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ABSTRACT

Bulk characterization of a solid provides us with a spatially-averaged description of its
physical and chemical properties. These properties are not site-specific, but they are critical for
categorizing materials and understanding their catalytic performance. Important bulk chemical
properties include elemental composition, crystal structure, atomic coordination environment,
and the oxidation states of elements comprising the catalyst. Significant physical properties
include accessible surface area, pore volume, pore diameter, and particle size distributions that
exist at the various length scales of catalysis. Each physicochemical property is sensitive to the
conditions employed for catalyst synthesis, storage, pre-treatment, activation, and
characterization. Thus, it is imperative that authors fully describe materials and methods in
publications as this metadata provides context for observed phenomena and allows others to
recreate the exact conditions that are essential for reproducibility. Such protocols are necessary
for a meaningful interpretation of differences in catalyst performance observed across
laboratories. This perspective article defines bulk characterization, provides guidance on bulk
characterization methods, and emphasizes important considerations and best practices. Our aim
is to build a more nuanced understanding of catalyst characterization. We hope that awareness
and application of the principles outlined herein will improve rigor and reproducibility in
catalysis science.

Keywords: Characterization, Heterogeneous Catalysis, Structure, Chemical Properties, Physical
Properties, Best Practices, Rigor and Reproducibility

1. Introduction

Heterogeneous catalysts are complex: they are, in fact, heterogeneous. Historically, this
label referred to the fact that solid catalysts exist in a separate phase from gas- and liquid-phase
reactants and products, but “heterogeneous” is also (usually) an apt description of a catalyst’s
physicochemical properties. In general, the catalysts that we purchase and/or synthesize are
compositionally and structurally diverse. Catalysis occurs on the accessible surfaces of these
materials, and the properties of these surfaces are influenced by the aforementioned
heterogeneity. For this reason, accessible surface domains within nominally homogeneous
materials, such as J£Al,03, ZSM-5, or Pt/SiO2, may show a spatial distribution of reactivities [1-
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3]. Frequently, only a small fraction of the accessible surface area, comprised of so-called
“active sites,” is relevant for catalysis. At a fundamental level, catalysis science aims to identify
these active sites, characterize their geometric and electronic structures, and quantify their
intrinsic reactivities. This level of insight allows one to map structural descriptions of the active
site to quantifiable, macroscale phenomena like reaction rate, fractional conversion, and product
selectivity. Such a mapping connects structure to function and provides a sound basis for rational
design. Building the insights necessary for informed material design requires tightly coupled
characterization of the catalyst alongside its performance in catalytic reactors. The former
(ideally) comprises a description of the physicochemical properties of the catalyst in its working
state (i.e., under reaction conditions), while the latter comprises determination of turnover
frequencies, apparent kinetic phenomena, and product selectivities.

One can divide the suite of catalyst characterization techniques into “site-specific”
methods that resolve the properties of an active site, and “bulk methods” that do not. Rather,
bulk methods provide an average description of material properties. They are influenced by
material heterogeneity, and they are the focus of this perspective article. We refer readers to
related publications that address best practices in active site characterization and the
measurement of turnover frequencies [4-9]. Because the bulk properties of a material do not
describe an active site, we often dismiss them as kinetically irrelevant; however, proper
characterization and reporting of bulk properties is essential for benchmarking, understanding
material performance, and establishing consistent synthesis and testing protocols. Moreover,
certain bulk properties influence interactions between active sites and adsorbates. This makes
them kinetically relevant, so understanding them is critical for resolving observed phenomena
[10]. Here, we: (/) define bulk properties and distinguish them from site-specific properties, (2)
discuss the most significant bulk properties in catalysis science, (3) outline methods for
interrogating bulk properties, (4) enumerate
challenges associated with each method, and
(5) establish best practices in performing,
interpreting, and discussing bulk
characterization. Neutrals lons

This perspective is not intended to be
prescriptive or comprehensive, nor does it % g
provide exhaustive experimental protocols

and methodologies for data analysis. Rather,
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Beyond these, experienced practitioners employ in-house protocols that have been refined
through years of experimentation and accumulated wisdom [16-18]. Entire volumes have been
written about the intricacies of the characterization methods described herein [19-22], and an
excellent overview was written by Niemantsverdriet [23]. Readers are encouraged to begin with
these resources if they are looking to deepen their understanding of the methods available for
characterizing catalytic materials.

1.1 What are bulk properties?

There are numerous techniques for characterizing the physicochemical properties of
solids. As illustrated by the Propst diagram [24] in Fig. 1, they can be categorized first by the
types of probes that are used to drive excitations (e.g., ions, electrons, photons, heat) and further
by the types of information that they provide (e.g., composition, crystal structure, oxidation state,
surface area). In a catalysis context, it is useful to further subdivide characterization methods into
two categories: (/) site-specific characterization methods that directly interrogate an
active/binding site and/or species adsorbed thereupon, and (2) bulk characterization methods
that provide composite, averaged information about the material in aggregate. This description is
straightforward, but meta-categorization of characterization methods is nuanced. Some nominal
“bulk methods” offer site-specific information under carefully controlled conditions; some “bulk
properties” are kinetically relevant; and some “site-specific” characterization methods are
spatially averaged and influenced by heterogeneity. At the recent NSF and DOE sponsored
workshop on Addressing Rigor and Reproducibility in Heterogeneous, Thermal Catalysis [4],
the authors were struck by the number of discussions that attempted to define bulk properties and
bulk characterization methods. We never reached consensus, but the conversations were
illuminating. While the central focus of this perspective is best practices in bulk characterization,
we first revisit those discussions. They are illustrative, they highlight reasons why reproducibility
is elusive, and they underscore complexities and limitations that all of us should consider when
characterizing material properties.

A 3-Dimensional Perspective: Active sites on a solid catalyst are confined to its surface.
It is thus reasonable to conclude that any characterization method that is not inherently surface
sensitive must be a bulk characterization method. Non-surface sensitive techniques generally
comprise spectroscopies, microscopies, and other characterization methods that leverage probes
with substantial penetration depths (2 10 nm) and scan large sample areas. As such, these
techniques return a volumetric average of material properties in three dimensions, and they are
influenced by heterogeneity that exists within the volume interrogated. Common examples of
volume-averaged techniques include X-ray diffraction (XRD), solid-state magic-angle spinning
nuclear magnetic resonance (SS MAS NMR) spectroscopy, routine vibrational spectroscopies
(IR, Raman)!, X-ray absorption spectroscopies (XAS), ultraviolet-visible spectroscopy (UV-
Vis), electron microscopy (TEM, SEM), temperature-programmed experiments (TPX), X-Ray

! Attenuated total reflectance (ATR) and Diffuse reflectance (DRIFTS) Fourier transform infrared spectroscopies are
often described as surface sensitive; however, they have micron-scale penetration depths (~1-10 ygm). This means
that ATR and DRIFTS are only “surface sensitive” for macroscale domains (e.g., > 1 mm). On the nanometer scales
of catalytic surfaces, ATR and DRIFTS are not especially surface sensitive. One can enhance surface sensitivity by
using grazing incidence angle IR spectroscopies, but it is unclear if this can rigorously limit penetration depths to
below 10 nm.
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Fluorescence (XRF), and dissolution-based methods for composition analysis (ICP-OES, ICP-
MS, AA).

A 2-Dimensional Perspective: In a catalysis context, the bulk characterization label can
(and perhaps should) also apply to many characterization techniques that are historically
described as “surface sensitive.” Classically, this designation stems from the use of probes that
have “shallow” penetration depths (e.g., < 10 nm) [25]. The basic idea is that a shallow
penetration depth permits these methods to sample material properties in 2-dimensions without
being significantly influenced by underlying bulk structures. Examples of these nominally 2D
techniques are low-energy ion scattering (LEIS), low energy electron diffraction (LEED), Auger
electron spectroscopy (AES), secondary ion mass spectrometry (SIMS), scanning tunneling
microscopy (STM), X-ray photoelectron spectroscopy (XPS), grazing angle spectroscopies (e.g.,
IR)!, atomic force microscopy (AFM), scanning tunneling microscopy (STM), and monolayer
gas sorption. There are two important caveats. First, the line between ‘“‘surface sensitive” and
“non-surface sensitive” is based on whether a technique has a “shallow” penetration depth.
Unfortunately, “shallow” is an arbitrary and relative quantity. Its definition changes with: (/)
the size of the domain interrogated, and (2) the material properties of interest. For macroscale
samples used in mechanical applications (e.g., £ 1 mm samples of stainless steel or
polyethylene), the outermost 10 nm may well comprise the surface, and probes that penetrate
<10 nm can be considered surface sensitive. In contrast, the surface of a solid catalyst is
unambiguously defined as its outermost atomic layer (~ 0.1 nm). It is difficult to argue that a
characterization method retains surface sensitivity when its penetration (< 10 nm) depth exceeds
this domain size. An example that resonates with most practitioners is the use of XPS for
characterizing metal nanoparticles. XPS is widely regarded as surface sensitive since the mean
free path of photoelectrons, which is a function of their kinetic energy, is often limited to no
more than a few atomic distances through the solid for most metals and metal oxides [23, 26,
27]. However, as one approaches nanoparticle length scales, XPS spectra become increasingly
influenced by subsurface atoms. As such, XPS loses its surface sensitivity; it returns a volumetric
average of nanoparticle composition and oxidation state; and it effectively becomes a 3D
characterization method. A second consideration is that, even if a method provides a true
description of 2D surface properties, surface properties are not the same as site properties.
Outside of single crystals, catalyst surfaces are not uniformly active. Technical catalysts are
more often comprised of an expensive active phase (e.g., Pt, Ir, Rh) dispersed on an inexpensive
carrier (e.g., Si02, Al2O3). The metal phase facilitates reactions, but it is undoubtedly a minority
component of the surface. This makes certain 2D properties of a material surface-specific but not
site-specific; the BET surface area is perhaps the best example of this. BET surface areas are
determined by using inert gas physisorption, which occurs on both “active” and “inactive”
domains. Because of this, the BET surface area represents a materials total exposed surface area
as opposed to its active surface area; as such, BET surface area is usually a poor approximation
for active surface area despite its inherent surface sensitivity. Similar arguments apply for
Brgnsted acidic bridging hydroxyls in aluminosilicates, coordinatively unsaturated metal cations
in Lewis acidic solid oxides, or oxygen vacancies in reducible solid oxides. In such cases, these
sites are relatively sparse on an otherwise inert matrix, and BET surface areas will over-estimate
the size of the active domain.

A Site-Specific Perspective: Site-specific methods are best viewed as a subset of the
more general landscapes described above. One can define site-specific methods as those that are
attuned to the active/binding site and are able to resolve its properties and/or its interactions with
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adsorbates [9]. Site-specific characterization has two primary goals (though a single method need
not address both goals). First, it seeks to fully describe the geometric and electronic structure of
the active site. Second, it seeks to quantify the number of accessible active sites in a material.
When paired with rigorous kinetic data, the latter allows one to report turnover frequencies,
which are intensive reaction rates that are normalized to a unit active site: they are the gold
standard for describing the intrinsic reactivity of a catalyst [5]. With atomic-scale descriptions of
structure and reactivity in hand, it is relatively straightforward to correlate structure and function.
Thus, site-specific characterization plays a key role in rational design.

The ability to resolve the elements or group of elements that comprise an isolated active
site on a solid surface necessitates that site-specific characterization tools are: (/) surface
sensitive, (2) chemically specific, and (3) spatially precise at atomic length scales. It is
challenging to achieve all three, which means that few characterization methods are rigorously
and inherently site-specific. This is especially true in the characterization of technical catalysts
that have non-uniform properties. Examples of methods that approach inherent site specificity
are STM, which leverages quantum tunneling to provide an atomically resolved map of surface
composition and local structure via differences in tunneling current [23, 28], and other high-
vacuum techniques that are common in surface science (e.g., LEIS, LEED, HREELS, AES).
These methods use ultra-low energy probes that have extremely shallow penetration depths (< 1
nm), which make them especially useful for interrogating surface properties. LEIS is among the
most surface sensitive techniques because it uses low energy noble gas ions to drive excitations.
This allows it to probe only the outermost atomic layer of a surface to provide information about
composition and lattice spacing [29]. Complementary methods, like HREELS and LEED, utilize
low energy electrons and probe the first several atomic layers to return electronic spectra and
vibrational modes (HREELS) and crystallographic data (LEED) [30]. One drawback of STM and
surface science methods is that the dependence on quantum tunneling and/or low energy probes
means they can only be performed under challenging experimental conditions (e.g., ultra-high
vacuum, cryogenic temperatures). Further, these methods are most meaningful in the analysis of
surfaces that are homogeneous and have been rigorously cleaned (oxidation, reduction,
sputtering) and annealed so they are devoid of impurities. These methods are therefore best
suited to the analysis of pristine single crystals, not powdered catalysts. STM and surface science
methods are also expensive, they involve sophisticated equipment and vacuum infrastructure,
and they require highly trained operators. For most practitioners, these things mean that the
surface science toolkit is available only at additional cost through user facilities, making them
inaccessible for routine analysis. As a final note, these methods scan large areas of a sample and
are (except for STM) unable to resolve individual surface atoms. This means that they are
influenced by compositional and/or structural heterogeneities and therefore return average
surface properties akin to other bulk methods.

Site-specific characterization methods are often created by operating less-specialized
bulk characterization methods in ways that enhance their surface and chemical specificity. For
example, XPS offers innate chemical specificity, but it probes several atomic layers. Routine
XPS data are therefore influenced by sub-surface features in, e.g., supported metal catalysts. A
potential resolution is to leverage depth profiling to aid in the deconvolution of surface properties
from subsurface properties [23, 25, 27]. Alternatively, gas sorption methods can be made site
specific by employing titrant molecules that bind selectively at targeted surface atoms. Some
common examples include the chemisorption of H> or CO on metals to quantify the number of
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exposed atoms or the use of hindered pyridines (e.g., 2,6-di-tert-butylpyridine) to selectively
titrate Brgnsted acid sites on metal oxide surfaces [31-34].

At a minimum, titration methods can be used to determine the quantity of exposed
surface atoms or functional groups, but they are versatile and general, and they offer much more
than site quantification. When combined with kinetics experiments or other characterization
tools, titration methods can also allow one to directly interrogate the role of a specific surface
site in the catalytic cycle. Moreover, they can be employed in sifu to modify and enhance
characterization methods in ways that increase site specificity. Even spectroscopies that have
large penetration depths, such as X-ray absorption (XAS) and vibrational spectroscopies (IR and
Raman), can provide site-specific insights if they are combined with appropriate titrant
molecules. Common examples of this include pyridine adsorption coupled with IR spectroscopy
to quantify relative populations of Brgnsted and Lewis acid sites in metal oxides [35-37], IR
spectroscopy of adsorbed CO to probe single atom alloys or to distinguish between different
binding sites [38-43], and temperature-programmed desorption (TPD) of alkylamines to quantify
Brgnsted acid site densities [44-46].

Surface heterogeneity is inevitable in most technical catalysts; this makes it difficult to
resolve the structure and function of a single active site (or single type of active site). As an
example, metal nanoparticles may have exposed facets (e.g., (100) vs. (111) Miller indices) that
exhibit substantially different intrinsic reactivities for a structure-sensitive reaction [47]. The
relative populations of these facets can vary with metal particle size [48]. Unfortunately,
conventional “site-specific” titration methods, such as static chemisorption of CO or H, are
unable to resolve edge, corner, step, and terrace sites in the course of site counting. This is
because chemisorption methods quantify gas-uptake by tracking barometric changes in the
pressure of a gas cell. This offers no information about the solid state, so it is non-trivial to
resolve distinct site populations from an adsorption isotherm. The implication is that
chemisorption methods usually treat geometrically distinct active sites equivalently and return a
total site count rather than a site distribution. Similarly, it is common to find Brgnsted acid sites
confined within the pore structure of zeolites and other microporous materials. These sites may
be titrated by small, basic molecules, such as ammonia or ethylamine, and therefore contribute to
the “acid site density” measured by ammonia TPD. However, the siting of these acid sites within
internal cavities and pores may make them inaccessible to larger substituents, such as highly
branched alkenes or bulky aromatics [49-52]. In each above example, naive interpretation of site
titration experiments misrepresents the accessible active surface area, and “turnover frequencies”
based thereupon are better viewed as an ensemble-averaged property of all binding sites rather
than an intrinsic property of a single active site (i.e., they are essentially a bulk property of the
material). In some cases, one can aid the resolution of individual active sites by pairing
traditional static chemisorption with an appropriate vibrational spectroscopy. As an example, IR
can be used to resolve CO bound on edge, corner, and terrace sites of Pt surfaces.?

Is there a clear delineation? 1t is difficult to articulate a definitive separation between
site-specific and bulk 2D or 3D characterization methods. Most attempts to characterize a
material result in some degree of spatial averaging and therefore return aggregate properties
without resolving compositional and/or structural heterogeneity in active site populations. It is

2 This is not always feasible with routine spectroscopy. In some cases, such as CO chemisorption on Pt, it is possible
to resolve different binding sites using infrared spectroscopy. By contrast, it is difficult to resolve hydrogen adatoms
on distinct Pt sites using infrared spectroscopy.
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Figure 2. Examples of catalyst characterization methods on continuum ranging from bulk to site-specific.

helpful to view all characterization methods as existing on a continuum wherein one end
represents a true bulk 3D property and the other represents a specific property of a single active
site (Fig. 2). In some cases, one approaches site-specific insight. An example might include using
H> chemisorption to quantify the number of active sites on large Pt nanoparticles employed for a
structure-insensitive reaction. In this case, turnover frequencies obtained by normalizing reaction
rates to hydrogen uptake is a good approximation for the intrinsic activity of a Pt atom. In others,
such as using XRD to assess crystallinity and long-range order, one obtains a bulk description of
the material in 3D. Often, the information returned lies somewhere between and reflects a
convolution of properties. To co-opt a famous euphemism by statistician George E. P. Box “All
[descriptions of catalysts and their active sites] are wrong, but some are useful” [53]. We should
bear this in mind when performing experiments and interpreting data, especially when we aim to
provide an elementary-level description of catalyst performance.

1.2 Why do we care about bulk properties?

A material’s bulk properties comprise most of its fingerprint. To a good approximation,
the character of solid surfaces and active sites thereupon are determined by atomic composition,
bulk crystal structure, and the oxidation state and coordination environment of the elements
comprising the material. Bulk properties are therefore important descriptors that help us to
categorize materials, understand their behavior, and forecast their performance. As such,
accurate and comprehensive reporting of bulk characterization data is critical in identifying the
origins of inexplicable or irreproducible behavior observed between laboratories or with changes
in synthetic methods. For instance, by identifying TiO, samples as anatase, rutile, or mixtures
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thereof, one can speak to potential sources of observed variation between nominally identical
samples of “titania.”

As a straightforward example of bulk property relevance, consider that correct
application of methods for dispersing metals and metal oxides onto high surface area carriers,
such as incipient wetness impregnation and strong electrostatic adsorption, demand prior insight
into bulk properties of the support. These include textural characteristics like specific surface
area and pore volume, which influence monolayer loading and the point of incipient wetness
[54]. In addition, chemical properties of the support, such as its crystal structure, exposed facets,
and/or point of zero charge dictate interactions between metal precursors and the support surface
[54, 55]. For these reasons, bulk characterization of a support should always precede attempts to
disperse an active phase onto that support.

For a more nuanced example, one might argue that bulk physical properties, such as pore
diameter and pore volume, are kinetically relevant. In a powdered catalyst, pores and cavities
comprise the local environment of the active site, and the effects of confinement and solid
solvation become prevalent as cavity dimensions approach molecular length scales [56-61].
These phenomena comprise perturbations to enthalpies, entropies, and free energies that are
induced by interactions between reacting species and the pore walls that surround the active site.
These interactions can stabilize (or destabilize) transition states and surface intermediates. In
doing so, they perturb elementary rate and equilibrium constants and thus overall rates of
reaction. Analogously, textural properties can influence selectivity. Micropores span a range of
sizes at molecular length scales (0.3-2.0 nm), and it is difficult for large molecules to diffuse
through small pores. This makes it possible to restrict the ingress and egress of species based on
their kinetic diameter. A classic example is the shape selective production of para-xylene over
MFI (~0.6 nm pores) [62, 63] and unidimensional zeolites with 12 member ring pores [64].
Building on this idea, the bulk physical properties of a material control rates of heat, mass, and
momentum transfer within a catalyst pellet and throughout a packed bed. Although transport
phenomena are not ‘“catalysis” per se, they influence temperature, pressure, and composition in
the vicinity of the active site. Thus, understanding transport phenomena allows one to
meaningfully interpret observed catalytic activity.

A final point considers the ubiquity and practicality of a characterization method. Bulk
characterization methods are often fast, inexpensive, straightforward, and routinely accessible
compared to site-specific analogs. It is therefore not surprising that bulk characterization data are
among the most reported in the catalysis and materials science literature. The accessibility of
bulk characterization methods ensures that this will remain true for the foreseeable future [22,
23]. Although bulk methods will not elucidate isolated active sites, they provide a reliable and
holistic description of aggregate material properties. Practitioners should not eschew bulk
characterization methods because they are not inherently site-specific; rather, they should
understand how to maximally leverage bulk methods and the information that they provide.

2. Discussion

The most significant bulk chemical properties of a material are its elemental composition,
its crystal structure(s) or lack thereof, the coordination environment of specific atoms in the
material, and the oxidation state(s) of elements comprising the material. We often focus chemical
characterization on species intentionally included in the catalyst, but proper characterization also
requires that we quantify impurities, which can impact catalyst performance. Important physical
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properties include specific surface area and porosity; size distributions for supported metal
nanoparticles; grain size distributions for powdered, extruded, or shaped catalysts; bed densities
and void volumes; and heat and mass transfer characteristics.

We subsequently divide this article into sections that discuss chemical properties and
those that discuss physical properties, and we enumerate relevant characterization methods
within each. Throughout, we emphasize an important consideration that applies to all
characterization methods and more broadly in catalysis science: catalyst properties are critically
sensitive to the conditions used for its synthesis, storage, pre-treatment, and activation prior to
characterization. Furthermore, its properties are critically sensitive to the conditions employed
during characterization. With this in mind, it is easy to see why techniques as ubiquitous as N»
physisorption to determine BET surface areas can generate tremendous variability in the hands
of different practitioners [65]. Because catalyst properties are sensitive to provenance and
environment, it is imperative that materials, experimental methods, and procedures for workup
and analysis be fully described in publications. In this context, it is worth mentioning that many
of the techniques discussed here have already been standardized by the ASTM International
Subcommittee D32 under the D32.01 on Physical-Chemical Properties [78]. These standards
also outline key metadata that should be included when reporting results obtained using these
methods. The community may wish to consider adopting ASTM protocols for characterization
and reporting. Where modification is required to fit a specific characterization need, reporting
deviations from ASTM protocols and the rationale for said deviations is useful.

2.1.Chemical properties of the catalyst
2.1.1. Elemental composition

Nearly every property of a material stems from its chemical composition, and it is
reasonable to expect that two materials with different compositions will perform differently
during catalytic testing. The influence of elemental identity and atomic composition is obvious in
cases where catalytic function is directly related to a component that is deliberately introduced to
the material. For example, consider a hypothetical supported Pt/SiO> catalyst wherein Pt is the
active phase. Both the atomic percentage and specific properties of Pt are important factors in
determining catalyst activity. An increase in Pt loading will usually lead to an increase in Pt
surface area, which in turn usually leads to an increase in reaction rate per unit volume of
catalyst.’ To illustrate the significance of elemental identity, one can imagine replacing Pt with
an equimolar quantity of Ir. Because Pt and Ir have distinct electronic structures, it is reasonable
to expect that this exchange might perturb the reactivity, selectivity, and/or stability of the
catalyst [66, 67]. As another example, consider aluminosilicates, which are solid acids comprised
of trace, trivalent Al cations incorporated into a SiO, matrix. Lattice substitution of Al** creates
Brgnsted acidic, bridging surface hydroxyls (Al-OH-Si), and the atomic percentage of Al
influences the number of acidic hydroxyls. In general, aluminum-rich materials have more
surface acid sites than silicon-rich analogs. Similarly, substituting trivalent B into a SiO2 matrix
creates a borosilicate in which the atomic percentage of B influences the number of acidic

3 This thought experiment assumes that variations in Pt loading do not impact Pt particle sizes. In reality, increasing
Pt loading will lead to some particle growth and loss of metal dispersion. As such, the relationship between specific
reaction rate and Pt content is usually less straightforward.
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bridging hydroxyls (B-OH-Si). The identity of the trivalent cation is also important because
changing the heteroatom substitution from AI** (aluminosilicate) to B** (borosilicate) induces a
change in electronic structure at the bridging oxygen. The consequence is that Brgnsted sites in
borosilicates have higher deprotonation energies and are therefore less acidic than analogous
sites in aluminosilicates [59, 68]. Finally, combining two or more different metals in an
intermetallic or alloy can produce active phases of varying structure and composition that may
exhibit substantially different catalytic performance (e.g., Pt vs. PtiZni, PtiSn; vs. Pt2Sn3, Pd vs.
PdZn) [69-72]. In all cases, the performance of a material depends both on the identity and the
amounts of each “catalytic” element that is intentionally added to the material during synthesis.

Less obvious is the influence of trace elements (impurities) that carry over silently from
catalyst synthesis [73]. As a field, our default is usually to ignore impurities—we often do not
report purity levels [74], and it is common to see the use of “as received” materials reported in
catalysis research. Whether we acknowledge their presence or not, trace impurities impact
catalysis by blocking active sites, perturbing electronic structure, and catalyzing unintended
reaction pathways. It is therefore reasonable to ask, “What purity level is adequate to ensure that
observed phenomena can be attributed to the intended active phases (e.g., Pt dispersed on Si0:)
rather than to impurities?” Laboratory grade reagents are frequently purchased at purity levels
ranging from 95.0 to > 99.9 wt.% [75, 76]. At the same time, active phases in most catalysts are
usually dilute—especially in fundamental, academic research. Supported metals rarely exceed 5
wt.%, and the strong Brgnsted acidity of aluminosilicates is predicated upon infrequent
substitution of rare AI’* cations into a SiO, matrix. For example, some common synthetic
zeolites, such as MFI, are categorized as “high silica,” meaning that they have Si/Al ratios = 6
[77-79], where Brgnsted acidic hydroxyls comprise less than 5 mol% of the catalyst. This logic
extends to base and redox catalysts, where surface active sites—basic O%, oxygen vacancies, and
reducible metal cations—are relatively sparse.

The use of low-grade reagents and lax purification strategies means that residual
impurities and contaminants are sometimes present at levels commensurate with the active
phase. Without accounting for these species, correct attribution of macroscale observations can
be difficult. As an example, Zhu et al. [80, 81] reported that SiO2 (> 99 wt.%) and y-Al203 (95-
99.997 wt.%) catalyze methanol oxidation and oxidative ketone scission under He. This is
observed even though SiO; and J£Al>O3 are non-reducible oxides, and it is impossible for them
to facilitate oxidative chemistries under He. In this case, the observed activity for both materials
must be attributed to reducible oxide impurities (e.g., Fe2O3) instead of the nominal solid oxide
phase (e.g., Si02, y-Al,03). Another common example is the presence of Fe in aluminosilicates
that are prepared using low-purity sources of Si or Al. One concern is that Fe3* is intrinsically
Lewis acidic and reducible, which means that Fe,O, domains can contribute to observed activity
as discussed above [82, 83]. Fe carryover is also important in zeolite synthesis because Fe** can
substitute into an SiO» matrix akin to Al** or B3* [84]. Framework incorporation of Fe** will
create bridging hydroxyls (Fe-OH-Si) with different Brgnsted acidity than framework
incorporation of AI** (Al-OH-Si), leading to heterogeneity in the acid site population of the
target zeolite [85, 86]. Clearly, “trace impurities” can perturb activity and obscure the intrinsic
performance of a material, leading one to report rates or turnover frequencies that are difficult to
reproduce. For these reasons, it is important to describe the elemental composition of catalysts in
as much detail as possible, noting that it may only take ppm levels of an impurity for it to
influence the performance of a catalyst. Some of the most common impurities in metal catalysts
and solid oxides are Fe, Si, Al, alkali metals, and halides (or relevant oxides thereof) [87-89]. At

Page 10 of 42



422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451

452
453
454
455

a minimum, practitioners should always screen for these species and disclose their composition
in publications.

A major challenge in providing a definitive composition of solids is that there are no
reliably quantitative methods for elemental analysis that scan the entire periodic table with
uniform precision. Methods that are applicable for lighter metals, such as Li or Na, may not be
useful for quantifying rare earth or heavy metals, such as Pb or Bi. Furthermore, one might need
entirely different tools to determine carbon content (e.g., CHN analysis, Raman, TPO) as
opposed to metal content (e.g., ICP-MS). For these reasons, prior knowledge of the identity and
composition of species comprising a solid is essential for selecting appropriate analytical
methods, preparing standards, generating calibration curves, and performing quantitative
elemental analysis.

There are two useful categories of approaches for determining the elemental composition
of solids: X-ray methods and dissolution methods (Table 1). X-ray methods include X-ray
fluorescence (XRF) and energy-dispersive X-ray spectroscopy (EDS/EDX/EDAX). These
techniques are attractive because they can quickly scan a large composition space to detect the
presence of specific elements. X-ray methods can also provide (semi)quantitative information,
but this often requires species-specific calibration and detection methods. In general, one should
not expect X-Ray methods to simultaneously provide rapid, exploratory analysis and quantitative
precision. A more common approach is to first leverage the scanning capabilities of X-ray
methods to quickly identify the species present in a sample. Then, more quantitative dissolution-
based methods, such as inductively coupled plasma optical emission spectroscopy (ICP-OES),
inductively coupled plasma mass spectrometry (ICP-MS), or atomic absorption spectroscopy
(AAS) can be used. Dissolution methods are species-specific, and one must approach them with
substantial insight into the elements present in the sample and their quantities. These insights are
important for two reasons. First, specific elements often require unique strategies for dissolution
and stabilization in aqueous media. As an example, one can generally dissolve metal cations at
low pH in nitric and/or hydrochloric acid, whereas silicon dissolution requires hydrofluoric acid.
Second, detector responses in ICP-OES/MS and AAS vary with the identity of the matrix (i.e.,
solvent and components therein) and species detected, so unique calibration curves must be
prepared for each element of interest in a characteristic matrix.

Table 1
Comparison of common X-ray- and dissolution-based methods for elemental analysis.
Characterization of Catalytic Materials by 1.LE. Wachs [9].

Adapted from

Dissolution-based methods

X-ray-based methods

Criterion
XRF EDS ICP-OES ICP-MS
Elements Detected B-U B-U Li-U (except C, N, Li-U (except C, N,
0) 0)
Destructive (Yes/No) No No Yes Yes

Quantification Semi-quantitative Semi-quantitative Yes, with standards Yes, with standards

Accuracy +1% +2% +1-10% +1-3%

Detection Limits ~1-100 ppm (most ~1,000-10,000 ppm ~ 10 ppb <1ppt
elements)

Sample Requirements Solids, powders,  Solids, powders, Liquids (2-5 ml), Solutions, digestible
composites (~20-30 composites (< 20 mm  digestible solids (yg- solids, gases, vapors
mm diameter) diameter) mg of solid)

Main Use Element Element Quantitative Highly sensitive
identification, identification, composition elemental and
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composition, composition, spatial measurement over ~5  isotopic analysis
thickness distribution orders of magnitude

2.1.2. Crystal structure

Crystal structure provides a reliable fingerprint for (crystalline) materials. Two materials
with identical crystal structures have the same spatial arrangement of atoms and degree of long-
range order; therefore, one might reasonably anticipate that these materials will have many
similar characteristics. One of the most important aspects of crystallographic analysis is that it
can distinguish between crystalline domains present in a sample. This includes differentiating
zerovalent metals from their corresponding metal oxides (e.g., Ni vs. NiO); identifying
intermetallic compounds (e.g., PtSn vs. PtoSn3); determining crystalline phases of a single metal
(e.g., hcp Pt vs. fcc Pt) or metal oxide (e.g., JALOs; vs. a-Al,Os, rutile vs. anatase);
distinguishing between different framework geometries of crystalline metal oxides or mixed-
metal oxides (e.g., MFI vs. beta zeolites); and uncovering the presence of unintended species in a
nominally pure catalyst (e.g., Fe2O3 in J£Al2O3). Even if the information is not site-specific,
phase identification is useful. For example, one can expect Ni and NiO to perform differently as
catalysts because Ni atoms in these two environments have different oxidation states, different
lattice spacing, and different electronic structures. Crystallography is especially useful in the
preparation of microporous crystalline materials, such as zeolites. In this domain, it is important
to understand whether a set of structure-directing agents and synthesis protocols will yield a
targeted topology (e.g., MFI, beta, FAU). Significantly, each zeolite framework is characterized
by unique pore dimensions, connectivity, and long-range order, each of which is encoded in its
crystal structure [90]. For this reason, once the framework topology is identified, one can predict
its pore architecture with reasonable certainty [91]. Finally, it is worth noting that even the
absence of crystallinity and detection of amorphous regions (when crystallinity is expected) can
be helpful in diagnosing the origin of variations in material properties and modifying synthesis
parameters [92].

X-ray diffraction (XRD) is the most common method for interrogating a material’s
crystal structure. Diffraction patterns are produced when X-rays irradiate a crystalline material
and subsequently undergo elastic scattering. These patterns are characteristic of a particular
material, and they are information rich. First, they permit identification and resolution of a
crystal structure. This is accomplished by quantifying diffraction peak locations and their relative
intensities, which can be compared with existing databases of reference patterns. Often, materials
used in heterogeneous catalysis are comprised of multiple components, each with characteristic
crystal structures and diffraction patterns. For example, titanosilicate zeolites, such as Ti-MFI
and Ti-beta, contain isolated, tetrahedrally coordinated Ti sites that are isomorphously
substituted in framework positions. Framework Ti sites are of interest because they exhibit
unique reactivity for various chemistries, such as alkene epoxidation [60, 93-102]. A key
synthetic challenge when preparing these materials is avoiding the formation of extra-framework
TiO; (i.e., anatase, rutile) domains. As shown in Fig. 3, XRD can be used to distinguish between
the characteristic MFI and beta frameworks and to identify the presence of bulk TiO2. Rigorous
identification of multiple crystalline domains in complex materials, especially powdered
materials, often requires Rietveld refinement, which is a peak fitting method that is commonly
applied in the analysis of powder diffraction patterns. Generally, it can be used to deconvolute
aggregate XRD patterns into contributions from the individual crystalline domains.
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Another consideration is that shifts in XRD peak position relative to established standards
are informative as they indicate lattice strain [103, 104]. For this reason, they help one to
understand how changes in material composition or synthesis protocol perturb a material’s
crystal structure. As an example, peak shifts are often observed in XRD patterns upon
incorporation of heteroatoms into an otherwise uniform crystalline domain, such as introduction
of Al or B into a siliceous zeolite to tune Brgnsted acidity. Substitution of the Al or B heteroatom
into the framework results in expansion of the zeolite lattice that results in perturbed peak shapes
and/or positions relative to the reference pattern for the pure silica material [105]. By
characterizing peak shifts induced by these changes, one can assess: (/) whether heteroatoms
have been incorporated into the framework, (2) whether heteroatoms have formed an extra-
framework crystalline phase (e.g., )*Al203), and (3) the degree of lattice expansion or contraction
caused by framework incorporation of a heteroatom.

In addition to qualitative information about crystal structure, XRD also provides a
quantitative method for assessing the degree of crystallinity in materials that are comprised of
crystalline and amorphous domains whose relative populations are determined by the synthesis
method. This is accomplished by integrating XRD patterns and normalizing the result to that of a
known, crystalline standard. The normalized quantity represents the “degree of crystallinity,”
which provides a holistic sense of material quality. One useful application of this type of
crystallinity analysis is to monitor the extent of demineralization and/or structural collapse that
may occur upon exposure of crystalline materials to reaction media [92, 106, 107].

Finally, diffraction patterns can be used to assess the degree of long-range order in a
crystalline material and to estimate mean crystallite sizes based on diffraction peak broadening
according to the Scherrer equation [108]:

KA
- Lcos6
(1

. where D is the mean size of the crystalline
= domain (nm), K is the dimensionless shape
= factor (typically 0.9-1), A is the X-ray
2 wavelength (nm), £ is the line broadening at
e oo 532 FWHM (radians), and & is the Bragg angle

.g LY; 533| (radians).
- _ r.ﬁ 5 534 XRD is a robust technique that offers
TiO, (anatase) (4% SRS5| rapid data acquisition. Moreover, it can be

536/ wused to characterize single crystals,

0% 537| polycrystalline materials, and powdered

Jio, (rutile) 53 A A538| catalysts with minimal sample preparation.
Lt 8391 For most cases, one only needs to affix
5 10 15 20 25 30 355440 material to a sample holder. X-rays have
20/ Degrees 541  substantial pepetration erth (~IQ-200 um) in
547 most materials, with precise values

Figure 3. Comparisons of XRD patterns and crystal . ..
structures for TiO; (rutile), TiO (anatase), Ti-MFI, and Ti- determined by the Wavelength of the radiation

beta. Ti atoms are shown in gray, O atoms in red, and Si SOUICe, the ir?c%dent angle, the. mass
atoms in blue. absorption coefficient, and the density and
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packing factor for the sample [109, 110]. Importantly, X-ray diffractometers are usually
configured to detect scattered hard X-rays (> 5 keV) rather than soft X-rays. Because of this,
XRD does not generally require that samples and detectors be placed under high vacuum. As
such, there are few restrictions on the use of XRD to probe crystal structures under reaction
conditions, such as materials immersed in bulk gas and bulk liquid environments (including
water). The latter is especially significant because solid-liquid systems are not generally
amenable to in situ characterization by using routine IR spectroscopy, electron microscopy, or
XPS. Finally, XRD is a relatively inexpensive tool that is easy to use and widely available at
universities, national laboratories, and industrial research centers. For this reason, it is one of the
primary characterization methods for researchers in the fields of inorganic chemistry, materials
science, heterogeneous catalysis, geology, and minerology. Its widespread adoption across
numerous fields has supported the development and curation of extensive databases of crystal
structures, which are useful in benchmarking and analysis of XRD data. For example, the
Inorganic Crystal Structure Database (ISCD) provides a repository of 250k+ structures [111] that
can be used along with software tools, such as VESTA [112], to simulate powder XRD patterns
and assist in structure assignment. Similarly, the International Zeolite Association's (IZA)
Database of Zeolite Structures [90] provides comprehensive structural information on over 250
known zeolite topologies, and it allows users to directly compare experimental powder patterns
with calculated and measured XRD patterns for each framework.

A fundamental limitation of XRD is that peak width scales inversely with crystallite size
as shown in the Scherrer Equation (Eq. 1). For this reason, it is challenging to use XRD to
characterize features at nanometer length scales, which includes the nanoparticles that comprise
the active phase in most supported metal catalysts. A common rule of thumb is that lab-based X-
ray diffractometers are useful for probing the structure of crystalline domains that are = 5-10
nm. Below this point, diffraction peaks become sufficiently broad that they are difficult to
resolve with adequate precision. Recent advances in high sensitivity detectors and software tools
have made lab-based XRD a viable tool for structural characterization of crystals as small as 1
nm [113, 114]. The caveat in these systems is that metal loadings must be sufficiently high (> 5
wt.%) to generate adequate signal intensity. Another challenge with XRD is that it is not an
inherently quantitative method because peak intensity does not scale only with material quantity.
Additionally, for nanoscale crystallites in particular, diffuse scattering becomes significant
relative to Bragg diffraction and may complicate peak deconvolution [115]. For these reasons,
quantitative XRD requires: (/) careful instrument calibration to account for intensity drift; (2)
accurate background subtraction of sample holders, supports, and any non-nanocrystalline
material; and (3) proper accounting of sample effects, such as absorption, finite thickness,
surface roughness, and temperature factors. Finally, it is important to understand that routine
crystallography using XRD provides information about 3D crystal structures rather than 2D
surface structures, and the two may be substantially different, especially under reaction
conditions. This means that crystallography is rarely fully predictive in catalysis. However,
surface structure is an extension of bulk structure, so it is useful to characterize differences in
crystal structure when attempting to explain disparate behaviors observed on different catalyst
samples. If surface specific crystallography is of interest, practitioners may wish to consider
LEED, which relies on electron diffraction and has a far shallower penetration depth [23].

2.1.3. Oxidation state
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The behavior of a catalyst depends on the electronic structure of the elements that
comprise it. Characterizing the oxidation state of these elements provides insights about electron
density, which is useful in rationalizing data and anticipating performance. Generally, electron
density at a surface site determines how strongly species coordinate to that site, the types of
elementary steps that occur at that site, and the free energies of activation (AG¥) and reaction
(AG,) for these elementary steps. For example, consider the adsorption of ammonia (NH3) on the
surface of a solid oxide, such as J#Al2O3. NHs is a basic molecule with a lone pair of electrons on
its nitrogen atom that binds strongly at electron deficient sites on the JAlOs surface, namely
coordinatively unsaturated Al** cations [116, 117]. Conversely, NH3 would bind weakly at basic,
electron-rich O%* anions species on KAlLQO;s. Insight into species oxidation states also sets
expectations for reaction mechanisms and the elementary steps that comprise them. For example,
zerovalent transition and platinum group metals (e.g., Ni, Pd, Pt, Ru, Ir) usually facilitate
homolytic bond dissociations and single electron processes [118]. In contrast, metal cations in
oxide lattices (e.g., Al, Ti, Mo, W, Ce, Sn, V) are Lewis acids that induce heterolytic bond
dissociations to generate ionic species, leading to an entirely different cascade of bond scission
and bond formation steps than are observed over zerovalent metals [80]. There are two common
approaches for assessing oxidation states: X-ray-based methods and temperature-programmed
methods. The former directly characterize oxidation states (to a degree), whereas the latter infer
oxidation states based on phenomena observed while heating a sample in the presence of a
controlled bulk environment.

X-ray Techniques: XRD patterns are characteristic of a material, and one can infer bulk
oxidation states from crystallographic data. For example, a phase identified as J#Al>O3 must
contain AI3* cations and O* anions. Analogously, if a diffraction pattern for a Ni/SiO> catalyst is
dominated by a NiO phase, then one can conclude that Ni is primarily present as Ni*? as opposed
to Ni°. That said, XRD is an indirect way to probe oxidation states, and other X-ray techniques,
such as X-ray Absorption Near Edge Spectroscopy (XANES) and XPS, are better attuned to
electronic structure and can elucidate variations in electron density that may occur within a given
oxidation states. XANES provides bulk-averaged information, whereas XPS, by nature of its
limited penetration depth [23, 26, 27] will provide insights about the oxidation states of species
within the outermost < 10 nm of the sample. Comparison of (near) surface oxidation states and
bulk oxidation states is useful as the two may vary considerably. This serves as an important
reminder that one should not equate bulk structure with surface structure, although it is tempting
to do as the former is typically easier to characterize than the latter. Assigning oxidation states in
a catalytically relevant surface phase becomes increasingly complex when one considers that
oxidation states—especially surface oxidation states—may depend on the environment employed
by a specific characterization method. For example, XPS characterization of Pt/SiO> might entail
collecting spectra associated with Pt 4f electrons and Si 2p electrons. One would expect that the
Pt 4f spectra would be sensitive to the environment in the XPS chamber and that those obtained
under ultra-high vacuum will differ from those obtained at near ambient pressure under Hz, O,
or CO. In contrast, Si 2p spectra are likely to be similar in each of these environments because
Si** in SiOs is unlikely to change oxidation states upon exposure to Ha, CO, or O at conditions
that are accessible within an XPS chamber.

Temperature-Programmed Methods: Temperature-programmed experiments (TPX)
cannot definitively assign an oxidation state, but they provide useful information regardless. This
is especially true when they are combined with X-ray methods or complementary
characterization techniques (e.g., thermogravimetric analysis (TGA), vibrational spectroscopy).
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The most common TPX methods are temperature-programmed desorption (TPD), temperature-
programmed reduction (TPR), and temperature-programmed oxidation (TPO). Each involves
heating a catalyst sample under a controlled atmosphere and monitoring the composition of the
effluent gas. A TPD experiment comprises the desorption of a pre-adsorbed titrant from a
catalyst surface while heating the material under an inert carrier gas (e.g., N2, He, Ar) [119, 120].
By contrast, TPO comprises heating a catalyst sample under an oxidizing gas blend (e.g., ~1-5%
Oz in N2, He, or Ar). Finally, TPR involves heating a catalyst sample under a reducing gas blend
(e.g., ~1-5% H; in N2, He, or Ar) [121]. In TPR and TPO experiments, the use of gas blends is
important as they monitor the consumption of Hz or O based on relative changes in the bulk
concentration of Hz and O;. These changes are not evident under pure H> or O atmospheres;
hence, the need for a diluent.

TPD is generally most useful in the context of active site titration, and it does not provide
substantial insights into oxidation states or changes in oxidation states. TPR and TPO are better
suited to this task as they can provide information about the total number and quantity of
reducible elements in a sample. For instance, the reduction of iron oxides could proceed as such:

3Fe>03 + Hy = 2Fe;04 + H2O )
Fe;04 + H, = 3FeO + H,O (3)
FeO + H, = Fe + H,O 4)

Reduction events and phase changes that occur over the course of a TPR will generally be
observed at different temperatures, so careful deconvolution of H> consumption profiles can
provide insight into iron speciation. Moreover, one can quantify the total amount of iron oxide
present in a sample from the integrated H> consumption over the entire TPR based on the overall
stoichiometry:

Fe>O3 + 3Hz = 2Fe + 3H20 (5)

As in all catalyst characterization, careful sample pre-treatment is crucial for TPX
experiments. For high surface area powders especially, it is essential to degas the sample prior to
a TPX experiment. This is usually accomplished by heating the catalyst under vacuum or inert
gas, which serves to remove H>O and any other co-adsorbed species. In some cases, it may also
be necessary to calcine samples under an oxidizing gas (e.g., air) or to reduce a sample under Ho.
Such treatments may be necessary to decompose metal precursors, remove impurities (e.g.,
carbonaceous deposits, residual Cl), and generate the active phase (e.g., Pt’, anhydrous V20s). If
pre-treatment steps are neglected, Ho O and other contaminants will desorb and/or react upon
heating and obscure the primary trends of interest, namely reduction or oxidation of the material.
As a general rule, the best practice in TPX experiments (as in most characterization experiments)
is to employ the same pretreatments used in generating the active phase in catalytic reactors for
kinetic analysis.

In theory, any type of flow reactor can be used to perform a TPX experiment (Figure 4):
it only needs to be amenable to rapid heating rates (~5-10 K min') and permit continuous
analysis of the internal or effluent gas composition. That said, it is best to operate TPX reactors
under conditions where there are no spatial variations in temperature, pressure, Or species
composition. Examples of gradientless reactors include high vacuum chambers (common in
surface science) [122], back-mixed reactors (fluidized beds and spinning basket reactors) [123],
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and recycle reactors [124, 125] that are operated at high recycle ratios and low single-pass
conversion. The downside of these systems is that each is operationally complex and expensive
to fabricate. Because of this, single-pass packed bed reactors are usually employed for TPX
experiments. Packed beds are attractive for their cost and simplicity. The tradeoff is that they
always operate under segregated flow without back-mixing, so they inherently contain axial
gradients in composition, temperature, and/or pressure across the reactor. Thus, changes in
composition observed across a packed bed reflect a spatial averaging of the effects of
composition, temperature, and pressure on reaction kinetics and/or thermodynamics.

As with conventional steady-state kinetic analysis, the best practice for TPX experiments
in a packed bed is to operate the system under differential conditions and full kinetic control.
Importantly, “differential conditions” are not defined by a threshold value of fractional
conversion (e.g., < 10%), which is a common misconception. Differential operation of a packed
bed requires that axial gradients in temperature, pressure, and/or composition are sufficiently
small that reaction rates can be treated as being spatially invariant. This criterion can be
frustratingly difficult to achieve in TPX experiments, where reactor temperatures are ramped
over several hundred degrees. This implies that reaction rates will vary by orders-of-magnitude
over the course of the experiment, making it very difficult to maintain differential operation and
kinetic control throughout. Generally, one must balance catalyst loading, active site density, gas
composition, and gas flowrate (i.e., space velocity) to achieve detectable changes in bulk gas
composition without inducing transport control or gradients in reaction rate across the catalyst
bed. As an example, consider that TPR experiments monitor changes in bulk H> concentration
over the course of a temperature ramp. For this reason, a dilute H> stream (1% H> in He) is an
attractive reducing gas. Because H> is present as a minor component, even trace H> consumption
leads to quantifiable and significant changes in the bulk H> mole fraction. A blend of 1% H> in
He therefore offers good sensitivity in a TPR. However, H> consumption is an extensive metric
that scales with total H» feed rate, mass of catalyst in the packed bed, and density of reducible
sites in the catalyst (i.e., umol gea!). If the total Hy flowrate is low relative to the quantity of
reducible metal in the bed, then most or all of the H, will be consumed from the gas phase as
metal reduction becomes kinetically accessible. This creates a substantial gradient in gas
713 composition across the reactor that: (/)
714 violates the differential reactor
715  approximation, (2) leads to spatial variation in
7@ metal reduction rates, and (3) impacts the
/

/

H,

Ar
o,
Ho—D8 8 location and shape of reduction peaks in a
Vet 4 @ TPR. It is also worth considering that it is

/ relatively easy to maintain full kinetic control
: Poe” at low temperatures where reaction rates are

o /\ —}§ 125" low. As temperatures increase, reaction rates
A

722 will often exceed diffusion rates, shifting the
TCDMSD 723  system from kinetic control to transport
Legend 724 control. It is important that interpretations of
DS 2-way valve Mass flow controller 725  TPX data remain mindful of challenges with
DR vy vave E% Temperature controller 726  maintaining differential operation and kinetic
727  control at elevated temperatures.
Figure 4. Schematic of an example experimental setup for A major consideration with TPX
performing TPX experiments on heterogeneous catalysts.  experiments is the nature of the detector used

Data Acquisition

Page 17 of 42



730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775

to quantify bulk gas compositions. Generally, meaningful data in TPR and TPO experiments is
acquired by continuously monitoring the reactor effluent gas composition as it evolves on time
scales of milliseconds to minutes during the temperature ramp. Thus, routine gas
chromatography, which has analysis times = 10 minutes, has limited utility in TPX experiments.
Instead, one must use analytical techniques that: (/) permit identification of individual species in
the gas phase, and (2) have temporal resolutions of < 1 second. A common workaround to the
chromatography time lag is to equip gas chromatographs with sample trapping loops. This allows
one to decouple sampling and analysis time scales; however, these accessories are expensive,
and they can be difficult to heat trace, maintain, operate, and calibrate. In theory, spectroscopic
methods such as IR, Raman, and UV-vis offer adequate time resolution, but they are often unable
to resolve species of interest (i.e., H2, O2) with quantitative precision. In practice, the most
common approaches for monitoring effluent gas composition on relevant time scales in TPX
experiments are mass selective detectors (MSD) and thermal conductivity detectors (TCD).

One advantage of MSDs is that they identify species based on the characteristic mass-to-
charge ratios (m/z) of molecular fragments produced upon ionization. This feature is especially
useful for small molecules, such as H» and O, which have simple fragmentation patterns.
Despite their advantages, MSDs have three notable drawbacks. First, a MSD must operate under
vacuum (= 5x10~ mbar), whereas the effluent from a packed bed is typically at or above ambient
pressure. Gas monitoring with a MSD is therefore complicated by the need to introduce a high-
pressure gas into a vacuum chamber, which requires that one precisely balance gas influx (to the
vacuum chamber) with the rate of gas efflux (from the vacuum chamber) to achieve operating
pressures of 104-10° mbar. Pressure reduction is usually accomplished with micron-scale
capillary tubing or with a leak valve. It is always good practice to heat trace any device used for
introducing samples to a vacuum chamber; this is especially true for capillary columns as
capillary forces can induce species to condense well below their vapor pressure. At present,
turnkey solutions are available for pressure reduction; however, they can be costly (leak valves),
cumbersome (capillary tubing), or both. Moreover, the precise balance between gas inflow and
outflow will change with the identity of the carrier and the composition of the effluent gas, so it
is common to observe variations in the vacuum system pressure with changes in carrier gas over
the course of a temperature programmed experiment. Signal from a MSD will scale with the
partial pressure of species in the vacuum chamber, so changes in base vacuum pressure give rise
to baseline drift over the course of the experiment. A second consideration is that MSDs are
subject to imprecisions caused by interferences in fragmentation patterns. For example, H,O and
NH3 often co-evolve in NH; TPD experiments, where the aim is to quantify the NH3 desorbed.
Unfortunately, both NH3 and H>O produce fragments at m/z = 16 and m/z = 17 upon ionization,
so neither can be assigned solely to NHs. In this case, it is important to monitor m/z = 15 since it
is only produced by the fragmentation of NHs. Finally, even if one is able to maintain a stable
vacuum pressure, MSDs are prone to drift, so, in addition to selecting appropriate m/z fragments,
extracting quantitative data from a MSD requires frequent calibration and, ideally, an internal
standard, such as Ar [75, 80, 81].

TCDs avoid many of the issues that plague MSDs: they operate at ambient pressures, are
less susceptible to drift, and are reliably quantitative. The caveat is that a TCD relies on
measuring the thermal conductivity of the effluent gas mixture relative to a carrier, which is an
average property of the gas mixture that reflects contributions of all species present in the
effluent gas as opposed to a single species in the effluent gas. Consequently, TCDs are not
species-specific, so they are only useful for binary gas mixtures comprised of an analyte (e.g.,
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Hz) in a reference gas (e.g., N2). For this reason, one must take additional precautions in
collecting and interpreting TPX profiles measured with a TCD. To illustrate this point, consider
that TPR experiments are commonly used to monitor the reduction of metal oxides based on Hz
consumption, which results in the concomitant generation of H>O. Unless one takes specific
precautions to purify the effluent gas, the signal observed in a TCD detector over the course of a
metal oxide TPR is a convolution of H> consumption and H>O generation. A typical remedy is to
use a cold trap between the temperature-programmed cell and the TCD detector to condense H>2O
and thus quantify only H> consumption.

Another important consideration for TPX experiments is that the appropriate choice of
carrier gas will change depending on the type of experiment performed and detector used. For
example, N> is a problematic carrier gas for a MSD that uses electron impact ionization. This
type of detector will ionize the N> carrier, increasing noise and reducing detector sensitivity.
Moreover, N ionization produces fragments at both m/z = 28 and 14. The former is prominent
and will interfere with quantitative analysis of molecules such as CO (m/z = 28). In this scenario,
He (m/z = 4) is the preferred carrier gas because it does not ionize, which reduces noise and
improves sensitivity. It is also easily distinguished from species of interest in TPX experiments.
By contrast, He is a poor choice when monitoring H> consumption during a TPR experiment
with a TCD, which operates by sensing changes in thermal conductivity that occur with changes
in gas composition. Thermal conductivities for He (0.15 W m™' K-! at 298K) and H» (0.19 W m!
K-! at 298K) are similar, so a TCD has low sensitivity when tracking H> consumption from an
Ha/He blend. In this scenario, N2 (0.025 W m™ K-! at 298K) or Ar (0.017 W m™' K! at 298K) are
better choices for the carrier gas. Their thermal conductivities are substantially different from
that of Hy, so it is relatively easy to detect even small changes in the bulk H> mole fraction and
thus quantify H> consumption. For a TPO experiment, the converse is true. Because O2 and N>
have similar thermal conductivities, it is preferable to employ O»>/He blends when using a TCD
to quantify O consumption during a TPO.

An overlooked aspect of temperature-programmed methods is that the catalyst itself
undergoes significant chemical changes over the course of the experiment. For example, a TPR
reduces the oxidation state of metal cations in a metal oxide by removing oxygen atoms from the
lattice and producing water as a product. The implication is that the mass and the crystal
structure of the catalyst will both change as the metal oxide is converted into a zerovalent metal.
Conversely, a TPO increases the oxidation state of a metal by inserting oxygen atoms into the
lattice, which increases the solid mass and shifts the metal crystal structure toward the metal
oxide phase. Finally, the nature and existence of surface-bound adsorbates evolves with changes
in temperature and gas composition. These changes provide valuable information about the
chemical state of the catalyst under specific conditions. Unfortunately, TPX experiments often
rely solely on compositional analysis of the effluent gas and are therefore blind to changes in the
solid state. Thus, it is useful to couple TPX experiments with complementary methods that can
resolve information about the solid catalyst. For example, a TPX experiment can be performed in
a TGA unit by monitoring its exhaust composition with a TCD or MSD. The added benefit of the
TGA unit is that the sample is held in a quartz crystal microbalance, which permits continuous
monitoring of catalyst mass alongside gas composition. This additional information is invaluable
in closing mass and element balances, which aids in peak deconvolution to resolve specific
oxidation or reduction events. Alternatively, one might perform TPX experiments inside of in
situ IR, Raman, or XRD cells to probe surface species (IR), metal-oxygen coordination (Raman),
or crystal structure (XRD).
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Rigorous interpretation of TPX data is challenging. The effluent gas composition profiles
observed during a TPX experiment are sensitive to catalyst properties (porosity, metal particle
size, active site density, diffusion rates); experimental protocols (ramp rate, space velocity, gas
composition); bed properties (void fraction, catalyst mass, bed hydrodynamics, gradients in
temperature, pressure, or composition); readsorption of species; and catalyst pretreatment
(calcination, reduction, degassing). The practical implication is that specific temperatures where
reduction and oxidation events are observed—evidenced by peaks in Hy or O uptake—can
change dramatically with seemingly minor variations in catalyst properties and experimental
protocols [126]. Therefore, one must proceed with caution when assigning significance to the
location or shape of peaks in Hz or O2 consumption observed during TPR and TPO experiments.
For example, one might interpret variations in the temperature range of H> uptake in a TPR as
evidence of differences in reducibility or Hz-spillover. However, such assumptions neglect the
influences of many confounding artifacts that can affect rates of H> uptake. A more reliable
metric is to quantify total H> consumption over the course of the TPR by integrating the H>
uptake curve as a function of time. Total H> consumption is not influenced by reduction kinetics,
transport phenomena, or hydrodynamics; rather, it is solely a function of the type and quantity of
reducible species present in the catalyst bed. These caveats extend to most TPX experiments,
urging a cautious interpretation of experimental results by practitioners. For example, desorption
peaks observed during NH3 TPD are routinely assigned to Lewis or Brgnsted sites of varying
“strength,” but this practice is questionable unless it is coupled with spectroscopic analysis.
Analogous to TPR and TPO experiments, the most meaningful and reliable metric to report from
a TPD experiment is the total quantity of evolved species rather than the temperature associated
with a specific desorption event.

2.1.4. Atomic coordination environment

The catalytic nature of an active site is not solely determined by its elemental identity
(atomic number) and oxidation state; it is also influenced by the local coordination environment.
Specifically, the intrinsic reactivity of an active site is sensitive to the identity of the species that
it is bound to. It is also sensitive to the nature of bonds formed with those species. For instance, a
Pt atom surrounded by Pt nearest neighbors and next-nearest neighbors can be well-described as
having the properties of bulk Pt. In contrast, a Pt atom in a sub-nanometer cluster supported on a
metal oxide may have more Pt-O bonds than Pt-Pt bonds, so a Pt atom in this environment is
very different from a Pt atom in a single crystal. Alternatively, reducible metal oxides (e.g.,
oxides of Ce, V, Ti, Mo) are frequently used to facilitate redox chemistries. Often, they are
dispersed on high surface area carriers, such as SiO2 or Al>O3, to compensate for the low surface
area of the bulk oxide. The mobility of oxygen atoms in the lattice depends on the identity,
electronegativity, and reducibility of the species that oxygen atoms are bound to (e.g., V-O-V vs.
V-0-Al vs. V-0O-Si vs. Ce-0O-Si) as well as whether the bonds between the reducible cation and
the oxygen are sigma 0 (V-O-V) or 1(V=0) [127]. Moreover, the reactivities of surface sites on
reducible oxides may be sensitive to the extended coordination environment (i.e., the degree of
polymerization of the dispersed reducible oxide) [80]. Finally, by probing the coordination
environment of catalytic centers, one can identify structural defects, which may play a significant
role in the catalytic cycle [128]. Overall, by characterizing coordination environments, we build
insights about the physical and chemical structure of the elements comprising a catalyst. In doing
so, it is important to recognize that all methods used to interrogate coordination environment are
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spatially averaged, and contributions from the surface (where active sites are located) will vary
with particle size and loading of the active phase. Unless these tools are combined with
appropriate titration methods, they provide a qualitative assessment of the bulk catalyst as
opposed to spatially resolved information about an active site.

Numerous tools are available for probing coordination environment. Crystal structures
inferred from XRD patterns provide some information about structures adopted by metal cations
present in an oxide lattice or metal atoms present in an intermetallic alloy. XAS, specifically
extended X-ray absorption fine structure (EXAFS), can also be used to probe the local
coordination environment of specific atoms present in the catalyst. One should be aware that
EXAFS analysis requires complex deconvolution methods with appropriate references. A
detailed discussion of EXAFS is beyond the scope of this overview, and we refer the readers to
existing reviews on the topic [23, 129, 130]. SS MAS NMR is frequently used to interrogate the
coordination environment of Al and/or Si in aluminosilicates along with framework connectivity
and site proximity in zeolites and microporous materials. Thus, it can be useful in assessing
material quality and probing for defects in solid oxides containing NMR-active nuclei.
Additionally, SS MAS NMR can be used in conjunction with molecular titrants to distinguish
and quantify binding sites based on distinct NMR resonances corresponding to unique chemical
environments [131, 132]. Vibrational spectroscopies, namely IR and Raman, provide important
information as to the bonding environment and chemical structures present in a specific material
[37, 39, 133-135]. Where possible, it is advantageous to use IR and Raman in tandem as they are
generally suited to probing different bonding environments and so, when coupled, they can
provide a more complete picture of the local coordination environment. For example, IR
spectroscopy can be used to detect hydroxyl species in bulk oxides, which provides insights into
surface acidity and structural defects in silicates and aluminosilicates (e.g., silanol nests). In
contrast, Raman is frequently used to detect M-O and M=0O bonds in metal oxides, and metal
oxide band locations can be used to distinguish between metal cations in different coordination
environments [81, 127, 133]. Raman is also particularly useful in characterizing carbons as it can
distinguish graphitic and amorphous phases. Finally, DRUV-vis spectroscopy is often used in
characterizing the absorption edge energy, or optical band gap, of solid oxides. As shown
extensively by Wachs and others [136-140], the edge energy of a solid oxide correlates with its
extended coordination environment. Thus, one can employ DRUV-vis to determine the extent of
oligomer formation in dispersed solid oxides [80]. DRUV-vis spectroscopy is also frequently
employed to distinguish between framework- and non-framework incorporated heteroatoms in
crystalline materials (e.g., Ti-MFI, Sn-beta, Ti-beta, Ti-MCM-41) [37, 61, 104, 141, 142], and it
can be used to assess the size of metallic domains through changes in resonance with the band
gap structure of the nanoparticle.

2.2.Physical properties of the catalyst

2.2.1. Surface area and porosity
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Surface area and porosity impact catalysis in many ways ranging from initial synthesis to
application in catalytic reactors. Supported catalysts are comprised of an active phase dispersed
on high surface area carriers that are, in general, solid materials with extensive macro-, meso-, or
microporosity. The surfaces of these pores serve as a support for catalytically active phases,
which may include zerovalent metals, metal oxides, organometallics, or even enzymes. Most of
these components are introduced to a support using a deposition method such as incipient
wetness impregnation, ion exchange, or strong electrostatic adsorption. Assessing surface area
and pore volume of the support prior to deposition is necessary to determine, for example, the
point of incipient wetness and to forecast the areal density of the active phase in the prepared
catalyst. Describing material porosity after synthesis is important because specific surface area
and porosity are widely reported for most porous materials; as such, these metrics provide
benchmarks that allow one to assess material quality and determine whether a synthesized
catalyst is within spec for the intended class of material. As an example, MFI zeolites are
expected to have a pore diameter of ~0.6 nm, and siliceous MCM-41 should always have a
specific surface area of ~1000 m? g'!. Moreover, since pore diameter and tortuosity determine
mass transfer characteristics, knowledge of these properties is essential in leveraging established
test criteria that permit one to assess the influence of transport phenomena in a catalytic reactor
[143]. These include the Weisz-Prater criterion for internal diffusion limitations [144], the
effectiveness factor of a catalyst pellet, and Mears’ criterion for heat transfer limitations [145].
Each of these correlations invoke numerous physical properties of the catalyst, and they require
one to compute a volume-averaged rate of reaction. Accordingly, threshold criteria are heavily
dependent on precise determination of catalyst surface area, pore volume, and bulk density. From
a reactivity perspective, heterogeneous catalysis is fundamentally a surface phenomenon, so it is
always important to quantify the total accessible surface area in catalytic materials as this
provides an upper bound on the “active
surface area” and thus a lower bound on
turnover frequency. Another important =
consideration is that confinement effects at /
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nm), mesoporosity (2.0-5.0 nm), and macroporosity up to ~ 50 nm [146], whereas porosimetry is
useful for characterizing pore structures ~10 nm-150 um, which are commonly encountered in
pelletized or extruded materials [147].

Gas physisorption: Generally, physisorption experiments involve collecting N2, Ar, or
CO; adsorption and desorption isotherms. The choice of adsorbate depends on the material
considered and the properties interrogated [148]. More strongly interacting molecules are also
suitable for characterization when the situation dictates, though interpretation of the isotherm is
generally more nuanced in these cases [149, 150]. Nz is the most widely used adsorbent, and N>
physisorption isotherms are usually analyzed in the context of BET and Kelvin pore adsorption
theories, which provide a generalized method for characterizing porosity [151, 152]. Nz
physisorption allows a reasonable determination of surface area, total pore volume, average pore
diameter, and pore size distributions for most materials; however, its polarizability complicates
micropore analysis for materials such as zeolites, carbons, and MOFs [153]. For micropore
characterization, Ar and O> are preferred adsorbates as they have smaller quadrupole moments
than N2 and so provide a more reliable determination of micropore surface area. Ar and Oz can
otherwise be used to probe the same material properties as N2 [154]. While it is infrequently used
compared to N> physisorption, there are few drawbacks to using Ar as an adsorbate. Ar
physisorption can be performed at either liquid N2 (77 K) or liquid Ar (87 K) temperatures, but
the use of liquid Ar as a cryostat is preferred as it will give the same pore distribution coverage
as the analogous N> physisorption experiment. A minor disadvantage is that Ar and liquid Ar are
marginally more difficult and expensive to source than N> analogs, but the method is usually
accessible for most laboratories.

Physisorption experiments rely on barometric data: that is, they record the pressure of a
gas phase of known volume that is in equilibrium with a solid sample held at constant
temperature. Changes in the gas phase pressure in response to dosing and uptake of an adsorbate
are then used to determine the molar quantity of gas adsorbed. This approach is constrained by
the capability to resolve changes in pressure that arise from gas adsorption. Total gas uptake
scales with surface area, so most instruments require a minimum total solid surface area (~ 5 m?)
to allow for detectable pressure changes and reproducible analysis. Sample cells will generally
accommodate maximum solid loadings of ~ 1 g, so it can be challenging to interrogate low
surface area materials (i.e., S 5 m? g'!) by conventional physisorption of N or Ar [155]. If
sample or system properties prevent one from achieving a total surface area of ~5 m?, then one
should instead consider Kr adsorption at liquid N> temperatures for surface area determination
[156].

CO:s is not strictly an inert gas—it has acidic character, and it will bind at basic surface
sites like O in solid oxides. As such, CO» adsorption is less of a general-purpose experiment.
That said, CO: physisorption at 273 K is a viable alternative for porosity analysis in microporous
carbon [157]. For these materials, the kinetics of N> and Ar physisorption at cryogenic
temperatures are slow, resulting in long equilibration times and protracted physisorption
experiments. As isotherms are only reliable if data reflect equilibrium uptake at a given titrant
pressure, slow physisorption introduces considerable variability. In these cases, COz
physisorption at near-ambient temperature provides a reliable method for interrogating
micropore structures. With proper experimental protocols, any of these three adsorbate
molecules (N2, Ar, or CO2) can be used to build a comprehensive understanding of a material’s
pore structure [158].
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Physisorption isotherms are most informative when they include uptake data from very
low relative pressure—P/Py ~ 10" for microporous materials or P/Py ~ 10 for meso- or non-
porous samples—up to the saturation pressure of the adsorbate at the temperature where the
isotherm is collected, P/Pp ~ 1. Accurate measurement of data at these low-pressure ranges
requires proper degassing of the samples, which generally entails heating under vacuum, and
may require surprisingly long degas times for samples with extensive microporosity [159].
Furthermore, one can obtain a more complete description of material properties by collecting
both adsorption and desorption branches of the isotherm. Specifically, inert gas adsorption and
desorption isotherms often show hysteresis. That is to say, the adsorption and desorption
processes follow different paths on a graph of gas uptake against relative pressure. Evaluation of
hysteresis and other differences in adsorption and desorption branches can reveal important
details about the pore structure of a material [160].

The BET method of isotherm analysis has been the gold standard of surface area
measurement for nearly 90 years [161]. While the use of BET and other Kelvin equation-derived
theories (e.g., Barrett, Joyner, and Halenda (BJH)) is commonplace and built into analysis
software for commercial physisorption instruments, significant variation of results from different
laboratories is both possible and observed [65]. Users of the BET theory are urged to understand
the numerous assumptions that are made [162], to check if the automated fits are appropriate for
your data [163], and to use consistency criterion for evaluation of BET-derived parameters [164].
Intuition is also important in model use: when using appropriate models and P/Py regions, one
should expect to find measured values that align with well-established benchmarks from the
literature. For example, HK (Horvath—Kawazoe) analysis of N> or Ar adsorption isotherms
should return average pore diameters of ~0.6 nm for MFI zeolites. By contrast, BET analysis of
N> uptake isotherms for hexagonal mesoporous silicas (HMS), such as MCM-41, should return a
surface area of ~1000 m? g! [165]. More modern methods based on nonlocal density functional
theory (NLDFT) seek to overcome the limitations of classical theory by using semi-empirical
models to determine molecular interaction potentials but they require substantial kernel
development [166], although many are available with vendor software [167].

Porosimetry and pyncnometry: Macropore analysis is necessary for a complete
description of the porosity and bulk density. This is especially true for pelletized materials that
are used in industrial catalysis as they often have pore features on pm-mm length scales. Gas
physisorption techniques described in the preceding section are limited to pores smaller than ~50
nm. For macropores larger than 10 nm and up to 150 pm, a complimentary technique — Hg
porosimetry — can be used to interrogate the pore structure [147, 151]. Hg porosimetry is an
intrusion method governed by the Washburn equation that describes the force required to push a
non-wetting fluid into a capillary:

__ —4ycosf

p = Zircose (©)

where D is the cylindrical analogue pore diameter, yis the surface tension, &is the contact angle,
and P is the applied pressure. Through the Washburn equation, the intrusion into a pore of a
given size is inversely proportional to the pressure applied. Unlike gas physisorption, which
relies on capillary condensation for pore sizing and is therefore limited to micro/mesopore sizes,
Hg can directly assess the pore diameter of pores at the meso-macro scale [168, 169]. The
toxicity of Hg has made this a technique that is problematic in many laboratories, as spent
materials always contain residual Hg in the pores. Reports detail other options and methods
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[170], and a standard using H>O is available [171]. The determination of true skeletal density by
He pycnometry [172] or envelope density by powder pycnometry [173] can be used in
combination with porosimetry to provide pore volume analysis.

2.2.2. Particle size distributions

Cases of structure sensitivity are well-documented [47], so the size and morphology (e.g.,
shape) of catalytic domains are important physical properties. It is worth visualizing that the size
of the active domain (e.g., a metal nanoparticle) is a different concept from grain size (e.g., a
zeolite crystal), which is itself a different concept from the macroscale dimensions of a pelletized
material. Each of these domain sizes may influence various aspects of catalyst performance.
While variations in the size and shape of metal nanoparticles comprise the classic notion of
structure sensitivity, variations in grain sizes or pellet diameters will alter rates of intraparticle
and interphase heat and mass transfer. One might also imagine that variations in grain or pellet
size may be crucial to achieving workable pressure gradients in large industrial reactors. Ideally,
each of these physical dimensions should be characterized and described in publications.

Particle Size Distributions at the Length Scale of the Active Site: Insights from surface
science reveal that different metal facets may have different catalytic functions. Often, activity is
associated with rare, high-energy corner, edge, or defect sites as opposed to the low index terrace
sites that comprise the majority of metal surfaces in large nanoparticles and bulk structures.
Conversely, reactivity may be associated with sparse binding sites at metal-support interfaces, as
in the case of low-temperature water gas shift [174]. Because interfacial area scales inversely
with metal particle size, one might observe that turnover frequencies are influenced by metal
dispersion. For these reasons, many reactions should be considered “structure-sensitive” and
dependent on both the shape and size of metal particles. It is then important to acknowledge that
the shape and size of metal nanoparticles in a typical catalyst is almost certainly non-uniform. In
most catalysts, one expects that particle size and structure will vary spatially throughout the
catalyst sample. If one accepts that reactions can be size- and structure-sensitive, then one also
should expect spatial heterogeneity in reaction rates throughout catalyst pellets. Accordingly, one
must not only characterize and report the average size and/or shape of a particle, but also the
particle size distribution and heterogeneity in the active phase.

The most common method for obtaining a metal particle size distribution is electron
microscopy. For particles at the micron scale, scanning electron microscopy (SEM) and atomic
force microscopy (AFM) can be informative. That said, metal catalysis generally occurs on
particles between 1-50 nm, which makes scanning and/or transmission electron microscopies
(S/TEM) the methods of choice for quantifying the particle size distributions that are most
relevant in catalysis. It is worth mentioning that X-ray diffraction, especially with synchrotron-
based methods or modern high sensitivity detectors, is now able to detect crystalline domains
down to ~1 nm, and peak location/width in diffraction patterns can be used to estimate average
metal particle sizes [113, 114]; however, XRD patterns provide no information about particle
size distribution and heterogeneity [175-177].

It is challenging to sample a representative set of dispersed metal nanoparticles particles
with electron microscopy. As an example, consider a hypothetical catalyst that contains 1 wt.%
of hemispherical Pt nanoparticles that have an average diameter of 10 nm and are dispersed onto
a high surface area support. The total number of Pt particles found in 1 pg of sample — on the
order of one billion — can be estimated from the following equation:
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Even with modern automated sampling and counting methods, it is impossible to randomly
sample enough particles from this set to obtain a “true” particle size distribution. Moreover,
defining a particle size distribution always requires the user to make decisions about how to bin
and count particles, which can lead to varied results as multiple users analyze identical
micrographs [178]. This uncertainty makes it challenging to, for example, discern mechanisms
for sintering that underly catalyst deactivation [179]. Because characterizing a particle size
distribution with microscopy is sensitive to specific particles imaged and to choices made by the
practitioner, it is important to fully describe the manor and method for obtaining metal particle
size distributions.

As a final note, one often considers gas titration of metal surfaces—CO or H:
chemisorption on Pt for example—to be the gold standard for quantitative determination of
exposed metal surface area; however, some metal catalysts are not amenable to straightforward
titration methods. In these cases, particle size distributions obtained from microscopy can be
used to estimate the accessible metal surface area. This is common practice for gold catalysts and
bimetallic alloys, which either lack a reliable chemisorption method or, especially in the case of
alloys, may have a poorly defined active site altogether. These surface area calculations are
dependent on the determination of a particle size distribution, so they are subject to the same
statistical challenges outlined above; as such, reporting recommendations extend to metal surface
areas inferred from electron microscopy, and practitioners should report calculations and
assumptions used in the generating the particle size distribution and estimating metal surface
area from it.

Grain sizes (and distributions) of the bulk catalyst: Beyond the size and distribution of
the active phase, the dimensions of the bulk catalyst particle (or pellet) are important to consider
as they determine the length scales of diffusion/conduction between the bulk fluid and the active
material dispersed throughout the catalyst pellet. In general, larger particles will have larger
gradients in temperature and/or species concentration between the center of the pellet and the
bulk fluid. In contrast, beds comprised of smaller pellets will have larger pressure gradients. For
these reasons, consideration of catalyst macrostructure is critical to reproducibility, especially
with engineered materials used in industrial practice. Average grain sizes for powders are
relatively easy to determine using sieves [180]. These should generally be reported as part of the
catalyst synthesis/testing protocols as they aid in assessing the extent of heat and/or mass transfer
limitations. Laser techniques are more sophisticated methods can be utilized to determine
particle size distributions at the macroscale (i.e., cm) [181, 182].

3. Perspectives and conclusion

Bulk characterization methods are among the most ubiquitous, practical, and cost-
effective techniques available to catalysis practitioners at universities, national laboratories, and
industrial research centers. The aggregate property information provided by these methods offers
reliable and vital insight into structural and chemical attributes of a catalyst, which are needed to
rationalize its kinetic behavior and understand its macroscopic performance. Bulk
characterization data are commonly reported in the catalysis literature; unfortunately, catalyst
preparation, instrument calibration, control experiments, data analysis, and technique limitations
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are not always described in sufficient detail to permit experimental replication and data
verification. This oversight makes it challenging to compare results obtained from different
laboratories or by using different synthetic protocols, which in turn hinders proper benchmarking
of catalyst performance. It is imperative that we, as a community, establish best practices and
standards for execution and accurate reporting of bulk characterization data. Doing so will allow
us to properly archive knowledge, identify potential origins of inexplicable or irreproducible
behavior, and meaningfully interpret differences in catalyst performance.

In this perspective we discuss many useful and widely practiced characterization methods
that can be used to assess essential bulk catalyst properties. These methods allow one to
interrogate composition, structure, oxidation state, coordination environment, porosity, and
particle/grain size distributions. A summary of key takeaways has been condensed into a set of
best practices in procedure and reporting (Table 2). We reiterate that this information is not
intended to be prescriptive. Our motivation is to encourage catalysis researchers, particularly
new entrants in the field, to fully report detailed descriptions of materials and methods along
with benchmarking of experimental protocols in their publications to aid in improving rigor and
reproducibility in catalysis science.
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Table 2
Summary of best practices in procedure and reporting for common characterization methods to assess catalyst bulk properties.
Catalyst property Common Applications Concerns or Restrictions Best Practices and Reporting Recommendations Useful
References
Elemental Element identification e Signal interference by matrix effects Calibrate over large range of analyte [183-187]
composition Composition *  Response overlap for many species concentrations
quantification *  Nonlinear calibration curves Use internal standards
Spatial distribution & e Solubility limits for dissolution methods Include compound of known composition
thickness (acidic vs. alkaline) Match dissolution protocol to target material
e  HF required for SiO2 dissolution List complete reagent specifications
¢ XRD and XPS not quantitative (manufacturer, purity, lot number, composition)
Report procedural details to allow replication
Report parameters, settings, procedures used in
analysis
Crystal structure Assess short- & long- e Small (< 5 nm) crystallites difficult to Report instrument details (detector type, [23, 113,

Oxidation state

Atomic coordination
environment

range order

Identify crystal
structures & phases
Determine average
crystallite sizes
Quantify amounts of
each phase present
Detect impurities

Quantify adsorbed
titrants

Assess adsorbate-
catalyst interactions
Assess oxidation &
reduction susceptibility

Characterize MxOy
networks

Identify bulk
coordination
environment

Assess oxidation states
Identify atomic species,
bonding properties, site

detect

e Long-range order does not describe
active sites

e Careful instrument calibration required
for quantification

*  Catalyst age & pre-treatment can
introduce large variability in results

»  Trap H2O for proper signal integrity

*  Careful instrument calibration required
for quantification

*  Match gas concentration to sample size

*  Choose correct detector for experiment

*  Carrier gas depends on experiment &
detector

*  DRUV-vis spectra of solids often broad
and complex

*  Spectral deconvolution & band
assignments are challenging

*  Band gap assignments require
assumptions about transition (spin
allowed, spin forbidden, etc.)

e Many NMR-active isotopes have low
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settings, sample holder & geometry) & 114]
calibration procedures

List sample composition, quantity, preparation

Include raw data, peak positions, reference

patterns

Prepare figures of sufficient size & resolution

to identify impurities

[23, 126,
188, 189]

Report instrument details (detector type,
settings, components) & calibration procedures
List sample composition, quantity, preparation
Report procedural details used in experiment &
analysis (ramp rates, hold times)

List complete gas specifications (manufacturer,
purity, composition)

Benchmark TPX experiments against standard
methods (CaC204 decomp., CuO reduction)

Report instrument type, specifications, & [190, 191]
settings

Include sample preparation details, age, &

pretreatment conditions

Report procedural details used in experiment &

analysis (ramp rates, hold times)

Specify how blank/reference spectra acquired



Surface area and
porosity

Particle and grain size
distribution

proximity

Determine material
surface area, pore size
distribution, bulk
density, pore volumes
Identify material fractal
dimensions

Identify catalyst
microstructure
Metal cluster size
distributions
Element spatial
distributions

natural abundance
MAS NMR requires special techniques
for excitation and registration of signals

Results sensitive to pre-treatment
conditions

N2 polarizability complicates micropore
analysis

BET and Kelvin theory often misused
Pore size analysis dependent on model
Classical pore size distribution models
fail at the capillary limit

Hg is toxic; can alter thin-walled
structures (e.g., carbons)

Small sample volume relative to bulk
Electron beam-induced particle sintering
Focus on unique rather than ubiquitous
features

Metals obscured by support features (e.g.,
Z-contrast limitations)

List sample quantity, form (powder vs. pellet), ~ [18, 151,
pre-treatment conditions (pressure, 163, 169,
temperature, time) 171, 192]

Report P/Po range for isotherm linearization
and number of points (single vs. multi-point)
Include thickness model (t-plot, BJH) &
corrections to calculations

Report kernel & source for NLDFT analysis
Include full adsorption/desorption isotherms
along with the raw data

List details of sample preparation and mounting [11, 176,
Include instrument & electron beam 177, 180,
characteristics 182]
Report total number of particles analyzed with

full distribution curve (not merely averaged

statistics)

1161
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