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ABSTRACT: Benchmarking is a community-based and
(preferably) community-driven activity involving consensus-
based decisions on how to make reproducible, fair, and
relevant assessments. In catalysis science, important catalyst
performance metrics include activity, selectivity, and the
deactivation profile, which enable comparisons between new
and standard catalysts. Benchmarking also requires careful
documentation, archiving, and sharing of methods and
measurements, to ensure that the full value of research data
can be realized. Beyond these goals, benchmarking presents
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unique opportunities to advance and accelerate understanding of complex reaction systems by combining and comparing
experimental information from multiple, in situ and operando techniques with theoretical insights derived from calculations
characterizing model systems. This Perspective describes the origins and uses of benchmarking and its applications in
computational catalysis, heterogeneous catalysis, molecular catalysis, and electrocatalysis. It also discusses opportunities and

challenges for future developments in these fields.

KEYWORDS: benchmarking, catalytic performance, computational catalysis, heterogeneous catalysis, molecular catalysis,

electrocatalysis

1. INTRODUCTION

1.1. Place for Benchmarking in Catalysis Research.
Recent advances in the controlled synthesis of soluble and solid
catalysts, their detailed characterization at the atomic and/or
molecular scales under realistic reaction conditions, and
sophisticated computational modeling of moderately large
systems, are converging to create a new paradigm for catalysis
research based on unprecedented insight into structure—
activity/selectivity relationships at the level of the active site.
At the same time, catalysis research has become a truly global
activity, engaging many thousands of researchers worldwide.'

-4 ACS Publications  © 2016 American Chemical Society
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This effort generates ever-larger amounts of information, which
poses challenges for appropriate documentation, archiving, and
data sharing. Concerted efforts toward benchmarking in and
among subfields of catalysis (molecular, heterogeneous, photo-
catalysis, electrocatalysis, biocatalysis, computational modeling,
etc.) will play a critical role in accelerating discovery, refining
understanding, and promoting the application of better
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catalysts. The goal of this Perspective is to point out key issues
and discuss guidelines for the judicious implementation of
benchmarking in catalysis science.

1.2. Terms and Definitions. Repurposing an Old Word.
It is helpful to begin from a mutually agreed definition: to
benchmark is to evaluate by comparison with an established
standard.” The verb stems from the name for a surveyor’s mark,
typically a horizontal slot above an arrow, permanently chiseled
into a rock or wall to indicate its exact height above sea level
(see Figure 1). Computer scientists were innovators in using

_

Figure 1. Representation of the original Ordnance Survey benchmark,
as inscribed on many buildings and permanent geological features in
Great Britain to indicate the height above sea level. When an angle-
iron is placed in the horizontal slot, it creates a “bench” in which a
leveling rod can be positioned reproducibly.

the term in a scientific sense, to compare hardware and software
component performance. More recently, benchmarking has
been appropriated to assess and drive improvements in
education, business, technology, and science. In catalysis
science, explicit benchmarking has been reported only
infrequently in the literature (less than SO0 mentions in ca. 1
X 10° articles describing catalytic phenomena in the past
decade, according to a Chemical Abstracts Service keyword
search), but it is increasing rapidly, as Figure 2 shows.
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Figure 2. Frequency of research papers (journal articles, book sections,
and conference proceedings) describing benchmarking of catalysis
results, according to the Chemical Abstracts Service, November, 2015.

Modern Definition. Benchmarking can be defined as the
translation into concrete terms of an abstract scientific
paradigm;3 furthermore, it requires a community effort to
evaluate results using the scientific method.* The benchmarks
themselves have both technical components (e.g., the
recognition of central research questions) and social
components (e.g, the rules for probing these questions). In
other words, benchmarking requires communication and
collaboration within a community to establish consensus
about which questions are valid and how to evaluate their
answers. Users of benchmarks must select problems and
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methods of measurement that are realistic, to avoid biasing
their research toward results that are not broadly applicable.” A
successful benchmark will be accessible, affordable, clear,
relevant, solvable, portable, reproducible, and scalable.?

1.3. Potential Benefits. Benchmarking discussions in
research are usually motivated by efforts to improve
reproducibility and effectiveness, as well as the need for better
documentation of both methods and results in scientific
reporting.6 The statisticians Buckheit and Donoho, para-
phrasing Claerbout, famously wrote on this topic: “An article
about computational science in a scientific publication is not
the scholarship itself, it is merely advertising of the scholarship.
The actual scholarship is the complete software development
environment and the complete set of instructions which
generated the figures.”” According to Donoho, reproducible
research confers the following advantages: (1) improved work
and work habits; (2) better teamwork; (3) greater impact,
resulting from less inadvertent competition and more acknowl-
edgment; and (4) greater continuity and cumulative impact.®
Ready accessibility of research data facilitates replication and
makes old data available for new research purposes. As added
benefits of more effective documentation, we anticipate better
stewardship of and better access to public goods arising from
taxpayer-funded research.

In addition to these useful observations, it is clear that
benchmarking can offer advantages beyond performance
comparisons, validation, and reproducibility. Notably, bench-
marking can clarify the problems to be solved and lead to more
rigorous assessment of research results, as well as better
assessment methods. Thus, when a scientific discipline
embraces benchmarking, it triggers more rapid scientific
progress. Because evaluation by benchmarking ideally is
transparent and replicable, it promotes research conduct that
is collaborative, open, and ethical, thereby promoting
community-building. Furthermore, there is an additional
incentive for individual researchers: studies show a positive
effect of data sharing on citation rates.”

From a global point of view and from the perspective of
catalysis researchers, some of our most pressing concerns turn
on the intertwined futures of energy science and technology
and the health of our environment. Catalysis is central to a wide
range of energy technologies that could play important roles in
the storage, interconversion, and use of chemical and electrical
energy. Catalytic control of the making and breaking of
chemical bonds is a core scientific challenge in the effort to
build a foundation for more efficient and sustainable energy
technologies. Improved benchmarking for catalysts and
catalytic processes of all kinds has the potential to boost the
translation of fundamental catalysis science into the energy
technology sector and others, including sustainable manufactur-
ing.

1.4. Early Adopters. Catalyst Discovery and Techno-
logical Applications. A form of benchmarking that has played a
central role in identifying new opportunities for catalyst
discovery and optimization is the use, by industrial practi-
tioners, of protocols for reproducible large-scale catalyst
preparation, characterization (e.g, catalyst composition and
surface area/pore volume properties), and performance under
standard conditions, often measured in banks of nearly identical
bench-scale reactors and in pilot-scale reactors. For decades,
catalyst manufacturers have paid close attention to key (and
often proprietary) criteria to ensure reproducibility in perform-
ance and thereby justify guarantees provided to catalyst users.
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Catalyst users are correspondingly constrained by agreements
with manufacturers to use catalysts within specified operating
ranges in order to maintain the guarantees. However, the
criteria used, the protocols themselves, and the performance
measurement results were generally not widely shared.

Experimental Assessment of New Catalysts. Heteroge-
neous catalysis researchers have long recognized the need to
ensure reliability in measurements of catalytic properties and
performance. The desire to standardize and ensure the
reproducibility of catalyst performance data led to work in
multiple European laboratories beginning in the 1980s to
conduct rigorous comparisons of data via the use of ample
batches of standard catalysts made available to numerous
researchers. A material containing S wt % Pt supported on SiO,
was produced by Johnson-Matthey and named EuroPt-1; 5 wt
% Ni/SiO, was produced by EUROCAT and named EuroNi-
1" These early examples were followed by the naphtha
reforming catalysts EuroPt-3 (0.3 wt % Pt/AL,O;) and EuroPt-4
(0.3 wt % Pt—0.3 wt % Re/Al,O,), as well as two EUROCAT
oxides (V,04—WO,/TiO,) and a zeolite, EuroTS-1."" In 2002,
the World Gold Council commissioned the preparation of
standard catalysts consisting of Au nanoparticles supported on
TiO,, Fe,0; and C, allowing researchers in different
laboratories to compare the performance of emerging
supported gold catalysts with the standards."?

In the examples above, benchmark -catalysts were not
generally associated with benchmark reactions, and the
experimental conditions under which testing should be
conducted were not prescribed, presumably because these can
vary widely depending on the goals of the study (comparison of
activity, selectivity, stability, etc.). Further benchmarking
specifications may be appropriate when the primary objective
is comparison within a narrow class of catalytic materials (e.g.,
metal nanoparticles of different sizes, or on different solid
supports). However, they become problematic for comparing
disparate kinds of catalytic materials (e.g,, molecular catalysts vs
supported metal nanoparticles) because of their vastly different
operating conditions, or for optimizing more than one
performance metric.

Catalyst characterization protocols can also be benchmarked.
For example, there are standard materials and methods for
measuring surface areas and pore size distributions in porous
solids;"” users have a responsibility to be mindful of subtleties
in data interpretation, for which experienced researchers have
provided guidance."* In zeolite research, there are standard
methods for assessing catalyst properties, including pore
volume measurements by uptake of liquid hydrocarbons,
determination of the degree of crystallinity by X-ray diffraction
crystallography, and (approximate) evaluation of the content of
amorphous material by NMR spectroscopy. For research on
supported metals, methods for determining metal surface areas
include H, chemisorption, H, titration of adsorbed oxygen, CO
chemisorption, and EXAFS spectroscopy.'”

In homogeneous catalysis research, well-defined molecular
complexes that are readily synthesized and purified have been
selected by community consensus for use as standards in
benchmarking for a particular desired outcome (such as
turnover frequency, turnover number, isolated yield, stereo-
selectivity, etc.), sometimes in combination with standard
reactions. For example, zirconocene dichloride activated with
methylaluminoxane has long been used as a benchmark catalyst
for single-site ethylene polymerization catalysts,'® while stereo-
rigid rac-[ethylene(1-indenyl),]ZrCl, is used to benchmark
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stereospecificity in catalysts for isospecific propylene polymer-
ization.'” Rh,(O3CCHj;), catalyzes the stereospecific cyclo-
propanation of styrene by ethyl diazoacetate and is used to
benchmark enantiomeric excess for asymmetric catalysts.'® For
experimental benchmarking of oxidation catalysts, the rate of
cyclooctene epoxidation with H,0, is often used."” In the
electrocatalysis community, Pt supported on high-surface-area
carbon is widely considered to be the benchmark catalyst for
overpotential in H, evolution and oxidation. The special
challenges and complexity of reporting activities for both
homogeneous™ and heterogeneous” electrocatalysts have
prompted recent efforts to articulate best practices and pitfalls
for both measurement and reporting of data.””

Computational Approaches. Benchmarking involves com-
paring one level of theory against others, as well as comparing
the results of theoretical calculations with experiments.
Benchmarking has been used to assess many of the theoretical
methods commonly applied to catalysis, most notably the
popular and powerful density functional theory (DFT)
methods. Examples include the assessment of dispersion
corrections” and hydrogen-bonding interactions in DFT,”*
comparison of DFT with coupled-cluster calculations,” and the
development of unbiased methods for benchmarking itself.”®
Recent examples of benchmarking applications include
computational studies of homogeneous catalysts,”” molecular
electrocatalysts,*® ligand-protected metal clusters,” and organic
reactions.”’

Benchmarking of DFT functionals is needed to accelerate
progress toward the chemical accuracy needed in catalysis
research, for example, in the computation of bond energies and
barrier heights.”’ The availability of careful experimental
measurements is critical for such comparisons. Benchmarked
measurements of adsorption energies exist for some metal
oxide clusters,’> supported metal clusters,”> and their
adsorbates,® as well as for the barriers™ of some elementary
steps relevant to surface-catalyzed reactions. In molecular
catalysis, benchmarking can be used to provide critical
mechanistic insights. For example, in the homogeneous
epoxidation of cyclohexene by H,0O, catalyzed by CH;ReO;,
careful comparison of DFT-predicted equilibrium constants
and rates with experimental results revealed the critical
participation of the solvent.*® This led to the discovery of a
new reaction mechanism involving solvent-mediated proton
transfer to generate (and regenerate) the active sites, thereby
resolving discrepancies of 7—9 orders of magnitude or more
between computed and experimentally measured rate con-
stants.””

There are still major gaps in our ability to predict
mechanisms in silico.”” Nevertheless, computation is also
starting to play a role in identifying new opportunities for
catalyst discovery, and it is now of practical importance due to
the possibility that computations can facilitate rapid, inex-
pensive screening of candidate catalysts.

1.5. Using Benchmarking to Advance Catalysis
Science. Benchmarking should promote fair, relevant,
quantitative comparisons of catalysts and, ceteris paribus, their
performance. A community discussion about how to use
benchmarking to accelerate progress and deepen understanding
in catalysis science will also help move the field toward shared
standards for how to compute, measure, report, and compare
catalytic properties. Wider use of such standards should
facilitate the reuse of published information in studies
conducted by different research groups, both within each
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subfield of catalysis, and eventually between subfields. Three
important questions will frame our discussion:

(1) Which practices will best enable benchmarking and data
sharing between research groups, as well as among the
different subfields of catalysis?

How can benchmarking be used to identify new
opportunities and to accelerate progress in catalysis
science?

How can the benchmarking tools themselves be assessed
and improved?

©)

©)

Because reaction mechanisms are at the heart of our
fundamental understanding of catalysis, it is a grand challenge
to examine all the elementary steps of a reaction and to
determine how the rate of each correlates with the structure of
the catalyst. This is especially difficult when the latter is a solid
presenting nonuniform surface sites. The most important task
is identifying key intermediates and transition states with high
“degrees of rate control”.”” Major progress will require the
study of model catalysts to systematically simplify and control
catalyst structure. This is sometimes possible in investigations
of molecular and supported molecular catalysts, single crystal
surfaces in ultrahigh vacuum, single-faceted nanomaterials, and
some highly ordered porous crystalline materials, such as
zeolites, metal—organic frameworks (MOFs), and related
solids. Close collaborations between experimentalists and
theorists will also be needed. Obviously, benchmarking requires
practitioners to know and understand relevant literature
precedents.

In this Perspective, we discuss benchmarking issues as they
apply to four major catalysis subfields: computational catalysis,
heterogeneous catalysis, molecular (and supported molecular)
catalysis, and electrocatalysis. In each subfield, we suggest best
practices for benchmarking, and we identify some of the
challenges and opportunities for using benchmarking to
advance catalysis science. Enzyme catalysis and photocatalysis
are beyond the expertise of the authors and are not discussed,
although we expect similar issues to be relevant in those
subfields as well. Our suggestions and conclusions are the
responsibility of the signing authors and are derived from free,
open, and nonconsensus-seeking discussions among a subset of
the investigators supported by the Catalysis Science program,
Office of Science, Basic Energy Sciences, of the U.S.
Department of Energy.

2. BEST PRACTICES AND OPPORTUNITIES FOR
BENCHMARKING

2.1. Computational Catalysis. A grand challenge for
theory and computation is to establish a coherent conceptual
framework for predicting the functionality of catalytic
molecules and materials. This challenge can be addressed by
(1) establishing the catalysis-relevant computational results
needed to accelerate the experimental search for new catalysts,
in both known and novel catalytic reactions, and (2) more
effectively sharing the results so that they can be used by others.
As mentioned above, benchmarking involves comparing one
level of theory against others, as well as comparing the results of
theoretical calculations with experiments. To facilitate compar-
isons, some standardization is necessary. Thus, the field of
theoretical modeling in catalysis would benefit greatly from a
set of common conventions and perhaps even a uniform
infrastructure for sharing results, methods, models, and codes.
Such standardization in reporting results and conventions
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should aim to establish fast and exact reproducibility of
scientific conclusions from computational studies, to the
greatest extent practical.

2.1.1. Best Practices. Sharing Existing Results. The
computational results that are available now could be shared
much more effectively between theory groups but at the cost of
some additional effort. It is clear, for example, that the structure
of an adsorbed molecule does not provide nearly enough
information to recreate an electronic structure calculation in
order to obtain a quantitative adsorption energy. Furthermore,
at present, the results reported in a paper or its Supporting
Information are rarely sufficient to allow a detailed under-
standing of how the results in the paper were generated.
Making the computational input and output files available
online (in addition to the output results) would significantly
enhance the reader’s ability to reproduce the published results.
ACS Catalysis now places hyperlinks to Supporting Information
files near the end of each published paper, and a recently
published Viewpoint pointed out how much more powerful this
feature could be if such files contained editable information in
multiple formats, rather than just conventional text.*” As one
example of the possibilities, Elsevier’s Article of the Future
project allows authors to include interactive graphs, executable
code, and links to data repositories in their scientific articles.”'

For quantities derived from electronic structure calculations,
such as adsorption energies, vibrational frequencies, reaction
barriers, entropies, and so on, authors should explain how these
quantities were calculated from the original results at a level of
detail that allows the calculations to be repeated. Sharing of
spreadsheets or the codes in which values were calculated can
help to achieve this goal. Since the output of electronic
structure simulations is typically used as input for secondary
complex models, such as microkinetic models, sharing of the
input files, as well as the kinetics tool itself, would assist others
significantly when they try to reproduce or improve on the
original study.

Identifying Common Conventions and Tools. Establishing
common tools for use in accessing and analyzing results could
yield significant benefits. In identifying such tools, as well as
common conventions for presenting results, it is important to
remember that an approach best-suited to one researcher may
not be relevant to another, even within the same research area.
Various theory subcommunities will need to converge on their
own best practices and use their own judgments to decide what
information and tools are important enough to share and how
to share them.

Establishing Benchmarking Methods. Sharing models and
methods for use in benchmarking computational catalysis is an
even greater challenge than the sharing of results. Since the
codes that implement methods and models evolve, a key need
in methodology sharing at this high level is a system for version
control of implementations. Some enabling resources are
provided in the Supporting Information.

2.1.2. Challenges and Opportunities. 1t is essential that,
when possible, theoretical results for small and simple model
systems be compared with results of more accurate theoretical
methods or with experimental results from carefully synthesized
and well-characterized materials, such as molecular and single-
crystal catalysts. An example of high-level theoretical bench-
marks and high-quality experimental measurements on atomi-
cally well-characterized transition metal surfaces is shown in
Figure 3% In contrast, there is not much high-quality
theoretical/experimental information available for the surfaces
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Figure 3. Comparison of the accuracy of density functionals relative to
experimental adsorption energies for a range of small molecules on
single-crystal late transition metal surfaces, for (A) purely chemisorbed
systems (CO, NO, O, H, etc.) and (B) systems in which van der Waals
interactions contribute substantially to the adsorption energy (NH,,
CH;O0H, CH,, C¢H,, D,0, etc.). Reproduced with permission from ref
34b. Copyright 2015 Elsevier.

of transition-metal compounds (e.g., metal oxides, carbides, and
nitrides), although these (especially the metal oxides) are very
important in catalysis. This deficiency is primarily a reflection of
the much larger system sizes of metal oxides, which make
higher-level quantum chemical simulations prohibitively
expensive at the moment, and which make it difficult to
achieve experimental characterization with atomic-scale accu-
racy.

It remains difficult to use theoretical simulations in making
accurate predictions for values characterizing essential catalytic
properties (such as reaction rates or selectivities) with chemical
accuracy (e.g, < 1 kcal/mol for activation energies).*
Molecular systems may be better defined and therefore easier
to model than heterogeneous catalysts, as illustrated in a recent
study of olefin hydrogenation catalyzed by ruthenium—
xantphos complexes.”> However, such systems usually involve
reactions in solution, for which calculations can be complicated
by difficulties in describing solvation,"* as well as speciation and
concentration effects. Theoretical studies are often much better
at predicting or explaining trends that appear when the catalyst
or the reaction conditions are varied. Consequently, exper-
imental investigations that explore and report trends are key to
enabling meaningful comparisons between theory and experi-
ments in both homogeneous and heterogeneous catalysis.

A recent example involves theoretical calculations by
Norskov and co-workers, which show that for similar materials,
exemplified by single crystal facets of late transition metals and
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their alloys, the energies of adsorbates as well as the energies of
transition states in the catalytic reactions of small molecules
scale linearly with a few simple descriptors, such as the
adsorption energies of atomic O, C, and N.** This scaling
behavior, illustrated in Figure 4, defines a set of benchmarks
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Figure 4. (A) Typical scaling relationships showing the linear
correlation between calculated CH, and C adsorption energies for
various late transition metal surfaces (close-packed: black; stepped:
red). (B) Linear relationship between the activation energy for CO
dissociation and the energy for dissociative CO chemisorption on
stepped metal surfaces. Reproduced with permission from ref 46.
Copyright 2011 National Academy of Sciences.

that have greatly improved our understanding of structure—
function relationships for catalysis by metals,** and has enabled
the prediction of metal alloy compositions whose electronic
structures are optimized for a particular reaction.”” Moreover, it
led to the important insight that the mere existence of linear-
scaling relationships within a certain class of materials severely
limits our ability to find better catalysts within that class. The
activity of even the best material is inevitably constrained, as
dictated by the scaling relationships.

The original scaling relationships can generate insights for
nonincremental catalyst improvement, via assessment of the
limitations that constrain the performance of even optimized
systems, and can suggest how to design new types of catalysts
to purposefully circumvent a particular linear-scaling limitation.
They have inspired refinements, such as incorporating
structure-sensitivity via the coordination number of the metal
at the adsorption site.”® For example, a system may involve
adsorbates interacting with multiple parts of the catalyst, whose
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components have been designed to stabilize or destabilize other
adsorbates or transition states. Such multisite interactions are
inherent to many homogeneous and enzyme catalysts, and
some solid catalysts already incorporate structural character-
istics that facilitate multisite interactions with adsorbates (e.g,,
the narrow pores found in zeolites), setting them apart from the
single crystals that have provided so much insight as model
systems. In one example, Rodriguez and co-workers reported
that the water—gas shift activity of gold decorated with CeO,, or
TiO, involves cooperativity between the metal and the oxide at
interface sites.”” Cargnello et al. correlated CO oxidation
activity with TEM images of monodisperse ceria-supported
metal nanoparticles to demonstrate that the reaction occurs at
the metal—support interface, and predominantly at nanoparticle
corner sites (Figure 5).>° These systems provide incentives to
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Figure 5. Calculated number of sites with a particular geometry and
measured catalytic activity (TOF) for CO oxidation at 80 °C, both as a
function of average particle diameter for group VIII metals. The best
agreement between geometrical prediction and experiment involves
the corner sites at the metal—support interface, suggesting that such
sites dominate the catalytic activity. Reproduced with permission from
ref 50. Copyright 2013 American Association for the Advancement of
Science.

extend theoretical methods to incorporate greater chemical
complexity within molecular-scale proximity of adsorbates.
More importantly, for our purposes here, this type of thinking
exemplifies how benchmarking can be used to create new
opportunities in catalyst design and thus to accelerate progress
in catalyst development.

2.2. Heterogeneous Catalysis. In experimental heteroge-
neous catalysis, benchmarking should involve a comparison of
the performance of a new catalyst formulation against that of an
accepted standard catalyst, under standard reaction conditions.
However, practical implementation of this definition is
complicated by two commonly encountered issues: (1)
optimum reaction conditions for one catalyst may be markedly
suboptimal for another; and (2) the nature and number of the
active sites may evolve during the test, complicating normal-
ization of parameters such as rates and yields. Nevertheless, our
ability to assess the performance of heterogeneous catalysts is
expanding rapidly as researchers apply powerful new techniques
to determine the surface structures of functioning catalysts
while at the same time measuring catalytic performance, even at
elevated temperatures and pressures. Emerging techniques are
capable of pinpointing the structures of surfaces in action and
identifying catalytically active sites. IR, Raman, UV—vis, NMR,
X-ray absorption, and other spectra recorded in operando mode
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are illuminating these sites as never before and also revealing
new challenges in the integration of characterization techniques
and in benchmarking. Coupling between experiment and
theory in catalysis research is becoming ever closer. It is
essential that all calculations, spectra, and images represent a
catalyst in the same state, insofar as possible. There is a strong
incentive to record atomic-resolution images of catalysts under
reaction conditions as well, although capabilities for such
measurements are still in an early stage of development.”'

2.2.1. Best Practices. Accurate Reaction Kinetics. A key
challenge for benchmarking in heterogeneous catalysis is to
ensure that performance data truly represent intrinsic rates and
selectivities. A set of “standard catalytic reactions”, with
accepted area- or site-normalized rates for well-characterized
standard catalytic materials performing under well-documented
conditions, should be used in comparing the performances of
new and known catalysts. It is essential that measurements of
turnover frequencies (TOFs, or site-normalized catalytic
reaction rates), turnover numbers (TONs, or numbers of
turns of a catalytic cycle, equivalent to site-normalized catalytic
productivities), and selectivities be accurate, reproducible,
uncorrupted by mass or heat transport limitations, and cover
wide ranges of conversions. Benchmark protocols for accurate
rate and TOF/TON measurements in the absence of mass,
heat, transport, and mixing effects should be followed, as
described in detail in the catalysis literature® and in general
terms in textbooks.”

Determination of reaction rates is facilitated by the use of
ideal, isothermal reactors, especially when the reaction occurs
with no significant change in volume. Ideal reactors include
perfectly mixed batch reactors, plug-flow reactors, and perfectly
mixed tank reactors, known as CSTRs or backmix reactors.
Initial rates can be determined at low conversions and require a
demonstration of linear dependence of conversion on time in a
batch reactor or on inverse-space velocity in a plug-flow reactor;
in a backmix reactor, the rate can be determined directly at any
nonequilibrium conversion. Because the TOF is, in general,
concentration-dependent, reported TOF values should be
based on rate measurements rather than on conversion at a
single time point, and the values should be checked by
systematically varying the concentrations of all species present
in the reactor.

Standard Materials. Cooperation between research groups
in a blind, round-robin series of measurements of reaction rates,
site densities, and TOF values would be valuable to characterize
simple benchmark catalytic materials and reactions, to identify
subtleties in such measurements, and to determine realistic
error bars. Such concerted efforts will require the participation
of many established researchers, and there are historical
precedents for implementing such strategies (as described in
section 1.4 above).'””'* Important questions remain about the
availability of resources to conduct such work, as well as how to
incentivize and recognize efforts that may be regarded as more
routine than innovative.

Catalyst Deactivation. Rates of catalyst deactivation should
be quantified where possible. The kinetics of deactivation are
often complex, reflecting a variety of causes, such as sintering
and loss of surface area, poisoning, coking, and/or formation of
other deposits that cover catalytic sites, block pores, and/or
block interstices in beds of catalyst particles. There is no simple
figure of merit for deactivation of a catalyst. The industrial
approach to systematic catalyst testing involves long-term
operation under standard conditions in flow reactors to
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compare candidate catalysts with each other in terms of loss of
activity and selectivity. Accelerated catalyst aging tests can be
expeditious, but these tests are risky unless the causes of
deactivation are known and extrapolations justified on the basis
of experiments.

Benchmarking Adsorption Energies and Activation
Energies for Elementary Reaction Steps. Accurate measure-
ments of adsorption energies of surface catalytic reaction
intermediates and activation energies of elementary reaction
steps on surfaces are essential benchmarks for validating the
accuracy of evolving computational approaches in fundamental
catalysis (vide supra). Although surface science has facilitated
many such measurements for transition-metal surfaces, a similar
level of rigor has yet to be achieved for reactions on carbons
and on metal oxides, sulfides, nitrides, phosphides, and
carbides. Consequently, there is a need for basic surface
science research on materials with high degrees of site
homogeneity (e.g., single crystals, single-faceted nanomaterials,
zeolites, MOFs). This type of work will provide experimental
values to serve as benchmarks for validating computational
methods.

2.2.2. Challenges and Opportunities. 1t is critical to
establish benchmarking materials and protocols that enable us
to extend such practices beyond early work on monometallic
surfaces and supported nanoparticles, to include important
practical catalysts with complex architectures. This includes
challenging structure types such as multimetallic nanoparticles,
mixed-oxides, and so on. It will require concerted efforts to
create well-characterized systems and to make correct and
detailed measurements of catalytic reaction rates and TOFs.
The recent explosion in methods for creating tailored
nanomaterials generates many exciting prospects for advanced
benchmarks with more uniform active sites and control of their
densities. Single-faceted nanoparticles, isolated transition metal
atoms on metal oxide supports, and MOFs, for example, may
facilitate tuning of specific surface sites for such investigations.
Consequently, such materials are promising for advancing basic
understanding, as well as for linking heterogeneous catalysts
with molecular and supported molecular catalysts. Many
tailored nanomaterials have high surface-to-volume ratios and
therefore facilitate types of benchmarking measurements (and
applications) that are infeasible with single crystals.

Caution must be exercised, however, because the dominant
contribution to the catalytic activity may come from hard-to-
identify minority sites such as defects. Even nominally highly
uniform materials such as zeolites, MOFs, and metal and metal-
oxide single crystals contain defects. Such sites are themselves
worthy of research. Informative experiments may include
titration with poisons, adsorption of spectroscopic probe
molecules, observation by high-resolution TEM, and computa-
tional modeling, all of which may be employed to identify and
count such sites in order to quantify their contributions to
reactivity.54

Advances in the availability and accessibility of both ex situ
and in situ characterization tools will continue to accelerate
progress in benchmarking catalysis research. The structures of
active sites on the surfaces of solid catalysts are key to
understanding relationships between different catalyst formu-
lations and therefore to guiding rational catalyst improvement.
Better tools for operando structural characterization, or for ex
situ structural analysis that is closely correlated with reaction
rate measurements, will markedly improve our ability to
identify structure—function relationships in catalysis with
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sufficient depth to enable meaningful catalyst comparisons. It
is therefore important to continue to improve the tools, to
make them more broadly accessible to the catalysis community,
and to help new users become proficient.

Experimental work will increasingly benefit from computa-
tional analysis to interpret reactivity differences. Close feedback
between theory and experiment is crucial for realizing the full
benefits.”® For example, experimental benchmarks will drive
improvements in computational accuracy, which will in turn
provide deeper understanding that suggests new experiments
and more reliable predictions of better catalysts to be tested by
experiment. Remarkable developments in the linking of
computation and experiment have appeared in recent years,
and coordinated benchmarking of theory and experiment
promises further advances.

2.3. Catalysis by Molecular and Supported Molecular
Species. Molecular catalysts are often viewed as being well-
defined, relatively easy to characterize fully, and even single-
sited, making the benchmarking of their catalytic performance
under standard conditions more straightforward than for
heterogeneous catalysts. However, researchers in this subfield
recognize this view as naive: issues of reproducibility occur
frequently. Agreement among investigators is often elusive,
even for catalytic properties that have long been considered
well-established and clearly defined.”® For example, a laboratory
that tries to repeat a catalytic reaction described in the literature
may find much less than the reported activity or none at all.
Discrepancies may be caused by differences in reagents and
protocols that are incompletely documented. Details of
syntheses are crucial and often not reported in sufficient detail
to allow them to be reproduced. These issues apply equally to
hybrid materials created by immobilizing molecular catalysts on
solid supports. Benchmarking is important to ensure more
reliable and complete reports and more robust comparisons
between catalysts in individual investigations, as well as
between different laboratories.

2.3.1. Best Practices. Purity of Components. Most journals
require that the purity of a catalyst or catalyst precursor be
established with high-quality analytical data. Elemental analysis
and NMR spectroscopy can be used for this purpose, for
example, but they may be insufficient if they do not reflect the
material actually used for catalysis (e.g, when a “purified”
sample is used for analysis, but a crude material is used for
catalysis). When possible, these samples should be demon-
strably the same. This suggestion may be difficult to apply to
catalysts generated in situ or to air/moisture-sensitive catalysts,
for which chemical modification can occur prior to the catalytic
reaction. In such cases, spectroscopic methods should be used
to follow changes that occur as catalyst components are
transformed. When catalysts are supported, it is essential to
apply high standards of purity to the support (especially its
surface) in addition to the species anchored to it.

Kinetic Measurements. Reaction kinetics provide critical
information not only about how fast an overall catalytic
reaction or a key step in a cycle proceeds but also where
bottlenecks exist and how precatalysts are transformed into
active catalysts. Whenever possible, a rate law should be
established and appropriate rate parameters determined.”® In
batch reactor experiments, rates (and hence turnover
frequencies) change continuously with time and are usually
not a clear measure of catalytic activity. However, a TOF
measurement may be possible if a large excess of one reactant
results in a nearly constant reaction rate.”*”>’
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Using a single, high-conversion measurement to report an
average reaction rate is not generally useful, because it provides
little insight into true rates. If this is the only kind of kinetic
information available, “site-time yield” or a related term should
be used instead of TOF. In batch reactions, initial rates should
(at least) be obtained. Selectivity must be reported with the
corresponding conversion; optimally, selectivity should be
observed at both low and high conversions (the latter being
of practical relevance). To avoid reporting nonintrinsic kinetics,
the absence of mass/heat transfer and mixing effects must be
verified. TON values should be demonstrably greater than 1 to
ensure that the data correspond to a catalytic rather than a
stoichiometric reaction and to turnover rather than the
induction period during which the catalytic cycle is established.
Mass balance should be verified, and if the measurement is
made by NMR spectroscopy, an internal integration standard
should be used.

Specification of Methodology. When reporting quantities
such as the TON or TOF, they should be accompanied by a
clear statement about how values were obtained from the raw
data. This statement must include a description of how the
number of active sites was counted or estimated, using some
transparent and reproducible method. This point is especially
important for immobilized molecular catalysts, because the
immobilization procedure can create significant variability in
site activity that may be difficult to detect spectroscopically.

Although the total number of sites of a particular type (e.g., a
particular metal complex) may be quantified readily, it is
desirable (and more challenging) to determine how many of
these sites participate directly in the catalytic reaction. When
the sites are titrated with a poison, it is often assumed that each
poison molecule removes a certain number of sites from the
catalytic cycle, but such assumptions must be checked. Results
showing how the catalytic activity declines with the number of
added poison molecules are not sufficient; it is also necessary to
identify any assumptions made about the selectivity of bonding
between the active sites and the poison and to compare that
with the selectivity of reactants interacting with the same sites.

Selectivity. When the selectivities of several catalysts are
compared, values should be measured at the same conversion.
The overall mass balance (including carbon balance) should be
verified. Efforts should be made to identify minor products;
because these are often reaction-specific, they can provide clues
about the reaction mechanism and sometimes about the causes
of catalyst deactivation.

Catalyst Deactivation. Most catalysts lose their activity
and/or selectivity over time, and measurements of catalyst
lifetime are valuable. Analysis of the mechanisms of catalyst
deactivation and characterization can be used to prepare more
robust next-generation catalysts, as well as to indicate whether
and how the catalyst can be reactivated. Catalyst regeneration
also benefits from standard protocols and characterization
methods. In particular, recycling studies in which product yield
is measured solely at high conversion do not demonstrate
catalyst stability.”® Instead, it is preferable to compare initial
rates after catalyst recycle in a batch reactor or to monitor
steady-state conversion for an extended period in a continuous
flow reactor.”” The latter is particularly helpful for assessing
catalyst leaching from a support, which may be obscured under
batch conditions.

Comparisons and Controls. When reporting data for a new
catalyst, it is important to compare the performance with well-
established catalysts and/or state-of-the-art catalysts measured

2597

under the same experimental conditions. Naturally, not all
quantities are relevant in every study, but the comparison
should at least include those metrics identified as important
goals by the authors (e.g, reactant scope, rate, yield, selectivity,
reaction mechanism, deactivation behavior). An example is
shown in Figure 6, where the total number of turnovers for H/
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Figure 6. Productivity comparison of molecular Pt catalysts: turnover
numbers (reported as TON =+ standard deviation), achieved after 2 h
for H/D exchange between C4Hg and CF;CO,D, as a function of
temperature. Conditions: Pt™ catalyst (2 mol %, 5 umol), benzene
(232 uL, 0.26 mmol), AgOAc (1.7 mg, 10 ymol) in CF,CO,D (0.5
mL, 6.5 mmol, 25 equiv relative to benzene). Reprinted with
permission from ref 60.

D exchange in benzene was determined after 2 h for a series of
Pt complexes. Site-time yields were measured early in the
reaction, allowing a simple performance comparison of five
different catalysts at four different temperatures, even though
detailed kinetics were not determined.”

It is essential to perform appropriate control experiments
without catalyst present to establish the significance of
uncatalyzed reactions and to establish that the molecule/
material claimed to be the catalyst is actually doing the work
instead of being just a spectator to the reaction. Careful
experimentation may require purification of reagents and
testing of reagents from different suppliers to guard against
catalytically active impurities, as well as repeat tests to
demonstrate the absence of inadvertent reactions. Purification
methods should be described fully. One should be aware of
contamination when reactants and/or products contact
catalytically active materials, such as Fe(CO); formed in
high-pressure CO cylinders, or adventitious metals deposited
on reactor walls.

2.3.2. Challenges and Opportunities. Although straightfor-
ward ways to improve the quality of reports of molecular and
supported molecular catalysts are described above, broad
acceptance and adoption by the community has yet to be
achieved and will require standardization of protocols. It is
becoming feasible to monitor catalysts spectroscopically during
catalysis, and specialized experimental capabilities (e.g., high-
pressure/high-temperature NMR, IR, Raman, or XAFS
spectroscopies) may be used, provided reactors that allow
measurements of reaction rates simultaneously with catalyst
spectra are available. Access to exotic materials may be required,
such as unusual isotopes, to aid in the identification of catalytic
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Figure 7. Sample of benchmarking information provided for HER and OER catalysts in the JCAP online database.’

intermediates. For example, use of *’Fe would allow the in situ
recording of Mossbauer spectra in solution. The extra work and
expense required to obtain this type of benchmarking data
could greatly increase the value of catalytic reports and may
enable more direct comparisons of different catalysts and
catalytic procedures.

2.4. Electrocatalysis. Given their high efficiency and other
appealing environmental benefits, technologies based on
electrocatalytic processes are particularly promising in the
quest for more sustainable energy. The benchmarking of both
homogeneous and heterogeneous electrocatalysts involves
quantitative comparisons of appropriately normalized electro-
catalytic activity and selectivity.

2.4.1. Best Practices. Standardized Reporting. 1t is
important to report catalyst performance for both molecular
and heterogeneous systems using common standards. Each
electrocatalysis community should standardize how it reports
catalytic performance (e.g., activity, selectivity) in a manner that
allows for ready comparison among different catalyst materials
for a particular reaction and type of catalyst (e.g., molecular or
surface-confined). Importantly, currents (or current densities)
should be reported as a function of overpotential and
normalized to several different catalyst parameters so that all
researchers can better understand the catalyst performance. For
example, in electrocatalysis on surfaces, catalytic currents
should be normalized to electrode geometric areas (e.g., with
dimensions of A/cngeo), catalyst electrochemically active
surface areas (ECSA, A/cm’pcgy), and catalyst loadings (A/
g). An example is available in the JCAP database of
heterogeneous systems for the hydrogen evolution reaction,
HER, and the oxygen evolution reaction, OER, as shown in
Figure 7.5

Complete Descriptions of Experimental Protocol and
Methodology. A full description of both experimental protocol
and methodology is essential in electrocatalysis reports. The
level of detail should be sufficient for comparing and
benchmarking catalysts and to allow different research groups
to reproduce the results. The information that should be
included will vary according to the catalyst type, but it should
generally include concentrations of catalyst, reactants and
electrolyte, scan rate for cyclic voltammograms, Faradaic
efficiency, TOF (with a clear description of how it was
determined), dependence of current on scan rate, pH for
aqueous solutions, temperature, cell material, cell geometry,
treatment or polishing of the electrode, long-term stability,
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overpotential (including clear information about how the
thermodynamic potential was determined, estimated, or
calculated), particle size, loading, mass activity, specific activity,
and normalized electrochemical surface area activity.

Chemical and Physical Properties of Electrocatalysts.
Researchers investigating electrocatalysis by metal particles/
alloys, oxides, or complex materials should provide exper-
imental evidence for both the chemical composition and the
physical characteristics of catalysts with interesting properties.
This information allows researchers to make fair and informed
comparisons of kinetics data, and ensures that proposed
reaction mechanisms are based on the clearly stated
assumptions regarding which sites are active. Accordingly,
authors should provide as much of the following data as
possible, obtained using the techniques listed in parentheses:
chemical composition (XPS or energy-dispersive X-ray spec-
troscopy, EDX); phase and crystallinity (XRD or selected area
electron diffraction, SAED); morphology, particle size, and size
distribution (a histogram of SEM- and/or TEM-imaged
particles, including multiple dimensions for rods and other
anisotropic shapes); preferred orientation, exposed facets,
defect structure, and analysis of edge or vertex sites (HR-
TEM, STEM, or high-angle annular dark field, HAADF,
imaging).

Similarly, researchers characterizing molecular electrocata-
lysts should provide diffusion coefficients of all reactants and
products (determined, for example, by NMR spectroscopy), as
well as details of the electrode geometry and area, among
others, using the techniques mentioned above, in addition to
routine characterization of catalyst composition, structure, and
purity as is common to molecular chemistry. These parameters
will help accelerate the translation of laboratory-scale reactivity
to the process scale as researchers across the community are
better able to repeat, reproduce, and assess mechanistic claims,
thereby freeing time to explore, modify, optimize, and
ultimately improve new electrocatalysts.

Researchers in both the molecular and heterogeneous
electrocatalysis communities should report catalyst loading
(mass and/or concentration, and reaction volume). Besides
characterization of the catalysts, characterization of reaction
intermediates and products is also needed, for example, by use
of in situ techniques such as surface enhanced infrared
absorption spectroscopy (SEIRAS) and differential electro-
chemical mass spectrometry (DEMS), under both stationary
and flow conditions.
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Time-Dependent Behavior of Electrode Performance.
Reporting the approach to a steady-state current (if any) at
an applied potential is critical for understanding electrocatalytic
performance. This time-dependent behavior is affected by the
appearance of reactant and product concentration gradients in
the electrolyte, development of electrical double layers, and
adsorption transients of reactants or spectator ion species. The
characteristic times of these processes are often longer than
residence times during a voltage sweep. The time dependence
of the morphology or surface structure of the electrode must
also be carefully examined and reported.

2.4.2. Challenges and Opportunities. 1t is critical to
examine various catalyst compositions, sizes, shapes, and
environments, particularly under reaction conditions. The
ideal benchmark for nanoparticle catalysts is a single,
structurally well-defined particle that yields identical electro-
chemical reaction rates under a standard set of conditions.
Ideally, a library of these materials having different sizes, shapes,
and compositions would be created and made widely available
to researchers. The use of individual nanoparticles would
eliminate ensemble effects (i.e., arising from polydispersity) for
more reliable structure—function correlations. In concept, this
resembles the use of well-defined chemical standards purchased
from a commercial laboratory to benchmark a particular assay.

Because Pt-containing materials have played a dominant role
in energy-related electrocatalysis for decades, there are many
reliable methods to determine the ECSA for Pt-based
electrocatalysts, including CO adsorption, H, underpotential
deposition (in acidic media), and metal underpotential
deposition (e.g., of Cu or Pb). However, the recent emergence
of non-Pt group metal catalysts (metals, metal oxides, carbides,
etc.) with interesting electrocatalytic properties has revealed
that traditional Pt ECSA methods are insufficient, because of
fundamental differences between the surface chemistry of Pt
and other materials. Electrochemical double-layer capacitance-
based approaches require unproven assumptions and are
known to be inaccurate. The lack of a reliable method to
quantify the ECSA of non-Pt electrocatalysts has limited our
ability to benchmark activities for these catalysts, because the
ECSA is a fundamental electrochemical parameter needed to
define the specific activity and exchange current density of each
catalyst. The development of chemistry-specific methods would
be helpful to the community, but the discovery of a universal
method to determine the electrochemically active area of
known and unknown materials in their reacting environments
would be even more valuable, representing a step change in our
understanding and benchmarking of catalysts for many different
energy applications.

Advances in the field will require the development of and
ready access to operando tools to characterize speciation in
complex electrochemical environments. There is a profound
need, as well as a significant opportunity, to develop new
operando characterization methods that can fully define the
atomic, compositional, and molecular speciation of electro-
chemical systems with high temporal and spatial resolution. At
present, the atomic-scale properties and structural dynamics of
materials mediating electrochemical catalysis, and the molecular
adjuncts through which such transformations may be coupled,
remain poorly understood. Progress will require new
approaches to fully document structural features that evolve
during catalytic transformations mediated by potential-driven
electron transfer processes. No single methodology will suffice,

2599

and new multiprobe methodologies and supporting theory will
be needed to meet this challenge.

The development of computational tools will provide
atomic-level understanding of the chemistry and electrostatics
at solid—electrolyte interfaces, including more complete
characterization of the double-layer and elucidation of how
heterogeneity of the electrocatalyst and/or electrode affects
reactive transformations. The electrocatalyst/electrode—elec-
trolyte interface is extremely complex, because interactions
between the phases are both chemical (short-range) and
electrostatic (long-range). Our current understanding of the
properties of this interface is rudimentary, being based mainly
on mean-field theory (Gouy—Chapman—Stern) that lacks
chemical content. Thus, spatially large-scale, long-time
simulations that combine molecular or Newtonian dynamics
with ab initio quantum mechanical calculations (e.g, DFT)
should be developed to provide atomic-level understanding.
The purpose of these calculations is to help interpret
electrochemical and spectroscopic measurements, determine
mechanisms, predict the behavior of new materials and phases
to guide synthesis, and ultimately discover more efficient
electrocatalytic systems.

Another critical area is the development and benchmarking
of electrocatalysts for selective activation of strong bonds (e.g.,
N-N, C—C, C—0) close to their thermodynamic potentials.
Complex, multifunctional catalysts will undoubtedly be
necessary. Designing such catalysts represents a grand challenge
for electrocatalysis because of the great difficulties associated
with these processes and their significant technological
potential. For example, efficient splitting of the C—C bond in
ethanol, an energy-dense, renewable, and readily available fuel,
could facilitate widespread use of fuel cells in transportation
and as residential and portable power sources. Efficient splitting
of N—N bonds could allow ammonia synthesis via an
electrochemical variant of the Haber—Bosch process.

3. GENERAL CONCLUSIONS

Adopting Community-Defined Standards. Properly
conducted and documented catalyst performance measure-
ments are critical to promoting synergistic activities within and
between different catalysis communities, as well as to advancing
the field of catalysis as a whole. New researchers could benefit
from readily accessible guides about how to best make such
measurements and compare new catalysts with standard
catalysts in terms of activity, selectivity, and deactivation. The
journal Organometallics recently instituted a new practice of
publishing tutorials on how to conduct and assess particular
types of experiments.”> A similar initiative would be useful for
the broad and diverse catalysis community and would
complement recommendations on how to perform and report
the results of catalytic experiments to maximize their impact.””

However, comparisons of catalytic performance between
different communities remain constrained by major variations
in methods and even terminology. For example, differences in
rate-limiting processes in electrocatalysis, such as reactant
transport to the electrode in heterogeneous systems vs reactant
and catalyst transport in molecular systems, have resulted in the
use of very different methods, metrics, and even units to define
catalyst performance. Similarly, TOFs are often not reported in
heterogeneous electrocatalysis, partly as a consequence of
challenges in determining the number of active sites. In the
biochemistry community, the term “turnover number” is still
used to describe the activity (TOF) of enzymatic systems, in
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contrast to the current usage of TON to describe catalyst
productivity in other catalysis subfields. The use of TOF is
appropriate to describe the steady-state activity of a
heterogeneous catalyst in a flow reactor but is generally
inappropriate for the nonsteady-state batch reactor conditions
commonly used with homogeneous catalysts.

Incentivizing Reproducibility. In the broader scientific
landscape, disclosures of poor reproducibility and/or general-
izability in the results of biomedical and behavioral® research
have generated ample attention from the popular press,”* with
attendant concerns about costs to socie?f resulting from wasted
resources and loss of public trust.”” These issues have
stimulated broad discussion and inquiry regarding the barriers
to and incentives for documenting and archiving research
results in all fields.”® The challenge can be exacerbated when
journals, funding agencies, and institutional reward systems
emphasize novelty without sufficiently valuing openness and
reproducibility. A recent editorial in Analytical Chemistry
suggested that researchers and their institutions need to accept
more responsibility when they conduct irreproducible
research.””

However, there are promising signs of change. Best practices
were presented in a 2009 U.S. National Academies report
entitled “Ensuring the Integrity, Accessibility, and Stewardship
of Research Data in the Digital Age”.”® The Open Knowledge
Foundation has an Open Data in Science working group that
encourages access to scientific data and promotes the freedom
to use, reuse, and redistribute data with appropriate
attribution.”” The journal Nature has instituted a checklist for
its authors, requiring complete descriptions of methods, better
characterization of reagents, and precise descriptions of
statistical methods.”’ Authors are encouraged to provide the
source data used to make their figures and to upload detailed
step-by-step experimental protocols in open data repositories.
The journal Science recently announced new publication
guidelines named TOP (Transparency and Openness Promo-
tion), and called for more clearly defined rules on the sharing of
data and methods.”" For example, one recommendation calls
for extending citations to data, code, and research materials and
for making such information publicly available in trusted
repositories.

Several funding agencies, including the Department of
Energy’s Office of Science, the National Science Foundation,
and the National Institutes of Health in the U.S.A., the
Wellcome Trust and the United Kingdom Research Council, as
well as the European Union’s Horizon 2020 Research and
Innovation Project, are starting to require more extensive data
management and data sharing from their grantees. The issue
has even appeared on government agendas, including the U.S.
House of Representatives Committee on Science, Space, and
Technology, Subcommittee on Research, and the UK. House
of Commons Select Committee on Science and Technology.”
There is legitimate concern in the scientific community about
the additional time commitment and the need to depend on
essentially volunteer curation efforts that are difficult to sustain
over the long-term, or on commercial operations that may
attempt to monetize scientific information created with public
funds. These concerns could be allayed by free and open source
infrastructure to record laboratory work, manage scientific
workflow, track the history of documents and data sets, record
the provenance of project materials, create web-based
computing notebooks, manage data-intensive research, and
archive the results.””
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4. PROSPECTS

We are entering a new era in catalysis, stimulated by recent
advances in both experimental and theoretical methods.
Complementary spectra of working catalysts, measured quasi-
simultaneously using multitechnique instruments, are providing
unprecedented atomic-scale understanding of catalytic sites and
reaction mechanisms. In parallel, rapid advances in theoretical
methods are helping to unify and allow better interpretation of
experimental results. Making full use of these opportunities will
require that benchmarking, in combination with the “best
practices” such as those described in this Perspective, be
embraced by both new and established catalysis researchers.
Although some activities may be difficult for individuals to
implement in the scope of small projects, initiatives funded on a
much larger scale are providing researchers with opportunities
to show leadership in creating and curating benchmarked
databases,”"”* to which smaller groups may be encouraged to
contribute. We anticipate that such concerted efforts, both
within and among the catalysis subfields, will enable and
accelerate continued advances in catalysis science.
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