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Research Highlights:

e Heterogeneous catalysis is driven by the interaction of reactant molecules and the active site.

e Numerous techniques exist to characterize the active site, each with its own applications and
limitations.

e Improving rigor in characterization requires an understanding of these limitations.

e We provide an overview of these techniques and recommend reporting best practices.



Abstract

Heterogeneous catalysis is driven by the interaction of reactant molecules and the catalyst surface. The
locus of this interaction as well as the surrounding ensemble of atoms is referred to as the catalyst active
site. Active site characterization attempts to distinguish active catalytic sites from inactive surface sites,
to elucidate the structural and chemical nature of active sites, and to quantify active site concentration.
Numerous techniques have been demonstrated to provide compositional and structural information
about the active sites within a catalyst. However, each technique has its own limitations and experimental
pitfalls that can lead to data misinterpretation or irreproducible results. This work aims to provide an
overview of the types of data that can be collected, to outline common experimental challenges and how
to avoid them, and to assemble relevant references for the most used active site characterization
techniques. More broadly, we aim to outline best practices for researchers to collect, interpret, and report
active site characterization data in a way that provides the most benefit to the broader catalysis
community. Increasing the rigor and reproducibility of active site characterization offers a strategy to
better link properties with catalytic performance and to enable the community to develop consensus
concerning these relationships.

1. Introduction

Heterogeneous catalysis is a dynamic process in which reactions occur between reactant molecules and
adsorption sites on the catalyst surface. The adsorption site, together with the surrounding ensemble of
atoms, which can include metal-support interfaces, meso- and micropores surrounding the site, support
modifiers, and solvents constitute the active site for the reaction, as illustrated in Figure 1. Often, active
sites make up a small portion of the catalyst surface. Catalysts may contain a collection of different active
sites, each with their own characteristic activity and selectivity, which may evolve during reaction. This
concept, originally formulated by Taylor, is foundational in the field of catalysis.[1]

The catalytic activity of a specific binding site may vary with the local coordination geometry or
arrangement of surface atoms.[2,3] In some cases, the observed catalytic activity is dominated by a small
fraction of the accessible portion of the identified catalytically active element or combination of elements.
For instance, it has been shown that methanol synthesis over Cu step edges in the presence of Zn atoms
is much faster than all other Cu sites.[4] Catalytic mechanisms may also rely on distinct types of active site
acting in cooperation or in sequence.[5] It is therefore of great importance for catalyst researchers to not
only quantify the concentration of surface sites within a catalyst, but to also understand their geometric
and chemical makeup, and clearly describe how active sites are distinguished from other surface sites.

Site quantification, preferably under conditions relevant to the catalyzed reaction, allows for the
calculation of reaction rates normalized by the number of active sites that catalyze a complete reaction
cycle. This ratio is defined as the turnover frequency (TOF) or turnover rate.[6] Transforming catalytic
performance into TOFs facilitates comparisons between catalysts and with computational reactivity
predictions. Knowledge of the local structure of the active sites and normalized catalytic rates of reaction
can help to provide insight into how different site types confer catalytic activity.
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Figure 1 — Schematic demonstrating a holistic view of the catalyst components that comprise the active
site.

Surface characterization techniques can be used to probe and quantify the surface sites on various
catalytic materials, as opposed to bulk techniques, which average the properties of both the catalyst
surface and bulk volume. In some cases, bulk techniques can become surface sensitive when the fractional
exposure of the characterized sites approaches 100%. Effective characterization allows distinction
between catalytic active sites from inactive surface sites when correlated with catalytic activity. Common
surface site characterization techniques leverage the specific binding between a probe molecule and
accessible active sites. The number of probe molecules adsorbed by a unit of the catalyst can be quantified
to determine the concentration of surface sites using an assumed or determined adsorption
stoichiometry. For example, CO chemisorption is a common surface characterization technique used to
determine the concentration of surface metal sites present in supported metal catalysts.

In addition to quantifying the uptake of probe molecules, spectroscopic techniques can be applied to
determine the state of the adsorbed probe molecule and provide more detailed information about the
surface site. For example, adsorbed pyridine molecules probed by infrared spectroscopy can be used to
distinguish between Lewis and Brgnsted acid sites.[7] Finally, several other characterization techniques
can be used in conjunction with active site models and structural assumptions to specifically probe the
catalyst surface. For example, imaging of metal nanoparticles using electron microscopy provides a
measure of the number of surface metal sites based on the particle size distribution and the observed
projection of its physical shape.



Elucidating the structure-function relationship of a catalyst’s active sites constitutes the primary objective
of most fundamental catalyst research; however, it is extremely difficult to identify the operating (“true”)
active site. In many cases, the site can be inferred using a collection of characterization tools, but a single
tool is rarely capable of characterizing the “true” active site with a high degree of certainty. Furthermore,
catalyst surfaces are often dynamic under activation, reaction, and regeneration conditions, which may
fundamentally alter the nature of the active site over the course of their lifecycle. [8,9]

This perspective focuses on surface site characterization. Section 2 provides an overview of common
characterization techniques. The description of each technique is accompanied by a brief explanation of
instances where the technique is best applied to catalyst active site characterization, references to in-
depth descriptions and best practices of the technique, and precautions to take when collecting and
interpreting data using a given technique. Section 3 provides a set of recommendations for reporting
surface site characterization data. Finally, Section 4 discusses best practices for conducting and reporting
surface site characterization to yield reproducible results. The approach of this work is described in Figure
2. This work focuses on active site characterization using common laboratory techniques and does not
address synchrotron techniques such as x-ray absorption spectroscopy which are described
elsewhere,[10,11] and are the topic of a similar rigor and reproducibility perspective.[12]
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Figure 2 — Schematic depicting how this work will combine information about specific surface site
characterization techniques and best practices for interpreting and reporting data to enable rigorous and
reproducible catalyst active site characterization.

2. Common Surface Site Characterization Techniques

2.1 Infrared Spectroscopy (IR) of adsorbates

IR spectroscopy can be used to characterize chemical bonds. This technique is typically applied to catalysts
by probing the bonds of molecules adsorbed to their surfaces. In some cases, changes in the active site
structure will lead to changes in the interaction between the probe molecule and the incoming infrared
radiation as demonstrated in Figure 3.
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Figure 3 — IR spectroscopy of CO adsorbed onto Rh single atoms and nanoparticles supported on TiO.. (a)
IR absorbance peaks are assigned for CO adsorbed in a geminal conformation on isolated Rh atoms, CO
adsorbed linearly on Rh nanoparticles, and CO adsorbed on bridged sites in Rh nanoparticles and (b,c) the
relative intensity of each absorbance is tracked as a function of Rh loading. Reprinted with permission

from Ref. [13] Copyright (2015) American Chemical Society.

Common Applications:

Quantifying acid sites using the adsorption of amines or other basic probe molecules.
Distinguishing between Brgnsted and Lewis acid sites.

Determining the distribution of probe molecule binding energies via thermal stability.

Using adsorbed probe molecules such as CO and NO to characterize surface metal site ensemble
size such as distinguishing between metal nanoparticles and single atoms.

Quantifying relevant surface binding sites using the sorption of reactants.

Precautions to take when collecting and interpreting data:

Adsorbate molecules may not be able to access all sites either due to steric constraints from the
surface coverage, pore confinement, or steric hinderance from other adsorbed molecules.[14]
Similar site types with different catalytic activity may not be distinguished by the probe
molecule used.[15]

Some titrants may require conditions for adsorption that are difficult to reach or maintain. For
example, CO can be used to probe Lewis acid sites, but adsorption requires cryogenic
temperatures (~ 100 K).

Site quantification with IR requires accurate knowledge of extinction coefficients. Determination
of extinction coefficients requires a careful calibration of the uptake concentration using
volumetric or gravimetric measurements.[16] Extinction coefficients may depend on catalyst
composition, catalyst particle size, and surface coverage. In bimetallic samples, intensity
borrowing may result in dramatic changes to extinction coefficients relative to corresponding
monometallic samples. As a result, using reported values from literature should be done with

caution.



e Corrections for spectral contributions from the gas phase must be appropriately applied to
interpret operando measurements to achieve quantitative results.[17] This can be done by
measuring the gas phase spectrum of the reactor effluent.

e Operation at high pressures or temperatures requires specially designed cells.

e Diluting agents such as KBr can adsorb molecules from the environment. They should be stored
in desiccators or gloveboxes. The use of such diluents may induce ion exchange processes in
oxides and molecular sieves.

e Strong adsorbate-catalyst interactions, such as those observed between CO and the surface of
metals can cause rearrangements, as observed in bimetallic alloys.[18]

e IR band positions depend on temperature, adsorbate surface coverage, and co-
adsorption.[19,20]

e In most IR cells, the temperatures of the catalyst and the heated environment show
deviations.[21]

e Cells or catalysts that are prone to react with CO to form carbonyl complexes, may result in
contamination of the sample and lead to complex IR spectra.[22]

e Deconvolution protocols must be described explicitly for convoluted peaks.

References for best practices:

e General reference for diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS)
experiments.[23]

e |dentification of metal nanoparticles and single atoms.[24]

e Selection of adsorbate molecules[25] and reactors.[26,27]

e Calculation of extinction coefficients.[16,28]

2.2 Uptake and Temperature Programmed Reaction/Desorption (TPR/TPD) of Adsorbates

In uptake and temperature programmed reaction/desorption, reactants or probe molecules are adsorbed
onto the catalyst surface, often at temperatures below the reaction temperature of interest. The
temperature of the catalyst is then steadily increased while observing the desorption or reaction products
that leave the reactor as a function of temperature. With an estimated stoichiometry between the probe
molecule and active site (determined, for example, gravimetrically), this technique gives the researcher
an idea of the concentration of the sites within a catalyst as well as of how strongly those sites interact
with the selected probe molecule.

Common Applications:

e Determining the concentration and binding energy of acid sites using amines and base sites
using CO, adsorption.

e Quantifying metal sites using CO, H,, and N,O adsorption.

e Measuring adsorbate specific binding energies, potentially at varying coverages.

e Quantifying redox sites using oxygen uptake and reactivity towards H,.

e Measuring the density of acid, base, or redox sites in oxide catalysts using alcohols and
carboxylic acids.

Precautions to take when collecting and interpreting data:



e large probe molecules may not be able to access sites within narrow pores or at constrained
sites, leading to an undercounting of active sites. When feasible, parallel titration with titrants
carrying the same binding function but differing kinetic diameters should be carried out to
ensure the lack of steric constraints. Alternatively, probe molecules with a similar size to
reactant molecules can be selected such that the same sites are accessible to both reactants and
titrants.

e Care must be taken that only probe molecules are measured during desorption when using
thermal conductivity detector (TCD). This can be done using traps for moisture or other
desorbing molecules but may be challenging when probe molecules react to form unknown
products. Mass spectrometry can also be used to identify the desorbed molecules.

e Adsorption time must be sufficient to saturate the catalyst surface.

e Pretreatment at or above the highest temperature examined is needed to ensure that the
catalyst does not change over the course of the experiment.

e Probe molecules may bind at sites that are not active for catalysis. Careful consideration of
measured data is needed to demonstrate that the active site of interest is the only adsorption
site characterized.

e Invariance of site quantities with purge time after the adsorption step is necessary to assure
that only strongly chemisorbed probe molecules are considered.[15]

e Probe molecule desorption temperatures depend on transport processes such as heat transfer
or re-adsorption effects.[29] Care must be taken to avoid over-interpreting desorption peak
temperatures. Multiple ramp rates can be used to ensure that data are not convoluted by heat
transfer effects.[30,31]

e The concentration of adsorbed probe molecules may change based on the probe molecule
partial pressure and the temperature of the adsorption step. The probe molecule of interest
may not saturate the surface if its pressure is too low, or the adsorption temperature is too
high. This becomes a more significant concern as the surface-adsorbate interactions become
weaker. Both these variables should be carefully considered and reported accurately to allow for
comparison between protocols.

e Care should be taken when choosing a desorption temperature as catalysts may react with
probe molecules to form new structures. For example, Cu nanoparticles react with N,O at high
temperatures to form bulk oxides, eliminating surface sensitivity.

e Adsorbate-probe molecule stoichiometry may be unknown or may change with catalyst
structure or reaction conditions. For example, CO binds with different stoichiometry to different
metal surface indices and ensemble sizes.[32]

e (Care should be taken if the probe molecules may form more than one monolayer on the catalyst
surface. For example, O, adsorption on Cu nanoparticles at room temperature leads to the
uptake equivalent of two to three O, monolayers.[33]

e TPD measurements are not able to distinguish between Bronsted and Lewis acid sites.

References for best practices:

e General protocols.[34]

e Measuring zeolite acid site density.[35,36]

e TPD in porous materials.[37,38]

e Oxygen uptake for measuring redox sites.[39]



2.3 In-Situ Titration of Active Sites

In this technique, a probe molecule known to adsorb strongly to the proposed active site is slowly dosed
into the reactor under reaction conditions while observing the rate of the reaction of interest. As the
probe molecule adsorbs and blocks active sites, the rate of the reaction decreases, allowing the researcher
to determine the number of active sites as well as the distribution of catalytic activity for the active site
population as shown in Figure 4.
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Figure 4 — Plot of the rate of n-hexane isomerization over a SO,-ZrO, catalyst as a function of 2,6-di-tert-
butylpyridine titrated over the catalyst. The initial four points show the steady rate of the catalyst prior to
titrating the active sites. Reprinted from Ref.[40] Copyright (2009) with permission from Elsevier.

Common Applications:
e Determining the concentration of surface sites present under operating conditions.
Precautions to take when collecting and interpreting data:

e Probe molecules must be chosen based on detailed knowledge of their interactions. A good probe
molecule binds quasi-irreversibly to the surface site of interest for the length of the experiment
and will not interact with the reactant or product molecules. Control experiments are needed to
demonstrate that the probe molecule does not also bind to inactive sites.

o If multiple types of sites (with different intrinsic activity) are present, the kinetic titration curve
may not be linear. For instance, the slope of the titration curve can be higher at low titrant
coverage if the more active sites are preferentially titrated.[41]

e Relationships between titrant coverage and the measured reaction rate can provide insight into
the uniformity of active site catalytic activity. During transient titration measurements (when the



titrant is added to a catalyst bed of finite depth) concentration gradients may result in adsorption
first to sites upstream of concentration fronts rather than those that bind the titrant strongest.
Therefore, conducting titration experiments under various partial pressures could provide more
information regarding site uniformity if different active sites bind the titrant under distinct
pressure regimes. However, it is necessary to understand whether titrant binding is reversible or
irreversible.

Interpretation of kinetic titrations in terms of several active sites requires assumptions regarding
the stoichiometry between the titrant and the active site, as well as the relative poisoning
strength of the titrant. These assumptions should be clearly articulated.

References for best practices:

Using propionic acid to quantify the number of Lewis acid-base pairs in oxides during aldol
condensation.[42]

Using 2,6-di-tert-butylpyridine (2,6-DTBP) to quantify the number of acid sites in
polyoxometallates during alkane isomerization[43] and zeolites[44] during acetone
condensation. 2,6-DTBP is selective for Brgnsted acid sites in catalysts with both Brgnsted and
Lewis acid sites such as supported WO,.[45]

Using pyridine and acetonitrile to quantify the concentration of Lewis acid sites.[15,46]

Using NO to quantify the number of redox Fe active sites.[47]

2.4 H,/D, Scrambling

In H,/D, scrambling experiments, researchers co-feed H, and D, over the catalyst and observe the
production of HD. Increased production of HD indicates an increased concentration of metal active sites
capable of dissociating H, and D..

Common Applications:

Determining supported metal dispersion, especially in catalysts with low metal loadings.
Quantification of Brgnsted acid site density.

Precautions to take when collecting and interpreting data:

The reaction between H, and D, is best regarded as an approach to equilibrium whose equilibrium
constant is particularly sensitive to temperature. Control experiments must be performed to
determine the equilibrium conversion under the specific conditions of the experiment prior to
conducting site quantification experiments. Subsequently, measurements of HD rates should be
conducted at D, conversions below the equilibrium conversion to avoid HD consumption in the
reverse reaction. Alternatively, kinetic treatments describing the approach to equilibrium are also
appropriate.

To estimate apparent dispersion values, H,/D, exchange rates must be measured at the same D,
conversion for a control material with known dispersion to avoid overestimation of active sites.

References for best practices:

An example protocol for H,/D, scrambling over metal catalysts.[48]
Protocol for determining Brgnsted acid site density using H,/D, exchange.[49]



2.5 Solid-State Nuclear Magnetic Resonance (NMR) Spectroscopy

NMR spectroscopy measures how atoms with non-zero nuclear spins interact with an external magnetic
field. This can be leveraged to characterize solid catalysts by either probing specific elements within the
catalyst itself or by probing elements within molecules adsorbed to sites on the catalyst surface.

Common Applications:

Determining the concentrations of Brgnsted and Lewis acid sites using trimethylphosphine.
Quantifying the strengths of Brgnsted and Lewis acid sites using trimethylphosphine oxide and
trimethylphosphine, respectively.

Understanding the location of acid sites within catalysts using probe molecules of different sizes
such as trimethylphosphine and trioctylphosphine.

Determining the oxidation and bonding state of metal atoms within zeolites.

Precautions to take when collecting and interpreting data:

NMR measurements are very sensitive to the degree of sample hydration and oxidation. Exposure
of samples to ambient conditions will alter NMR results and may also degrade probe molecules
such as trimethylphosphine. Catalysts should be dried, handled in a glovebox, processed using dry
solvents, and transferred in NMR tubes with air-tight seals.

NMR measurement programs and data interpretation techniques vary between different
elements and environments. Techniques that work for collecting spectra for one element or in
solution will not necessarily translate to other elements or solid-state materials.

When using probe molecules to quantify sites, care should be taken to ensure that sufficient
probe molecules are provided to titrate all sites of interest. However, it is also important not to
provide too much probe molecule to avoid obscuring the signal of interest with signal from
unbound probe molecule. This requires first calculating an estimate for the concentration of sites
of interest in a catalyst sample and then supplying a small excess (2 to 5 times excess) of probe
molecule, or using treatments to remove excess probe molecules while leaving bound probe
molecules attached to active sites. Several different probe molecule levels should be tested to
demonstrate that all sites of interest are titrated.

Binding stoichiometry and location in zeolites can influence the chemical shifts of
trimethylphosphine oxide.[50]

When using NMR measurements to quantitatively measure surface sites, standard materials
should be tested to demonstrate that all experimental parameters are set properly to allow for
accurate quantification.

Some probe molecules commonly used such as trimethylphosphine are pyrophoric and toxic and
must be handled with care. Note that trimethylphosphine can readily undergo oxidation into
trimethylphosphine oxide, potentially causing erroneous results.

References for best practice:

General NMR information.[51]
Acid site characterization with NMR.[52,53]
NMR characterization of metals.[54]



2.6 Catalytic probe reactions

Catalytic sites can be quantified, and materials can be compared under relevant conditions using reactions
known to be catalyzed by the active site of interest. Claims of the identity of the active site can be
strengthened by demonstrating that the rate of the probe reaction scales linearly with the concentration
of the site of interest in the catalyst as demonstrated in Figure 5.
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Figure 5 — Hypothetical plot of probe reaction rate versus the concentration of the proposed active site.
Alinear relationship between the reaction rate and the active site concentration (green) is strong evidence
that the proposed active site catalyzes the probe reaction while weak correlation between the reaction
rate and the proposed active site concentration (orange) undermines active site identification claims.

Common Applications:

e Determining the acid, base, or redox character of oxide materials.
e Probing the oxidation state of sites using CO oxidation.

Precautions to take when collecting and interpreting data:

e Ensure that reactions are run in the differential regime to minimize secondary reactions and to
ensure that there are no transport limitations within the catalyst pellet and the reactor.[55]
Differential kinetics require cofeeding of product molecules when they are strongly
inhibiting.[56]

e lLarge probe reactants may be unable to reach sites within porous materials. Ensure that
diffusional limitations do not limit the overall rates.[57]

e Ensure that catalysts do not lose sites due to deactivation through processes such as sintering or
coking while collecting information from the probe reaction.

e Use probe reactions that involve only the same sites as the reaction of interest.

e Understand the proximity Brgnsted acid sites within the material being probed. The rate of
alkane cracking can be influenced by the proximity of Brgnsted acid sites,[58] but in cases where



their distributions are similar or are in the dilute limit, rates have been directly correlated with
active site density.[59]

References for best practices:

e Oxide probing with methanol,[60] and amines.[61]
e (O oxidation.[62]

e Alkane cracking.[58]

e Alcohol dehydration and alkane isomerization.[40]

2.7 Raman Spectroscopy

Raman Spectroscopy probes the vibrational modes of a material. This information can be used to
determine the structure of a catalyst as well as the presence of adsorbates on the surface of a catalyst.

Common Applications:
e Determining the coverage, oxidation state, and coordination of supported oxides.
Precautions to take when collecting and interpreting data:

e The absorption frequency associated with surface groups can be coverage, moisture, and
support dependent. It is therefore important to dehydrate catalysts before experiments.

e Raman lasers may cause local sample heating, which can alter the catalyst or adsorbate. Care
should be taken to avoid local heating by using large spot sizes, low laser intensities, moving the
sample, or using a fluidized catalyst bed. Control experiments should be conducted to
demonstrate that heating effects are not an issue.

e Material impurities or defects can fluoresce at energies similar to the energies of interest in a
specific sample. Care should be taken to choose laser wavelengths that produce Raman shifts
away from fluorescent signals. Time gating detection methods can be used to increase detector
selectivity for faster Raman lifetimes over longer fluorescence lifetimes.

e Signal for surface layers and species can be as much as 10° times weaker than bulk signal.
Techniques aimed to enhance Raman responses from specific groups such as Resonance Raman
are helpful to increase the signal from surface groups of interest.

References for best practices:

e General information.[63]

e Supported metal oxides.[64]

e Resonance Raman, Surface Enhanced Raman, and Tip Enhanced Raman.[65,66]
e Local heating effects in Raman spectroscopy.[67]

e Raman spectrokinetics.[68]

2.8 Transmission Electron Microscopy (TEM)



TEM allows for the imaging of small areas of a catalyst’s surface using its interactions with a beam of
electrons. The contrast of the collected images is dependent on the atomic number of the materials being
imaged. TEM can be paired with other spectroscopic techniques such as energy-dispersive X-ray
spectroscopy (EDS) to allow for visualization of the distribution of elements within an image as
demonstrated by Figure 6.

a b c

Pd/Pt 2/3 Pd/Pt 3/2 Pd/Pt 4/1

Pd/Pt 1/4

Figure 6 — (a) High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM)
images of Pd/Pt nanoparticles supported on Al,O;. EDS mapping of (b) Pd and (c) Pt demonstrate the co-
location of both elements within the nanoparticles. Reprinted with permission from Ref.[69] Copyright
(2017) American Chemical Society

Common Applications:

e Imaging supported metal nanoparticles, clusters, and single atoms.

e Elemental analysis and elemental mapping of selected catalyst areas when paired with EDS or
electron energy loss spectroscopy (EELS).

e Analysis of the catalyst nanostructure using diffraction techniques and catalyst electronic
structure using electron spectroscopy.

e Estimation of metal dispersion based on nanoparticle size distribution with an estimated
average geometric shape.[70]

Precautions to take when collecting and interpreting data:



e TEM produces projections of a small fraction of the total catalyst surface and may not be able to
consistently image small nanoparticles or single atoms over the entire sample. Therefore, images
may be biased towards the most easily imaged nanoparticles and may not be representative of
the entire catalyst. Stronger claims can be made by imaging several different areas and discussing
differences between the images. Even stronger claims can be made by correlating image statistics
with appropriate bulk and surface characterization techniques.

e The high energy electron beam may alter the catalyst during the measurement. Time-dependent
control experiments must be performed for assessing beam damage effects. Measurements in
environmental TEMs are also possible to probe differences between changes caused by process
conditions and beam effects.

e Images project 3D materials onto 2D planes and may not be able to distinguish between surface
and encapsulated nanoparticles. TEM should be used in combination with size dependent probe
reactions or surface spectroscopy to demonstrate encapsulation.[71,72]

References for best practices:

e Reporting nanoparticle sizes and distributions.[73,74]
e Applications in catalysis.[11,75]
e In Situ electron microscopy.[76]

Table 1 - Description of which sites can be characterized with each of the techniques listed above.
Example probe molecules for each relevant technique/site pair are listed in parentheses.

Technique Metal Sites Acid Sites Base Sites Redox Sites

IR Spectroscopy Yes (CO) Yes (Pyridine) Yes (CO,) Yes

TPD Yes (CO) Yes (Ammonia) Yes (CO,) Yes (O,/H,)

H,/D, Scrambling | Yes Yes

In situ Titration Yes (2,6-di-tert- Yes (Propanoic | Yes (NO)

butylpyridine) acid)

Solid-State NMR Yes (Zn, Ga, Yes Yes

Spectroscopy Mo only) (trimethylphosphine) (trimethylphosphine)

Probe Reactions Yes (CO Yes (Alkane cracking) Yes (Methanol | Yes (Methanol
oxidation) oxidation) oxidation)
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Raman Yes
Spectroscopy

TEM Yes




3 Recommendations for Reporting Active Site Characterization

Surface site characterization techniques involve many parameters and assumptions that can dramatically
impact their results. To ensure reproducibility, we encourage reporting experimental procedures and
assumptions in as much detail as possible and to provide access to raw characterization data.[77,78] The
availability of this information will allow for the identification of measurement steps or assumptions that
could skew surface site characterization data. Detailed protocols will also be useful for the consistent
characterization of catalysts reproduced in other laboratories as well as newly developed catalysts with
similar surface sites.

Detailed experimental protocols are critical for reproducing active site characterization measurements
and include aspects such as:

1. Instrument specifications, such as the detector or spectrometer used.

2. Instrument settings such as electron beam energy or laser wavelength.

Experimental details such as gas flow rate, temperature ramp rate, and quantities of materials
used.

Catalyst history information such as pretreatment and storage history.

The purity and source of reagents used such as gas impurity levels.

Instrument calibration protocols such as alignment and baselining.

Blank or control experiments performed and their results such as signal produced by bare support.
The reproducibility of measurements and their uncertainty.

Details of data processing protocol such as baseline corrections, normalization, and curve
smoothing as well as the software and equations used.
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Table 2 provides two sample descriptions of the same experiment to highlight the depth of information
necessary to accurately reproduce an active site characterization experiment. While lengthy, the details
described in the effective description will enable future researchers to reproduce current work, extend
the techniques to new systems, and identify measurement details that could influence final conclusions.
These details need not be included in the main text of future publications but should be included in
methods or supplemental information sections in their entirety to highlight where the applied methods
may deviate from methods in the literature and to spare readers the task of following citation chains to
find a desired protocol.

Table 2 — Samples of poor and effective descriptions of a hypothetical ammonia temperature
programmed desorption (TPD) experiment.

Poor Description Effective Description

Following oxidation of the | After synthesis, all catalysts were stored in a solvent-free nitrogen
catalyst, acid sites were | glovebox until needed. Acid sites were characterized using an Altamira
probed with ammonia | AMI-390 microflow reactor system equipped with a thermal
conductivity detector (TCD). 100 mg of catalyst were loaded into a
quartz U-tube (d = 0.5 in.) reactor and held between plugs of quartz




temperature  programmed | wool with athermocouple inserted into the catalyst bed. Samples were
desorption. heated under 50 mL/min 10% O,/He (certified mixture, Airgas) to 723
K at 5 K/min and held at that temperature for 2 hours. The samples
were then cooled to 393 K under 50 mL/min He (99.999%, Airgas)
before saturating with 10% NH3/He (certified mixture, Airgas) for 30
minutes. Excess NH; was removed by flowing 50 mL/min He at 393K for
one hour. Temperature programmed desorption of NH; was performed
by heating the sample from 393 to 723 K at 30 K/min and holding it at
723 K for 30 minutes in 50 mL/min He. All gases were passed through
a water trap (molecular sieve 5A, Thermo Scientific) prior to entering
the system. The TCD was calibrated before each experiment by
measuring 10 pulses of 10% NH3/He from a 5 mL sample loop. A blank
experiment was conducted for comparison with 50 mL/min He passed
over the catalyst instead of 10% NHs/He to demonstrate that all TCD
signal was produced by NHs. All results were benchmarked to the NH;
uptake by a silica-alumina with a known acid site density.
Measurements were conducted in triplicate. All reported values are the
average of the three measurements with their associated standard
deviation.

We also recommend that researchers report all assumptions made when interpreting surface site
characterization data, such as the adsorbate to surface site stoichiometry or the shape of nanoparticles
used to model electron microscopy data. For example, increasing the assumed stoichiometry of CO on
metal sites from one CO molecule per surface metal atom to two CO molecules per surface metal atom
would decrease the number of measured metal sites by half for a given measured CO uptake, comparably
changing calculated reaction rates by a factor of two. Common assumptions made when interpreting
surface site characterization data include:

e Stoichiometry of adsorbates on active sites.

e Metal nanoparticle shape when extracting the number of sites from TEM images.

e The number of different active site populations expected and which of them are probed by the
titrant of interest. For example, is it assumed that all active sites have the same activity or are
there more and less active site populations being probed?

These assumptions, while often reasonable and standard, play a key role in determining the calculated
surface site concentration and speciation, and therefore should be articulated to allow for reproduction
and reinterpretation of the reported findings. Similarly, we recommend that authors clearly demonstrate
how TOF values were calculated from experimental results and how experimental error was propagated
through the calculations. This will allow for more robust comparison of TOF values throughout the
literature, placing new work into proper context of previous studies.

Beyond experimental details, including raw, unprocessed characterization data in the supplementary files
of a published work is encouraged. This will allow other researchers to re-process data using different
assumptions should the state of the technology change, or new interpretations of the nature of an active
site arise. For example, supplementary files could include raw output signals from temperature



programmed desorption profiles as a table of signal versus temperature readings, along with the relevant
calibration information. This information could help future researchers identify similarities in desorption
behavior of reproduced or newly synthesized materials. The collection of surface characterization data in
a single repository may also enable future insights through the application of data science techniques
across many data sets.[79,80]

4 Best Practices in Active Site Characterization

The overall objective of active site characterization is to correlate active site concentration with reactivity
data, preferably under differential reaction conditions with the aim of establishing a physically meaningful
metric of site activity. In some cases, multiple surface sites, such as metal corner sites and metal-support
interface sites, may similarly correlate with reactivity data, making unambiguous determination of “the”
active site difficult. Active site interpretations are always subject to reevaluation in the context of future
data; understanding and acknowledging this reality will increase the long-term importance of any given
study.[81]

While the techniques to measure heterogeneous catalyst surface sites may vary, there are several
universal steps researchers can take to increase the strength of claims made based on surface site
characterization measurements.

4.1 Clearly demonstrate trends in methodology

First, we encourage researchers to synthesize and characterize catalysts in which the surface
concentration of potential active sites is intentionally varied, allowing changes in activity with the change
in surface site concentration to be correlated. This procedure provides the strongest evidence for inferring
that a particular surface site is the catalytic active site. For example, when characterizing metal active sites
using CO chemisorption, synthesizing and characterizing catalysts with a series of metal loadings enables
the assessment of the relationship between the concentration of surface sites and the metal loading.
Showing a linear correlation between the concentration of metal surface sites and the catalytic activity
would then suggest that those metal sites, or a subset of the total metal sites, are the catalytic active site.

Several groups have demonstrated how coupling reaction kinetics with intentional variation of metal
nanoparticle size and loading can enable the identification of specific active sites on the metals
themselves.[82—84] For example, researchers have varied the size of Pt, Pd, and Ni nanoparticles on Ce0O,
to control the number of metal sites and shown that CO combustion rates scale closely with number of
metal-interface sites. This result suggests that the interfacial sites are responsible for the catalytic activity
as shown in Figure 7.[82] Characterizing a series of catalysts with changing surface site concentrations,
particularly when other factors such as particle size remain constant, will support claims that the
intentionally varied surface site is responsible for the observed catalysis.

If the catalyst of interest is a new formulation that has not been extensively characterized and reported
previously in the literature, researchers are encouraged to benchmark their characterization techniques
with a similar known material. This benchmarking demonstrates that the new characterization protocol
reproduces previous results. For example, when characterizing a new acidic catalyst using NH3; TPD,
researchers are encouraged to also characterize a standard material with known properties to
demonstrate that the characterization technique is appropriate for the desired materials.



In addition to comparing characterization results to benchmark materials, combining several
characterization techniques improves understanding of the surface sites present and benefits discussions
of specific catalyst active sites. Besides corroborating catalyst surface site quantification, using multiple
techniques may enable a more nuanced discussion of the different types of surface sites within the
catalyst and aid in correlating reactivity data to subsets of surface sites.[85] Time resolved techniques
such as modulation excitation, common in infrared spectroscopy, can be used to provide additional
information about which surface sites participate in the catalysis.[86] Researchers may also consider
combining their experimental characterization results with theoretical models to bolster claims of the
active site identity. For example, in situ DRIFTS spectroscopy and density functional theory (DFT) modeling
have been combined to suggest that the active site for CO oxidation on model Au/TiO, catalysts is the
interface between the metal nanoparticle and the oxide support. This was achieved by observing the sites
where CO is consumed and modeling a potential site and mechanism for O, dissociation.[87]
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Figure 7 — Comparison of the fraction of corner (blue), metal-support perimeter (orange), and
metal surface (gray) sites amongst all metal atoms in a nanoparticle as a function of nanoparticle
size to CO oxidation TOF (black) of Pd, Pt, and Ni nanoparticles on CeO,. From Ref.[82] Reprinted
with permission from AAAS.

4.2 Compare characterization results to synthetic expectations and other results

Once a surface site concentration has been determined from catalyst characterization data, we encourage
researchers to discuss how it corresponds to the expected concentration of surface sites based on the
catalyst synthesis protocol. For example, how does the uptake of CO onto a supported metal catalyst
compare with the amount of metal in the catalyst system? These discussions are important for



understanding the state of the catalyst, which may be quite different from the proposed form based on
the catalyst synthesis. This provides a simple check to determine the reliability of characterization results.
For instance, site quantities that significantly exceed bulk metal contents are an indicator of unselective
titrant adsorption. Furthermore, differences between complementary techniques or between experiment
and theoretical calculations should be explained. We recommend that any discrepancies from synthetic
expectations or other experiments be discussed to make the strongest claims about a catalyst’s activity.

4.3 Consider catalyst operating conditions

We also encourage researchers to consider the catalyst operating conditions while characterizing its
surface sites, as the number and nature of surface sites can change based on reaction parameters such as
temperature, pressure, or gas/liquid composition. Several techniques such as electron microscopy can be
operated under conditions similar to reaction conditions and can strengthen claims about the working
form of a catalyst.[88] For example, past work has demonstrated the ability to observe metal sites using
X-ray photoelectron spectroscopy under model reaction conditions (in situ) and to track the occlusion of
those metal sites due to strong metal support interactions.[89] Others have reported the titration of
catalyst acid sites under reaction conditions while tracking product formation (operando).[90] In cases
where in situ or operando characterization is not possible, we recommend that catalysts be characterized
with the same technique before and after reaction to identify any irreversible changes that may have
occurred during reaction. While this approach will not capture all changes that may have occurred during
operation, it will strengthen claims about the identity of the active site and normalized reaction rates.

4.4 Align the level of active site claims to rigor of characterization performed

Above all, we encourage researchers to align the level of their catalytic claims with the rigor of the surface
site characterization and reactivity data on which those claims are based. For example, some surface site
characterization techniques may not distinguish between unique site geometries. In those cases, we
recommend that researchers report an average site activity, acknowledging that different site types may
have different individual activities. Authors are also encouraged to discuss the detection limits of the
techniques they apply. This will allow for comparisons between various experimental results, enable
discussions of measurement uncertainty, and contextualize the catalytic activity of materials thought to
be devoid of the active site of interest. Overall, it is important that the researcher, editors, and reviewers
ensure that claims are in line with the information supplied by the characterization technique to avoid
misinterpretation by future readers.

5 Conclusion

The concept of the active site lies at the foundation of heterogeneous catalysis. Our community has
developed many techniques enabling both the characterization and quantification of active sites in many,
but not all, circumstances. Each technique yields unique information and entails critical considerations for
accurate data collection and interpretation. When combined with kinetic data, characterization results
allow for linking active site properties to the catalytic action.

In this perspective, we have collected common pitfalls encountered in the use of some of the most
common active site characterization techniques, and have provided best practice recommendations for
researchers, reviewers, and editors to encourage more careful and reproducible active site
characterization and reporting. The recommendations of this perspective aim to serve as a resource for



new researchers in the field and as a guide to producing high quality data that will accelerate future
catalyst research and discovery.
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