
metallic Pt and Pd are the active phases, there are studies
in which oxides of Pt and Pd are considered to be involved
in the activation of small molecules, illustrating the com-
plexity in discriminating between the different metal
sites, the existence of metal oxides, as well as the inter-
facial structure between the support oxide, for example,
an Al,O, wash coat, and the metal sites®*** (FIG. 2¢).

Influencing the activity of a site

If we compare Bronsted and Lewis acid catalysts, basic
sites, redox site catalysis and metal catalysts (TABLE 1)
among heterogeneous catalysts, many analogies affect-
ing the types of active sites can be drawn between them,
which helps us to unify important principles in catal-
ysis. Because these types of catalysts have been stud-
ied in great detail over the past decades'>*~7*, some
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Fig. 2 | Examples of catalysis arranged by type of active site. a| Cracking of hydrocarbons in the fluid catalytic cracking
(FCC) process, where the active site is a Brensted acid site. Blue/green indicates Ni impurities, while orange indicates Fe
impurities. b | Polymerization catalysts often need to be activated by an additive, a co-catalyst, yet, it is well understood
that different degrees of activation occur throughout the catalyst particles. c | The Lebedev process for the formation of
butadiene from ethanol proceeds over SiO,~MgO catalysts, which generally possess both basicity and acidity. d | Selective
catalytic reduction of NO, typically occurs in a metal-substituted zeolite, of which the nuclearity of the active site is a
topic of heavy debate, and is intimately related to the preparation procedure of the zeolite. e | CO oxidation is a typical
reaction that occurs over a supported metallic nanoparticle catalyst (often Pt), yet, it is a matter of heavy debate whether

the active site is Pt metal, O-bound Pt or PtO, or even Pt-support interface sites. f,g

Literature examples where the turnover

frequency (TOF) is reported for reactions in parts a and e. The figure was created using data available in the original
publications®”*, If one considers only the complexities highlighted in parts a and e, it already becomes clear that this
potentially overlooks many important subtleties. Nevertheless, some interesting effects can be visualized with these plots,
for example, the next nearest neighbour aluminium atom concept in part f or ‘structure insensitivity’ in part g. Dotted lines

are linear fits to the data, drawn as a guide to the eye.
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Box 1| The complexity of the industrial catalyst

A fluid catalytic cracking (FCC) catalyst particle is an excellent illustrative ageing of real industrial FCC catalysts leads to increasing amounts of
example for the complexity of defining the ‘active site’ in real, industrially metal poisons, such as Ni and Fe, to form a shell around the FCC particle
applied heterogeneous catalysts. Brensted acidity is often credited for the  (see the particles measured by X-ray microscopy depicted in parts b
observed catalytic activity of this crude oil cracking process. In reality, and c of the figure with 3D speciation of metal deposits affecting pore

the cracking reaction, and of side reactions, are much more complex. accessibility and see also the average Fe concentration and porosity
Zeolites indeed donate protons to alkenes, forming a carbenium ion change due to Fe deposits as measured by X-ray nanotomography’’.
(these are also formed, to a certain extent, by thermal cracking of the These metals can catalyse hydrogenation and dehydrogenation reactions,
alkane mixture). Cracking occurs by B-scission of this carbenium, which but they can also block access to the inner parts of the FCC particles.
transfers a proton (or abstracts a hydride) to form a new carbenium ion? Part d of the figure describes a spent FCC particle indicating blockage
(see the figure, part a). If this continuous transfer of carbenium ions occurs by metals (La, Fe and Ni), but also by coke formation both on the surface

at a faster rate than the amount of proton donations from the zeolite, and within the FCC catalyst particle in grey and magenta, respectively.
what is the actual catalyst and what would be the turnover frequency? The different phases in FCC formulations (which are responsible both

To report turnover frequencies (FIC. 2f) for such hugely complex systems for the desired cracking reactions and also for side reactions with Ni and Fe),
requires the assumption that the Si/Al ratio is a direct measure for the the matrix (LAS), binder (LAS), zeolite (BAS, redox) and, finally, metals are
amount of active (proton) sites, and this is quite obviously far from reality. schematically shown in FIG. 2a. Taking this all into account, it becomes
Under the strictest definition, the zeolite here is merely a co-catalyst (the clear that even this prototypical example of a well-defined heterogeneous
same is true for the methanol-to-olefins process, where the actual catalysis  catalytic active site as a Bransted acid site is, in reality, far, far more

takes place on the ‘hydrocarbon pool’, the formation of which is facilitated ~ complex, and ascribing a turnover frequency value for the active site

by the zeolite)'**'*. This is just the cracking process alone, whereas the is very difficult.
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fundamental comparisons can be made with respect
to the active site in heterogeneous catalysts. FIGURE 1c
schematically shows an overview and examples of
the different parameters influencing the activity of the
different types of active sites discussed.

Geometric effects. It is important to note that the active
site can technically be located at a single atom for sup-
ported metal nanoparticles, for solid acids and for

atomically dispersed catalysts. This final type of active
sites are often also termed single-atom catalysts, a term
that is somewhat under scrutiny, but refers to heteroge-
neous catalysts with atomically dispersed metal atoms™.
Nevertheless, the workings of an active site would be
very different were it not surrounded by other atoms; the
same ‘active’ atomic site may even be completely inactive,
depending on the geometrical environment'”~*. This fact
is externalized in different ways for the different classes
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Box 2 | The concept of structure sensitivity

An interesting, empirically observed fundamental phenomenon in catalysis
is called structure sensitivity, which is best defined as “not all atoms in

a catalytic nanoparticle having the same catalytic activity”’**'**'2, This
concept is classified by taking a measure for the available surface and
dividing the activity by this (leading to a turnover frequency (TOF)), and then
plotting this TOF against particle size. Building on observations from
many others'’*'”?, Michel Boudart (1924-2012) noted that reactions can

be either ‘facile’ (a TOF independent of nanoparticle size, or structure
insensitive) or ‘demanding’ (a TOF dependent on nanoparticle size, or
structure sensitive)'”. This is now commonly explained by the preferential
cleavage of 0-bonds at highly uncoordinated atoms and preferential cleavage
of m-bonds at defect sites. See also part a of the figure displaying the
calculated percentage of neighbour atoms in Wulff-constructed
nanoparticles of different sizes, where one can see that a small nanoparticle
has much more surface relative to a large one, and, of this surface, much
more is under-coordinated (steps or edges) rather than highly coordinated
(terraces). Part b of the figure shows the trends in TOF typically observed
for these types of activities: an exponential decrease in activity with
increasing particle size for o-type sensitivity, an optimal particle size for
n-type sensitivity and a flat line for structure-insensitive behaviour?*0%10:213,
These site preferences can lead to different types of empirically observed
structure-sensitivity trends. The figure also summarizes some literature
data for different classes of structure sensitivity, all plotted on the same

scale. Reactions are shown in which the activation of a 6-bond (part c,
steam methane reforming, CH,+H,0 — CO +3H,)"*”*! or a n-bond (part d,
carbon dioxide methanation, CO, +4H, — CH, + 2H,0)"****** is believed
to be rate limiting, and for a classical structure-insensitive reaction, where
the rate-determining step is believed to be the recombination of an
adsorbed alkyl (part e, ethene hydrogenation, C,H,+H, » C,H,)*****".
There have been numerous reports of an absence of a structural dependence
in the rate of ethene hydrogenation to ethane over single-crystal
facets?”?2%225 Nevertheless, when one examines the profiles observed in
part e and compares them to part b, the structure insensitivity of ethene
hydrogenation is not so obvious. Thus, the only figure that resembles the
class of structure sensitivity that it is often assigned to is that shown in

part d, t-bond activation. These observations show that there is still much
to be explained, and that the TOF is not a uniform way to relate the activity
in different studies, as it is based on the general (and clearly erroneous)
assumption that all exposed surface area is (equally) active. A more
comprehensive explanation, and details of these descriptions, are given

in the Supporting Information. The way we describe kinetics of catalytic
reactions in general is also still based on the adsorption isotherm of
Langmuir (1915) and the kinetic formalism of Hinshelwood (1927), based
on ideal surfaces with equivalent adsorption sites and adsorbates that are
randomly mixed and do not interact. We are becoming more and more
aware that this picture is far more complex.
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of catalysts as, inherently, different types of bonds and
length scales — and, thus, geometries — are involved in
the different classes. Geometric and electronic effects on
the active site are closely correlated, but can be separated
based on Bronsted-Evans—Polanyi relationships™ (BOX 2).

For metal catalysts, different facets can be exposed by
different particle sizes, which can be seen in FICS 1¢,3a.
Michel Che (1941-2019) and coworker reviewed
the influence of metal nanoparticle size on the cata-
lytic properties of supported metals”. Leland Cratty

(1930-2019) and Andrew Granato (1926-2015) pro-
posed that ‘dislocations’ may actually be the active
sites in supported metal catalysts’. Many experiments
have been performed to bolster this hypothesis and
many of the results have been interpreted assuming
lattice imperfections as active sites’”’~”. Nowadays, it is
widely accepted that highly under-coordinated sites,
such as steps or kinks, similar to Cratty and Granato’s
‘dislocations, can have much higher catalytic activity
than other sites. The reason for this is, in part, attributed
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Geometric Electronic Confinement

Metal sites

Bragnsted acid sites
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Fig. 3 | Geometric, electronic and confinement effects combine to dominate the activity of an active site

in heterogeneous catalysis. These three effects, geometric, electronic and confinement, are illustrated for each
type of catalyst considered: metals (parts a—c), Brgnsted acids (parts d—f), Lewis acids (parts g—i) and redox (parts j-1).
Geometry affects the configuration of sites within a metal nanoparticle. Active sites may be known to exist at, for
example, the edge of a crystal facet. The fraction of a particular type of metal site is then heavily dependent on metal
particle size; there are relatively more blue sites on a smaller nanoparticle than a large one (part a). Electronic effects
can be seen to result from different supports (for example, a reducible support like TiO, versus a non-reducible one
like Si0,). These effects are increasingly important as the size of nanoparticles is reduced (part b). Confinement, for
example, in terms of intraparticle distance or the distance of a given site to any other (part c). For solid acid catalysts,
examples are: the strength of the acidity of a Brensted acid site (part d), which is dependent on the geometry of the
zeolite structure, as the same atomic composition making a Brgnsted acid site (shown) can have completely different
acid strength, depending on, for example, the curvature of the given zeolite ring structure; the Si/Alratio in a zeolite
is an electronic influence on the acidity of acid sites in a zeolite (part e), for example, through the next nearest neighbours
concept. Shown are two identical zeolite structures, with differing Si/Al (yellow/red) ratios); the confinement of an acid
site (part f), such as a large cage or pore compared with a small cage or pore, influences the relative strength of that
acid site on a reactant; a Mobil Five and a chabazite (CHA) type zeolite have differing cage and pore confinement.

For ‘atomically dispersed’ catalysts, the examples are: in metallocenes (part g), the steric properties of the size of
ligands is a determining factor in selectivity and activity by influencing site accessibility geometrically; furthermore,
the electronic properties of ligands can also influence activity and selectivity (part h), for example, in zirconocene
versus zirconocene dichloride shown here. For visual clarity reasons, the methylaluminoxane that is used to activate
the metallocene complex by removal of a Cl (indicated in green) ligand*’ is not shown, the actual active site in
metallocene catalysts only arises after this activation but it is, nevertheless, influenced, also in its active state, by the
described phenomena; the ‘popcorn-like’ structure of growing polymer particles increasingly confines and eventually
deactivates the active sites of polymer catalysts (part i). For redox sites, the examples are: the location of the Al
substitution influences the geometry and type of Bransted acid site in a zeolite (part j) (shown are two green Al atoms
in a CHA cage with yellow Si and red O atoms); the nuclearity (part k) (shown mono, di) of the metal site in CHA; and
the confinement of the Mobil Five network with a single copper atom (part l) strongly influences the activity of NO,
selective catalytic reduction®’.
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to their localized geometry, which is the geometric
structure of their localized electron density (such as the
different localization of orbitals protruding from a site).

For a zeolite, geometry can be thought of in terms of
the reactivity of a single Si-O(H)-Al Bronsted acid site
or one that is built into a specific position within a ring
of a zeolite*™*' (FIC. 3d). The reactivity of these sites will
be different depending on, for example, zeolite pore size
(curvature/lattice strain), even though they can be built
from the same fundamental constituents®*. The same
holds for redox sites in zeolites.

For Lewis acid catalysts, such as metallocenes, the
steric properties, or the geometry, of ligands is a deter-
mining factor in selectivity and activity>”. This is illus-
trated in FIG. 3g, where a non-activated metallocene is
shown (for visual simplicity). In reality, methylalumi-
noxane is added to activate this type of polymerization
catalyst by withdrawing a Cl ligand, thus, creating the
active site — a Zr" ion sandwiched between two cyclo-
pentadienyl rings that help to propagate polymerization
of ethylene with specific selectivity*’. The steric prop-
erties of the ligands in such olefin polymerization cata-
lysts are highly important steering factors in the desired
properties of the plastics that are produced by them. van
Bokhoven and colleagues recently showed that octa-
hedrally coordinated aluminium is the precursor of a
Lewis acid site in mordenite, and that the formation of
such a site is accompanied by a reduction in Brensted
acidity®**. The local geometry of these sites is extremely
important, because it determines whether a site has
Bronsted (tetrahedral) or Lewis acidity®’. FIGURE 3j shows
a CHA zeolite with differently located Al substitutions,
which can make a large difference in the reactivity of the
Bronsted acid site following from it.

Electronic effects. Geometric and electronic properties
are inherently related, as mentioned above and further
discussed in BOX 2. Nevertheless, the structure-activity
dependence (for metal catalysis) has frequently been
shown to be divisible into these two fundamental
constituents. This method of thinking can, arguably,
be extrapolated also to Bronsted and Lewis acids and
redox catalysts, noting that electronic effects are, in
fact, the most important determining factor in catalytic
site activity, even going so far as to say that, without an
electronic effect, there would be no catalysis. This obser-
vation forms the basis for Sabatier’s principle, which is
an elegant explanation of the effect of electronic struc-
ture on catalysis: Sabatier plotted the binding energy of
an adsorbate against the reaction speed; the resulting
‘volcano plots’ indicate that the catalysis is most effective
when the electronic interaction between the adsorbate
and the substrate is neither too strong nor too weak'*"°.

Now, approximately a century later, we are still trying
to understand the subtleties of this concept. FIGURE 1¢
illustrates that the position, separation, degree of cou-
pling and so forth of energy levels reveals a great deal
about an active site. For example, the ‘scaling relations’
introduced by Nerskov and colleagues for catalysis on
metals®®¥, which relates the position of the d-band of a
metal to adsorption energies of reactants, and adsorp-
tion energies to activation energy barriers, have been

extremely successful in determining activity param-
eters and related trends in catalytic reactions”. These
scaling relationships are important for two main reasons;
first, they allow the determination of reaction energet-
ics with fewer calculations, allowing for rapid screening
by making a general assumption that the properties of
(combinations of) metals or surfaces for a given cata-
Iytic reaction can be compared based on their electronic
energy levels®. Second, the scaling relations allow
researchers to establish and highlight the gap between
current experimental reality and theoretical possibility,
giving experimentalists an end goal for catalyst design
improvement®-". However, refinements can and must
still be made, such as taking into account the importance
of spin coupling to magnetic transition metal surfaces’'.
Electronic effects are not limited to the composition
of the active site but are also important for its surround-
ings. That is, for example, why a support material is used
for supported metal nanoparticles (FIGS 1¢,3b), the ratio
of silica to alumina used in a zeolite formulation (FIC. 3¢),
which ligands are used in an metallocene-catalysed ole-
fin polymerization (FIC. 3h), or the nuclearity of a redox
site (FIG. 3k) are important. The smaller a metal nanopar-
ticle becomes, the more significant the effect of a support
can become not only as a result of increased particle-
support interface but also due to the effect on the band
structure of the metal nanoparticle®”>” (FIG. 1¢).

Confinement effects. The third parameter that can greatly
influence the active site and, thus, catalytic activity, is
confinement®>*= (FIG. 3¢ f,)). Regardless of whether
the active binding site consists of a single bond or a sin-
gle site, its confinement is extremely important. This
parameter is best explained using solid acid catalysts
as an example. Fraissard was (most probably) the first
to pose the question: “Why are zeolites so much more
active than amorphous silica-alumina?”, the answer
being that “the molecule absorbed in a zeolite is sub-
jected to an ‘apparent pressure’ about 100 times greater
than the pressure upon a molecule in contact with a pla-
nar surface”)®. Later, Eric Derouane (1944-2008) and
colleagues were the first to explain that the activity
and selectivity of different zeolites in the cracking of
n-pentane is related to the pore size of the zeolite under
study®>**. In fact, they showed that it is not the acidity of
different zeolites that results in different turnover fre-
quency (TOF) for different zeolites but, rather, the con-
finement of the reactant in the zeolite. That is, in two
fully comparable active sites, the TOF (corrected for the
number of acid sites) is dependent linearly on the pore
size”. This effect was explained by describing the van der
Waals energy of a spherical molecule as exponentially
dependent on the ratio between the van der Waals radius
of that molecule and the micropore diameter®. Hence,
importantly, acidity in zeolites should never be listed
without consideration (and discussion) of the effect of
confinement®>**""*. Other groups like those of Iglesia
and Lercher continued in this line of research'*'",

For Lewis acid sites, FIG. 3i shows a polymerized
catalyst particle. Active sites are positioned in a silica
matrix and are surrounded by a growing polymer chain.
This growth breaks the particle open and frees new
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active sites for polymerization. The changing morphol-
ogy of the growing polymer particles has a significant
impact on the rate of mass and energy transport, and,
as such, on the polymerization rate, comonomer incor-
poration and the molecular weight distribution'*. The
possibility to control the final particle morphology by
manipulating the catalyst and the support properties, as
well as the reaction conditions, is of great interest for
both academia and industry.

In supported metal catalysts, confinement can be
defined as the influence of external activity on an active
site. It is increasingly recognized that microenviron-
ments are equally as important as the active site, a real-
ization that is rooted in our understanding of nature’s
fully optimized catalysts, enzymes'®. Cargnello et al.
were recently able to demonstrate the validity of this
concept for a Pd-catalysed CO oxidation using sup-
ported metal heterogeneous catalysis. The metal nano-
crystals were encapsulated in microporous polymer
layers'** by separately preparing the Pd nanocrystals
and microporous polymer material, and subsequently
impregnating by dissolving both in hexanes. It was found
that the polymer-encapsulated catalysts consistently
showed higher TOF, by as much as an order of magni-
tude. The authors explain this observation by invoking
a confinement effect, bringing the CO and Pd into close
proximity prior to reaction and reducing the entropic
penalty associated with formation of the reaction tran-
sition state. The polymer layers apparently stabilize
the CO,,, intermediate through Lewis interaction of the
species with nitrogen lone pairs on the amino groups
present on the polymer layers. Somorjai suggested that
enzyme catalysis and homogeneous catalysis are linked
by two important properties of heterogeneous catalysis™.
The first is the importance of under-coordinated sites
for the making and breaking of bonds (the key concept
in homogeneous catalysis) and the second being the

Langmuir school of thought

Taylor school of thought

* Oligarchy

e Operando

¢ Transient techniques

 Single-molecule and
single-atom methods

Fig. 4 | The differences between the Langmuir and Taylor schools of thought.
Langmuir simplified the consideration of reactions at surfaces by considering them only
in two dimensions, like a chequerboard. With this assumption, certain facets can be more
or less active than others. The Taylor school of thought is a more 3D view, recognizing
that there is crystalline anisotropy. His view is that there are some sites that are active
(green) and some that are not (red), which make up the Taylor ratio.
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influence that more complex structures such as overlay-
ers, confinement and other environments have on more
complex reaction pathways (such as consecutive elemen-
tary reaction steps). It is just such interactions that were
observed by Cargnello et al.'”*'>, and what the scaling
relations described by Nerskov and colleagues point to*:
tuning the microenvironment of catalysts makes them
increasingly resemble enzyme-like active sites. Finally,
FIG. 31 shows the confinement effect of zeolite frame-
work type MFI (versus, for example, CHA) network
with a single copper atom, which strongly influences the
activity of NO, selective catalytic reduction.

The complexity of the active site

It is obvious that active sites in heterogeneous catalysis
are extraordinarily complex (BOX 1). To understand such
complex systems, we, therefore, as scientists, attempt
to simplify them, make new predictions on that basis
and see if they hold up under experimental conditions.
Throughout the history of research focused on identify-
ing and understanding the active site in heterogeneous
catalysis, there are two main schools of thought. First,
the Irving Langmuir (1881-1957) school of thought
and, second, the Hugh Stott Taylor (1890-1974) school
of thought. Langmuir’s isotherm, and much of his
work on surfaces, assumes a continuous monolayer of
adsorbate molecules surrounding a homogeneous solid
surface. “In order to simplify our theoretical considera-
tion of reactions at surfaces, let us confine our attention
to reactions on plane surfaces. If the principles in this
case are well understood, it should then be possible to
extend the theory to the case of porous bodies. In gen-
eral, we should look upon the surface as consisting of
a checkerboard...”"*. The Langmuir school of thought
was the main driver of surface science. It does not
merely suggest, but relies upon, a ‘polycracy’ of equiva-
lent surface sites (FIGS 4,5). On the other hand, the Taylor
school of thought (FIGS 4,6) includes a higher degree of
complexity and recognizes that surfaces are influenced
by crystalline anisotropy, surface defects and various
surface compositions. His active sites are ‘oligarchs’;
only a few exist, but they, nevertheless, dominate the
catalytic activity, the rest of the surface being covered
with spectator species. These two important schools
of thought, while clearly differing, yet, not necessarily
opposing, allow us, as the scientific community, to group
together much of the technical developments, as well as
our ever-increasing understanding of the active site. In
what follows, we will discuss both schools of thought,
concluding that neither display a complete picture of
the complexity, after which we discuss our view on
what is necessary for further development of concepts
in catalysis.

Langmuir school of thought. Chemisorption has long
been a staple tool for catalyst understanding. Michel
Boudart, a PhD student of Taylor, and lifelong friend
of Pauling'*”'%, was heavily interested in measuring
dispersion via chemisorption techniques and, thus,
deducing the available surface exposed to a given probe
(most often H, or CO), generalizing the measured
exposed surface as active sites'””. It is worth noting, of
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course, that different reactants or intermediates may be
adsorbed at different sites. Nevertheless, Taylor recog-
nized that this value of exposed surface sites ‘N’ might

only represent an an average and that not all sites would
necessarily be active (or even active at all times)'".
For many decades following the 1920s, kinetic

a
b
(1010) (1100)
= N "4
(1010)
(0110) - (0001)’ —(0110)
(0T10)’ —_— (0001)
4
EY, ’ \ -_—
(11001 (1070)
(1100)
[
Infrared beam ,,,J TN
o (T e 5T
U Noulw’ s N 0 on | ko SO
\
o /\/va/\/\'
: N o
£10 S /\/\A—IJ\/\, 5
£ 2 \/‘f’\f\ 28
2z R W e NPV
[
T 3,000 2,750 1,750 1,500 1,250
Wavenumber, v(cm™)
0

Fig. 5| Examples in support of the Langmuir school of thought. a| Spiral wave patterns induced by CO (bright) and

O (dark) on Pt(110) single-crystal facets as imaged by photoemission electron microscopy: rapid and irregular changing
patterns caused by oscillatory surface kinetics and chemical turbulence. b | Gibbsite-type stacked sheets of Li*-Al*
layered double hydroxide were studied by wide-field microscopy, using the fluorogenic probe 5-carboxyfluorescein
diacetate, which becomes emissive upon catalytic hydrolysis in water-containing media or upon catalytic transesterifica-
tion. It was found that ester hydrolysis proceeds on the lateral {1010} crystal faces, while transesterification occurs on the
entire outer crystal surface. ¢ | The reduction and oxidation of N-heterocyclic carbenes was studied on Pt nanoparticles
of approximately 100 nm in size by synchrotron-radiation-based infrared nanospectroscopy, with a spatial resolution of
approximately 25 nm. It was directly shown that the sides of these nanoparticles, containing more stepped facets, were
more active in the oxidation and reduction of chemically active groups on the N-heterocyclic carbenes than the flat tops
of the Pt particles. Part a is reprinted with permission from REF.*°, AAAS. Part b is adapted from REF.**%, Springer Nature
Limited. Part c is adapted from REF.**, Springer Nature Limited.
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Fig. 6 | Literature examples illustrating the complexity and diversity of
the active site along the Taylor school of thought. a | Scanning electron
microscope image of a Pd nanorod (top) and a SiO,-coated Pd nanorod
(bottom), alongside a 2D histogram in which >6,000 fluorescent product
molecules are binned in 25X 25-nm? sections and mapped onto an outline
of the particle taken from the scanning electron microscope image. The
nanorod is divided into segments and the graph indicates catalytic event
sequences from segments i and j in time t (s), with vertical lines indicating
theformation of product and horizontal arrows showing the times between
subsequent events. b | Probing the accessibility of zeolite H-ZSM-5 crystals
with wide-field fluorescence micrographs of the Bransted-acid-catalysed
oligomerization of 4-methoxystyrene at different molar concentrations in
heptane. c | Single-turnover detection of single-Au-nanoparticle catalysis
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of resazurin reduction, showing segments of the fluorescence trajectories
(reaction events) from a fluorescence spot. At the bottom, multilevel events
can be seen, which directly reflect the multitude of catalytic sites that can
undertake catalysis in parallel, or docking sites, where products remain
bound to the Au nanoparticle surface before dissociation. d | The impact of
nanoscale intimacy on hydrocracking activity and selectivity of Pt catalysts
deposited on either zeolite Y or the alumina component of Y/Z extrudates.
At the bottom is a high-angle annular dark-field scanning transmission
electron microscopy image showing the Pt dispersion exclusively on the
zeolite. Part a is reprinted from REF.**°, Springer Nature Limited. Part b is
reprinted with permission from REF.?°, ACS and REF.?'°, Wiley. Part ¢
is reprinted from REF.*°, Springer Nature Limited. Part d is reprinted from
REF.**%, Springer Nature Limited.

analysis following Langmuir’s adsorption isotherms
was the major tool to understand catalytic activity.
Developments in spectroscopy changed that and made it
possible to study the relationships between structure and

performance, thus, following more closely the Taylor
school of thought. So far as we are aware, the application
of spectroscopy in catalysis commenced with seminal
publications from Robert P. Eischens (1920-2010)""'-'%.
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In situ spectroscopy

In situ spectroscopy entails
spectroscopic investigation
at one or more catalytic
conditions (T, p, reactants).

He was most likely the first to perform in situ spectroscopy
by building a cell consisting of two CaF, discs and a
Pyrex tube to measure the infrared spectra of hetero-
geneous catalysts. The CaF, windows were coated with
catalyst film, after which the device was placed in a fur-
nace, where it reacted with molecules. The cell with the
catalyst material and the adsorbed molecules was then
transferred to a spectrometer.

Nevertheless, an overwhelming majority of studies
contributing to our fundamental understanding in the
literature have simplified in similar ways, following
the Langmuir school of thought and assuming equiva-
lent and well-defined active sites, for example, by using
single-crystal facets, often under ultrahigh-vacuum con-
ditions; this approach is termed surface science'*>'*'?!,
Surface science approaches in model systems have
yielded many of the important insights on which we
currently build our understanding. In recent decades,
however, it has also become apparent that adsorbates
and surfaces have completely different physical param-
eters, such as surface stability, mobility of species,
surface coverage and surface energies, at the relevant
conditions of pressure and temperature'*>'*>'>*, Several
surface science groups around the world are attempt-
ing to close this gap by performing their experiments
under less than high-vacuum conditions, approach-
ing ‘ambient’ pressures, for example, in near-ambient
pressure X-ray photoelectron spectroscopy'*~'**. Many
of these approaches, however, still make use of model
surfaces rather than the nanoparticles that are used in
real-life applications, and these measurements are gen-
erally static. When a static measurement is performed
on a surface that is in chemical and physical equilibrium,
much information is lost as to how this equilibrium was
reached. That is, for a given reaction intermediate to
cover a surface, often, several sequential elementary
reaction steps have occurred at the timescale of milli-
seconds to seconds, each of which has an effect on the
surface and on the subsequent steps™".

Nevertheless, to discuss the development of tech-
niques to determine active sites in catalysis, one must
discuss developments in surface science, which culmi-
nated in the award of the Nobel Prize in Chemistry for
Gerhard Ertl in 2007 for the contributions of surface
science to the field of catalysis'"®. Ertl's work shows, for
example, that there are islands of adsorbed molecules
(molecular adducts) and/or surface atoms (originat-
ing from dissociative chemisorption processes), and
that catalysis occurs at the border of these patches of
surface atoms and molecular adducts (FIC. 5a). Ertl and
colleagues identified the active sites for dissociative
adsorption of N bonds from molecular nitrogen (and
the subsequent formation of ammonia) and CO oxida-
tion catalysis on metal surfaces™''*!">'*, In the CO oxi-
dation work, for example, he and his team showed that
the structure of the step sites determines whether they
remain active or become deactivated by oxygen atoms>.
These iconic images largely disproved the widely held
assumption of the static surface. Equally important have
been the advances of the group of Gabor Somorjai to the
field of surface science. His contributions to the field of
surface science and catalysis were mainly made using
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techniques like low-energy electron diffraction'” and,
later, on sum frequency generation'**'*. The culmina-
tion of this low-energy electron diffraction and sum fre-
quency generation work was the realization that surfaces
are not simply restructured but clustering occurs, which
strongly affects the translation between surface science
principles and actual heterogeneous catalysis'*’. For
example, they determined that bond activation occurs
at the same time as metal sites restructure around the
adsorption site, and, yet, that these strongly adsorbed
molecules remain mobile'**.

As mentioned, the limits of many of the above-
described surface science techniques are that they
operate under strongly simplified conditions in terms
of pressure, temperature, timescale and sample com-
plexity. Surface science work itself shows that adsorbed
molecules, let alone catalysis, behave differently at
different pressures and temperatures'>>"*'. Model sys-
tems are often required for such analyses and these can
fail to capture important features of industrially rele-
vant catalyst systems'*. Thus, bridging the so-called
pressure, temperature and materials gaps'**'*, to go
towards in situ (simulating one or more catalytic reac-
tion conditions at its place of measurement) or even
operando measurements (operating at catalytic con-
ditions and quantifying reaction products), has been a
point of much focus?*'**-'¥". It should be noted that, for
example, the development in microelectromechanical
systems is allowing more and more in situ applications
of surface science techniques with short attenuation
lengths in air when, for example, combined with electron
microscopy®! -84,

Active site geometry, electronic structure and con-
finement are three basic principles with which much of
the activity of heterogeneous catalysts can be understood
and described. Yet, we have shown that they are only the
proverbial tip of the iceberg with respect to the complex-
ity of defining active sites. Take, for example, Somorjai’s
description of the involvement of carbonaceous over-
layers, which led him to draw the comparison between
enzyme and heterogeneous catalysis; “It is perhaps mis-
leading to consider the metal alone as providing the
catalytic surface, as one ought to scrutinize the surface
properties of the catalyst in the presence of the reaction
mixture. In this circumstance, the surface carbonaceous
overlayer is likely to be an active participant in creating
the active catalyst surface. The presence of an ordered
overlayer eliminated the poisoning of dehydrogenation
reactions (C{H,, to C;H,)"**. The active participation of
carbonaceous-containing species in the creation of the
active site such as in the example of Somorjai, while not
directly influencing the catalytic pathway, is another
illustration of how complex it is to define the active site
in heterogeneous catalysis. The same holds true for the
methanol-to-hydrocarbons reaction, where the meth-
anol reacts on a pool of hydrocarbons to form olefins,
rather than at the initiating site of this pool, a Brensted
acid site'*>'**. Much of this insight in active site complex-
ity we have only been able to study in the past two dec-
ades due to the emergence of various novel and improved
analytical methods, including microscopy and spectro-
scopy techniques with high spatial and/or temporal
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Operando spectroscopy
Operando spectroscopy
studies the reaction

while it takes place and

is accompanied by the
quantification of the reaction
products, thereby allowing
the direct correlation between
structure and performance.

resolution'**'*. Good examples are single-molecule

fluorescence, where, for example, Roeffaers and col-
leagues studied Gibbsite-type stacked sheets of Li*-Al**
layered double hydroxide and its catalytic reaction
with fluorogenic probe 5-carboxyfluorescein diacetate,
which becomes emissive only upon catalytic hydrolysis
in water-containing media or upon catalytic transester-
ification. They found that ester hydrolysis proceeds on
the lateral {1010} crystal faces, while transesterification
occurs on the entire outer crystal surface'*® (FIC. 5b).
Another good example is the use of (tip-enhanced)
atomic force microscopy-type techniques™'* such as
that used by the groups of Gross and Toste, who stud-
ied the reduction and oxidation of N-heterocyclic car-
benes on Pt nanoparticles of approximately 100 nm by
synchrotron-radiation-based infrared nanospectroscopy
(or nano-IR), with a spatial resolution of approximately
25nm (FIG. 5¢). They, thereby, showed that the sides of
these nanoparticles, containing more stepped facets,
were more active in the oxidation and reduction of
chemically active groups on the N-heterocyclic carbenes
than the flat tops of the Pt particles'*.

Taylor school of thought. It has become clear in the past
decades that the complexity of the active site lies far
beyond the equivalent adsorption sites as in the assump-
tion of Langmuir. In fact, it is now known that active sites
can cooperate or even communicate'’. They are also
dynamic, highly dependent on nanoscale intimacy, spill-
over effects and are subordinate to accessibility. There
can be active site cooperation or interdependence, and,
to measure these and other subtleties, new analytical
techniques have been — and should be — developed.
The notion that the active site can only truly be
understood under non-model conditions (in terms of
pressure, temperature, complexity and time) drives our
continued efforts in operando spectroscopy research,
which goes hand in hand with Taylor’s school of thought
(BOX 3). To that end, vibrational spectroscopy (Raman
and infrared spectroscopy), electronic spectroscopy
(UV-vis and fluorescence spectroscopy) and various
X-ray-based techniques (for example, X-ray absorp-
tion spectroscopy (XAS), X-ray diffraction (XRD),
small-angle X-ray scattering and wide-angle X-ray
scattering) can be applied under reaction conditions
to study solid catalysts in action®'*". This requires the
use of specially designed spectroscopy reaction cells.
These methods can also be used in combination with
microscopy techniques. Currently, along the spa-
tial resolution development, the combination of, for
example, coherent diffraction imaging with synchro-
tron techniques bring the spatial resolution of X-ray
imaging down to (at the very best) a few nanometres.
Third-generation and fourth-generation synchrotrons
are being designed and, after optimization for operando
conditions, this limit may be pushed down further®.
Recently, laboratory-based X AS has also started becom-
ing available'”"'*>. Aside from spatial resolution, time
resolution is also important, not only to directly study
the active site but because the identification of reaction
intermediates can tell us something about the site they
react on. Reactive intermediates can have very short
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lifetimes, down to ~10~°s. To gain relevant information
about these reactive intermediates, nanosecond or fem-
tosecond lasers could theoretically be used. However,
these operate at a single wavelength (or narrow band),
which ensures that, for full spectral information, the
same catalytic reaction step should be measured multi-
ple times at different wavelengths. Practically, this limits
the application of so-called pump-probe techniques to
catalytic reactions that may be reversibly onset by a pulse
of some sort. This is inherently not the case for classical
heterogeneous catalysts. Pump-probe techniques are
ideally suited for the study of reactions that are initi-
ated by light and, therefore, most examples can be found
in the field of photocatalysis. A more broadly applica-
ble trigger is temperature, which could technically be
achieved using a short laser pulse. Yet, the effect of hot
electrons on heterogeneous catalysis should be taken
into account here, and, as such, this is not a straightfor-
ward method for complex (generally not fully reversible)
heterogeneous catalytic reactions.

The coupling of relevant in situ or operando
spectroscopies (for example, X-ray absorption, Fourier
transform infrared (FTIR) and UV-Vis spectroscopy for
their relative ease of use and broad applicability) with
computational methods like DFT has yielded impor-
tant insights in many types of catalytic systems'*>'**. An
example is the much debated active site in the conversion
of methane to methanol, which typically takes place in
Cu-exchanged zeolite (FIG. 2). In situ vibrational and elec-
tronic spectroscopy, later in combination with DFT sim-
ulations, have granted a unique insight into the complex,
enzyme-like structure of the active site in this reaction in
work by Schoonheydt and colleagues'**-'*. The potential
of X-rays to solve active site structures is undeniable, but
great care must be taken, as the energy of the synchro-
tron photons necessary for many measurements may
introduce artefacts in the measurements'*”"**. Validation
through a combination of several techniques and, pref-
erably, also setups or laboratories is important. The
coupling of in situ aberration-corrected scanning trans-
mission electron microscopy with XAS is an excellent
example, such as that used by Hutchings and colleagues
to study active sites for gold cations on a commercial
hydrochlorination catalyst™. The team found that highly
active catalysts are comprised of single-site cationic Au
entities, which are analogues of single-site homogeneous
Au catalysts.

Vibrational spectroscopy requires lower energy
photons than X-rays and, hence, the chances of inter-
fering with the catalyst system under study are lower.
Historically, FTIR spectroscopy has been an important
tool to identify actives sites of zeolite catalysis due to
the excellent visibility of the active sites characterized
by O-H stretching vibrations, which align well with
theoretically calculated values'. Nevertheless, an
important limitation of vibrational spectroscopy tech-
niques is the detection limit. Particularly for Raman
spectroscopy, which can, for example, be used to study
carbon bonds to metal surfaces, the detection limit is
relatively low. To this end, surface-enhanced techniques
such as shell-isolated nanoparticle-enhanced Raman
spectroscopy or tip-enhanced Raman spectroscopy
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are being developed that improve the detection limit
of this vibrational spectroscopy technique up to sin-
gle molecules'®'**. In recent work, Hartman et al.
applied shell-isolated nanoparticle-enhanced Raman

spectroscopy with isotopic labelling to distinguish
surface carbonyls from formyl species on supported
Rh and RhFe catalysts in the conversion of syngas to
hydrocarbons'*.

Box 3 | The operando approach and single-atom counting

The operando approach is a methodology launched in the early 2000s that
recognizes that real structure—performance correlations can only be made
while the catalyst is at work!**9+?2%23>_Operando spectroscopy studies the
reaction while it takes place, and is accompanied by the quantification of
the reaction products, thereby, allowing the direct correlation between
structure and performance. It is quite literally the attempt to bring the
spectrometer to the reactor and has led to the unravelling of many
complicated reaction and deactivation mechanisms. As discussed in BOX 1,
the methanol-to-olefins reaction is believed to be catalysed by a Brgnsted
acid site. Nevertheless, in recent years, operando spectroscopy has made it
clear that, in fact, the products are formed on a so-called ‘hydrocarbon pool’
(the dual-cycle mechanism for methanol to hydrocarbons that postulates that
there are two competing cycles for ethylene and propylene formation running
in the zeolite channels governed by olefins and aromatics, both acting as
co-catalysts for methanol to hydrocarbons and being active hydrocarbon pool
species)'****, which is itself created by the Brensted acidity (see the figure,
part a). Strictly speaking, then, the catalyst is this pool of hydrocarbon species,
rather than the zeolite itself. Certainly, there is not a linear relationship

a
H,0
)\/
nCH3;0H
CH30H
nH,0

\:\

CH30H

~«——— Higher alkenes —4> | —=-(CHa),

between the availability and strength of Brensted acidity and activity. The
presence of too many or too strong active sites leads to catalyst deactivation
by coke formation in much the same way as in fluid catalytic cracking”’
(BOX 1). It has recently been shown by operando spectroscopy (UV-vis) and
X-ray diffraction that zeolite frameworks expand up to 0.9% by the formation
of aromatic hydrocarbon pool molecules (like (methylated) naphthalenes and
pyrene species’*® (see the figure, part b). Hydrocarbon species corresponding
to UV-vis absorbance bands are shown, such as tetramethylnaphthalene and
pyrene, in comparison with the size of the chabazite and DDR cages. These
are plausible hydrocarbon pool molecules causing lattice expansion, which
was observed in X-ray diffraction. Furthermore, single-atom spectroscopic
experiments with similar types of zeolite systems have proven useful. Using
atom probe tomography, we are now able to map, in three dimensions,

the carbon in this hydrocarbon pool and other light atoms (Si, Al) that are
important in the reaction, as shown in figure part c. The large black dots
represent the 2C cluster atoms and the smaller red dots represent all *C ions.
By superimposing clustering of atoms, correlations can be made between
atoms of deactivating species and a local increase in Brgnsted acidity.
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Chen and colleagues showed that active sites can
communicate via the likely hopping of positively charged
holes over a single Pd or Au nanocatalyst'*. In this work,
the fluctuations in the temporal dynamics of activity
phenomena on single-particle catalysts were correlated
with one another (FIC. 62). By applying single-molecule,
super-resolution mapping of fluorogenic catalytic reac-
tions and testing their correlation in time via the com-
putation of Pearson’s cross-correlation coefficient, it
was found that catalytic turnovers ‘communicate’ (the
cross-correlation coefficients are significantly more
positive than would be seen in a randomized situation)
with each other over length scales of up to hundreds of
nanometres. The likely underlying phenomenon, pro-
ton hopping, was directly observed by Ristanovic et al.,
who applied fluorescence microscopy to visualize the
Brensted-acid-catalysed oligomerization of styrene
derivatives in H-ZSM-5 zeolite crystals, thereby, visu-
alizing proton transfer processes at the single-molecule
level'®® (FIG. 6b). By quantifying the individual fluores-
cent reaction products, they were even able to estimate
averaged TOF for the oligomerization reactions. Such
studies with fluorogenic catalytic reactions combined
with high (or super)-resolution microscopy, along with
relatively homogeneous catalytic sites (such as Brensted
acidity in zeolites) are arguably the closest one can cur-
rently get to visualizing the active site at work. Chen
and colleagues also showed that sites can have temporal
activity fluctuations as a result of catalysis-induced and
spontaneous surface restructuring'® (FIG. 6c). Hydrogen
spillover onto the support is a great example of active site
cooperativity. Karim et al. showed that, on the reducible
support TiO,, hydrogen can travel tens of nanometres
from a platinum nanoparticle to reduce an iron oxide
particle. Here, an ingenious model system was synthe-
sized, where pairs of platinum and iron oxide particles
with varying interparticle distances were placed on a
single support'®’. By applying spatially resolved XAS,
the researchers were able to directly observe chemical
transformations induced by hydrogen spillover. The
effect of the reducibility of the support was proven by
also studying a non-reducible support (Al,O,). Here, the
hydrogen spillover distance was limited to a few nano-
metres, and the hydrogen diffused at much slower rates
(1.4x10*cms™, 10" times slower than for TiO,).

Another parameter that adds to the complexity of
(defining) the active site, is nanoscale intimacy. For
example, nanoscale intimacy in the spatial organization
between two sites of a bifunctional catalyst has been
shown to be extremely important, as investigated by
Zecevic et al.'*®. The catalyst system that was studied is
one that is important in the hydrocracking of fossil and
renewable hydrocarbon sources to provide high-quality
diesel fuel. It consists of an intimate mixture of zeolite
Y with alumina binder and platinum metal nanopar-
ticles, where it was long thought that the closer the
platinum was to the acid sites, the better (FIC. 6d). By
combining precise catalyst preparation procedures with
high-resolution electron microscopy, they showed that
the optimal distribution of Pt is not ‘the closer the better’
to the acid site on zeolite Y. Rather, for optimal hydroc-
racking activity and selectivity, the platinum should be
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located at nanoscale distance from the zeolite and on
the binder'**. This is a good example that illustrates that,
with improved characterization techniques, over the
last decade, the complexity of the microenvironment of
active sites is only starting to be understood. The group
of Ding Ma has recently shown two excellent exam-
ples of the application of such principles in interfacial
catalyst design, greatly increasing the activity of two dif-
ferent reactions'*>'”. By combining a-MoC with atomic
layered gold clusters, highly active, low-temperature,
water-gas shift catalysts were obtained'®’, while modi-
fying a-MoC led to highly active hydrogen production
catalysts from methanol'”’.

Titrating active sites
From the above discussion, a pertinent question might
be: is it possible to define and count the active sites in a
catalyst? In the following, we will provide our perspec-
tive. The use of probe molecules, such as CO for metal
sites or pyridine or ammonia for acid sites, in combi-
nation with spectroscopic techniques has become a
well-established methodology to titrate the active site'”.
In reality, the use of any probe molecule other than the
reactant itself may lead to ambiguities. Furthermore,
these methods to probe the active site are, by their
nature, static, whereas the active sites are in constant flux
and differ locally throughout catalyst samples (BOX 3).
Let us begin, then, with a thought experiment, work-
ing under the reductionist approach that the catalytic
activity of a metal nanoparticle can be found by the
superimposition of the reactivity of each of the separate
facets (that is, the Langmuir approach). Re-examining
the data from earlier work on CO, reduction over a
nickel catalyst’’, the weighted average of CH, pro-
duction can be deduced from a microkinetic model.
Supplementary Table 1 lists these values on different
nickel facets (terraces Ni(100) and Ni(111), and stepped
facet Ni(110)). In this simple simulation, it is interest-
ing to see that the weighted average production rate
increases with decreasing particle size, in accordance
with experimental results'. FIGURE 7 shows the reaction
pathways for the carbide mechanism over three different
facets (Ni(111), Ni(100) and Ni(211)). The middle pan-
els show Wulff-constructed nickel nanoparticles of dif-
ferent particle size diameters using the surface energies
of three facets. The bottom graph shows some of the val-
ues also listed in Supplementary Table 1. This (over)sim-
plified example (FIC. 7) directly illustrates the difficulty
in assigning one active site in supported metal catalysts;
if we take the 2-nm Wulff-constructed nanoparticle as
an example, 80% of the total methanation activity of the
particle can be attributed to stepped sites on Ni(110).
It could be argued, then, that Ni(110) contains ‘the
(most) active methanation site’ Yet, for a 16-nm particle,
while Ni(110) still has the highest CH, production rate,
it only contributes 33% to the overall activity. In a sim-
ilar thought experiment, one can think of a ‘selectivity
Taylor ratio, since not all active sites will preferentially
produce the same product (for example, methane or CO)
or produce it at the same reaction speed. It is also impor-
tant to realize that these Taylor ratios are dynamic and,
therefore, may change as a function of reaction time, as
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of these facets to the overall reaction rate and the overall reaction rate. TOF, turnover frequency. Based on data from REF.*%.

shown by Vendelbo et al. with their in situ transmission
electron microscopy studies™.

Owing to a combination of known or unknown atomic
or electronic defects™, the different exposed crystallo-
graphic planes in supported metal nanoparticles'’>'7%,
known or unknown impurities, including promoters and
poisons, and reversible and irreversible phase changes
induced by catalytic time on stream, the availability of
different active sites on any given real catalyst ensure a
plethora of (active) sites. Because of the many sites that
comprise a catalyst (particularly when considering sup-
ported metal catalysts rather than on single-site catalysts
or solid acids), hundreds of reaction pathways are possi-
ble, and, in many cases, hundreds of elementary reaction
steps'”, from different reaction pathways, all of which
are occurring at the same time. In the end, what is often
termed the ‘active site’ is really the site with the lowest
energy pathway for the rate determining step(s). Such
sites will make a significant contribution to the over-
all rate of formation of one or more reaction products,
while not necessarily being the only contribution”. It is

important to note that this ‘active site’ may not be active at
all if the surrounding less active sites, such as sites that are
more active in preceding low-energy elementary reaction
steps, aren’t there. Which brings us to the main question
of defining the active site, irrespective of whether the
fraction of sites that are not identified as ‘active sites’
should be rendered as useless or inactive (as is postu-
lated by the Taylor ratio). In reality, the picture is likely
to be more subtle (FIC. 8). A metal nanoparticle has many
different sites (FIC. 8a), terraces may be more active in an
adsorption step, whereas edges might be more active in
the rate determining bond cleavage. In a zeolite, the most
active site might also be the site that is deactivated fast-
est by coke formation (FIC. 8b). The overall picture of the
‘active site’ should, therefore, rather be a weighted distri-
bution of activity among different active sites; an average
of the activities of each available site for each reaction
step, weighted by the importance (relative energy barrier)
of that step, and the fractional occurrence of that site.
Even if we assume the absence of heat and mass trans-
fer, poisoning, deactivation and activation, measuring
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the active site is still not straightforward. Typically, the
actual ‘active site’ where the seemingly simple scission
and formation of chemical bonds occur will be on the
spatial order of a few Angstrom (10-°m), but affected
by, for example, confinement on the nanometre to
micrometre scale (10°-10"°m), and shaped into catalyst
bodies of centimetres (10-2m), in reactors of metres, in
chemical industry cities of multiple kilometres (10°m)
wide (FIC. 1). They also operate at catalytic turnovers
ranging from a few ms to s (102-10%s), with reactants
and products diffusing on timescales from ms to s, on
surfaces and in pores, activating for hours to weeks'”*'”7,
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slowly deactivating over hours to months, and even up to
3-8 years for many industrial fixed-bed catalysts. Taking
into account that chemisorption-induced restructuring
can take place in less than 10°s (REF.'"), the limits of
spatially and temporally resolved operando spectroscopy
and (spectro)microscopy must stretch in order to gain
real-time information on the active site. Aside from the
spatiotemporal challenges, a challenge exists in the dis-
tinction between spectator species versus active species.
It is also most likely not an absolute distinction, owing
to the complex nature of catalytic reactions and to their
dynamic nature, as mentioned in detail above™.

a Dynamic site availability and reaction coordinate dependence
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Fig. 8 | Schematic illustrating the inherent ambiguity in assigning an active site. a | Even if we ignore interactions with
the support, a nanoparticle has many different sites that may participate in catalysis. The Taylor ratio assumes that sites
are either active or non-active, whereas, in reality, the ensemble picture is far more complex and is based on dynamic site
availability (including, for example, deactivation and restructuring), as well as differing activity of different sites for each
fundamental reaction step. b | For a solid acid catalyst, each position (T site) in a zeolite ring may have different activity
towards different fundamental reaction steps. In addition, different parts of a zeolite crystal may block sooner than others
by the formation of, for example, polyaromatics (coke), inhibiting further reactants from penetrating into the zeolite pores
to react with the solid acid sites. The ensemble picture one is left with is a distribution of activity among different sites,
leaving it incorrect to assign the ‘active site’, as these are spatiotemporally changing in their relative amounts, accessibility
and reactivity. RDS, rate determining step; TOF, turnover frequency.
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But how does one experimentally measure this
ensemble, dynamic picture, bearing in mind that
intermediates in the most active pathway will have the
shortest lifetime? It is very difficult, impossible even, to
detect reaction intermediates with common character-
ization techniques, like gas chromatography or mass
spectrometry'’®, because they do not, by definition,
desorb from the surface in appreciable or measurable
quantities.

Operando or in situ spectroscopy, where the cata-
lyst is studied under realistic working conditions, has
proven to be important™'”°~"*!, and many of the recent
studies that, ultimately, elucidate catalytic mechanisms,
and, thereby, yield insight into the active site, combine
theory with experiment for the different types of hetero-
geneous catalysis; Brensted and Lewis acid catalysis,
redox catalysis and (supported) metal catalysis. Yet,
much work is still to be done moving towards study-
ing systems with high complexity, such as supported
metal catalysts, which, for several fundamental reasons,
are particularly complex to study. First, the fraction of
exposed surface on a nanoparticle is low. Of that small
fraction of surface, an even smaller fraction is active.
There is generally a low signal-to-noise ratio. Second, the
variety of adsorption sites is large and ill-defined, and
there are multiple surface elementary processes happen-
ing in tandem. There are generally broad and convoluted
spectroscopic signals. Third, relevant surface processes
consist of several consecutive elementary reaction steps.
The adsorbate-surface systems change dynamically,
which is system-inherent and, thus, desirable to study.
Experimentally, this is highly challenging, particularly
so considering the first and second points, as catalytic
surfaces are in varying states of dynamic equilibrium.

Isotopic labelling and modulated experiments (in
the form of steady-state isotopic kinetic analysis or sim-
ilar experimental setups) are important experimental
tools to distinguish between active and non-active or
not-so-active species. A posteriori data analysis tech-
niques, such as multivariate analysis (MVA), are also
becoming increasingly important tools to distinguish
between active and spectator species in complex catalytic
systems. When combined with intelligent experimental
design, such as the periodic and repetitive excitation
of a sample of interest with an external stimulus, other
data analysis techniques can be applied. An example is
phase-sensitive detection, where the periodic changes
within the sample can be demodulated from what does
not change in the experiment'*>~'¥". One is, thus, in prin-
ciple, able to separate bulk from surface and spectator
species from active ones. It is noted here that the added
value of modulated excitation experiments is no more
than other a posteriori data analysis techniques such as
MVA, for example, principal component analysis and
clustering. Yet, in XAS, phase-sensitive detection is
unique because it provides the single-atom scattering
contribution already subtracted from a spectrum.

It is clear that the nature of catalytic reactions and
active sites is incredibly complex, as they can even
cooperate or communicate, active sites are dynamic,
dependent on nanoscale intimacy, spillover effects and
are subordinate to accessibility. Dynamic operando

spectroscopic experiments coupled with MVA can yield
new ‘active site titration’ methods, for example, by mod-
ulation of reactants'>'*®. Such experiments should be
more widely employed now that we have available the
data analysis techniques to handle the output.

For example, by applying an external stimulus in a
modulating fashion to catalytic reactions in operando
spectroscopy, one may theoretically be able to deduce
the fraction of sites participating in the active reaction
steps. In FIC. 9a-d, an example of this ‘active site titra-
tion’ is given for a supported metal catalyst system, in
this case, CO, methanation (the Sabatier reaction) over
Ni/SiO, (REF."). Reactant gases were pulsed over the cat-
alyst under reaction conditions and the catalyst ensem-
ble was studied by quick-XAS. FIGURE 9c shows the TOF
trend with particle size as reported in REF"% In FIG. 9d,
we have taken the peak position in FTIR for the maxi-
mal peak observed for different particle sizes and plot-
ted it against the TOF. The resulting volcano-type plot
is an excellent example of the Sabatier relationship (the
bond strength of CO shows an optimum) in this Sabatier
reaction. If one then takes the percentage of change in
metallic nature of the different mean nickel particle
sizes during the X-ray absorption experiments shown
in FIC. 9a,b, we can deduce the quantity of atoms that
are participating. FIGURE 9 also plots a schematic show-
ing that, according to this deduction, the most active
particle also has the most surface atoms affected by, or
participating in, the experiment. It is very interesting
to note that only a small fraction of the surface seems to
respond to the catalytic reactants, and this observation
is one along the line of Taylor’s school of thought. This is
one of the first examples of how, by using state-of-the-art
high-time-resolution spectroscopy, one can directly
probe the atoms participating in the catalytic reaction,
showing that only a few of the available surface sites
participate.

Concluding remarks and outlook
The key to designing new or better heterogeneous cat-
alysts from first principles is to understand the active
site not in spite of but including the full complexity and
related multidimensionality of heterogeneous catalysis,
that is, bridging the different dimensional scales that are
of importance, including the real reaction conditions
(such as temperature, pressure and time, in other words,
long-term studies and high time resolution) and so forth.
Here, we have explored a selection of historical as well
as recent scientific contributions to the effort of under-
standing the concept of active site. This manuscript
has focused mainly on heterogeneous thermocataly-
sis, which is responsible for more than 80% of catalysis
currently and historically applied'®. Nevertheless, the
ongoing energy transition and subsequent electrification
will likely make it that photocatalysis and electrocataly-
sis become increasingly important, and experimental
verification must be done to ensure that the concepts
discussed in this work also apply to these fields and to
uncover new relevant concepts'”"~'”.

The Taylor ratio was defined originally as the fraction
of surface atoms that are active in a catalytic reaction,
compared with all the exposed surface atoms*. We have
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Fig. 9| Overview of CO, reduction over SiO,-supported Ni. In the recent literature'?, pulses of reactants in CO,
methanation were used to determine how the electronic properties of different mean nickel particle sizes are influenced.
From these data, we have determined here the surface fraction of atoms participating in the catalytic reaction shown for
two particle sizes, 1.4nm (part a) and 2.1 nm (part b). The turnover frequency (TOF) plotted against particle size (part c).
The M-CO bond strength as determined by Fourier transform infrared (FTIR) displayed in REF." plotted against the TOF
(partd). Parts a, b, and c are reprinted with from REF.*?, Springer Nature Limited.

shown that this definition does not fully stretch to real
systems. While the contribution of surface science to a
fundamental understanding of the active site in hetero-
geneous catalysis has been undeniable and impressive,
and is still of great importance, the often necessary sim-
plifications in terms of time, temperature and pressure,
as well as catalyst, chemical and structural complexity do
not enable us to capture the full, complex reality of a cat-
alytic process and, thus, the active site. In light of these
complexities and the dynamic nature of catalytically
active sites, as well as several discussed factors like their
cooperation and communication between active sites,
one should question if there really is such a thing as the
Taylor ratio or even an active site. In light of all that is
discussed, we understand that we must include much
more than the classical 2D view. That is, there is at least
also a volume fraction that should be taken into account.
See, for example, the active site in an enzyme or, in terms
of heterogeneous catalysts, the fraction of accessible zeo-
lite cages displayed in BOX 3. It is also worth explicitly
mentioning that, in applied heterogeneous catalysis, this
volumetric Taylor ratio changes greatly with time.
Thus, to truly define the active site, one must take
into account the multidimensional and non-absolute
Taylor ratio, a weighted distribution of activity among
different active sites (FIC. 8). Practically, one may wish
to define the TOF not (only) per gram of catalyst but
per volume and dynamic time unit, taking into account
also the changes that occur during the lifetime of a
catalyst. We should strive to discuss the activity of the
‘active site’ as an average of the activities of each available
site for each reaction step, weighted by the importance
(relative energy barrier) of that step and the fractional
occurrence of the site. This all has to be done during the

birth (activation period), life (active period) and death
(deactivation period) of a catalyst. To truly measure all
dimensions of the active site, a wide range (and combi-
nation) of sensitive characterization techniques is then
clearly required. We should be aware that relying on
generalized activity measures, such as the TOE, might
very well cloud many of the details necessary to gain full
understanding of active sites and the related mechanistic
pathways of reactivity and deactivation. Claims of having
determined the ‘active site’ in a catalytic reaction with-
out respecting plausible site diversity must be relativized.
They help us to define the bottom lines of our thinking,
but certainly do not fully grasp the complex reality of a
catalytic process.

The activity of a catalyst may typically be manipu-
lated by 1-1.5 orders of magnitude by using geometric
factors alone. By investigating different (combinations)
of metals, this can be expanded to at least 2 orders of
magnitude. There is obviously much to be gained
in the typical 102-10?s™" TOF range for man-made
industrial catalysts when compared with the TOF val-
ues of 10°~107s™* seen for enzymes (though it is worth
noting that enzymes are less active per volume)® .
To achieve this, new synthesis methods and concepts
should be introduced, as the scaling relations have to be
breached®. By manipulating the electronic (for exam-
ple, with multimetal sites) and geometric (for example,
with ligand-like chemistries) effects, coupled with tai-
lored confinement properties for the desired reactant,
transition state and product via catalysis and process
technology, we may begin to approach the activity of
nature’s highly evolved enzyme catalysts in the future.
Yet, the realization must always be made that catalysis
is part of a much larger complex whole. The translation
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of this knowledge, once obtained, to catalyst synthesis
or upscaling in process technology is a challenge of
its own.

The full complexity of heterogeneous catalysis should
be explored in a multiscale scientific approach, and sub-
sequently designed in a way that relates to nature’s fully
evolved catalysts; enzymes'**'””. Nature has optimized
enzymes for millions of years, compared with which
current materials science and engineering is still in its
infancy". Small molecule activation, such as N,, H,O
and CO, activation, is one of the most pressing fields in
the clean energy transition and current solid catalysts are
often not active and/or not selective enough to be con-
sidered economically viable'**'*". Taking advantage of
the concepts that are developed in nature, such as active
site isolation, confinement, cascading and compartmen-
talization, may allow overcoming some of the scientific
challenges that the catalysis community currently faces,
making use of established knowledge and techniques

from heterogeneous catalysis, while more and more
chemistry becomes electrified'?"'****. Selective suppres-
sion of, for example, hydrogenation activity is one of the
biggest challenges in catalysis research in the activation
of small molecules. In, for example, the electrocatalytic
reduction of CO, or electrocatalytic ammonia produc-
tion, the hydrogen evolution reaction competes fiercely
for faradaic efficiency for all known catalyst systems®*.
In designing new catalysts for these challenges that
society faces, it is important to define best practices
for ‘active site’ determination for these side reactions.
This could allow us, for example, to later on selectively
position them in a catalyst reactor system. As such, it is
likely that the fields of heterogeneous, enzymatic and
homogeneous catalysis will continue to merge when we
gain more insights into what active sites are required to
perform a specific but complex chemical process.
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